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Abstract

The capsid (CA) lattice of the HIV-1 core plays a key role during infection. From the moment

the core is released into the cytoplasm, it interacts with a range of cellular factors that, ulti-

mately, direct the pre-integration complex to the integration site. For integration to occur, the

CA lattice must disassemble. Early uncoating or a failure to do so has detrimental effects on

virus infectivity, indicating that an optimal stability of the viral core is crucial for infection.

Here, we introduced cysteine residues into HIV-1 CA in order to induce disulphide bond for-

mation and engineer hyper-stable mutants that are slower or unable to uncoat, and then fol-

lowed their replication. From a panel of mutants, we identified three with increased capsid

stability in cells and found that, whilst the M68C/E212C mutant had a 5-fold reduction in

reverse transcription, two mutants, A14C/E45C and E180C, were able to reverse transcribe

to approximately WT levels in cycling cells. Moreover, these mutants only had a 5-fold

reduction in 2-LTR circle production, suggesting that not only could reverse transcription

complete in hyper-stable cores, but that the nascent viral cDNA could enter the nuclear com-

partment. Furthermore, we observed A14C/E45C mutant capsid in nuclear and chromatin-

associated fractions implying that the hyper-stable cores themselves entered the nucleus.

Immunofluorescence studies revealed that although the A14C/E45C mutant capsid reached

the nuclear pore with the same kinetics as wild type capsid, it was then retained at the pore

in association with Nup153. Crucially, infection with the hyper-stable mutants did not pro-

mote CPSF6 re-localisation to nuclear speckles, despite the mutant capsids being compe-

tent for CPSF6 binding. These observations suggest that hyper-stable cores are not able to

uncoat, or remodel, enough to pass through or dissociate from the nuclear pore and inte-

grate successfully. This, is turn, highlights the importance of capsid lattice flexibility for

nuclear entry. In conclusion, we hypothesise that during a productive infection, a capsid

remodelling step takes place at the nuclear pore that releases the core complex from

Nup153, and relays it to CPSF6, which then localises it to chromatin ready for integration.
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Author summary

The mature viral core of human immunodeficiency virus (HIV) consists of a highly orga-

nised lattice formed by capsid molecules that encloses the viral RNA and viral enzymes.

This lattice is crucial during the early stages of viral replication, as it has to break down–

uncoat–at the right time and place in order for the viral DNA to integrate successfully.

Lentiviruses, like HIV, can infect non-dividing cells and are able to access the host cell

DNA by entering the nucleus through nuclear pores. Until recently, uncoating was

thought to occur in the cytoplasm as the whole core was thought too large to pass through

the nuclear pore. However, lately it has been suggested that uncoating might occur at the

nuclear pore or even inside the nucleus and the site of uncoating is currently hotly

debated. By investigating HIV mutants with an increased lattice stability, we have shown

that lattice flexibility is crucial for nuclear entry. Provocatively, we observed hyper-stable

mutant capsid in nuclear and chromatin-associated fractions suggesting that uncoating is

not required for nuclear entry. Nonetheless, microscopy experiments suggested that these

hyper-stable mutants were retained on the inner side of the nuclear pore, and were

impaired for downstream events in the nucleus, including CPSF6 accumulation in nuclear

speckles, leading to a severe infectivity defect. Therefore, we believe that an essential

uncoating, or capsid lattice remodelling event normally takes place at the nuclear pore.

Introduction

Upon infection of the target cell, the human immunodeficiency virus 1 (HIV-1) core is

released into the cytoplasm before trafficking to the nucleus. During this process, the viral

RNA genome is reverse transcribed by the viral reverse transcriptase (RT) into double-

stranded DNA forming what is known as the reverse transcription complex (RTC). Inside the

nucleus, the viral DNA is the main component of the pre-integration complex (PIC) and is

integrated by the viral integrase (IN) into the host cell genome to form a provirus [1].

The mature core of HIV-1 consists of a highly organised lattice of capsid (CA) molecules,

encasing the viral RNA genome and associated viral proteins. The lattice is composed of

approximately 1500 CA monomers assembled into about 250 hexamers and exactly 12 penta-

mers, forming a fullerene cone shape [2–5]. The CA monomer is a largely helical protein with

two independent folded domains separated by a flexible linker: the N-terminal domain (NTD)

and the C-terminal domain (CTD) [2,6–8]. Structural studies have provided key information

on how the CA lattice is organised [8–14]. Intra-hexamer and inter-hexamer interactions at

different lattice interfaces contribute to an optimal CA lattice stability. The intra-hexamer

interactions include NTD-NTD and NTD-CTD interactions between adjacent CA monomers

within a hexamer, whereas the inter-hexamer interactions include dimeric and trimeric

CTD-CTD interactions between neighbouring hexamers [11,14].

As the outer surface of the viral core, the CA lattice protects the viral DNA from cytosolic

sensors [15,16] but it can be recognised by cellular restriction factors that inhibit viral replica-

tion [17,18]. Moreover, from cell entry to integration, the CA lattice interacts with many cellu-

lar factors. Some of these are cytoplasmic, including cyclophilin A (CYPA) [19–21], the

cellular motors dynein and kinesin-1 [1,22,23] and FEZ1 [24]. Others shuttle between the cyto-

plasm and the nucleus like transportin-3 (TNPO3) [25–27] and transportin-1 [28]. There are

further interactions at the nuclear envelope with nuclear pore complex (NPC) proteins, partic-

ularly nucleoporins 358 (NUP358) and 153 (NUP153) [25,26,29–31] and with nuclear proteins
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such as cleavage and polyadenylation factor 6 (CPSF6); [31–35]. The roles of most of these cel-

lular factors in viral replication are not yet fully understood.

Prior to integration, the CA lattice is assumed to disassemble in a process termed uncoat-

ing; however, the timing, location and even the exact definition of this process remains

unclear. For many years, uncoating was believed to occur immediately after viral entry [36,37]

but, more recently, data has suggested that it might occur after a short time in the cytoplasm,

at the nuclear pore or even, most recently, inside the nucleus [38–44]. Indeed, there is growing

evidence to suggest that at least some CA is present in the nucleus, although its oligomeric

state and function have yet to be fully characterised [34,40–48]. For this reason, using the term

“remodelling” may be more appropriate than uncoating to suggest changes in the CA lattice.

We, and others, have also reported a link between CA loss and reverse transcription [38,49–

51]. Uncoating is inhibited if reverse transcription is stalled. Initially, this was taken as evi-

dence for cytoplasmic uncoating [49]. However, when combined with emerging data suggest-

ing CA can reach the nucleus more rapidly than previously thought [43,44,48], it has reopened

the debate about where reverse transcription is actually completed during infection, and so

does not currently preclude any specific uncoating model.

Importantly, the location and timing of uncoating together with optimal stability of the CA

lattice seem to be key to successful infection. Early uncoating, or a failure to uncoat, both have

detrimental effects on viral infectivity [15,52,53], making the CA lattice an attractive target for

drug development [54,55]. Here we set out to investigate the effects of increased core stability

on the early stages of HIV-1 infection. To this end, we introduced mutations into CA predicted

to stabilise the mature CA lattice at different interfaces. We show that mutations that create a

hyper-stable lattice reduce virus infectivity by inhibiting integration, but only slightly impede

reverse transcription. Analysis of CA protein levels within different subcellular fractions dur-

ing infection revealed higher levels of hyper-stable mutant CA in all fractions over time,

including in the nucleus. Finally, immunofluorescence data suggest that the hyper-stable

mutant CA lattice is retained around the nuclear pore and that it is unable to promote CPSF6

re-localisation to nuclear speckles. Based upon these observations, we propose a model where

hyper-stable mutants are unable to uncoat or “remodel” their capsid lattice to the required

extent to successfully deliver the viral DNA for integration into the host cell genome.

Results

Cysteine mutations at different CA lattice interfaces are able to stabilise the

viral core in cells

Previous in vitro studies introduced cysteine mutations at the CA NTD-NTD interface to cre-

ate disulphide bridges in order to stabilise CA hexamers for crystallisation [11,12]. We decided

to use the same approach to examine if similar mutations would increase the stability of the

CA lattice during infection of cells, to investigate the effect of core stability on the early stages

of HIV-1 infection. We selected CA mutants from the literature and identified additional CA

residues to substitute with cysteine residues in order to stabilise all of the different inter-hex-

amer interfaces with disulphide bridges (listed in Fig 1A and residues highlighted in Fig 1B,

colour coded for lattice interface). The new mutants E180C, L151C/L189C and K203C/A217C

were designed based on a previous report demonstrating that disulphide bonds can have a var-

iable Cβ-Cβ inter-residue spacing of between 3.5–4.5Å [56]. Thus, employing a cryo-EM

MDFF atomic model of an in vitro CA tubular assembly [PDB ID: 3J34; [8]] and crystal struc-

tures [PDB ID: 3H4E and 3H47; [11]], we selected residue pairs with a Cβ-Cβ distance within

this range at the various interfaces for site-directed mutagenesis. Consequently, we created a

panel with at least two mutants at each CA lattice interface. In addition, the P38A mutant was
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Fig 1. Panel of CA mutants. (A) The panel of CA mutants used in this study and the lattice interface at which the

mutations reside. New CA mutants with cysteine mutations (E180C, L151C/L189C and K203C/A217C) were designed

based on a previously published cryo-EM MDFF atomic model (PDB ID: 3J34; [8]) and crystal structures (PDB ID:
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included in the panel as a negative control, as it has shown to be less stable than WT [51,52].

The original mutant used to determine the crystal structure of a hexameric CA assembly,

A14C/E45C/W184A/M185A, [11,12] was also included as a negative control.

