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Abstract

The HIV-1 capsid protein performs multiple roles in virus replication both during assembly and
particle release and during virus trafficking into the nucleus. In order to decipher the roles of capsid
protein during early replication, a reliable method to follow its intracellular distribution is required.
To complement existing approaches to track HIV-1 capsid during early infection, we developed an
HIV-1 imaging strategy, relying on viruses incorporating eGFP-tagged capsid (CA-eGFP) protein and
mCherry-tagged integrase (IN-mCherry). Wild type infectivity and sensitivity to inhibition by PF74
point to the functionality of CA-eGFP containing complexes. Low numbers of CA-eGFP molecules are
located inside the viral core and imported in the nucleus without significant loss in intensity. Less
than 5% of particles carrying both CA-eGFP and IN-mCherry retain both labelled proteins after
nuclear entry implying a major uncoating event at the nuclear envelope dissociating IN and CA. Still,
20% of all CA-eGFP containing complexes are detected in the nucleus. Unlike for IN-mCherry
complexes, addition of the integrase inhibitor raltegravir had no effect on CA-eGFP containing
complexes, suggesting that these may be not (yet) competent for integration. Our imaging strategy
offers alternative visualization of viral capsid trafficking and helps clarify its potential role during

integration.

Importance

HIV-1 capsid protein (CA) builds a conical shell protecting viral genomic RNA inside the virus particles.
Upon entry into host cells, this shell disassembles in a process of uncoating, which is coordinated
with reverse transcription of viral RNA into DNA. After uncoating, a portion of CA remains associated
with the viral DNA, mediates its nuclear import and, potentially, integration into host DNA. In this
study, we tagged CA with eGFP to follow its trafficking in host cells and address potential CA roles in
the nucleus. We found that, while functional viruses import the tagged CA into the nucleus, this
capsid protein is not part of integration competent complexes. The roles of nuclear CA thus remain

to be established.
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Background

The HIV-1 capsid protein (CA) is a 24 kDa-large structural protein, which builds a conical shell inside
the viral envelope (reviewed in 1). The capsid shell shields the viral RNA genome, the enzymes
associated with it and viral accessory proteins. The central role of the capsid protein (CA) during early
HIV-1 replication steps has been well established (reviewed in 1). During its fusion with the host cell,
HIV-1 releases a capsid core into the cytosol. The conical HIV-1 core is composed of approximately
1500 CA monomers (2, 3, 4) and has a dual role. On the one hand, it is stable enough to protect viral
DNA in the pre-integration complexes (PICs) from degradation in the cytoplasm (5, 6, 7, 8) and
simultaneously it is flexible enough to allow timely uncoating coordinated with reverse transcription
(9). It remains under debate how and when this uncoating occurs, either by opening of pores or a cap
on the short end of the capsid core (10) or by entire core disintegration (11). Two models of the
timing of uncoating prevail: cytosolic uncoating versus uncoating at the nuclear pore. Evidence for
cytosolic uncoating comes from observations with HIV carrying Gag-internal GFP (Gag-iGFP)
polyprotein (12, 13); iGFP is present in viral cores and released into the cytosol within the first 30 min
post fusion (11). Further support stems from findings that the sensitivity of HIV-1 to TRIM-Cyp is
progressively lost during the first 4 h post infection (14, 15, 16). In contrast with this model, other
data suggest that uncoating occurs after docking to the nuclear pore. In fact, intact HIV-1 cores were
observed at the nuclear envelope (NE) by electron microscopy (EM) (17) and viral DNA was found to
remain protected from cytosolic degradation for a prolonged time after infection (7, 8). Recently,
live-cell imaging experiments of cells transduced with CypA-dsRed labelled HIV-1 particles

demonstrated that only viruses that retain the CypA-dsRed capsid core marker until docking to the
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nuclear envelope are infectious (18). The latter data thus support the view that the capsid core is
structurally retained until reaching the NE and only undergoes uncoating at this point.

Reverse transcription results in the formation of the viral PIC, which contains HIV DNA and integrase
(IN) along with other viral and cellular proteins. Although to date no evidence exists for a direct
effect of CA on integrase activity (19), recent data propose a role for CA during nuclear import of HIV-
1 PICs (20, 21, 22). Whether this role is restricted to docking of PICs on the cytoplasmic side of the
nucleopore (e.g. through NUP358), involves capsid uncoating when stalled in the nuclear basket (e.g.
through NUP153) or is mediated by a direct interaction between capsid and nuclear import factors is
not known. Despite contradictory models on the exact location of uncoating, there is a growing
consensus that small amounts of CA protein can be detected in the host cell nucleus during early
infection (23, 24, 25). The amount of nuclear CA is lower than what is present in intact incoming
cores and its role is not understood. Nuclear CA reportedly co-localizes with either vDNA and/or the
viral protein R (Vpr) (23, 24, 25), but there is no consensus on whether this is a hallmark of
integration-competent viral complexes. Furthermore, it remains to be shown if CA traverses the
nuclear envelope in association with the PIC or by an alternative, PIC-independent route. Given the
interaction of CA with nucleoporins Nup 153 and Nup358 (22, 55), it is possible for CA oligomers to
enter the nucleus on their own and aid the active nuclear import of PIC. Furthermore, interaction
between HIV-1 CA and cleavage and polyadenylation specificity factor 6 (CPSF6) has been implied to
mediate CA nuclear import and targeting of CA-decorated PICs to favorable chromatin regions in the
host cell nucleus (22, 50, 51, 56, 57).

The pleiotropic role of capsid during HIV-1 replication has stimulated research on inhibitors targeting
CA function/uncoating, with PF74 being one of the most investigated compounds (26, 27). PF74
binds the interhexameric interface on the capsid core lattice, perturbs capsid stability and blocks PIC
nuclear import (22, 23, 27, 28, 29). At high concentrations (= 10 uM), PF74 also blocks reverse
transcription (23, 29, 30). PF74 can thus be used as a research tool to investigate mechanisms by

which CA contributes to the formation, trafficking and possibly integration of HIV-1 PICs.
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Traditionally, CA is labelled in infected cells by immunostaining, with results and interpretations
depending on the protocol used (11, 18, 23-25). For this reason, demonstrating the presence of CA in
the nucleus was challenging until recently and a consensus protocol on how to best stain for nuclear
CA is lacking. Direct p24 tagging through tetracysteine motif (tC) insertions has been described
before (37-38), but this labelling still requires a secondary step of FIAsH dye attachment to the tC
motif, which is technically demanding. In this study, we explored a method to enable direct imaging
of the CA protein distribution in the host cells, by generating particles containing CA C-terminally
tagged with enhanced green fluorescent protein (eGFP). By combining CA-eGFP labelling with
mCherry-labelling of viral integrase (IN-mCherry), we can simultaneously track the fate of both viral
proteins during early infection. We used the capsid inhibitor PF74 and the integrase strand transfer
inhibitor raltegravir (RAL) to study the functionality of the CA-eGFP containing complexes in the
cytoplasm and the nucleus. We believe our data provide relevant insights into distribution of the

fluorescently labelled HIV-1 CA, making it a useful tool to study early HIV-1 replication steps.

Results

A new and direct HIV-1 capsid labelling strategy

To attempt and simplify CA tagging inside infected cells, we developed a direct capsid labelling
strategy through fusion of CA with enhanced green fluorescent protein (eGFP). We started by
comparing insertions or terminal attachments of tC tags with terminal attachments of eGFP to CA
(Figure 1A and C). We used two different tC tags: the short CCPGCC (for insertions within the CA
sequence; Figure 1A and 1B) and the longer, modified tag FLNCCPGCCMEP (52) (for N- and C-terminal
tagging of the CA; Figure 1C), which has an increased affinity for FIAsH and increases signal quantum
yield. As outlined in Material and Methods, we used two different linkers for tagging of CA with
eGFP, based on the described linker properties (31) and to facilitate minimal interference with CA
structure (Figure 1C). To attach eGFP to the N-terminus of CA we used a flexible glycine-serine linker

(GGSGT) and for the C-terminal fusion we used a proline-kink (DPPVAT) linker. We next assessed the
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tC and eGFP N- and C-terminal fusions to CA for their ability to support efficient virus production
(Figure 1D). We produced replication-deficient viruses containing only the tagged CA versions and
those with different ratios of tagged to untagged CA. The ratios refer to the amounts of coding
plasmids used for transfection. Virus particles were concentrated, and particle release was measured
by p24 ELISA and SG-PERT (see Material and Methods). All labelling approaches resulted in reduced
particle release and infectivity (Figure 1D), in line with the described fragility of the CA for proper
cone formation (2). Additionally, we measured the single-round transduction efficiency of all tagged
viruses, using a luciferase reporter in Hela P4 cells (Figure 2). Lowering the ratio of CA-eGFP to
untagged CA in the particles to 1:10 rescued transduction capacity of all dually-tagged particles. In
contrast, the 1:2 ratio of CA-eGFP versus untagged CA only yielded luciferase signals with eGFP-
tagged CA and the N-terminally positioned tC tag in CA (N-terminal tC and tC,s). Viruses produced
with only the tagged CA versions (ratio 1:0 in the figure legend) were unable to transduce target cells
(Figure 2). In further experiments, we tested if these labelled particles can be visualized by
fluorescence microscopy through either FIAsH labelling (for tC modified CA; data not shown) or by
eGFP fluorescence (data not shown). Since it was not possible to perform successful FIAsH labelling
despite extensive optimization according to published protocols (11, 37), we decided to continue
with the CA construct C-terminally tagged with eGFP (CA-eGFP).