Firstly, we synthesised viral-like particles (VLP) containing the different CA mutants and a

GFP reporter gene. We assessed VLP production by measuring the RT activity in the superna-

tants of producer 293T cells using a modified RT ELISA. As expected, the A14C/E45C/

W184A/M185A and W184A/M185A mutants that weaken CTD-CTD interactions were

severely impaired for virus production (S1A Fig). We confirmed that this was not due to a lack

of Gag expression of these mutants, by immunoblotting 293T producer cell lysates with an

anti-HIV-1 CA antibody and showing that the level of Gag expression in the mutants was sim-

ilar to WT (S1B Fig). Most of the mutants, however, showed similar titres to WT VLP, imply-

ing that these mutations did not affect Gag assembly. Of note, the inter-hexamer mutants

V181C, L151C/L189C and K203C/A217C were partially impaired for VLP production (S1A

Fig), likely due to the importance of this interface on virus assembly [3,53]. Whilst we con-

firmed that expression of these mutant capsid proteins in 293T producer cell lysates was simi-

lar to WT VLP (S1C Fig), we detected an additional, smaller, CA band for both L151C/L169C

and K203/A217C. This has been reported previously [12,57] and probably represents a pro-

cessing defect, such as inappropriate cleavage of CA by the viral protease due to the structural

changes [57]. This may be the cause of the reduced viral titres. Thus, based on these results, the

L151C/L189C and the K203C/A217C mutants as well as the A14C/E45C/W184A/M185A and

W184A/M185A mutants were not included in further experiments.

Next, we performed fate-of-capsid assays, to study the effect of the cysteine mutations on

viral core stability in cells (Fig 2). HeLa cells were infected with equal titres of WT and mutant

VLP, and cell lysates were harvested at 2 and 20 hours post-infection (hpi). These time points

were selected as they have previously been used to monitor the stability of the viral core at the

early and late stages of the virus replication cycle [17]. The cell lysates were centrifuged

through a sucrose cushion to be separated into two fractions: free or soluble CA (S) and pel-

leted CA (P), which contains assembled cores [58]. An input (I) sample was also harvested

before centrifugation through the sucrose cushion. The fractions were analysed by immuno-

blotting with an anti-HIV-1 CA antibody and the ratio of pelleted to soluble CA was deter-

mined. Fig 2A and 2B show representative blots of the fate-of-capsid assay for each mutant. A

WT sample was included in every assay for comparison. Although there was some variation

between assays, the WT samples showed similar amounts of CA in the pellet and soluble frac-

tions (approximately P = S) at 2 hpi and less CA in the pellet (P<S) at 20hpi (Fig 2C), presum-

ably reflecting a reduction in the amount of assembled CA with time due to uncoating. In

agreement with previous reports, we recovered much less CA in the pellet fraction than the

supernatant fraction from cells infected with the negative hypo-stable control, P38A [51,52].

For this mutant, P<S at both 2 and 20 hpi (Fig 2C), indicating the small amount of assembled

CA at both time points. Therefore, to determine which mutants had more stable CA lattices

than WT VLP, we set a CA ratiometric profile criteria for mutants to be considered hyper-sta-

ble as the following: Mutants should consistently show greater amounts of CA in the pellet

than in the supernatant (P>S) at 2 hpi and approximately equal amounts in both fractions

(P = S) at 20 hpi. Three mutants showed this phenotype: M68C/E212C, A14C/E45C and

3H4E and 3H47; [11]). The remaining CA mutants were selected from previous publications as indicated in the

references column. (B) Structure of the CA lattice from PDB ID: 3J34, showing 18 CA monomers arranged into three

hexameric rings. The protein backbone is shown in cartoon representation with CA-NTDs coloured pink and

CA-CTDs coloured wheat. Residues at intra- and inter-hexamer interfaces where mutations were made are highlighted

in space-fill representation and colour-coded according to the interaction type displayed in (A).

https://doi.org/10.1371/journal.ppat.1009484.g001
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Fig 2. Effect of the CA mutations on viral core stability in cells. (A, B) Representative immunoblots of Fate-of-

capsid assays comparing WT VLP to mutant VLP. HeLa cells were infected with equal RT units of WT or mutant VLP

and cell lysates were harvested at 2 hpi (A, B) and 20 hpi (A). Cell lysates were centrifuged through a sucrose cushion

to separate viral CA into free (soluble, S) and assembled (pellet, P) fractions. An input (I) sample was also harvested

before the centrifugation through the sucrose cushion. CA was detected by immunoblotting using an anti-HIV-1 CA

antibody. Each assay was performed at least three times independently. (C) Bar chart summarising the densitometry

analysis of independent immunoblots of Fate-of-capsid assays. Data is plotted as a mean of the ratio P/S ± SEM. The

dotted line indicates a ratio of 1, when P = S. nd = not determined. Bars are colour coded according to the lattice

interface at which the cysteines have been introduced, as in Fig 1. Mutant VLP with a CA ratio of P>S at 2h and P = S

at 20h were considered “hyper-stable” (surrounded with a dashed-line box in (A) and indicated with black arrow heads

in (C)).

https://doi.org/10.1371/journal.ppat.1009484.g002
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E180C (Fig 2C, black arrows and highlighted with dashed boxes in Fig 2A). Although P207C/

T216C and the V181C mutants appeared more stable than WT at 2 hpi, they were not more

stable at 20 hpi (Fig 2C), suggesting that neither of these mutants had increased viral core sta-

bility compared to WT. Thus, taken together despite the cytoplasm being a reducing environ-

ment [59,60], these data showed that three of the panel of cysteine mutants had increased core

stability in cells and could be used to study the effects of stabilizing the viral core on

replication.

Most CA mutants are less infectious, regardless of CA lattice stability

To investigate the effect of the CA mutations on virus infectivity, we infected four cell lines

(293T, HeLa, SupT1 and U937 cells) with equal RT units of VSVg-pseudo-typed GFP-reporter

WT or mutant VLP and analysed the percentage of GFP+ cells at 72 hpi by flow cytometry

(Fig 3). As observed previously, the P38A mutant that had reduced CA lattice stability had a

marked reduction in GFP expression in all the cell lines (Fig 3, grey bars). Apart from the

inter-hexamer P207C/T216C mutant that showed similar infectivity to WT, the remainder of

the mutants also showed decreased infectivity, ranging from ~0.05–10% of WT infectivity. A

similar pattern of infectivity was seen across all the cells lines indicating that there were no

cell-type specific effects, with generally lower overall infectivity in U937 cells. Differentiating

the U937 cells did not alter the levels of viral infectivity (Fig 3D), implying that these effects

were not linked to the cell cycle and virions were not impeded further in non-cycling cells.

Interestingly, the level of infectivity did not correlate with the CA lattice stability determined

by the fate-of-CA assay (Fig 2) but there was some correlation with the CA interface modified

(see colour coding Figs 1A and 3), with the intra-hexamer mutants (blue and orange bars)

being more defective than the inter-hexamer mutants (green and red bars). Of the three

hyper-stable mutants, A14C/E45C, M68C/E212C and E180C (Fig 3, black arrowheads), the

infectivity ranged from 0.7–4%, 0.07–0.4% and 2–10% respectively between the different cell

lines.

Reverse transcription can complete in hyper-stable cores but infectivity is

severely inhibited

Next, to determine which step in replication was affected by the CA mutations, we examined

the ability of each mutant to reverse transcribe (Fig 4). 293T cells were synchronously infected

with equal RT units of WT or mutant VLP, and at 0, 1, 2, 4, 6 and 24 hpi, cells were harvested

and the DNA extracted and analysed for early (strong stop) and late (second strand) viral

cDNA products by qPCR (Fig 4). Following infection with WT VLP, the amount of viral

cDNA products increased with time, peaking at 6 hpi (Fig 4A–4D, black line). As seen before,

infection with mutant P38A resulted in less accumulation of viral cDNA (Fig 4A, grey lines).

This ~90% decrease in cDNA accumulation mirrored the 90% decrease in infectivity (Fig 3).

Likewise, the P207C/T216C mutant had similar infectivity to WT VLP and had similar levels

of reverse transcription (Fig 4B, red lines). However, the hyper-stable mutants A14C/E45C

and M68C/E212C had a different phenotype. Surprisingly, despite a ~95% decrease in infectiv-

ity, A14C/E45C reverse transcribed to WT levels (Fig 4C, blue lines) and mutant M68C/

E212C still produced about 10% the cDNA of WT (Fig 4D, orange lines), even though its infec-

tivity was reduced to less than 1% (Fig 3). Fig 4E and 4F show a summary of the amount of

strong stop cDNA accumulated at 6 and 24 hpi, respectively, for all the mutants. The E180C

and V181C mutants showed WT levels of strong stop cDNA, A204C accumulated about 10%

the cDNA of WT and A42C/T54C and Q63C/Y169C only accumulated ~1% the cDNA of

WT. Similar results were obtained when looking at the levels of second strand cDNA
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(S2A Fig). In general, the level of cDNA accumulation at 24 hours compared to WT correlated

with relative level of infectivity compared to WT (Figs 4G and S2B). To visualise this correla-

tion, we plotted these data as a ratio of relative cDNA levels to relative infectivity. Most

mutants had a ratio of less than 3 (Figs 4H and S2C). Therefore, it can be assumed that, in gen-

eral, the reduction in infectivity results from the effect on reverse transcription. The only

mutants where the level of reverse transcription products did not correlate with the level of

Fig 3. Effect of CA mutations on VLP infectivity. 293T (A), HeLa (B), SupT1 (C) and both cycling and differentiated U937 (D)

cells were infected with equal RT units of GFP-reporter WT or mutant VLP. The percentage of GFP+ cells was measured by flow

cytometry at 72hpi and plotted relative to WT VLP. Points indicate individual biological repeats and lines show the mean ± SEM.

Bars are colour coded according to the lattice interface at which the cysteines have been introduced, as in Fig 1. Hyper-stable

mutants based on the fate of capsid assay in Fig 2 are indicated with black arrow heads.

https://doi.org/10.1371/journal.ppat.1009484.g003
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Fig 4. Effect of CA mutations on reverse transcription. 293T cells were synchronously infected with equivalent RT units of WT or mutant VLP. At the indicated

times post-infection, cells were harvested for DNA extraction, and viral cDNA products were measured by qPCR. (A-D) Graphs show the levels of early (strong

stop) cDNA (upper panels) and late (second strand) cDNA (lower panels) in 293T cells following infection with WT VLP (black line) and mutants P38A (A),
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infectivity was for the three hyper-stable mutants (Figs 4H and S2C). These data suggest that

even though increasing core stability has detrimental effects on infectivity, the block is after

reverse transcription. Therefore, although reverse transcription promotes uncoating of WT

virus [38,49–51,61], reverse transcription is not dependant on uncoating.

We therefore decided to focus on the A14C/E45C, E180C and M68C/E212C mutants to

investigate the effect of core stability on the other early replication steps. First, we examined

whether the observed increase in core stability of these mutants was indeed due to disulphide

bridge formation as designed, and not due to other stabilising effects of the individual muta-

tions. HeLa cells were infected with equal RT units of WT and mutant VLP and cell lysates

were harvested at 2 hpi. Both the input VLP lysates and infected HeLa cell lysates were then

analysed by SDS-PAGE in reducing or non-reducing conditions followed by immunoblotting

with an anti-HIV-1 CA antibody (Fig 5A). Samples were either treated with iodoacetamide

(Iodo) to prevent artefactual cysteine formation (non-reducing conditions), or β-mercap-

toethanol (β-ME) to reduce disulphide bonds (reducing conditions) prior to SDS-PAGE. Dis-

ulphide cross-linking of CA monomers was detected in the non-reducing conditions for all

three hyper-stable mutants in both VLPs and infected cells. The proportion of oligomeric CA

to monomeric CA was similar in virions and cells. Although some higher order oligomers

were detected in WT virions in non-reducing conditions, only monomeric CA of 24KDa was

detected in cells infected with WT VLP in non-reducing conditions. Upon addition of β-ME,

most of the higher molecular weight bands disappeared in both virions and cells, suggesting

that intra- or inter-hexamer disulphide bonds form in virions during maturation and are

maintained when these particles infect cells. Therefore, it seems likely that they contribute to

the increased core stability of these mutants. A minor band was detected in all samples (but

strongest in the E180C virions under reducing conditions) at approximately 43KDa. As this

band was present in both reducing and non-reducing conditions it is presumably not formed

by disulphide linkages and may instead be a processing intermediate (possibly the MA-p2-CA

fragment).

To further investigate the infectivity block to the hyper-stable mutants, we measured the

ability of the mutants to complete different steps of replication between reverse transcription

and integration in a variety of different cell lines. Following synchronous infection with equal

RT units of WT or mutant VLP, samples were taken to measure levels of early and late cDNA,

2-LTR circles and integrated viral DNA by qPCR. It is widely accepted that 2-LTR circles are

an indicator of completion of reverse transcription and nuclear entry. Fig 5B shows the relative

amounts of the different viral DNA products compared to WT VLP in 293T cells. Interest-

ingly, as well as being only slightly defective for reverse transcription, both A14C/E45C and

E180C mutant VLP were able to produce ~20% the amount of 2-LTR circles produced by WT

VLP. This suggests that at least some of these mutant particles can enter the nucleus. Impor-

tantly, these mutants integrated <2% of the amount of cDNA integrated in WT infections,

which correlated well with the decrease in infectivity measured. Therefore, there appears to be

a minor block to nuclear entry for these two mutants, but, surprisingly, the major defect in

these cells is after nuclear entry and before integration. In contrast, mutant M68C/E212C VLP

only produced ~10% of the cDNA of WT, and there was a further reduction in the amount of

P207C/T216C (B), A14C/E45C (C) or M68C/E212C (D). The data is shown as mean ± SEM from at least two independent experiments. (E, F) Bar charts show the

levels of strong stop cDNA at 6h (E) and 24h (F) post infection for the panel of mutants relative to WT infections. (G) Bar chart showing the levels of strong stop

cDNA at 24 h (left y-axis) and infectivity (from Fig 3) at 72 h (right y-axis) compared to WT VLP for each mutant. Individual points represent biological repeats and

lines indicate the mean ± SEM. (H) Bar chart showing the ratio of relative levels of strong stop cDNA to infectivity, from (G). Dashed line indicates a ratio of 3. Bars

are colour coded according to the lattice interface at which the cysteines have been introduced, see Fig 1. Hyper-stable mutants are indicated with a black arrow

heads.

https://doi.org/10.1371/journal.ppat.1009484.g004
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Fig 5. Effect of hyper-stable CA mutations on the early stages of infection. (A) Disulphide cross-linking of CA monomers in VLP and cells.

Equal RT units of WT VLP or hyper-stable mutants A14C/E45C, E180C or M68C/E212C VLP were pelleted by centrifugation and resuspended

in Laemmli buffer. VLP were either analysed directly or used to infect HeLa cells. 2 hpi cells were lysed and both VLP and cell lysates were
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2-LTR circles, to<1% of that produced by WT VLP. There was no further decrease in integra-

tion compared to the levels of 2-LTR circles, suggesting that the M68C/E212C mutant is more

severely impaired earlier in replication than the other two hyper-stable mutants and is blocked

for nuclear entry. Interestingly, the M68C/E212C appeared to be the most stable mutant in

our fate of CA assays (Fig 2). Fig 5C, 5D and 5E show the relative amounts of the different

viral DNA products compared to WT VLP in HeLa cells, cycling monocytic U937 cells, and

differentiated U937 cells respectively. Like in 293T cells, all three mutants were able to reverse

transcribe to at least ~20% of WT levels in HeLa and cycling U937 cells (Fig 5C and 5D),

although the levels dropped to ~10% in differentiated U937 cells for all mutants (Fig 5E).

There was a further decrease in the amount of 2-LTR circles compared to WT in cycling U937

cells (Fig 5D), although this was less pronounced in HeLa cells (Fig 5C). However, there was a

greater reduction in infectivity (Fig 5C and 5D). This confirms that the hyper-stable mutants

have a major block to replication after 2-LTR synthesis in cycling cells. In differentiated U937

cells, the levels of 2-LTR circles dropped to below 1% that of WT virions which correlated with

the reduction in infectivity (Fig 5E). This suggests that the mutants are inhibited slightly earlier

in infection in these cells and that nuclear entry is blocked. Recent studies [44] suggest that

reverse transcription likely finishes in the nucleus in macrophages which may explain the

reduction in reverse transcription observed in differentiated U937 cells. In every cell line, the

M68C/E212C mutant was the most severely impaired at each replication stage. Altogether,

these data suggest that it is possible for reverse transcription to finish in a hyper-stable core

(because 2-LTR circles can only be synthesised from full length cDNA) and that at least some

of this cDNA is then able to enter the nuclear compartment (where the ligases needed for

2-LTR synthesis are presumably located) in cycling cells, but that even when reverse transcrip-

tion does occur, there is a block to integration that prevents these hyper-stable mutants suc-

cessfully forming proviruses.

CA protein from the A14C/E45C mutant is detected in nuclear and

chromatin fractions

Historically, the nuclear pore has been considered too small to allow passage of a complete

HIV core. However, very recent work has revealed the pore to be larger than previously mea-

sured and actually wider than the core, which may change our ideas of the role of CA in

nuclear entry [62,63]. We have shown here that hyper-stable CA mutants can synthesise

cDNA and that at least some of this cDNA can reach the nucleus to form 2-LTR circles. This

suggests that either the cDNA can escape the core in order to enter the nucleus, despite the lat-

tice being more resistant to disassembly, or that the DNA-containing core can enter the NPC.

Therefore, in order to determine the cellular localisation of components of a hyper-stable core,

we measured CA and IN protein levels in different cellular compartments during infection

(Fig 6). HeLa cells were synchronously infected with equal RT units of WT or A14C/E45C

VLP and cells were harvested at either 0, 0.5 and 2 hpi or at 4, 8, 24 and 30 hpi in different

analysed by non-reducing SDS-PAGE and immunoblotting with an HIV-1 CA antibody. Samples were either treated with 50mM iodoacetamide

(Iodo), to prevent further disulphide bond formation, or with 10% β-Mercaptoethanol (β-Me), to reduce existing disulphide bonds, prior to

SDS-PAGE. The expected band positions of monomeric (1mer) and different oligomeric CA forms (2mer, 3mer etc) are indicated. (B) 293T, (C)

HeLa, (D) cycling U937 and (E) differentiated U937 cells were synchronously infected with equivalent RT units of WT or mutant VLP and

harvested for DNA extraction at the following times: 293T, HeLa and cycling U937 cells were harvested at 6hpi to measure early (strong stop) and

late (second strand) cDNA and at 24hpi to measure 2-LTR circles. 293T cells were harvested at 2 weeks post infection to measure integrated

proviral DNA by qPCR. Differentiated U937 cells were harvested at 24h to measure early and late cDNA and at 72hpi to measure 2-LTR circles by

qPCR. Data were plotted relative to WT infections (shown as a dashed line at 100%). Points indicate individual biological repeats and the

mean ± SEM are shown. Viral infectivity from parallel infections (see Fig 3) was also plotted for comparison.

https://doi.org/10.1371/journal.ppat.1009484.g005
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Fig 6. Cellular localisation of CA and IN proteins during WT and A14C/E45C infections. HeLa cells were synchronously infected with equal RT units of WT or

A14C/E45C mutant (CC in the figure) VLP. Cells were harvested at either 0, 0.5 and 2 hpi, or 4, 8, 24 and 30 hpi to be processed in parallel as a whole cell lysate (WCL)
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experiments. The 24 hpi samples were run on every blot to check exposure levels. Viral pro-

teins detected at 0 hpi represent VLP attached to cells during spinoculation (Fig 6A). Although

there was some variation in protein levels between different time points, importantly, the total

levels of both CA and IN in whole cell lysates were similar between WT and A14C/E45C (CC)

infection at all time points (Figs 6A and S3). The infected cell lysates were further processed

into the following subcellular fractions: cytoplasm, membranes, nucleus and chromatin-

bound. The separation resolution of the subcellular fractionation was determined by looking

for distinct markers in the different fractions: HSP90 for the cytoplasm, calnexin for the mem-

branes, HDAC2 for the nucleus and histone 3 for chromatin-bound. The representative

immunoblot in Fig 6B shows that the fractionation procedure was highly effective, and the

markers were predominantly found in the expected fractions. There was a little of the nuclear

markers HDAC2 and CPSF6 detected in the cytoplasmic and membrane fractions but this was

minor contamination. We also probed for tubulin-α and lamin B1 to monitor the distribution

of the cytoskeleton and the nuclear envelope, respectively. Tubulin-α was highly enriched in

the cytoplasmic fraction while lamin B1 was mainly localised in the nuclear fraction and a

small portion seemed to be chromatin-bound. Having determined that the cellular compart-

ments had been separated successfully, we analysed CA and IN protein levels in the different

subcellular fractions by immunoblotting with anti-HIV-1 CA and anti-HIV-1 IN antibodies.