To develop an integrated particle visualization approach, the CA labelling strategy was applied to a
previously established and characterized virus labelling system containing the fluorescently tagged IN
(32, 33). Briefly, in this system, the IN protein with a C-terminal fluorescent tag (IN-FP) is packaged
into virions by Vpr-mediated transincorporation. After proteolytic cleavage from Vpr, the IN-FP
fusion becomes a functional component of the viral PIC. As a modification of this approach and to
make IN labelling compatible with CA-eGFP, we used the mCherry tagged IN in the same vector (IN-
mCherry). We first validated the use of IN-mCherry in our system, by comparing particle release and
transduction efficiency of IN-mCherry containing particles with the previously published IN-eGFP

labelled viruses (Figure 3) (33, 34). Both the p24 ELISA and quantitative RT tests showed comparable
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virus production efficiencies (Figure 3A). Subsequently, normalized amounts of each virus (according
to either p24 ELISA or SG-PERT gPCR) were used to transduce Hela P4 cells and single-round
infectivity was assayed by luciferase reporter (fLuc) readout three days post transduction (Figure 3B).
Both the IN-mCherry and IN-eGFP labelled viruses efficiently transduced target cells, demonstrating
the functionality of these viruses. To ensure that the IN-FP incorporation and labelling efficiency
were comparable between these two virus species, we spotted purified and concentrated viruses on
coverslips and immunostained them with the p24 antibody (Figure 3C). We observed that the
fluorescence background was higher in the IN-mCherry channel (Figure 3C, upper panel) which
impaired reliable determination of particle labelling efficiency, in contrast to IN-eGFP containing
viruses (Figure 3C, lower panel). Since the high mCherry background could also originate from
background fluorescence of extracellular vesicles or the coverslip surface, we decided to validate
these viruses in virus imaging experiments. Transduced Hela P4 cells were fixed 6 h post infection
and IN-FP localization and content were probed by the IN-FP intracellular distribution (Figure 3D),
efficiency of nuclear entry (Figure 3E) and IN-FP fluorescence intensity profiles (Figure 3F) as
described previously (33) (Figure 3 D-F). Since all data were comparable between the two viral
species, without background interference in the IN-mCherry channel, we conclude that IN-mCherry is
a suitable particle label. Hence, we continued with further characterization of double-labelled viruses
containing IN-mCherry and CA-eGFP.

To produce capsid labelled virus particles, we used a mixture of pNL4.3.Luc.R-E- based plasmids
coding for tagged and untagged CA at different ratios: 1:0, 1:2, 1:10 or 0:1, respectively (CA-eGFP
coding vector versus untagged, original pNL4.3.Luc.R-E- vector). This pNL4.3.Luc.R-E- mixture was
transiently cotransfected with Vpr-IN-mCherry and VSV-G encoding constructs into 293T cells to
produce double labelled HIV-1 particles (Figure 4A). As a reference, unlabelled particles (termed WT)
and single labelled particles (termed wild type-mCherry, WT-mCh) were produced by transfection of
the original pNL4.3.Luc.R-E- in combination with only the VSV-G encoding or both the VSV-G and IN-

mCherry encoding constructs, respectively. Vpr transincorporation of fluorescently tagged Vpr-IN is

2€86869¢ 18 0202 ‘v Areniga- uo /610" wse IAlj/:dny woi) papeojumod


http://jvi.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Virology

Journal of Virology

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

known not to influence single-round virus infectivity (32, 33), as confirmed in this study (compare
WT and WT-mCh conditions in Figure 4C). Virus production efficiency was determined by the
endogenous RT gPCR test. We confirm that fusing eGFP tag to p24 CA diminishes virus particle
release, which can be restored_to varying levels by producing particles with a mixture of untagged
and tagged CA (Figure 1D and 4B). Estimating the functionality of these particles for single round
transduction, we observed that increasing the ratio of untagged to eGFP-tagged CA in the virions
rescued single round transduction efficiency (Figure 4C). Hence, it is possible to introduce the eGFP
label to the HIV-1 capsid without detrimental effects on particle release and virus transduction
efficiency.

Next, we addressed the CA-eGFP labelling efficiency and the extent of dual particle labelling (Figure
5). To this end, we spotted the single- or double labelled particles in 8-well microscopy chambers,
fixed and stained them with the capsid-specific monoclonal antibody to determine the percentage of
particles (all foci stained with p24 antibody) containing CA-eGFP (Figure 5A). Based on previous data
reporting high particle labelling efficiency for IN-eGFP (34), we expect IN-mCherry to be present in a
comparable fraction of all particles. As previously shown (Figure 3C), the relatively high fluorescence
background in the mCherry channel hampered an exact estimation of IN-mCherry labelling efficiency
in the virus particles. When looking at the CA-eGFP positive foci, about 30% of particles (as detected
by p24 immunostaining) contained the capsid label (Figure 5B).

Based on the one to ten CA-eGFP to parental pNL4-3.luc construct ratio during virus production, we
expect that one tenth of all CA molecules in the virion should be labelled with eGFP. This
theoretically amounts to about 400 CA-eGFP molecules out of a total of 4000 CA monomers (4).
Thus, we next determined how many CA-eGFP monomers were part of the mature virions. To this
end, we subjected purified and concentrated CA-eGFP labelled virions to single particle intensity
analysis using wide-field total internal reflection fluorescence (TIRF) microscopy (Figure 5C), as
described previously (34). In brief, we coated coverslips with CA-eGFP virus solutions at

concentrations at which single viruses could be discriminated and compared the intensity
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determined by 2D Gaussian fitting of these viruses with the intensity of coated single eGFP
molecules. From the single virus intensity, we determined that between one and four eGFP
molecules (indicative of the same number of CA-eGFP monomers with a median number of two) are
found in the labelled viruses. Thus, the CA-eGFP labelling efficiency of the recombinant HIV-1 virions
is low, which may result from the sterical hindrance the eGFP tag exerts on the capsid core.

To confirm that the eGFP signal in imaged viruses originated from the CA-eGFP fusion and not free
eGFP, we lysed concentrated virus particles and virus-producing 293T cells and subjected these
lysates to Western blotting (Figure 5D). We produced viruses containing either only IN-mCherry (WT-
mCh lanes) or both IN-mCherry and CA-eGFP (CA-eGFP lanes). In these experiments, we produced
CA-eGFP tagged viruses by co-transfecting three different ratios of the CA-eGFP luciferase transfer
vector to the parental vector (1:2, 1:5 and 1:10, as indicated in the blot). We detected Gag and capsid
protein variants in these samples using both the p24- and GFP-specific antibodies. Non-transfected
cell lysates (labelled mock, m) were used as a negative control. We detected both the Gag precursor
protein with additional eGFP (pr55 Gag-eGFP) and CA-eGFP in virus producing cells transfected with
the pNL4-3.Luc.R-E- based vector mixtures. When analyzing virus particle lysates, we observed a
dominant CA-eGFP band, as well as minor bands corresponding to the Gag precursor (Gag-eGFP) or
intermediate cleavage products (Figure 5D). CA-eGFP is apparently correctly processed from the
precursor protein and is encapsidated in the virions and our sensitive imaging system allows us to
detect low numbers of intra-particle CA-eGFP monomers.

To exclude the possibility that CA-eGFP is located outside of the viral cone, we next determined the
intra-particle location of CA-eGFP monomers by permeabilizing the particles with saponin (35)
(Figure 6A). We mounted the purified, double-labelled viruses onto slides and subjected them to a 5
min treatment with either PBS or saponin. Saponin punctures small holes in the viral membrane,
causing all proteins not stably associated with the core or embedded in it to dissociate. In the
absence of saponin, viral particles are intact and so both IN-mCherry and CA-eGFP should be

detected as clear fluorescent foci. Important to note is that such short saponin permeabilization will
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not cause dissociation of HIV-1 cores, unlike treatments described elsewhere (54). As shown in Figure
6B, after PBS treatment of virus particles eGFP foci (indicative of CA-eGFP) remained intact and
associated with p24 (Figure 6B, PBS panel). If CA-eGFP is monomeric and free outside of the viral
core, saponin treatment should release it into the medium and the eGFP foci should disappear.
Despite the loss of approximately 50% of the particles under saponin treatment (fewer detected p24
foci, possibly due to inadvertent lysis or release of p24 and CA-eGFP molecules from defective
particles), eGFP foci were retained in the presence of saponin and largely colocalized with the p24
foci (Figure 6B, “saponin” panels). To determine the amount of CA-eGFP associated with the cores
before and after saponin treatment, we quantified eGFP fluorescence (Figure 6C). We observe a
mere 1.5-fold loss of CA-eGFP signals in saponin-permeabilized particles. These data indicate that the
majority of CA-eGFP is either incorporated into or encased by the capsid core. These findings were
corroborated by capsid core purification experiments, where intact cores of CA-eGFP labelled HIV
particles were purified through a sucrose gradient (as described previously in 49) (Figure 6D). The
core fractions were pooled, adhered to microscopic slides and stained with p24 antibody (Figure 6E).
Colocalization between CA-eGFP and immunostained CA in the core fractions suggests that
fluorescently labelled capsid molecules are part of the capsid cone or reside inside. We also
visualized the IN-mCherry fluorescence in conditions with and without saponin (data not shown) and
we observed identical profiles in both conditions, although with significant fluorescence noise as
mentioned above. After this initial validation, we set out to explore our combined labelling approach

for single-virus imaging.

Labelled integrase and capsid proteins display distinct intracellular distributions during early HIV
transduction steps

After successful incorporation of CA-eGFP into HIV-1 particles, we next investigated whether CA-
eGFP could be detected in transduced host cells and how its distribution correlated with that of IN-

mCherry complexes. We used HelLaP4 cells for single virus imaging because the cytoplasm to nucleus

10
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volume ratio is large enough to reliably localize fluorescent virus complexes to either the cytosol, the
nuclear envelope (NE) or nucleus and to study the requirements of HIV-1 nuclear import (reviewed in
1, 45). HelaP4 cells were transduced with single- or double-labelled virions for 6 h and then fixed and
stained to identify the nuclear lamina (Figure 7A). Using in-house Matlab routines, we determined
the numbers and fluorescence intensities of IN-mCherry and/or CA-eGFP complexes in the
cytoplasm, at the NE and in the nucleus as three main compartments (Figure 7 and Table 1).

As shown in Figure 7, nuclear import of all labelled viral complexes was detected at 6 h post
transduction (Figure 7B and D). Consistently with previous data (33), at this moment approximately
15% and 5% of all IN-mCherry containing PICs were detected at the NE and in the nucleus,
respectively (Figure 7B and Table 1A). The IN-mCherry distribution was comparable between single-
and double-labelled virions, indicating that CA-eGFP labelling does not interfere with the nuclear
import of PICs labelled with fluorescent IN. The data were largely comparable among the viruses,
except that particles with a higher CA-eGFP content (CA-eGFP 1:2) were impaired by 50% for nuclear
import (Figure 7B and Table 1B). This correlates well with the lower transduction efficiency of these
recombinant virions (Figure 4C).