The amount of CA in the cytoplasm remained relatively constant throughout the course of the

infection (S3B and S3D Fig). Conversely, IN levels decreased markedly between 8 and 24 hpi,

suggesting that IN protein has a shorter half-life than CA, but this was observed for both WT

and A14C/E45C samples (S3B and S3D Fig). A similar pattern was seen in the membrane frac-

tion (S3C and S3E Fig), except that there was noticeably more CA detected here following

infection with A14C/E45C VLP compared to WT VLP. This may reflect a stronger association

of A14C/E45C CA with the plasma membrane or organelle membranes that are both con-

nected to microtubules which bind CA, or perhaps increased association with the nuclear

membrane as this is continuous with the ER which is detected in this fraction. Alternatively, it

might just reflect reduced uncoating for the hyper-stable mutants so that more CA is associ-

ated with each particle. Surprisingly, we detected both CA and IN in nuclear fractions as early

as 30 minutes post infection (Figs 6C and S3F). Although the levels of IN were similar between

WT and A14C/E45C at each time point, there was more A14C/E45C CA than WT CA present

until 30 hpi, again confirming the increased stability of the mutant CA. This suggests that viral

cores travel to the nucleus faster than originally thought, and before the peak of reverse tran-

scription at 6 hpi (see Fig 4). Other groups have also recently reported this phenomenon

[39,40,43,44,48]. To investigate whether the CA present in the nuclear fractions was still disul-

phide cross linked, we analysed the fractions under non-reducing conditions as in Fig 5A. Fig

6D shows that the majority of the mutant CA present was indeed oligomerised, mainly as hex-

amers, whereas the WT CA was monomeric. Adding β-ME to reduce the disulphide linkages

or to undergo subcellular fractionation. Protein levels were quantified by BCA assay, proportional amounts of the fractions related to the WCL were loaded on

SDS-PAGE gels and analysed by immunoblotting using the following antibodies: Anti-CA and anti-IN for HIV-1 proteins, anti-HSP90 for cytoplasm, anti-calnexin for

membranes, anti-HDAC2 for nucleus, anti-histone 3 for chromatin and anti-tubulin α for cytoskeleton. Anti-lamin B1 was used as a nuclear envelope marker and the

distribution of CPSF6 was also analysed. (A, C, E) Panels show representative immunoblots probed for HIV-1 CA and IN and the appropriate fractionation marker (A)

WCL with HSP90 as a loading control, (C) Nuclear fraction with HDAC2 as a loading control. (E) Chromatin fraction with histone 3 as a loading control. “-”indicates

uninfected cells. Bar charts show the densitometry analysis of the immunoblots plotted as the ratio of CA or IN proteins to the loading control. The key for bar chart

colour coding is shown at the bottom of the figure. Arrows indicate undetectable protein. The 24 hpi sample was loaded on each gel for the sake of comparison (24h�).

(B) Subcellular fractions from uninfected cells, probed for control proteins to confirm successful sample fractionation. (D, F) Disulphide cross-linking of CA

monomers in different cellular fractions. The 4 and 8hpi samples from nucleus (D) and chromatin (F) fractions were either treated with 50mM iodoacetamide (Iodo),

to prevent further disulphide bond formation, or with 10% β-Mercaptoethanol (β-Me), to reduce existing disulphide bonds, prior to SDS-PAGE and immunoblotting

with an anti-HIV-1 CA antibody. The expected band positions of monomeric (1mer) and different oligomeric CA forms (2mer, 3mer etc) are indicated.

https://doi.org/10.1371/journal.ppat.1009484.g006
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resulted in a single monomeric band for the mutant CA (Fig 6D). Finally, we were able to

detect low levels of A14C/E45C CA in the chromatin fractions as early as 30 minutes post

infection (Figs 6E and S3G). However, the WT CA was undetectable at most time points (Figs

6E and S3G). Analysis of the CA in the chromatin fraction under non-reducing conditions

revealed that, as in the nuclear fraction, most of the mutant CA was present as hexamers (Fig

6F). Unexpectedly, there was more IN present in the chromatin fraction from the WT infec-

tions than the A14C/E45C infections at all time points (Figs 6E and S3G). This suggests that

although there was more CA present for the mutant, presumably because it was present as a

more complete lattice, there was probably a lower number of individual particles associated

with the chromatin than for WT infections, as indicated by the IN levels.

The association of A14C/E45C CA with nuclear fractions, particularly with the chromatin-

bound fraction, suggests that, despite being hyper-stable, this CA protein could enter the

nucleus. However, as the infected cells were dividing, it was possible that nuclear entry

occurred during mitosis rather than through a NPC. To address this, we treated 293T or HeLa

cells with aphidicolin to inhibit the cell cycle at G1/S and prevent mitosis. Arrested cells were

then infected in the presence of aphidicolin and analysed for infectivity and 2-LTR circle pro-

duction (S4A–S4C Fig). HeLa cells were also fractionated and nuclear and chromatin fractions

analysed for the presence of CA and IN (S4D–S4F Fig). Although aphidicolin treatment

slightly reduced the infectivity of both mutant and WT VLP (S4D Fig), the hyper-stable

mutants were not affected more than WT (S4A and S4B Fig) and the ability of the mutants to

form 2-LTR circles relative to WT was not impaired (S4C Fig). Furthermore, both CA and IN

from A14C/E45C mutant VLP infections were detected in the nuclear and chromatin fractions

of aphidicolin-treated cells at similar levels to the untreated cells (S4E and S4F Fig). This sug-

gests that the presence of mutant CA in nuclear fractions was not simply due to nuclear entry

during mitosis. Alternatively, as the nuclear envelope marker, lamin B1, was also distributed in

these two fractions, it could be hypothesised that A14C/E45C was accumulating at the nuclear

envelope rather than inside the nucleus. To help resolve this issue, we performed cellular loca-

lisation experiments.

The A14C/E45C mutant is impeded at nuclear entry

In order to investigate nuclear entry of the A14C/E45C mutant further, we monitored the

interactions between CA and the nuclear pore proteins NUP358 and NUP153 during infec-

tion. These proteins are part of the NPC where NUP358 faces the cytoplasm and NUP153

forms part of the nuclear basket of the NPC, facing the nucleus. Furthermore, both proteins

have previously been described to bind HIV-1 CA directly and to be involved in HIV-1 repli-

cation [25,26,30]. HeLa cells were synchronously infected with equal RT units of WT or

A14C/E45C VLP for 2, 4, 6, 8 and 10 hpi. At each time point, cells were fixed, and proximity

ligation assays (PLA) were performed with specific antibody combinations: anti-HIV-1 CA

and anti-NUP358 (Fig 7A–7C), and anti-HIV-1 CA and anti-NUP153 (Fig 7D–7F). In this

assay, direct protein-protein interactions or proteins spaced < 40 nm apart can be visualised

as foci by immunofluorescence. In addition, by doing post hoc analysis, the relative localisation

of these interactions can be compared in relation to the nuclear envelope, in this case approxi-

mated by DAPI staining. Fig 7A shows representative cells assayed for CA-NUP358 co-locali-

sation at 8 hpi. Counting the number of foci per cell (Fig 7B) revealed that there were similar

levels of interaction between CA and NUP358 throughout the time course of infection, and

there was no significant difference between WT and A14C/E45C infections. The localisation

of these foci (Fig 7C) seemed to be similarly around the DAPI edge for both VLP, but with a

tendency for WT foci to be further into the nucleus than A14C/E45C foci. This suggests that
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Fig 7. CA co-localisation of CA with NUP358 and NUP153 during infection. HeLa cells were synchronously infected with equal RT units of WT or A14C/

E45C VLP and fixed at 2, 4, 6, 8 and 10 hpi. Cells were incubated with primary antibodies to HIV-1 CA and either NUP358 (A-C) or NUP153 (D-F), followed by

specific secondary antibodies conjugated to the PLUS and MINUS PLA oligonucleotides (probes). Each foci represents a positive PLA signal generated by the

amplification of the interaction between the PLUS and MINUS probes. (A) and (D) show representative images of CA-NUP358 and CA-NUP153 co-localisation

at 8 hpi, respectively (the scale bar is 10μm). Longitudinal Z-series were acquired with a 63X objective using a confocal microscope followed by 3D image
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there is little difference in the early stages of infection, up to reaching the nuclear pore, between

WT and A14C/E45C VLP, and, once again, that cores reach the nucleus within 2 hpi, sooner

than previously expected. In contrast, there were clear differences in the staining for

CA-NUP153 co-localisation between WT and A14C/E45C infections (Fig 7D–7F). Analysis of

the number of foci per cell showed that there was increased A14C/E45C foci compared to WT

infections at all time points (Fig 7E). As equal numbers of cores were arriving at the nucleus, as

measured by CA-NUP358 staining (Fig 7B), this suggests that the A14C/E45C cores were

spending more time at the nuclear pore. Moreover, comparing the localisation of the VLP

showed that the A14C/E45C foci appeared to localise more towards the cytoplasmic side of the

DAPI edge while the WT foci were mainly on the nuclear side (Fig 7F). Given that a layer of

lamin and the nuclear envelope surround the chromatin in the nucleus, the DAPI edge does not

indicate the exact nuclear/cytoplasmic boundary, but rather the inner side of the nuclear pore.

Thus, being on the cytoplasmic side of the DAPI staining, together with increased CA-NUP153

staining, suggests that A14C/E45C hyper-stable cores are being trapped at the NPC.

CPSF6 is not re-localised to nuclear speckles during infection with hyper-

stable mutants

In addition to binding nuclear pore proteins, CA interacts with CPSF6, which has been

reported to direct HIV-1 integration site specificity. Specifically, CPSF6 is proposed to direct

HIV-1 to highly transcribing regions of the genome identified as nuclear speckle-associated

domains (SPADs) [9,34,35]. The absence of CPSF6, or blocking of CPSF6-CA binding, pro-

motes integration into lamina-associated domains (LADs), regions of heterochromatin near

the nuclear envelope [9,34]. Unfortunately, despite repeated attempts, we were unable to opti-

mise our PLA assay to reliably visualise CA-CPSF6 co-localisation. However, recently, it has

been observed that CPSF6 only redistributes to nuclear speckles during WT HIV-1 infection

and not during infection with CPSF6-binding deficient mutants A77V and N74D [35,48]. This

suggests that the CA-CPSF6 interaction is driving CPSF6 reorganisation in the nucleus. There-

fore, to investigate the interaction between our hyper-stable mutants and CPSF6, we moni-

tored the reorganisation and redistribution of CPSF6 to nuclear speckles during infection.

HeLa cells were synchronously infected with equal RT units of WT, A14C/E45C, E180C or

M68C/E212C VLP. At 16 hpi, cells were fixed and immuno-stained with antibodies against

HIV-1 CA, CPSF6 and SC35, also called serine and arginine rich splicing factor 2 (SRSF2),

which is a marker for nuclear speckles [64]. Due to the species of the antibodies, we could only

co-stain for pairs of markers at a time. Figs 8A and S5B show that cells infected with WT-HIV-

1 exhibit a compelling redistribution of CPSF6 into puncta that co-localise with SC35-positive

nuclear speckles, confirming previous reports [35,48]. However, there was no such redistribu-

tion of CPSF6 during infection with any of the hyper-stable mutants which showed similar

CPSF6 staining to uninfected cells. Importantly, when we co-stained for CA and CPSF6, ~80%

of WT CA positive cells contained CPSF6 puncta (Fig 8B), compared to only 5% of hyper-sta-

ble CA positive cells. Although we were able to detect some CA signal in the nucleus of WT

HIV-1 infected cells that colocalised with the CPSF6 signal by immunofluorescence (S5A Fig),

the CA signal was relatively weak and we cannot say whether this CA was part of a core or not.

The CA staining in the nucleus was not as evident during infection with the hyper-stable

analysis performed with the GIANI plug-in in FIJI. The number of foci per cell (B and E) and the relative distance of those foci to the DAPI edge (C and F) were

quantified. In the plots, each point represents the mean foci data from all the cells within an image (75 to 100 cells/image). At least 12 images were acquired per

condition over at least three independent biological repeats (plotted in different colours). Overall means ± SEM are shown in black. � = p<0.05, �� = p<0.01, ���

= p<0.001, ���� = p<0.0001, ns = not significant.

https://doi.org/10.1371/journal.ppat.1009484.g007
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Fig 8. HIV-1 CA, CPSF6 and SC35 staining during infection with WT and hyper-stable mutant VLP. HeLa cells were synchronously infected with

equal RT units of WT, A14C/E45C, E180C or M68C/E212C VLP and fixed at 16hpi. Cells were incubated with primary antibodies against HIV-1 CA,

CPSF6 and SC35 followed by specific secondary antibodies conjugated to Alexa Fluor fluorophores. The scale bars are 10μm. (A) Representative images
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mutants. Together, these data show that WT CA is able to interact with CPSF6 and induce its

redistribution to nuclear speckles, whilst the hyper-stable CA fail to alter CPSF6 localisation.

Discussion

It has been known for many years that HIV-1 can infect non-dividing cells and so must cross

the nuclear envelope during infection. Until recently, the dogma was that HIV-1 cores

uncoated in the cytoplasm during reverse transcription, because they were too large to cross

the nuclear pore. However, new evidence has led people to re-examine this order of events.

When and where the CA lattice breaks down is currently highly controversial. Theories range

from cytoplasmic uncoating to uncoating at the nuclear pore (reviewed in [65])

[35,38,39,42,66], and more recently, uncoating inside the nucleus [43,44,48,62]. Along these

lines, emerging electron microscopy images appear to show intact cores going through nuclear

pores and the size of the pore itself has been re-evaluated [62]. Some open questions are (1)

Can reverse transcription complete inside a core? (2) Can a complete core cross the nuclear

pore? (3) What replication events require CA? and (4) When is uncoating required? Unfortu-

nately, uncoating is difficult to measure directly. Therefore, in this study, we have taken a

genetic approach to investigating uncoating by comparing the replication of WT HIV-1 with

hyper-stable CA mutants that are potentially slower or unable to uncoat. Thus, we have not

asked “where/when does uncoating occur?”, but rather “where/when does viral replication get

blocked if uncoating is prevented?”.

We compared a panel of mutants designed to induce disulphide bonds at different CA lat-

tice interfaces. Many of these have previously been used for structural studies and clearly

induced stability of in vitro assembled CA without altering overall CA structure

[7,8,11,12,57,67–70], but anecdotally were thought unlikely to make stabilising disulphide

bonds in the reducing environment of the cytoplasm. Nevertheless, we found that two previ-

ously described intra-hexamer mutants, A14C/E45C and M68C/E212C [11,12,57], and a novel

inter-hexamer mutant, E180C, all showed increased lattice stability in cells (Figs 2A, 2C and 6)

and maintained disulphide bonds following infection (Figs 5A, 6D and 6F). Interestingly,

these three mutants represent stabilising different interfaces within the CA lattice. Thus, it

appears that no particular interface is dominant in lattice stability. It was not surprising that

most of the mutants did not increase core stability, as there is a lot of variation in the exact Cβ-

Cβ distances between individual residues, depending on the region of the lattice that they

reside (i.e. depending on the curvature of that part of the fullerene cone [5,67]). This is espe-

cially true around the trimeric interface. It is intriguing that the NTD-NTD mutant A14C/

E45C resulted in hyper-stable cores whilst the NTD-NTD mutant A42C/T54C did not, as they

have near identical hexamer crystal structures [12,68]. However, the geometry and exact chem-

istry of the surrounding environment likely affect whether disulphide bonds form in cells.

Although any mutations in CA have the potential to cause multiple effects on function, by

using mutants that had previously been structurally characterised, and testing a panel of differ-

ent mutants, we hoped to minimise this limitation and provide an alternative genetic approach

to complement other techniques that have been used to study uncoating and nuclear entry.

of SC35 and CPSF6 staining. White arrows point to SC35 and CPSF6 co-localisation in the merged WT image. (B) Representative images of HIV-1 CA

and CPSF6 staining. White dashed line boxes in WT columns indicate zoomed-in regions labelled 1 and 2 (shown in S5A Fig). Bar chart shows the

number of CA positive cells that showed CPSF6 redistribution to puncta. Points indicate individual biological repeats (~150 cells per experiment were

used for quantification) and lines show the mean ± SEM; ���� = p<0.0001.

https://doi.org/10.1371/journal.ppat.1009484.g008
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Hyper-stable mutants can reverse transcribe

As expected, although they produced normal viral titres as measured by particle release (S1

Fig), most of the mutants in the panel had reduced infectivity in a range of cell lines (Fig 3).

The intra-hexamer mutants were the least infectious, perhaps highlighting the importance of

residues within the CA N-terminal domain for early replication steps. The severity of the infec-

tivity defect did not correlate with core stability, as measured by the fate-of-CA assay (Fig 2),

but did generally reflect the level of reverse transcription (Fig 4G and 4H). The exceptions to

this were the three mutants identified as hyper-stable. Surprisingly, despite uncoating previ-

ously being linked to reverse transcription [38,49,51,61,71], A14C/E45C and E180C were able

to reverse transcribe close to WT levels in 293T, HeLa and cycling U937 cells and, further-

more, showed only a partial reduction in 2-LTR circle production in these cells (Figs 4 and 5).

Formation of 2-LTR circles shows that reverse transcription can complete in a hyper-stable

core and implies that it is not necessary for the core to fully uncoat in order to accommodate

the double stranded DNA. These results are in line with previous studies showing that hyper-

stable mutants E45A, Q63A/Q67A, 5Mut (Q67H/K70R/H87P/T107N/L111) and A14C/E45C

can reverse transcribe [48,52,72,73] and with a recent report saying that reverse transcription

can complete in whole WT cores [43,74]. However, it is possible that the hyper-stable cores are

partially opened. Indeed, the production of 2-LTR circles would imply that the core was open

to some extent in order for the cellular ligases to access the viral DNA. It has also been reported

that the hyper-stable E45A CA mutant can still partially open [75]. Variability in the efficiency

of disulphide bond formation within the bulk population means that some viral cores will

likely be more stable than others and it may be that it is the less stablised virions that are able

to form 2-LTR circles. Recent in vitro studies have suggested that reverse transcription

increases the pressure inside the core [61], inducing mechanical changes in the capsid that pro-

gressively remodel the lattice [76,77] and may result in viral DNA loops bursting out of par-

tially uncoated cores [78]. This agrees with our previous assessment that uncoating is triggered

after first strand transfer during reverse transcription [51]. By inducing disulphide bond for-

mation, we may have prevented some or all of these remodelling changes occurring in the

hyper-stable mutant cores, and therefore prevented more extensive uncoating from occurring.

This implies that whilst reverse transcription promotes uncoating, it is not dependent on the

disassembly of the lattice. Instead, the virus appears to be using reverse transcription to time

uncoating. Nonetheless, hyper-stability can be detrimental for reverse transcription as the

M68C/E212C mutant showed a ~10-fold decrease in reverse transcription products compared

to WT in all the cells lines studied (Figs 4D and 5). The cysteine residues introduced in M68C/

E212C are located on the intra-hexamer NTD-CTD interface, which is important for the cur-

vature of the lattice. Christensen et al. recently reported that the compound GS-CA1, which

binds at the NTD-CTD interface, affected capsid integrity and strongly inhibited reverse tran-

scription in vitro, and proposed that affecting the NTD-CTD interface introduces lattice strain

and promotes capsid fracturing [78]. Thus, it could be possible that the formation of disul-

phide bonds at this specific interface affects the structure of the CA lattice in such a way that is

not compatible with reverse transcription.

Importantly, even the mutants that reverse transcribed well were still markedly impaired

for integration (Fig 5), presumably meaning that the cores are unable to open fully, or in the

correct manner to allow integration. This agrees with various recent reports suggesting that a

final capsid uncoating reaction needs to occur before integration can take place [35,39,42–

44,48,62,66]. Stabilising the CA lattice by either mutation, or drugs, probably affects flexibility

as well as lattice break down, so it is hard to separate whether the core needs to restructure in
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some way or to break apart completely. We therefore use the term “CA remodelling” to cover

both of these events.

The link between reverse transcription and uncoating has recently taken a new twist, as the

location of reverse transcription in the cell has been questioned. There is increasing evidence

that CA-containing viral complexes reach the nucleus early, before reverse transcription has

completed [35,43,44,48,79,80], and that reverse transcription actually completes in the nucleus

[44]. In support of nuclear-associated reverse transcription, here, we also detected CA and,

importantly, IN in nuclear fractions at 30 minutes post infection (Fig 6) and detected CA inter-

acting with nuclear pore proteins at 2 hpi (Fig 7), well before the peak of reverse transcription

at 6hpi (Fig 4). Interestingly, 2-LTR circle formation was inhibited in differentiated U937 cells

for all the hyper-stable mutants (Fig 5E), suggesting a more severe block to nuclear entry in

these cells. Indeed, completion of reverse transcription after nuclear entry could explain the

reduction of reverse transcription product accumulation and the subsequent lack of formation

of 2-LTR circles for the hyper-stable mutants in these cells.