While most IN-mCherry complexes was in the cytosol at 6 h, the intracellular distribution of the CA-
eGFP containing complexes was markedly different (compare Figure 7B and D). Unlike the labelled
IN, 80% of all CA-eGFP complexes distributed equally between the cytosol and the nuclear envelope
and the remaining 20% were detected in the nucleus (Figure 7D).

In addition to the localization profiles, we also determined fluorescence intensities of the viral
complexes (Figure 7C and E). Nuclear IN-mCherry complexes had a significantly lower intensity
compared to their cytosolic counterparts, confirming previous findings (33) on reduced IN content of
nuclear PICs (Figure 7C). In striking contrast, no significant change in CA-eGFP fluorescence
intensities between the different compartments was seen (Figure 7E). Note that any loss of CA-eGFP
from the core and/or the viral PIC would result in “invisible” capsid complexes, due to the low level

of CA-eGFP molecules (median n = 2) per particle. Our data imply that either intact capsid cores gain
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access into the nucleus if CA-eGFP is a measure of overall CA or that the few CA-eGFP monomers
present inside the viral core are imported in the nucleus. While discrete changes in CA-eGFP intensity
could not be reliably observed, we also analyzed the fraction of high-intensity (> 1.5 a.u.) CA-eGFP
labelled particles in the three main intracellular compartments (cytosol, nuclear envelope, nucleus)
(Figure 7F). This type of analysis included the complexes equivalent to the top 15% highest intensity
cytosolic CA-eGFP complexes. We observed a higher fraction of these bright CA-eGFP foci in the
cytosol compared to the NE and the nucleus, indicating that part of CA-eGFP is lost from PICs while
trafficking from the cellular to nuclear membrane or that PICs with a higher CA-eGFP content,
perhaps also in the cone, do not make it into the nucleus.

The difference in relative fluorescent PIC distribution may point to differences in the dynamics of
nuclear import between the labelled capsid and integrase complexes. This notion is also supported
by the data obtained on complexes containing both IN-mCherry and CA-eGFP (Figure 7G). At 6 h post
infection, between 18% and 23% of all cytosolic IN-mCherry complexes contain CA-eGFP, whereas
this colocalization rate drops to 15% at the nuclear envelope and to 7% in the nucleus. The largest
difference between IN-mCherry and CA-eGFP distribution was observed at the NE (compare Figure 7
panels H and I). The percentage of IN-mCherry complexes containing CA-eGFP dropped only slightly
between cytosol and the NE (Figure 7H) in contrast to CA-eGFP complexes where the fraction
colocalizing with IN-mCherry was four-fold reduced at the nuclear envelope (Figure 71). Most capsid
complexes are probably associated with the non-functional viral core remnants resulting from
uncoating and the release of IN-mCherry labelled PICs. At 6 h post infection, 15% of labelled
integrase complexes at the nuclear envelope still contain CA-eGFP, which may point to PICs docked
at the NE. The remaining IN-mCherry complexes docked at the NE are likely derived from either
completely uncoated complexes or those containing unlabelled capsid. We previously demonstrated
by fluorescence microscopy of eGFP-IN labelled virus, that almost half of IN molecules dissociate at
this stage, explaining the presence of eGFP-IN outside the nucleus (33). Only 3% of CA-eGFP

complexes in the nucleus contained IN-mCherry even though the labelling of IN is more efficient. The
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modest particle CA-eGFP labelling efficiency of 25-30% may contribute to an apparently low extent of
nuclear CA-eGFP and IN-mCherry colocalization. The data indicate that dissociation of CA-eGFP from
IN-mCherry complexes likely occurs at the NE.

As indicated by a relatively high (20%) percentage of CA-eGFP complexes in the nucleus, it is possible
that CA-eGFP complexes are imported into the nucleus either alone or in association with viral PICs,
but quickly dissociate from them upon nuclear entry. Either way, the presence of free nuclear CA-
eGFP implies that CA may play a role unrelated to integration. Alternatively, CA-eGFP dissociated
from the PIC may be degraded in the nuclear proteasome.

Control experiments confirmed that the fluorescent complexes detected were derived from fusion
competent viruses (Figure 8). When we used virus-like particles without VSV-G envelope in parallel
with enveloped viruses to transduce Hela P4 cells, two- to 10-fold fewer IN-mCherry and CA-eGFP
complexes were observed in the cytoplasm, at the NE and no complexes were detected in the
nucleus (Figure 8 and Table 2). The data were consistent regardless of the time of cell fixation (1.5 h
or 6 h post infection) (Figure 8A and Figure 8B, respectively).

For further experiments we focused on CA-eGFP 1:10 particles since CA-eGFP 1:2 displayed a partially
defective nuclear import of IN-mCherry labelled PICs (Figure 7A) and impaired transduction

efficiency.

IN-mCherry and CA-eGFP labelled complexes belong to a functional virus pool

In order to confirm that our approach ensures labelling of functional particles, we investigated the
distribution of fluorescent viral complexes after treatment with PF74, a capsid-binding HIV-1 inhibitor
(Figures 9 and 10). We transduced HelLaP4 cells with single- or double-labelled virions in the presence
of either DMSO (vehicle control) or PF74 (2 uM and 10 uM) (Figure 9 and 10). The inhibitory effect of
PF74 was tested at both early (1.5 h) and late (6 h) time points post infection.

At 1.5 h post transduction, PF74 did not exhibit any influence on the intracellular distribution of IN-

mCherry containing complexes (Figure 9B and Table 3A). While the lower (2 uM) PF74 concentration
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was not expected to alter IN-mCherry distribution, it was somewhat surprising to observe no effect
on the presence of IN-mCherry complexes at the nuclear envelope in the presence of 10 uM PF74.
However, this may be a sensitivity issue, as only low numbers of IN-mCherry PICs are observed at the
NE soon after infection.

We next analyzed early effects of PF74 on CA-eGFP containing complexes. In the presence of the
DMSO control, docking to the nuclear envelope and nuclear import was observed for CA-eGFP
complexes as early as 1.5 h after infection (Figure 9C). In contrast to IN-mCherry, labelled capsid
complexes were unable to dock at the nuclear envelope in the presence of high (10 uM) PF74
concentration and their nuclear import was blocked by both 2 uM and 10 uM PF74 (Figure 9C and
Table 3B). These data agree with previous studies, describing capsid perturbation and inhibition of
nuclear import by PF74 (23, 28, 33, 36). Importantly, the inhibition of CA-eGFP docking to the NE by
10 uM PF74 indicates that these complexes are part of a functional virion pool.

We next assessed PF74 inhibition at 6 h post transduction (Figure 9D and E and Table 4). The
intracellular distribution of CA-eGFP complexes in the presence of DMSO was slightly different
compared to the initial experiment, as the percentage of CA-eGFP in the nucleus was increased.
However, the overall CA-eGFP distribution was reproducible between experiments. Two uM PF74
potently inhibited nuclear import of both IN-mCherry and CA-eGFP containing complexes, (Figure 9D
and E, respectively; Table 4) and 10 uM PF74 abolished the localization of IN-mCherry and CA-eGFP
PICs at the nuclear envelope (Figure 9D and E; Table 4). Decreased complex numbers detected under
high PF74 concentration agree with the capsid destabilizing effect of this inhibitor concentration (27).
In addition to the absolute numbers of fluorescent viral complexes, we also probed their content in
the absence versus the presence of inhibitor (Figure 10; Tables 3 and 4). At 1.5 h post infection, 10
UM induced a small, yet statistically significant increase in fluorescence intensity of cytoplasmic IN-
mCherry complexes (1.35- and 1.19-fold increase for WT-mCh and CA-eGFP 1:10 infections,
respectively) (Figure 10A). There was no significant change in the content of CA-eGFP complexes

(Figure 10B). At 6 h post infection, treatment with 10 uM PF74 also induced increased fluorescence
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intensities of cytoplasmic and NE IN-mCherry complexes (Figure 10C). For complexes detected in
WT-mCh condition, fluorescence intensity was 0.95-fold decreased in the cytosol, but 1.24-fold
increased at the nuclear envelope. For the CA-eGFP 1:10 condition, fluorescence intensities of IN-
mCherry were 1.12- and 1.24-fold increased in the cytoplasm and at the NE under the same PF74
treatment. PF74 is not expected to directly affect IN-mCherry content of the viral PICs and the effects
of high PF74 concentration, although statistically significant, are discrete. One possibility is that IN-
mCherry fluorescence is detected more efficiently when the cone is destabilized by high PF74. As for
the CA-eGFP intensity profiles, the data should be interpreted cautiously due to the low numbers of
encapsidated CA-eGFP monomers. The CA-eGFP content in the viral complexes was unaffected by
PF74 treatment at 1.5 h post infection (Figure 10B). In contrast, the CA-eGFP intensity was
significantly increased by 2 uM PF74 for cytoplasmic and NE complexes (1.33- and 1.37-fold increase,
respectively) detected at 6 h post infection (Figure 10D). These data agree with previous findings on
capsid-stabilization effects of low PF74 concentrations, whereby CA-eGFP fluorescence possibly
increases due to aborted or delayed uncoating and associated loss of some CA-eGFP molecules. The
finding that 10 UM PF74 does not radically influence the CA-eGFP content (Figure 10B and D) further
supports the hypothesis that this fusion protein is not part of the core surface and resides solely
inside the core and not in a hexameric form.

As an additional confirmation that the visualized complexes originate from fusion-competent
particles, we compared fluorescence intensities of intact viruses spotted on coverslips and post-
fusion viral complexes, identified in the target cells (Figure 10E and 10F). The fluorescence intensities
of both cytoplasmic IN-mCherry and CA-eGFP complexes are lower compared to the intact viruses
used for transduction and imaged under the same conditions. We hence conclude that the observed
and analyzed viral complexes derive from fusion-competent virus particles.

To corroborate our imaging data, we performed transduction experiments in the presence of DMSO
or PF74 to quantify luciferase reporter gene expression and viral DNA species in infected Hela P4

cells (Figure 11). To compare the transduction efficiency of unlabelled, single- and dually-labelled
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viruses, we transduced HelaP4 cells in parallel with different dilutions of virus after initial
normalization for p24. As shown in Figure 11A, transduction efficiencies were comparable between
all viruses, confirming that IN-mCherry and/or CA-eGFP co-labelling do not drastically interfere with
transduction. PF74 inhibited transduction of all viruses in a concentration-dependent manner (Figure
11A). We also quantified total viral DNA after normalization for cellular genomic DNA content (Figure
11B). Viral integration was evaluated only in the absence of inhibitor and integration rates
(measured by the Gag gene levels in the cellular genomic DNA) were comparable for all viruses

(Figure 11B, bottom panel).

Presence of CA-eGFP in the nucleus

Previously, our lab showed that IN-FP labelling enables visualization of functional viral complexes in
target cells (33). A hallmark feature of IN-FP functionality is the observed accumulation of fluorescent
IN complexes in the nucleus upon addition of the integrase strand transfer inhibitor raltegravir (RAL)
(33), which was recently confirmed in an independent study (18). Here we asked how RAL influences
intracellular distributions of CA-eGFP complexes at 6 h post infection. We first analyzed IN-mCherry
distribution profiles and detected that, like IN-eGFP, the mCherry-tagged IN complexes accumulated
in the nucleus upon integrase inhibition (Figure 12A). This accumulation was observed as a
significantly increased percentage of nuclear complexes compared to the total number of
intracellular IN-mCherry complexes. The percentage of CA-eGFP complexes in the nucleus was
unaffected by RAL addition (Figure 12B). Next, we quantified the percentages of single- (CA-eGFP or
IN-mCherry) and double-labelled (IN-mCherry + CA-eGFP) complexes in the nucleus of cells infected
with double-labelled virions (CA-eGFP 1:10) (Figure 12C-E). Interestingly, inhibiting integration
resulted in distinct effects on double-labelled viral complexes. When plotting percentages of nuclear
IN-mCherry complexes per cell (Figure 12C) in cells infected with double-labelled virions, we
observed that the percentage of IN-mCherry-only containing complexes was increased upon RAL

treatment, while there was no effect on the accumulation of double-labelled complexes (Figure 12C
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and E). We then plotted the percentages of CA-eGFP complexes, containing either only the tagged CA
or both labelled CA and IN (Figure 12D and E). We observed no significant changes in the percentages
of either complex species, relative to the total number of intracellular CA-eGFP complexes. These
data indicate that the majority of CA-eGFP containing complexes either may not belong to
integration competent PICs or that capsid (and CA-eGFP) must dissociate prior to generation of
integration competent PICs. In agreement with previous studies, it is possible that the PIC associated
CA and CA-eGFP influence nuclear import, migration and/or targeting of PICs inside the nucleus, but

that they are likely not involved in the integration reaction.

Discussion

In this study, we describe an original HIV-1 capsid protein labelling strategy using CA-eGFP. Using an
extended confocal imaging platform for HIV-1, we show that: (1) low amounts of eGFP-labelled CA
protein are incorporated into virus particles without major interference with viral transduction or
nuclear import of IN-mCherry labelled PICs; (2) CA-eGFP is located inside the viral capsid core; (3) CA-
eGFP containing virions belong to a functional virus pool; (4) Nuclear CA-eGFP containing IN
complexes respond differently to integrase inhibitors than complexes without (the labelled) CA.
Taken together, these data highlight the validity of our labelling system and the use of CA-eGFP as a
direct marker of a functional capsid protein pool.

Following the fate of HIV-1 CA in infected cells has gained increasing interest in recent years, as the
possible role of this protein in post-uncoating steps attracted much attention and controversy
(reviewed in 1). Previous studies pointed to important roles for CA in docking of HIV-1 PICs to the NE
and their consecutive import into the nucleus (reviewed in 1). The CA protein itself was detected in
the nucleus, albeit predominantly using immunostaining with specialized protocols (24, 25).
Therefore, we opted for developing a direct CA labelling strategy, to allow robust detection of this
viral protein in the nucleus and to decipher its intracellular distribution with respect to IN-FP labelled

viral PICs.
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In our strategy, we produce transduction competent particles containing an excess of untagged over
tagged CA. We postulate that the CA-eGFP protein is located primarily inside mature virus cores.
Following lines of evidence support this model. i) The particles incorporate on average only 2 CA-
eGFP monomers per virion (Figure 5C); ii) tagged CA molecules are resistant to saponin-mediated
membrane stripping in vitro, excluding CA-eGFP location in between the viral core and membrane
(Figure 6A-B); iii) Fluorescence intensity measurements point to the relatively unaltered CA-eGFP
signal from entry to nuclear import, which can be explained by a few CA-eGFP monomers that reside
inside the cone and that are therefore unaffected by uncoating (Figure 7E). We believe that our
approach visualizes an insufficiently discussed intraparticle CA population, which is present inside the
viral core and associates with the viral PICs during early infection. Of course, at this stage we cannot
exclude that eGFP tagging of CA may have artificially resulted in this CA population. Since CA-eGFP is
present only in approximately 25-30% of all virus particles (Figure 5B), we admit that this labelling is
less efficient compared to some previously published approaches, such as binding of CypA-dsRed to
viral cores (35) or tC tagging of CA in recombinant virions (37, 38). However, a considerable
advantage of using CA-eGFP compared to those approaches is the direct visualization of CA, rather
than its interacting partner (in the case of CypA-dsRed) or the use of a secondary dye (such as FIAsH;
in the case of tC labelling). Additionally, CA-eGFP offers a good alternative to CA immunostaining
approaches, which provide a limited and variable visualization of CA in the host cell nucleus and are
not suited for live-cell imaging approaches (23-25).

Importantly, CA-eGFP complexes represent functional complexes, as illustrated by the following
experiments: i) the number of CA-eGFP complexes derived from VLPs is significantly lower than from
enveloped particles and they are deficient for nuclear import (Figure 8); ii) PF74 prevents nuclear
envelope docking and nuclear import of CA-eGFP complexes in a dose-dependent manner (Figure 9),
consistently with previous findings (23, 29).

While CA-eGFP present within the viral cone cannot be used as a direct label for core uncoating, it

may provide a useful tool for labelling and tracking of the functional CA population. Low PF74
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concentrations do not cause capsid destabilization (23, 25, 29), but may still perturb the uncoating
process and thereby prevent HIV-1 nuclear import. In agreement with this model, 2 uM of PF74
blocked the nuclear import of both CA-eGFP and IN-mCherry complexes. Consistently with previous
studies, 10 uM PF74 also inhibited docking of both CA-eGFP and IN-mCherry particles at the nuclear
envelope, which in turn is consistent with the NE uncoating model (see Figure 13 for summary). An
additional observation that supports this model in our study is the low colocalization rate of IN-
mCherry and CA-eGFP at the NE. Even though CA-eGFP may reside within the core, uncoating or a
post-uncoating CA rearrangement would be required to free it from IN-mCherry. Due to the presence
of many free CA-eGFP complexes (approximately 95% of all CA-eGFP complexes) at the NE and in the
nucleus, we propose a model in which the majority of labelled capsid and integrase proteins are
independently imported into the nucleus and likely perform distinct roles there.

The present data on CA-eGFP distribution largely agree with previous publications, which imply the
existence of capsid multimers that persist after uncoating and nuclear import (18, 24-25). As even
from dynamic studies it is unclear which CA rearrangements occur during uncoating (18), these
complexes may have been released from PICs together with viral core remnants at the moment of
nuclear import. The presence of CA-eGFP in the nucleus is in line with previous findings, describing
relatively low capsid protein content in the nucleus of infected cells (18, 25). Even though it has
previously been shown that the intensity of immunostained or otherwise labelled CA complexes is
five- to 10-fold lower than in the cytoplasm (18, 25), it is possible to detect them as clear foci
indicating that nuclear CA exists in a multimeric form.

Once localized in the nucleus, 97% of CA-eGFP complexes do not contain IN-mCherry and do not
seem to participate in integration, as deduced from our RAL experiments (Figure 12B and D).
Accumulation of IN-mCherry complexes under RAL treatment is particularly clear when comparing
PICs that contain only labelled IN and those that contain both IN-mCherry and CA-eGFP (Figure 12C).
The percentage of PICs containing only IN significantly increases by approximately 50%, while the

population of double-labelled complexes remains unchanged. In contrast to these data, analysis of
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CA-eGFP containing nuclear complexes revealed a different phenotype (Figure 12B and D). No effect
was seen on the overall percentage of CA-eGFP complexes (both without and with IN-mCherry) in the
nucleus (Figure 12B and D). Our data indicate that most nuclear CA complexes differ from IN
complexes without CA in response to integrase inhibitors suggesting that the labelled CA complexes
do not participate in integration. We believe our data add value to previous studies, mostly due to
their quantitative aspect. Previously, Chin and colleagues (24) implied that CA is associated with
integration competent virus complexes in the nucleus, based on the observed stabilization of CA
colocalization with vDNA under RAL treatment, but without any detailed quantification. These data
were more recently challenged by another study (18), which showed that integration events (marked
by IN-eGFP disappearance in the nucleus) did not contain CA in 50% of the cases. Our data thus agree
with the latter findings and with a recently published study (51), whereby the primary role of nuclear
CA is in traversing the nuclear lamina to allow PICs to reach optimal regions prior to integration.

Our present imaging analysis confirms previous findings on integration- competent PICs in the
nucleus (33) but leaves ground for future mechanistic studies. To expand these findings on the role of
CA and CA-eGFP inside the nucleus, a time-course analysis of integration-deficient virus and/or
mutants not interacting with CPSF6 (such as N74D and A77V) is planned. It will also be interesting to
perform integration site analyses of cells transduced with single- and double-labelled viruses. Future
live-cell imaging studies will shed further light on these events. Taken together, our capsid labelling
system enables tracking of functional virus particles and therefore represents a relevant
complementary system to the existing methodologies for further dissecting the role of HIV-1 capsid

during early infection.