Hyper-stable CA mutants are compromised for nuclear entry

As two of our hyper-stable mutants seemed to have a major defect after reverse transcription,

we asked whether these hyper-stable cores could enter the nucleus. 2-LTR circles are consid-

ered a surrogate for nuclear entry [81,82], and as A14C/E45C and E180C produced 2-LTR cir-

cles in 293T cells, HeLa cells and cycling U937 cells, albeit with a 5–10 fold decrease compared

to WT (Fig 5), it suggested that at least a proportion of particles could enter the nucleus. Our

subcellular fractionation experiments confirmed that both WT and hyper-stable CA could be

detected in all fractions following infection, including both soluble nuclear and chromatin-

associated fractions (Figs 6 and S3). To confirm where the nuclear envelope fractionated, we

blotted for lamin B1 which is located inside the inner layer of the nuclear envelope. Lamin B1

was detected in the nucleus and, to a lesser extent, in the chromatin fraction (Fig 6B), suggest-

ing that the CA in these fractions could be at the nuclear envelope as well as inside the nucleus.

Importantly, chromatin is known to be tightly linked with nuclear pores and lamin [83]. In the

two nuclear fractions, there was noticeably less WT HIV-1 CA present at each time point than

the hyper-stable mutant CA, suggesting that it was turned over faster (Figs 6C, 6E, S3F and

S3G), although it is also possible that WT CA was more susceptible to degradation during the

fractionation process. Conversely, the levels of IN were similar at all time points between WT

and hyper-stable infections in all fractions except the chromatin-associated fraction, where

there was more IN detected following WT infections. We assume that the IN levels represent

the number of PICs and indicate that similar numbers of particles are present for WT and

mutant until the chromatin fraction. The increased CA levels in each fraction following infec-

tion with the A14C/E45C mutant suggest that there is more CA present per particle, presum-

ably reflecting the increase in core stability. As WT CA was barely detectable in the chromatin

fraction (Fig 6E and S3G Fig), this could reflect WT cores being able to breakdown and deliver

IN more efficiently to the chromatin than A14C/E45C cores which appear to retain some CA

in the chromatin fraction (Figs 6E and S3G). Once disassembled, the CA is likely degraded.

Together, these data show that although the hyper-stable cores retain more CA than WT cores,

the IN levels are comparable until the cores meet chromatin. This implies that uncoating has

little impact on replication until a chromatin associated event.

To explore whether hyper-stable cores could truly enter the nucleus or were associating

with nuclear membranes, we studied the dynamics of WT and A14C/E45C CA interactions

with nuclear pore proteins (Fig 7). We chose NUP358 and NUP153 because they are located

on the outer and inner face of the nuclear pore, respectively, and because their interaction with
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CA is well characterised [25,26,29,30]. We found that WT and A14C/E45C CA showed similar

levels of interaction with NUP358 over time (Fig 7B) suggesting that both cores could reach

the nuclear pore with equivalent kinetics, agreeing with our fractionation experiments. As

seen in a previous report [84], we observed some CA-NUP358 foci in the cytoplasm, which

was more noticeable during A14C/E45C infection. Nuclear pore proteins are known to be

dynamic, and co-localisation may occur away from the NPC [84], but there were no significant

differences between the WT and mutant CA distribution (Fig 7C). In contrast, there was clear

divergence in the co-localisation of CA and NUP153 between WT and hyper-stable cores.

There were significantly increased numbers of foci for the A14C/E45C CA at all time points.

As equal numbers of cores were arriving at the nucleus (as measured by NUP358 co-localisa-

tion), this suggests that the A14C/E45C cores were spending more time at the nuclear pore.

Moreover, the A14C/E45C foci appeared to localise more towards the cytoplasmic side of the

DAPI edge while the WT foci were mainly on the nuclear side, suggesting that WT cores travel

further into the nucleus and that A14C/E45C hyper-stable cores are trapped at the NPC. It is

worth pointing out that quantifying the distance of the PLA foci to the DAPI edge has caveats.

The PLA signal is the result of a complex of rolling circle amplification products together with

antibodies bound to two proteins of interest. As this is a big complex, the foci distance to the

DAPI edge cannot be taken as an absolute distance. Furthermore, these observations could

also be explained by invaginations of the nuclear membrane or limited resolution in the Z-axis

that make PLA puncta at the top or bottom of the NE (in Z) appear to be in the nucleus. How-

ever, the same caveats apply to both WT and mutant cores, so a relative comparison can be

made. Thus, it seems that uncoating or lattice flexibility is required for nuclear entry and

points to a CA remodelling event at the nuclear pore, as suggested by some other labs [42,62].

It is interesting to recall that the A14C/E45C mutant still produces 2-LTR circles, despite

apparent limited nuclear entry, questioning what this product really represents.

Interestingly, studies with the CPSF6 binding-defective HIV-1 CA mutants, N74D and

A77V, have reported that a longer residence time at the nuclear envelope promotes integration

into heterochromatin regions close to the nuclear envelope [9,34,35,43,48]. Furthermore,

unlike WT HIV-1, neither the N74D nor the A77V mutant can re-localise CPSF6 to nuclear

speckles, showing that this is a CA dependent event [9,34,35,48]. Since A14C/E45C cores were

stalled at the nuclear pore, we were intrigued to see whether this mutant would be able to pro-

mote CPSF6 redistribution to nuclear speckles. In agreement with very recent reports [35,48],

we found that only WT-infected cells showed a redistribution of CPSF6 to SC35 positive

puncta (Fig 8). Importantly, A14C/E45C is still able to bind CPSF6 in vitro [85,86], suggesting

that either it does not have access to CPSF6 in cells, or that it is unable to relocate to nuclear

speckles because it is retained elsewhere. CPSF6 binds to the same pocket on the CA lattice as

NUP153 [29,31,32] and Bejarano et al have recently reported the consecutive binding of the

hexameric CA lattice to NUP153 and then CPSF6 in macrophages [40]. Thus, we speculate

that if A14C/E45C is still binding NUP153 at the nuclear pore, it might not be able to uncouple

and move on to binding CPSF6. We hypothesize that the CA lattice needs to remodel at the

pore in order to be released from NUP153 and move into the nucleus, where it can then inter-

act with CPSF6 and move to an optimal site for integration. As CA is required for the CPSF6

interaction, it follows that a fraction of CA must be retained by the pre-integration complex

until chromatin binding, but sufficient CA must be removed to allow IN and the viral cDNA

to access chromatin for integration itself to occur.
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Models of HIV-1 uncoating

We have illustrated the current models of HIV-1 uncoating in Fig 9. From left to right, uncoat-

ing in the cytoplasm, uncoating at the nuclear pore, uncoating inside the nucleus or uncoating

at the integration site. Early uncoating or a failure to uncoat both have detrimental effects on

virus infectivity. The data presented here point to a remodelling event at the nuclear envelope

Fig 9. Current models for HIV-1 and MLV uncoating. Incoming viral cores (HIV-1, left columns and MLV, right column) surrounded by a CA lattice (orange

hexagons) contain the viral RNA (red) coated with nucleocapsid (light blue), as well as the viral enzymes, protease (yellow), reverse transcriptase (light green) and

integrase (purple) (step 1). Reverse transcription of the RNA to double stranded DNA (dark blue) starts following infection and the core travels towards the nucleus

down microtubules (step 2). HIV-1 DNA can cross the nuclear pore (step 3), and in association with CPSF6 (green dots) (step 4), move to nuclear speckles (darker

pink shaded regions) and integrate into the host cell chromatin (grey with orange ovals) (step 5) to form a provirus (step 6). When and where the CA lattice

disassembles and where reverse transcription finishes is still debated and the possible scenarios for HIV-1 uncoating (loss of orange hexagons) are illustrated here:

from left to right; uncoating in the cytoplasm, uncoating at the nuclear pore, uncoating inside the nucleus or uncoating at the site of integration. In contrast, MLV

cannot pass through nuclear pores and must wait for mitosis to occur before accessing the chromatin. Our current model for MLV uncoating is shown on the right:

At mitosis, the N-terminal domain of the MLV p12 protein (red) binds directly to CA and the C-terminal domain (green) binds to nucleosomes, tethering the likely

intact MLV core to the host chromatin. Following mitosis, MLV uncoats to allow integration, which, as it is already associated with chromatin, probably occurs at

the integration site.

https://doi.org/10.1371/journal.ppat.1009484.g009
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that, although it is not required for reverse transcription to complete, is needed to completely

pass through the nuclear pore, allow binding to CPSF6 and, ultimately, for integration. We

therefore think it likely that some sort of uncoating event begins at the nuclear pore and fin-

ishes at the site of integration. We have also previously shown that the murine leukaemia virus

(MLV) p12 protein binds directly to both CA and nucleosomes, tethering the MLV core to

chromatin during mitosis, and have proposed that p12 could be acting in a similar capacity to

CPSF6 in HIV-1 infection [87]. Fig 9 includes our model of MLV uncoating. As MLV cannot

traverse nuclear pores [88] it is unlikely that it undergoes a similar pore-induced CA remodel-

ling event, suggesting that MLV uncoating might be triggered by chromatin binding. As MLV

must wait for mitosis, it is possible that an intact CA lattice is needed until integration to pro-

vide a protective environment for the viral cDNA.

In conclusion, we have demonstrated that HIV-1 with a hyper-stable CA lattice is able to

reverse transcribe successfully but is stalled at nuclear entry, which has a negative effect on

CPSF6 binding and integration. We suggest that an uncoating or CA remodelling event nor-

mally occurs at the nuclear pore and that this is essential for the later replication events that

take place in the nucleus. Furthermore, our observations suggest that viral cores are present at

the nucleus before reverse transcription is completed. Therefore, it is plausible that both

reverse transcription and uncoating finish in the nucleus. Further work is needed to fully

understand the state of the CA lattice in the nucleus and the exact relationship between

uncoating and reverse transcription.