Materials and Methods

Cells

All mammalian cell lines were cultured at 37 °C in a humidified atmosphere with 5% CO,. Hela P4 (a

kind gift from Dr. Pierre Charneau, Institut Pasteur, Paris, France) and HEK293T (ATCC CRL-11268)
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cells were maintained in Dulbecco’s modified eagle medium (DMEM, Life Technologies Europe,
Merelbeke, Belgium) supplied with 5% (v/v) fetal calf serum (FCS) and 50 pg/ml gentamycin (Life
Technologies) and, in the case of Hela P4 additionally 500 ug/ml geneticin (Gibco BRL). The cells

were subcultured twice a week.

Recombinant DNA

The pNL4-3.Luc.R-E- construct was obtained through the NIH AIDS Reagent program (catalog number
#3418) from Dr. Nathaniel Landau (39). The plasmid pVpr-IN-eGFP was described previously (32) and
pVpr-IN-mCherry was constructed by replacing the eGFP gene in pVpr-IN-eGFP with mCherry via
BamHI/Notl restriction sites. The linker between IN and the FP is the same in both constructs. pLP-
VSV-G was described previously (pLP-VSVG #646 B, Invitrogen). Two types of tC tags were used for tC
tagging of CA: the shorter (CCPGCC, inserted within the CA sequence) and longer tC tag
(FLNCCPGCCMEP, attached at the N- or C-terminus of CA). Site-directed ligase independent
mutagenesis (SLIM) method (53) was used to introduce the corresponding tC CA tags into pNL4-
3.Luc.R-E-. Each primer used in the SLIM approach is annotated by its orientation (F- forward, sense;
R- reverse, antisense) and special feature (t-tailed; s-short). The pNL4-3.Luc.R-E- based constructs
coding for tC tagged CA variants (thus named pNL4-3.Luc.R-E- tC) and primers used were the
following: tCsg (Ft- TGGTACATCAGGCCATATCACC; Fs-
TGTTGTCCCGGGTGTTGCATGGTACATCAGGCCATATCACC; Rt- CACTATAGGGTAATTTTGGCTGACC; Rs-
TGCAACACCCGGGACAACACACTATAGGGTAATTTTGGCTG ACC), tCo1.95 (Ft-
ATGAGAGAACCAAGGGGAAGTG; Fs- TGTTGTCCAGGATGTTGTATGAGAGAACCAAGGGG AAGTG; Rt-
AGGCCCTGCATGCACTGG; Rs- ACAACATCCTGGACAACAAGGCCCTGCATGCACTGG), tCiy124 (Ft-
CAGTAGGAGAAATCTATAAAAGATGG; Fs- TGTTGCCCAGGATGTTGTCCAGTAGGAGAAATCTATAAAAG
ATGG; Rt- TGTCATCCATCCTATTTGTTCC; Rs- GACAACATCCTGGGCAACATGTCATCCATCCTATTTGTTCC),
tCo06-210 (Ft- CTAGAAGAAATGATGACAGC; Fs- TGTTGTCCCGGGTGTTGTCTAGAAGAAATGAT GACAGC;

Rt-CAATGCTTTTAAAATAGTCTTACAATC; Rs-
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ACAACACCCGGGACAACACAATGCTTTTAAAATAGTCTTACAA TC), tC-CA (N-terminal fusion) (Ft-
CCTATAGTGCAGAACCTCCAGG; Fs- CCAATTGTGCAGTTTCTGAATTGT
TGTCCCGGGTGTTGTATGGAACCTCCTATAGTGCAGAACCTCCAGG; Rt- GTAATTTTGGCTGACCTGGCTG;
Rs- AGGTTCCATACAACACCCGGGACAACAATTCAGAAACTGCACAATTGGGTAATTTTGGCTGACCTGGCTG)
and CA-tC (C-terminal fusion) (Ft- GCTGAAGCAATGAGCCAAG; Fs- TTTCTGAATTGTTGTCCCGGGTGTTG
TATGGAACCTGCTAGGGTGCTAGCTGAAGCAATGAGCCAAG; Rt- CAAAACTCTTGCTTTATGGCCG; Rs- TAG
CACCCTAGCAGGTTCCATACAACACCCGGGACAACAATTCAGAAACAAAACTCTTGCTTTATGGCCG). N- and
C-terminal eGFP tagging of CA was achieved by ligating the BamHI/Spel- and Spel/Apal digested
gBlocks (IDT, Leuven) into the pNL4-3.Luc.R-E- backbone respectively. The construct pNL4-3.Luc.R-E-
CA-eGFP (referred to as NL4-3 Luc CA-eGFP) is a modification of the above vector though
replacement of the capsid sequence in the gag ORF with the CA-eGFP fusion sequence.

Full gBlock sequence for eGFP-CA fusion (/talic underlined — Duplicated protease cleavage site; /talic
- eGFP; Underlined — GGSGT linker; Bold - N-terminus of CA; ACTAGT — Spel restriction site)
GAGTTAATACGACTCACTATAGGGGGATCCGAAGAACTTAGATCATTATATAATACAATAGCAGTCCTCTATTG

TGTGCATCAAAGGATAGATGTAAAAGACACCAAGGAAGCCTTAGATAAGATAGAGGAAGAGCAAAACAAAA

GTAAGAAAAAGGCTCAGCAAGCAGCAGCTGACACAGGAAACAACAGCCAGGTCAGCCAAAATTACCCCATCG

TACAAAATATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCG
ACGTAAACGGCCACAAGTTCAGCGTGTCCGGTGAGGGGGAGGGCGACGCAACTTATGGCAAATTGACGCTCA

AGTTTATCTGCACCACAGGCAAGCTTCCCGTGCCCTGGCCTACATTGGTGACCACTCTGACTTACGGGGTGCAG
TGT TTCAGTAGAT ATCCCGACCACATGAAGCAGCACGATTTCTTCAAGAGTGCAATGCCCGAAGGTTACGTAC
AGGAAAGGACTATTTTCTTCAAGGACGATGGTAACTATAAAACTCGGGCGGAGGTGAAATTCGAGGGGGACA
CGCTGGTAAATCGCATTGAGCTGAAGGGAATCGATTTCAAAGAGGATGGCAATATCCTCGGCCATAAATTGGA
ATACAACTATAACAGTCATAATGTGTACATTATGGCAGACAAGCAGAAAAACGGGATAAAAGTCAATTTCAAG
ATTAGACATAACATAGAAGATGGGTCAGTCCAGCTCGCAGATCACTATCAGCAGAACACACCCATTGGGGATG
GACCAGTGCTGCTCCCTGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCG

CGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGGA
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GGGTCCGGAACACCTATAGTGCAGAACCTCCAGGGGCAAATGGTACATCAGGCCATATCACCGCGGACTTTA
AATGCATGGGTAAAAGTAGTAGAAGAGAAGGCTTTCAGCCCAGAAGTAATACCCATGTTTTCAGCATTATCA
GAAGGAGCCACCCCACAAGACCTAAATACCATGCTAAACACAGTGGGGGGACATCAAGCAGCCATGCAAAT
GTTAAAAGAGACCATCAATGAGGAAGCTGCAGAATGGGATAGATTGCATCCAGTGCATGCAGGGCCTATTG
CACCAGGCCAGATGAGAGAACCAAGGGGAAGTGACATAGCAGGAACTACTAGTCCGCTGAGCAATAACTAG

CCTGA

Full gBlock sequence for CA-eGFP fusion (Bold - CA C-terminus; ACTAGT - Spel restriction site;
ACAAGCAT - mutated Bstxi site; underlined - DPPVAT linker; Italic- eGFP):

GAGTTAATACGACTCACTATAGGGACTAGTACCCTTCAGGAACAAATAGGATGGATGACACATAATCCACCT
ATCCCAGTAGGAGAAATCTATAAAAGATGGATAATCCTGGGATTAAACAAAATAGTAAGAATGTATAGCCC
TACAAGCATTCTGGACATAAGACAAGGACCAAAGGAACCCTTTAGAGACTATGTAGACCGATTCTATAAAAC
TCTAAGAGCTGAGCAAGCTTCACAAGAGGTAAAAAATTGGATGACAGAAACCTTGTTGGTCCAAAATGCGA
ACCCAGATTGTAAGACTATTTTAAAAGCATTGGGACCAGGAGCGACACTAGAAGAAATGATGACAGCATGT

CAGGGAGTGGGGGGACCCGGCCATAAAGCAAGAGTTTTGGATCCTCCAGTGGCCACCATGGTGAGCAAGGG

CGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAG

CGTGTCCGGTGAGGGGGAGGGCGACGCAACTTATGGCAAATTGACGCTCAAGTTTATCTGCACCACAGGCAA

GCTTCCCGTGCCCTGGCCTACATTGGTGACCACTCTGACTTACGGGGTGCAGTGTTTCAGTAGATATCCCGACC

ACATGAAGCAGCACGATTTCTTCAAGAGTGCAATGCCCGAAGGTTACGTACAGGAAAGGACTATTTTCTTCAAG

GACGATGGTAACTATAAAACTCGGGCGGAGGTGAAATTCGAGGGGGACACGCTGGTAAATCGCATTGAGCTG

AAGGGAATCGATTTCAAAGAGGATGGCAATATCCTCGGCCATAAATTGGAATACAACTATAACAGTCATAATG

TGTACATTATGGCAGACAAGCAGAAAAACGGGATAAAAGTCAATTTCAAGATTAGACATAACATAGAAGATGG

GTCAGTCCAGCTCGCAGATCACTATCAGCAGAACACACCCATTGGGGATGGACCAGTGCTGCTCCCTGACAACC

ACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTT

CGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGCCCGGGTACTGGCTGAAGCAATGAG

CCAAGTAACAAATCCAGCTACCATAATGATACAGAAAGGCAATTTTAGGAACCAAAGAAAGACTGTTAAGTGT

TTCAATTGTGGCAAAGAAGGGCACATAGCCAAAAATTGCAGGGCCCCCGCTGAGCAATAACTAGCCTGA
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Virus particle production

Recombinant, replication-deficient HIV-1 particles were produced by transient transfection of
selected plasmids into 293T cells, as described previously (33). The plasmid mixtures consisted of 15
pg NL4-3 Luc —based construct (either pNL4-3.Luc.R-E- only or mixed at 2:1 and 10:1 ratios with
pNL4-3 Luc CA-eGFP), 15 ug pVpr-IN-eGFP or pVpr-IN-mCherry and 5 ug pVSV-G plasmid per 10 cm
cell culture dish unless explicitly stated otherwise. For production of unlabelled virus particles, 15 pg
of pNL4-3.Luc.R-E- construct was cotransfected with 5 pg of pLP-VSV-G plasmid. Transfection was
mediated by branched polyethyleneimine (bPEI, Sigma-Aldrich) and medium was changed to fresh
OptiMEM (Life technologies) medium with 50 pug/ml gentamycin 6 h post transfection. Virus particles
were harvested 48 h after transfection, by passing the supernatants through a 0.45 um pore filter
(Sartorius) and concentrating them via ultracentrifugation in a Beckman (Beckman Coulter, Ireland)
SW28 rotor at 133,000 x g, for 1.5 h at 21 °C atop a 60% (w/v) Optiprep iodixanol (Sigma-Aldrich)
gradient cushion. Residual Optiprep was removed by a series of washing steps (in serum-free
OptiMEM medium) and virus particles were concentrated by ultrafiltration (Vivaspin columns,

MWCO 50K, Belgium).