Material & methods

Cell lines

Adherent cell lines, 293T and HeLa cells, were maintained in Dulbecco’s modified Eagle

medium (Thermo Fisher), and suspension cell lines, SupT1 and U937 cells, were maintained

in RPMI-1640 (Thermo Fisher). All cell lines were authenticated and tested mycoplasma-free

from Bishop laboratory cell stocks. Media was supplemented with 10% heat-inactivated foetal

bovine serum (FBS; Biosera) and 1% Penicillin/Streptomycin (Sigma). Cells were grown in a

humidified incubator at 37˚C and 5% CO2. Cycling U937 cells were differentiated by culturing

the cells in 200nM Phorbol 12-myristate 13-acetate (PMA; Sigma) for 5 days. PMA was main-

tained in the media at a 100nM throughout the experiments.

Plasmids and site-directed mutagenesis

The plasmids used to produce HIV-1 VLP, pVSV-G, pCMVΔR8.91, pCSGW and pWPTS-

nlsLacZ, have been described previously [89,90]. To create Gag-Pol plasmids carrying cyste-

ine-substitution mutations in CA, site-directed mutagenesis was performed on pCMVΔR8.91

using the QuickChange II-XL site-directed mutagenesis kit (Agilent) according to manufac-

turer’s instructions and using the primers listed in S1 Table. Repeated site-directed mutagene-

sis was performed to create the double, triple and quadruple mutants. The introduction of the

desired mutations was confirmed by Sanger sequencing (Source Bioscience).

Virus-like particle (VLP) production

HIV-1 virus-like particles (VLP) were produced by co-transfecting 293T cells with a 1:1:1 ratio

of three plasmids: pVSV-G, pCSGW (GFP-reporter) or pWPTS-nlsLacZ (LacZ-reporter) and

pCMVΔ8.91 (or pCMVΔ8.91 mutants). Approximately 16h post-transfection, cells were

treated with 10mM sodium butyrate for 8h and VLP-containing supernatants were harvested

24h later. VLP titres were analysed using a Lenti RT ELISA kit (Cavidi) following
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manufacturer’s instructions. For the fate-of-capsid, cell fractionation and PLA assays, VLPs

were concentrated by ultracentrifugation through a 20% (w/w) sucrose cushion using a Beck-

man SW32Ti rotor (Beckman-Coulter) at 20,200 rpm for 2h at 4˚C.

Single round infectivity assay

293T, HeLa, SupT1 and U937 cells (both cycling and differentiated) were challenged with nor-

malised amounts of WT and mutant VLP based on their RT activity and incubated for 72 h at

37˚C. The percentage of GFP-expressing cells was analysed by flow cytometry using a FACS

VERSE, LSR or Fortessa A analysers (BD Biosciences). Data was analysed using FlowJo soft-

ware. Cells infected with LacZ-expressing VLP were lysed in Tropix Lysis buffer (Life technol-

ogies) and frozen at -20˚C. Cell lysates were mixed with Tropix galactostar reaction mixture

(Life technologies) and luminescence was measured for 1h at 10min intervals on a Tecan Safire

plate reader.

Immunoblotting

Cells were lysed in ice-cold radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher)

supplemented with a protease inhibitor cocktail (Roche). To assess disulphide cross-linking in

cells, 2x non-reducing Laemmli SDS sample buffer (in house stock) was added to cell lysates or

pelleted VLP (centrifuged at maximum speed in a bench top mini-centrifuge for 1h and at

4˚C) prior to treatment with 50mM iodoacetamide (Sigma) or 10% β-Mercaptoethanol

(Sigma). Samples treated with iodoacetamide were incubated for 30min at room temperature

followed by a 15 min incubation at 65˚C. Samples treated with β-Mercaptoethanol were incu-

bated for 15min at room temperature and then boiled at 95˚C for 5 min. Samples were then

applied to 4–12% NUPAGE Bis-Tris gels (Thermo Fisher) and electrophoresed in MES SDS

running buffer (Thermo Fisher). Primary antibodies used were: anti-HIV-1 CA (in house),

anti-HIV-1 IN (in house), anti-HSP90 (CST; #4874), anti-calnexin (CST; #2679), anti-HDAC2

(CST; #5113), anti-histone 3 (CST; #14269), anti-tubulin-α (Bio-Rad; VMA00051) and anti-

lamin B1 (Proteintech; 66095-1-Ig). Secondary antibodies used were: anti-mouse and anti-rab-

bit HRP-conjugated secondary antibodies (Thermo Fisher; 61–6520 and 31460); anti-mouse

IRDye 800CW secondary antibodies (LICOR). Blots were analysed on a Chemidoc MP imag-

ing system (Bio-Rad) or by X-ray film exposure or on an Odyssey CLx imaging system

(LICOR).

Fate-of-capsid assay

The fate-of-capsid assay was performed as previously described [58] but with some modifica-

tions. HeLa cells were seeded at 106 cells/well in 6-well plates one day prior infection and spi-

noculated (1600rpm at 16˚C for 30min, followed by 37˚C for 1h) with equal amounts of VLP

based on their RT activity. Cells were harvested at 2 and 20 hpi and cell pellets were lysed by

adding hypotonic buffer (10mM Tris-HCl pH 8.0, 10mM KCl and 1mM EDTA pH 8.0 supple-

mented with a protease inhibitor cocktail (Roche)) and passing through a Qiashredder column

(Qiagen). At this point, 50 μL was harvested as the input (I) and resuspended in 2x Laemmli’s

SDS-PAGE sample loading buffer (Sigma). The remaining lysate was layered on top of a 30%

(w/w) sucrose cushion and centrifuged using a Beckman SW41 rotor (Beckman Coulter) at

32,000rpm and 4˚C for 1h, to separate soluble and assembled CA. After centrifugation, 500 μL

of the uppermost portion of the supernatant was harvested as the soluble fraction (S). Follow-

ing aspiration of the sucrose cushion, the pellet (P) was resuspended in 100 μL of 2x Laemmli’s

SDS-PAGE sample loading buffer (Sigma). The soluble fraction was precipitated using metha-

nol-chloroform extraction and resuspended in 100 μL of 2x Laemmli’s SDS-PAGE sample
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loading buffer (Sigma). Then, the I, S and P samples were analysed by western blotting with an

anti-HIV-1 CA antibody. The densitometry of the CA blots was performed using the gel analy-

sis tool in FIJI.

Quantitative PCR analysis to measure RT products

Quantitative PCR analysis was conducted as previously described [51,91]. Briefly, VLP were

treated with 20 units/mL RQ1-DNase (Promega) in 10mM MgCl2 for 1h at 37˚C before infec-

tion. 293T, HeLa or U937 cells were spinoculated (1600rpm at 16˚C for 30min) followed by a

30min incubation at 37˚C. Cells were harvested at the indicated times post-infection and total

DNA was extracted using the DNeasy Blood & Tissue kit (Qiagen). The extracted DNA was

digested with 1 unit/μL DpnI (Thermo Fisher) for 2.5h at 37˚C. qPCR was performed in Taq-

Man real-time PCR master mix (Thermo Fisher) with 900 nM primers and 250 nM probes.

The reactions were performed on a 7500 fast real-time PCR system (Applied Biosystems). To

calculate DNA copy numbers, standard curves were generated from serial dilutions of pCSGW

or p2-LTR junction in 293T, HeLa or U937 cellular DNA as appropriate. The following prim-

ers and probes were used; strong stop cDNA products: for 5’-TAACTAGGGAACCCACTGC,

rev 5’-GCTAGAGATTTTCCACACTG and probe 5’-FAM-ACACAACAGACGGGCACACAC-
TA-TAMRA; second strand cDNA products: for 5’-TAACTAGGGAACCCACTGC, rev 5’-

CTGCGTCGAGAGAGCTCCTCTGGTT and probe 5’-FAM-ACACAACAGACGGGCACA-
CACTA-TAMRA; 2-LTR junction: for 5’-GTGTGTGCCCGTCTGTTG, rev 5’-CAGTACAAG-
CAAAAAGCAGATC and probe 5’-FAM-GGTAACTAGAGATCCCTCAGACC-TAMRA.

Cell fractionation assay

HeLa cells were infected with equal amounts of WT and mutant VLP (based on their RT activ-

ity) by spinoculation (1600rpm, 16˚C for 2h) followed by a 30 min incubation at 37˚C. At the

indicated times post-infection, cells were harvested in parallel either as a whole cell lysate

(WCL) or for processing with the subcellular protein fractionation kit for cultured cells

(Thermo Fisher) following manufacturer’s instructions. Protein content in the WCL and in

the different fractions was measured by BCA assay (Thermo Fisher) using a FLUOstar Omega

plate reader (BMG Labtech). Relative amounts of each fraction compared to the WCL were

analysed by immunoblotting. The densitometry of the CA and IN bands was performed using

the gel analysis tool in FIJI.

Cell cycle arrest

Cell cycle arrest at the G1/S boundary was induced using 2μg/ml aphidicolin in DMSO. HeLa

or 293T cells were treated with DMSO or aphidicolin for 24h prior infection and treatment

was maintained throughout the experiments.

Immunofluorescence

HeLa cells were seeded at 0.8x105 cells/well on 13 mm glass coverslips in 24-well plates the day

prior to infection. Cells were infected with equal RT units of WT or mutant VLP by spinocula-

tion (1600rpm, 16˚C for 2h) followed by a 30min incubation at 37˚C. At the indicated times

post-infection, cells were washed twice with ice-cold PBS, fixed with PBS supplemented with

4% paraformaldehyde for 5min at room temperature followed by an ice-cold methanol incuba-

tion for 5min at -20˚C, and washed twice again with ice-cold PBS. After permeabilization with

0.5% saponin (Sigma) in PBS for 30min at room temperature, cells were blocked in 5% donkey

serum (DS; Sigma) and 0.5% saponin in PBS for, at least, 1h at room temperature. Then, cells
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were incubated with the following primary antibodies: anti-HIV-1 CA (in house), anti-CPSF6

(Atlas; HPA039973) and anti-SC35 (Abcam; ab11826), diluted in 1% DS with 0.5% saponin in

PBS (antibody buffer) for 1h at RT. After three washes with PBS, cells were incubated with the

following secondary antibodies: goat anti-mouse-AF488 (Abcam; ab150117), donkey anti-rab-

bit-AF568 (Abcam; ab175692), donkey anti-mouse-AF647 (Thermo Fisher; A-31571) and

donkey anti-rabbit-AF647 (Thermo Fisher; A-31573) in antibody buffer for 1h at RT. After

three washes with PBS, the coverslips were mounted on glass slides with ProLong gold antifade

mountant with DAPI (Thermo Fisher).