Virus quantification

Virus production efficiency was quantified by measuring the levels of HIV-1 capsid (p24) protein by
ELISA (INNOTEST p24-ELISA, Innogenetics, Gent, Belgium) or by measuring the reverse transcriptase
(RT) activity of particles present in the supernatant. p24 ELISA was performed according to
manufacturer’s instructions and RT activity was assessed by a gqPCR based, SYBR Green product-
enhanced RT (SG-PERT) assay (40, 41).

The SG-PERT assay quantifies the cDNA reverse transcribed from an exogenous MS2 RNA template
by the virus particle associated HIV-1 RT. Viruses were lysed for 5 min (0.125% Triton X-100, 25 mM

KCl, 50 mM Tris-HCl pH 7.4, 20% (v/v) glycerol, 0.2 U/uL RNase inhibitor in Milli-Q (Ribolock,
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ThermoFisher Scientific)) and diluted ten-fold in sample dilution buffer (5 mM (NH,4),S0,4, 20 mM KCl,
20 mM Tris-HCI pH 8.3). The gPCR reaction mix consisted of 2.5 mM (NH;4),S0,, 10 mM KCI, 10 mM
Tris-HCl pH 8.3, 5 mM MgCl,, 0.1 mg/mL BSA, 1/5000 SYBR green | (ThermoFisher Scientific), 250 uM
dNTPs, 2 puM sense primer 5-TCCTGCTCAACTTCCTGTCGAG-3’, 2 uM antisense primer 5'-
CACAGGTCAAACCTCCTAGGAATG-3’, 1 pug/mL MS2 RNA (Roche) and 0.025 U/uL Truestart Hot Start
Taq DNA polymerase (ThermoFisher scientific). Reverse transcription of the RNA template was
conducted for 1 h at 37°C, followed by gPCR (to quantify the cDNA amounts), which was run on a
LightCycler® 480 (Roche Life Science). The qPCR program included a 5 min activation step at 95 °C

and 50 cycles of amplification (5 s at 95 °C, 5 s at 55 °C, 15 s at 72 °C).

Single-cycle virus transduction assay

One day prior to transduction, 15,000 Hela P4 cells were seeded per well in 96-well plates and
incubated in DMEM with 5% FBS, 50 pg/ml gentamycin and 500 pg/ml geneticin (complete DMEM
medium). The following day, the cells were transduced with equal volumes of virus supernatant in
three-fold serial dilutions, starting from the highest concentration of 100 ng p24 antigen per well.
Medium was changed 24 h post transduction to DMEM with 5% FBS, gentamycin and geneticin and
the cells were incubated for additional 48 h at 37 °C. Cells were washed twice with PBS and lysed by
addition of lysis buffer (50 mM Tris, 200 mM NaCl, 0.2% NP40 (v/v) and 5% glycerol (v/v)). Firefly
luciferase (fLuc) activity was measured using fLuc assay reagent (ONE-GloTM, Promega GMBH,
Mannheim, Germany). Luciferase reporter levels were normalized for total protein content in each

well by the bicinchoninic acid (BCA) assay (BCA Protein Assay Kit, Thermo Scientific).

Quantitative analysis of viral DNA species in transduced Hela P4 cells

Recombinant viruses were produced as described above. Hela P4 cells were seeded at a density of 1
x 10° cells per well in a 6-well plate and transduced 24 h later with 5 ug p24 per well of the following

VSV-G pseudotyped HIV-1 particles: untagged (WT), IN-mCherry labelled (WT-mCh), dually-labelled
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(CA-eGFP 1:2 or 1:10, depending on the ratio of CA-eGFP luciferase vector to the parental NL4-3
based construct). Transductions were carried out in the presence of DMSO or PF-03450074 (PF74, 2
UM or 10 uM). For each of the gPCR quantifications, one well of cells was left untransduced (negative
control, NC). Cells were harvested 7 days after transduction (p.t.) and genomic DNA was extracted
using the Sigma Mammalian genomic DNA Miniprep kit (Sigma-Aldrich) according to manufacturer’s
instructions. We quantified integrated viral DNA copies (integrated DNA, Gag, measured 7 days p.t.).
gPCR reactions were based on Bio-Rad chemistry and contained 1x iQ Supermix (Bio-Rad
Laboratories), 300 nM forward primer, 300 nM reverse primer, 200 nM probe and 100 ng genomic
DNA. To normalize for viral DNA copy content, we used gqPCR amplification of the CCR5 gene. All
gPCR reactions and analyses were conducted as described previously (33, 61, 62). All samples were
run in duplicate or triplicate. Viral DNA copies were calculated based on standard curves of highly
positive samples and signal backgrounds were estimated based on no-template controls. The qPCR
was run on a LightCycler® 480 (Roche Life Science), including 5 min activation at 95°C and 50 cycles of

amplification (10 s at 95°C followed by 30 s at 55°C).

Transduction and immunolabelling of HeLa P4 cells for single virus analysis

One day prior to transduction, 25, 000 Hela P4 cells were seeded per well in 8-well chamber slides
(Nunc Lab-Tek Chambered Coverglasses, 155411, Thermo Scientific), previously coated with poly-D-
lysine (0.1 mg/ml, Sigma). The following day, cells were transduced with virus corresponding to 1-3
pg p24 antigen and fixed at indicated time points. Different viral preparations were normalized for
their p24 content in order to transduce the cells with comparable amounts of virus. Briefly, the cells
were washed once with PBS, incubated for 45 sec to 1 min at 37 °C in trypsin (0.25% (w/v), Life
Technologies), to remove all unfused or weakly attached virus particles from the cell surface. Trypsin
was inactivated by the addition of complete DMEM medium, followed by a 3 min incubation at room
temperature. The cells were washed with PBS one additional time and fixed in 4% (v/v)

paraformaldehyde (PFA) for 15 min at room temperature. After fixation, the cells were washed three
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times with PBS and, where indicated, stained with a lamin-specific antibody or 4',6-diamidino-2-
phenylindole (DAPI). For antibody staining purposes, the cells were permeabilized 5 min with 0.1%
(v/v) Triton X-100 (Sigma-Aldrich) in PBS and blocked for 30 min in blocking buffer (0.1% (v/v) Tween-
20 (A4974, Applichem), 1% BSA (w/v) (Sigma-Aldrich) in PBS) at room temperature. Primary anti-
lamin A/C antibody (mouse monoclonal, 1/400 dilution, sc-7292, Santa Cruz Biotechnology) was
diluted in blocking buffer and incubated on cells over night at 4 °C. After extensive washing with PBS,
cells were incubated in secondary anti-mouse IgG (H+L) Alexa 405 conjugate (goat polyclonal, 1/500
dilution, A-10011, Life Technologies) for 1 h at room temperature, washed and stored in PBS at 4 °C
until analysis. For CA immunostaining, cells were infected with labelled viruses (see above),
permeabilized and stained with anti-lamin B1 (rabbit polyclonal, 1/400 dilution, ab16048, Abcam)
and anti-CA (mouse monoclonal, 1/300 dilution, AG3.0, NIH AIDS Reagent Program, Division of AIDS,
NIH (Cat #4121) from Dr. Jonathan Allan) antibodies. The secondary antibodies used were anti-rabbit
IgG (H+L) Alexa 405 conjugate (goat polyclonal, 1/500 dilution, A31556, Life Technologies) and anti-
mouse IgG (H+L) Alexa 488 conjugate (goat polyclonal, 1/500 dilution, A-11001, Life Technologies).

When DAPI staining was performed, cells were not permeabilized, but washed after PFA fixation and
directly incubated in DAPI solution (5 pg/ml, 1/1000 dilution in PBS, Invitrogen) for 5 min at room
temperature. The cells were then washed four times in PBS and stored in PBS at 4 °C until analysis.

When DMSO or HIV-1 inhibitors were used during transduction, the cells were first pre-incubated
with DMSO or inhibitor for 2 h prior to transduction. The inhibitors used were: PF74 (2 uM or 10 uM

solution in DMSO, SML0835, Sigma) and RAL (0.6 pM solution in DMSO, 100 x ICsq, NiBSC).

Confocal microscopy and data analysis for single virus experiments

A confocal laser scanning microscope (Fluoview FV1000, Olympus, Tokyo, Japan) was used to image
the target cells and virus particles. Images were acquired using the UPLSAPO 60x W NA 1.25
objective and DM405/488/559/635 polychromic excitation mirror (Olympus). Fixed cells and virus

particles were imaged in 3D stacks, with a 0.3 um step size and 4 us/pixel sampling speed. To excite
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the fluorophores, the following lasers were used: a 488-nm laser for eGFP (emission collected at 505-
540 nm), a 555-nm laser for mCherry (emission collected in the 575-675 nm range), a 405-nm laser
Alexa Fluor 405 and DAPI (emission collected at 430-470 nm), and a 635-nm diode laser for Alexa
Fluor 633 and 647 (emission collected at 655-755 nm).

Fluorescent viral complexes (IN-FP and CA-eGFP) were automatically detected, localized and their
intensity was measured by an in-house MatLab routine (MathWorks Inc.), as described previously
(33). Since each fluorescent complex will be smaller than the diffraction limit of the microscope, we
calculated integrated intensity of each complex using the least-mean-square method after fitting the
point spread function of each complex with a 2D Gaussian distribution. This was done for each z-step
of the 3D image and the highest intensity (expected to be the focus point) of each complex was used
for further analysis. Viral complexes were assigned to localize to either the cytoplasm, the NE or
nucleus based on intensity thresholding of the stained nuclear lamin. The distances of fluorescent
viral complexes to the nuclear lamin were calculated after the precise lamin fitting with a 2D
Gaussian function, which was repeated in each z-slice (33).

In experiments where colocalization of two fluorescent complexes was assessed, the centroids were
described as colocalizing in case they were found at a maximum of 2 pixels (206 nm) away from each
other.

Data were collected from 30 individual cells corresponding to 500 - 1,000 viral complexes in each
experiment. Experiments were repeated at least once, and the data are shown either from a
representative experiment or as an average from two or three independent experiments. Data on
individual complex numbers and their intensities are presented as individual data points under a box-
plot, with 5% and 95% whiskers. The elements of each box plot represent the following: line within
the box - median value, square box - mean, bar diagrams — geometric mean, error bars — back
transformed standard error of the mean. P-values for the fluorescence intensity data are calculated
by a two-sample t-test with unequal variance of the log-normal distributed data with the following

significance criteria: p-value < 0.001 (***); p < 0.01 (**), p < 0.05 (*) and n.s. as not significant.
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Mounting and immunolabelling of virus particles for microscopy

Purified virus particles were immobilized on poly-D-lysine (0.1 mg/ml) coated 8-well chamber slides
for 4 — 6 h at 37 °C, washed once with PBS and fixed with 4% PFA. After fixation, the samples were
washed three times with PBS and permeabilized in 0.1% (v/v) Triton X-100 for 5 min at room
temperature. Thereafter, the samples were washed twice in PBS and incubated in primary antibody
(diluted in blocking buffer- 0.1% (v/v) Tween-20 (A4974, Applichem), 1% BSA (Sigma-Aldrich) in PBS)
at 4 °C over night. The primary antibodies used were anti-HIV-1 CA (p24) (mouse monoclonal, 1/300
dilution, AG3.0, NIH AIDS Reagent Program, Division of AIDS, NIH (Cat #4121) from Dr. Jonathan
Allan), anti-HIV-1 IN (mouse monoclonal, 1/100 dilution, IN-2 ab66645, Abcam, Cambridge, U.K.) and
anti-HIV-1 MA (p17) (rabbit polyclonal, 1/200 dilution, NIH AIDS Reagent Program, Division of AIDS,
NIH (Cat #4811) from Dr. Paul Spearman and Dr. Lingmei Ding). The secondary antibodies used were
anti-Mouse IgG (H+L) Alexa Fluor 405 conjugate (goat polyclonal, 1/500 dilution, A-10011, Life
Technologies), anti-Mouse 1gG (H+L) Alexa Fluor 647 conjugate (donkey polyclonal, 1/500 dilution, A-
31571, ThermofFisher scientific), anti-Rabbit 1gG (H+L) Alexa Fluor 647 conjugate (donkey polyclonal,
1/500 dilution, A-31573, ThermoFisher scientific), anti-Mouse 1gG (H+L) Alexa Fluor 647 conjugate
(goat polyclonal, 1/500 till 1/500,000 dilution, 1.4 Alexa Fluor 647 molecules per antibody, 115-607-
003, Dianova), anti-Mouse IgG (H+L) Alexa Fluor 633 conjugate (goat polyclonal, 1/500 dilution, A-
21052, ThermoFisher scientific).

For particle permeabilization experiments, the viruses were mounted on poly-D-lysine coated slides
as above and subjected to mild saponin treatment as described previously (35). Saponin is a surface-
acting glycoside, with membrane permeabilizing properties (42). Therefore, it punctures small pores
in the viral membrane. The particles were first washed with PBS and then treated with either PBS (no
saponin condition) or 100 pg/ml saponin solution in PBS (saponin condition) for 5 min at room
temperature. The samples were washed once with PBS, fixed with 4% PFA and stained as described

above.
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For estimating colocalization of fluorescent, particle-associated proteins in purified virions, the
immobilized particles were imaged in z-stacks of 6-12 0.3 um steps by confocal laser scanning
microscopy (CLSM). Emission from Alexa 405-stained p24, eGFP-tagged p24 and mCherry-labelled
integrase (IN) was detected after excitation with lasers of 405 nm, 488 nm and 559 nm, respectively.

Confocal microscopy was conducted with a 60 x apotome W NA=1.25.

Capsid core purification

Purification of intact HIV-1 cores was conducted as described previously (49). Briefly, fluorescent
virus particles were produced after transient transfection of 30 10 cm dishes of 293T cells (see
above). The supernatants were filtered, and virus was pelleted by ultracentrifugation (SW28 rotor,
133,000 x g, 2 h, 4 °C) through a 20% sucrose in PBS cushion. The pelleted viruses were resuspended
in a total of 1 ml of STE buffer (10 mM Tris-HCl pH 7.4, 100 mM NaCl, 1 mM EDTA) and then
subjected to core purification through layers of sucrose diluted in STE buffer. Continuous sucrose
gradients (10 ml, 30 — 70% sucrose) were mounted first into ultracentrifuge tubes, covered with 0.5
ml of 15% sucrose, followed by 0.5 ml of 10% sucrose and finally 0.5 ml virus suspension on top. The
virus was split into two equal parts. One half of the virus was loaded on the control gradient (no
detergent in the 15% sucrose layer), while the other virus half was loaded on a gradient with 15%

sucrose layer containing 1% Triton X-100.

The particles were spun through the gradients in an SW28 rotor, at 140,000 x g for 16 h over night at
4 °C. Afterwards, the tubes were placed on ice and 1 ml fractions were harvested into ice-cold
Eppendorf tubes. Fractions were analyzed for p24 content to determine the peak of core presence.
Core containing fractions were pooled together and snap frozen in liquid nitrogen until analysis.

Before analysis, core containing fractions were thawed on ice.

Total internal reflection fluorescence (TIRF) microscopy

30

2€86869¢ 18 0202 ‘v Areniga- uo /610" wse IAlj/:dny woi) papeojumod


http://jvi.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Virology

Journal of Virology

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

To determine the number of fluorescent molecules incorporated into single virus particles, wide-field
TIRF microscopy was performed. Quantification is possible after fluorescence intensity comparisons
between purified virus particles and a single molecule eGFP solution imaged under the same
conditions. Imaging was performed on an inverted microscope (Olympus IX-83, Olympus NV,
Aartselaar, Belgium) by objective-type total internal reflection excitation and wide-field detection.
Excitation was performed with 488-nm (Sapphire 488-100 CW, 100 mW, Coherent) and 644-nm laser
lines (Excelsior, Newport Spectra Physics BV, 100 mW). The laser lines were combined using
appropriate dichroic mirrors, the light was circularly polarised (WPQ05M-532, Thor-labs GmbH) and
expanded five times to achieve a homogenous beam profile, before being focused on the back focal
plane of the objective (PlanApo TIRF 60x, NA 1.45 oil, Olympus) through a 500-mm planoconvex
achromatic lens (KPX211-C BK7 Precision Plano-Convex lens, Newport). Emission light was collected
by the same objective and split by a polychromic mirror (z405/488/561/644rdc, Chroma) into two
separate channels for eGFP detection (a HQ590/40-2P emission filter) and p24 detection (LP655). The
fluorescence image was expanded 2.5-fold (PE eyepiece 125, 2.5x, Olympus) and focused onto the
electron multiplying charge coupled device EM-CCD (ImagEM, Hamamatsu Photonics, Louvain-La-
Neuve, Belgium). The image resolution was 512x512 pixels, with a pixel size of 107 nm. Movies were
recorded at 100 ms per frame with continuous acquisition. Intensity was determined using Localizer-

software (43).
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Figure legends:

Figure 1: Schematic representation of CA tagging strategies. A. Amino acid sequence and primary
structure of HIV-1 CA, with tC motif insertions highlighted in light green below the sequence.
Important alpha helices and domains are marked in dark green on the level of the sequence. H1-H11:
alpha helices number 1 to 11; CypA: cyclophylin A binding motif. B1: beta sheet 1; B. Secondary
structure of a CA monomer, as found in the CA hexamer (PDB: 3H4E), with tC insertions highlighted
in light green, corresponding to the A panel Orange: N-terminal domain (NTD); Blue: C-terminal
domain (CTD). C. Schematic representation of tC or eGFP tag fusions to the CA N- or C-terminus,
respectively. Reintroduced protease cleavage sites are indicated in dark red and linkers for optimal
eGFP folding are indicated in light green. tC tags are highlighted in orange. D. Recombinant, VSV-G
pseudotyped virus particles were produced by transfection as outlined in Material and Methods. For
transfections, different ratios of the pNL4-3.Luc.R-E- derivatives (coding for either the tC- or the
eGFP-tagged CA) and the original pNL4-3.Luc.R-E construct were mixed as indicated in the x-axes
(0:1, 1:0, 1:2 and 1:10). The positions of tC and eGFP tags in each virus prep are indicated above
corresponding plots. Virus particles were harvested and filtered, and particle release was assessed by
p24 ELISA and SG-PERT (indicated RT in the graph). Particle release values of viruses carrying only the
original pNL4-3.Luc.R-E- construct (0:1) were arbitrarily set to 100% and error bars represent
standard deviations of triplicates. Data are derived from one representative out of n=2 independent
experiments.

Figure 2: Transduction efficiency of single- and dually-labelled viruses (accompanying Figure 1).
Recombinant, VSV-G pseudotyped virus particles were produced by transfection as outlined in

Material and Methods. For transfections, different ratios of the pNL4-3.Luc.R-E- derivatives (coding
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for either the tC- or the eGFP-tagged CA) and the original pNL4-3.Luc.R-E construct were mixed as
indicated in the x-axes (0:1, 1:0, 1:2 and 1:10). The positions of tC and eGFP tags in each virus prep
are indicated above the corresponding plots. Virus particles were harvested and filtered, and particle
release was assessed by p24 ELISA. Transduction efficiencies of these particles were evaluated three
days post transduction of Hela P4 cells and are represented as RLU values of the fLuc reporter
readout. Error bars represent standard deviations of triplicates. Data are derived from one

representative out of n=2 independent experiments.