Proximity ligation assay (PLA)

HeLa cells were seeded at 105 cells/well on 13mm glass coverslips in 24-well plates the day

prior to infection. Cells were infected with equal RT units of WT or mutant VLP by spinocula-

tion (1600rpm, 16˚C for 2h) followed by a 30min incubation at 37˚C. At the indicated times

post-infection, cells were washed twice with ice-cold PBS, fixed with PBS supplemented with

4% paraformaldehyde for 5min at room temperature followed by an ice-cold methanol incuba-

tion for 5min at -20˚C, and washed twice again with ice-cold PBS. Then the immunofluores-

cence protocol was followed using the following pairs of primary antibodies: anti-HIV-1 CA

(in house) and anti-NUP358 (Abcam; ab64276); anti-HIV-1 CA (in house) and anti-NUP153

(Abcam; ab84872), diluted in 1% DS with 0.5% saponin in PBS for 1h at RT. From this point,

the Duolink PLA fluorescence detection kit’s protocol (Sigma) was followed. After three

washes with PBS, coverslips were incubated with secondary antibodies conjugated to PLA

probes (anti-mouse PLUS or anti-rabbit MINUS; Sigma) in antibody buffer (Sigma) for 1h at

37˚C. Coverslips were incubated with ligase for 30 min at 37˚C followed by amplification by

polymerase for 100 min at 37˚C. From the primary antibody incubation, coverslips were

washed with buffers A and B (Sigma) as indicated in the manufacturer’s protocol. Finally, cov-

erslips were mounted with the Duolink in situ mounting media with DAPI (Sigma) on glass

slides (Menzel-Gläser) and sealed. Samples were visualised on a SP5 inverted confocal micro-

scope (Leica) using a 63X 1.3NA oil immersion objective (Leica). Longitudinal Z-series were

acquired with 0.5 μm step sizes.

Image analysis was performed using the GIANI plug-in in Fiji (described in [92] and in

https://github.com/djpbarry/Giani/wiki). The number of foci and their distance to the edge of

the DAPI staining, were quantified taking into account the 3D cell volume reflected by the lon-

gitudinal Z-series. In brief, the nuclei were first detected using the advanced nuclear blob

detector in the DAPI channel where the seed points are the centre of each nuclei. The

advanced detector uses a Determinant-of-Hessian approach to blob detection, based on the

calculation of Hessian eigenimages implemented by ImageScience. Following filtering, the

nuclei were segmented using the Li threshold and the nuclear volume marker option, where

boundaries between nuclei are created based solely on distance from seed points. Each result-

ing boundary line is equidistant from the seed points in the nuclei that it bounds. This is

implemented using Thomas Boudier’s watershed segmentation. Then, the segmented nuclei

were used as seed for segmenting the cells. After applying a Gaussian filter, the Huang thresh-

old and the cell volume marker option were used to complete segmentation. Consequently, the

PLA foci were measured using the “localise spots” option and the simple blob detector in the

PLA signal channel. The blob radius (μm) and the threshold of detection were set up accurately

by confirming that only PLA foci were detected through the Z-stack. After all the measure-

ments were set up, the software automatically analysed all the images from the same experi-

ment. The software determined the number of foci per cell and whether the foci were outside

or inside the nucleus. It also measured the distance of these foci to the DAPI edge. Thus, if the
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distance value was negative the PLA spot was inside the DAPI edge and if it was positive, it

was outside. From the output data, the number of foci and the relative distance to the DAPI

edge were plotted.

Statistics

Statistical analyses were carried out using GraphPad Prism 9 software. Differences between

conditions was estimated by one-way ANOVA complemented with Turkey’s post hoc test (�,

P< 0.05; ��, P< 0.01; ���, P < 0.001; ����, P< 0.0001).

Supporting information

S1 Table. Primers used to make CA mutations by site-directed mutagenesis. Table listing

forward and reverse primers used to introduce cysteine mutations on CA by site-directed

mutagenesis.

(DOCX)

S1 Fig. VLP production and Gag expression. (A) GFP-reporter gene-expressing HIV-1 WT

and CA mutant VLP were produced by transient transfection of 293T cells and the VLP titres

in the cell supernatants were calculated by measuring RT activity using a modified RT ELISA.

The bar chart shows the RT activity of the mutants relative to WT. Points indicate individual

biological repeats and bars show the mean ± SEM. Colour coding is as in Fig 1. (B) Immuno-

blot of transfected 293T producer cell lysates probed with an anti-HIV-1 CA antibody showing

expression of WT and mutant Gag proteins from CA mutants A14C/E45C, W184A/M185A

and A14C/E45C/W184A/M185A. The blot was imaged using a LiCor Odyssey CLx imager.

(C) Immunoblot of transfected 293T producer cell lysates probed with anti-HIV-1 CA anti-

body showing expression of WT and mutant Gag proteins from CA mutants A42C/T54C,

Q63C/Y169C, E180C, V181C, L151C/L169C and K203C/A217C. The blot was imaged by

exposure to X-ray film.

(TIF)

S2 Fig. Effect of CA mutations on late reverse transcription. 293T cells were synchronously

infected with equivalent RT units of WT or mutant VLP. Cells were harvested and DNA

extracted and analysed for viral late cDNA products (second strand) by qPCR. (A) Bar chart

shows the levels of second strand cDNA at 6 h post infection relative to WT infection. (B) Bar

chart shows the levels of second strand cDNA at 24 h (left y-axis) and infectivity at 72 h (right

y-axis) compared to WT VLP for each mutant. Individual points represent biological repeats

and bars indicate the mean ± SEM. (C) Bar chart shows the ratio of relative levels of second

strand cDNA to infectivity, from (B). Dashed line indicates a ratio of 3. Bars are colour coded

according to the lattice interface at which the cysteines have been introduced, as in Fig 1.

Hyper-stable mutants are indicated with black arrow heads.

(TIF)

S3 Fig. Localisation and quantification of CA and IN proteins in subcellular fractions dur-

ing WT and A14C/E45C infections. HeLa cells were synchronously infected with equal RT

units of WT or A14C/E45C mutant (CC in the figure) VLP. At either 0, 0.5 and 2 hpi, or 4, 8,

24 and 30 hpi, cells were harvested in parallel to be processed as a whole cell lysate or to

undergo subcellular fractionation. Protein levels were quantified by BCA assay, proportional

amounts of the fractions related to the WCL were loaded on SDS-PAGE gels and analysed by

immunoblotting using the following antibodies: Anti-CA and anti-IN for HIV-1 proteins,

anti-HSP90 for cytoplasm, anti-calnexin for membranes, anti-HDAC2 for nucleus and anti-

histone 3 for chromatin. (B, C) Panels show representative immunoblots probed for HIV-1
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CA and IN and the appropriate fractionation marker: (B) Cytoplasm fraction with HSP90 as a

loading control, (C) membrane fraction with calnexin as a loading control. “-”indicates unin-

fected cells. (A, D, E, F, G) Bar charts show the densitometry analysis of the immunoblots plot-

ted as the ratio of CA or IN proteins to the loading control. (A) whole cell lysates, (D)

cytoplasm, (E) membranes, (F) nucleus and (G) chromatin fractions. Bar charts show

mean ± SEM of at least two independent repeats. The key for bar chart colour coding is shown

at the top of figure.

(TIF)

S4 Fig. Effect of Aphidicolin in WT and hyper-stable VLP infection. 293T or HeLa cells

were treated with either DMSO or aphidicolin at 2μg/ml for 24h, in order to arrest the cells in

the G1/S boundary, prior to synchronous infection with WT or mutant VLP. Aphidicolin was

maintained in the culture media throughout infection. (A) Treated 293T cells were infected

with equal RT units of LacZ-reporter WT or mutant VLP. Cells were lysed at 36hpi and LacZ

activity was measured using a chemilumescent assay. The data is shown as % of LacZ activity

relative to WT VLP. (B) Treated HeLa cells were infected with equal RT units of GFP-reporter

WT or mutant VLP. The percentage of GFP+ cells was measured by flow cytometry at 36hpi

and plotted relative to WT VLP. (C) 293T cells were infected with equal RT units of LacZ-

reporter WT or mutant VLP. At 24hpi, cells were harvested for DNA extraction and 2-LTR

circles were measured by qPCR. All data are plotted relative to WT infections (shown as a

dashed line at 100%). Points indicate individual biological repeats and lines show the

mean ± SEM. (D-F) Treated HeLa cells were synchronously infected with equal RT units of

WT or A14C/E45C mutant (CC) VLP. At 0 (harvested after spinoculation) and 4hpi, cells

were harvested in parallel to be processed as a whole cell lysate (WCL) or to undergo subcellu-

lar fractionation as in Fig 6. Protein levels were quantified by BCA assay, proportional

amounts of the fractions related to the WCL were loaded on SDS-PAGE gels and analysed by

immunoblotting for HIV-1 CA or IN and a fractionation marker. Panels show representative

immunoblots from two independent experiments of (D) WCL with HSP90 as a loading con-

trol, (E) Nuclear fraction with HDAC2 as a loading control, (F) Chromatin fraction with his-

tone3 as a loading control. The first lanes on each blot are uninfected cells (Neg). +/- indicates

whether the cells were treated with aphidicolin or DMSO respectively prior to infection.

(TIF)

S5 Fig. HIV-1 CA, CPSF6 and SC35 staining during infection. HeLa cells were synchro-

nously infected with equal RT units of WT, A14C/E45C, E180C or M68C/E212C VLP and

fixed at 16hpi. Cells were incubated with primary antibodies against HIV-1 CA and CPSF6 (A)

or CPSF6 and SC35 (B) followed by specific secondary antibodies conjugated to Alexa Fluor

fluorophores. (A) shows zoomed-in images of regions labelled 1 and 2 in Fig 8B. White arrows

point to HIV-1 CA and CPSF6 co-localisation. The scale bar is 2 μm. (B) shows representative

images of CPSF6 and SC35 staining at a lower magnification (63X) than in Fig 8A. The scale

bar is 20 μm.

(TIF)
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