Figure 3: IN-mCherry labelling yields particles comparable with IN-eGFP containing virions.
Replication-deficient virus particles were produced by transiently transfecting 293T cells with pNL4-
3.Luc. R-E-, pVpr-IN-FP (IN-mCherry or IN-eGFP, indicated on the x-axes) and pVSV-G constructs. A.
Virus particle release was quantified by p24 ELISA and SG-PERT (RT activity) of purified particles and
expressed relative to one another. The yields of IN-mCherry containing viruses were arbitrarily set to
100%. The data represent mean t standard deviation (SD) of triplicates. B. HelLaP4 cells were
transduced with normalized amounts of fluorescent viruses and firefly luciferase (fLuc) reporter
levels were assayed three days post transduction. Luciferase readout was normalized to the total
protein input (determined by BCA assay) and expressed as relative light units (RLU). Data are mean %
SD of triplicates. C. Representative images of purified viruses containing IN labels (IN-eGFP and IN-
mCherry). Particles were adhered to microscopic slides for 4 h at 37 °C and were then fixed with PFA
and immunostained using AG3.0 p24 antibody. The channels in which p24 staining (blue) or IN-FP
fluorescence (magenta) were detected are indicated in corresponding pseudocolors. For each type of
particles, the merged image is shown at the end of each panel as the overlay of two pseudocolors.
The overall image brightness was improved in Image) software for clarity purposes. Scale bar: 5 um.
D-F. HelaP4 cells were transduced with IN-FP labelled viruses, fixed 6h post infection and nuclear
envelope was defined by lamin A/C immunostaining. The cells were imaged by confocal microscopy

and numbers and fluorescence intensities of IN-FP complexes were determined in each subcellular

40

2€86869¢ 18 0202 ‘v Areniga- uo /610" wse IAlj/:dny woi) papeojumod


http://jvi.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Virology

Journal of Virology

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

compartment (cytoplasm, nuclear envelope, nucleus; consult Figure 7A for clarification). Data are
derived from n=1 experiment. D. The number of IN-FP complexes per cell is represented by box and
whisker plots for each virus. E. Percentage of nuclear IN-FP complexes per condition. The percentage
was calculated as the fraction of IN-FP complexes localized in infected cell nuclei compared to the
total number of IN-FP complexes detected in the experiment. Error bars represent SD values. F. IN-FP
complex intensities were measured as previously described (33) and plotted for each compartment
(cytoplasm, nuclear envelope, nucleus). The bars represent the mean + SD values. As indicated
elsewhere, the intensities significantly differ between the cytoplasm and the nucleus (p<0.001, two-
tailed t-test with equal variance assumed).

Figure 4: Schematic outline of the experimental setup and optimization of fluorescent CA labelling.
A. Constructs used for fluorescent labelling of replication-deficient, VSV-G pseudotyped virus
particles. The eGFP tag was fused to the C-terminus of capsid via the DPPVAT linker, in the context of
the pNL4-3.Luc.R-E- transfer and packaging construct. mCherry was fused to the integrase C-terminus
by replacement of the eGFP open reading frame (ORF) with the mCherry ORF in the context of the
pVpr-IN-FP construct (32, 33, 34). Labelled virus particles were produced by transient transfection of
pLP-VSV-G, pVpr-IN-mCherry, pNL4-3.Luc. R-E- and (only for double-labelled viruses) pNL4-3.Luc. R-E-
CA-eGFP into 293T cells. Virus supernatants were harvested and concentrated as described in
Material and Methods. Dashed lines indicate viral protease cleavage sites. Aenv and Anef indicate
env and nef shortened open reading frames, respectively. B. Unlabelled particles (WT), particles with
IN-mCh (WT-mCh) and double-labelled particles (CA-eGFP) containing also the labelled capsid (using
pNL4-3.Luc. R-E- CA-eGFP and WT pNL4-3.Luc.R-E- constructs in a ratio 1:2 or 1:10) were produced as
described above. Endogenous reverse transcriptase activity was assessed by SG-PERT. Values are
derived from one experiment. Data are presented normalized to the unlabelled (WT) virus levels. C.
Single-round transduction efficiencies of unlabelled and labelled virions. Unlabelled, single- and
double-labelled viruses were produced and concentrated as described in Material and Methods.

Unlabelled particles (WT) were produced by transfection of the parental luciferase-coding vector in

41

2€86869¢ 18 0202 ‘v Areniga- uo /610" wse IAlj/:dny woi) papeojumod


http://jvi.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Virology

Journal of Virology

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

combination with the VSV-G-coding plasmid. Single-labelled particles contained IN-mCherry after
addition of Vpr-INmCh to the parental luciferase construct. Double-labelled particles all contained IN-
mCherry and CA-eGFP produced with a CA-eGFP to WT pNL4-3.Luc.R-E- vector ratio of 1:2 or 1:10,
respectively). Single-round transduction efficiency was determined by firefly luciferase (fLuc) levels in
HelaP4 cells transduced with serial dilutions of virus supernatants (starting amounts were
normalized for endogenous RT activity and virus dilutions are shown on the x-axis). Relative light
units (RLU) were measured three days post transduction and represent a relative value obtained
after normalizing the fLuc signal for protein content using the BCA assay. Data are derived from one
experiment.

Figure 5: CA-eGFP is incorporated into extracellular HIV-1 virions. Virions containing only the IN-
mCherry label are marked as WT-mCh, while double-labelled virions (containing CA-eGFP in addition
to IN-mCherry) are always indicated as CA-eGFP, with the ratio of labelled to unlabelled capsid
(pNL4-3.Luc. R-E- CA-eGFP to WT pNL4-3.Luc.R-E-) 1:10 in the annotation. Data are derived from one
representative out of n>3 experiments. A. Virus particles were allowed to attach to microscopic
slides for 4 h at 37 °C and were then fixed and immunostained with AG3.0 p24-specific antibody,
followed by secondary antibody conjugated to Alexa 405. Fluorescent signals originating from p24
staining (blue), IN-mCherry (not shown; see Figure 3C) and CA-eGFP (green) are shown in
corresponding pseudocolors. Overlay of the channels showing p24 staining and CA-eGFP signals is
shown under ‘merge’ panels. Upper panel: particles containing only IN-mCherry (single-labelled
viruses). Lower panel: particles containing both IN-mCherry and CA-eGFP labels, where ratio of
labelled to unlabelled pNL4-3.Luc.R-E- vector was 1:10. Particles only stained by p24 are indicated by
blue arrows, while those in which the CA-eGFP label colocalizes with p24 staining are indicated by
white arrows. The overall image brightness was improved in Imagel software for clarity purposes.
Scale bar: 5 um. B. CA-eGFP labelling efficiency was determined as the percent of all p24 stained
particles that also contained CA-eGFP. The labelling efficiency is shown for both CA-eGFP 1:2 and CA-

eGFP 1:10 particles, where the values are plotted as the mean + standard deviation. Data are derived
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from n23 independent experiments. C. The number of CA-eGFP molecules per particle was
determined in comparison with a monomeric eGFP solution, both of which were imaged by wide-
field TIRF microscopy as in Material and Methods. The ratio between fluorescence intensity of the
spotted particles to monomeric eGFP was used to estimate CA-eGFP incorporation into single virions.
D. Recombinant virus particles and 293T producer cells were lysed with 1% SDS and proteins were
separated on a gradient gel (4-15%) SDS-PAGE. HIV capsid (CA; p24) and eGFP were detected with
the corresponding antibodies, annotated below each figure panel. A molecular weight ladder is
present next to each membrane and expected protein sizes are indicated by arrowheads. As in panel
A, single- and dual particle labelling is indicated at the top of each panel (WT-mCh or CA-eGFP). For
producer cell lysates, the marking indicates constructs used for transfection (in addition to the pLP-
VSV-G and NL4-3 based transfer vector): WT-mCh indicates only Vpr-IN-mCherry was transfected,
while CA-eGFP 1:2, 1:5 and 1:10 indicates additional cotransfection of the CA-eGFP coding transfer
vector at the respective ratios. One representative experiment is shown for n=2 experiments.

Figure 6: eGFP-tagged capsid is associated with the viral core. A. Schematic outline of saponin-
mediated particle permeabilization (adapted from 35). Saponin punctures small pores in the viral
membrane, causing all content not stably incorporated in the capsid core or embedded inside the
core to dissociate. Upon washing, only the core-associated content remains. B. Recombinant virus
particles were produced to contain IN-mCherry and CA-eGFP and mounted on poly-D-lysine coated
microscopic slides (see Methods). The particles were treated for 5 min with either PBS or 100 pg/ml
saponin, washed, fixed in 4% PFA and immunostained with p24 specific antibody (AG3.0). IN-mCherry
(not shown), CA-eGFP or p24-Alexa 405 fluorescence were detected in corresponding fluorescence
channels and particles were identified by in-house Matlab routines. Merged images were produced
to show overlap of all three channels. White arrows indicate overlap of the three fluorophores,
indicating intact capsid cores. Scale bar: 5 um. C. Fluorescence intensities of CA-eGFP in PBS or
saponin-treated virus particles. Viruses were analyzed by an in-house Matlab routine, as described in

Materials and Methods. Intensities are plotted in 5-95% box-and-whisker plots. Data are derived
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from one representative out of n=3 independent experiments. D. Schematic outline of HIV-1 capsid
core purification (as described in 49). Recombinant virus particles were produced as described (see
Materials and Methods) and pelleted by ultracentrifugation through a 20% sucrose cushion. The
particles were resuspended in cold STE buffer and loaded atop several layers with increasing
concentrations of sucrose dissolved in STE buffer. In the presence of Triton in the 15% sucrose layer,
the virus membrane is stripped off the particles during centrifugation. The cores remain intact and
accumulate in the lowest fractions during centrifugation. In the absence of Triton, virus particles
remain intact and accumulate in the middle gradient fractions, due to their lower density compared
to the viral cores (1.18 g/ml density in comparison to 1.24 g/ml density of cores). E. Viral cores were
purified by ultracentrifugation of concentrated particles through the detergent layer and continuous
sucrose cushion and fractions containing viral cores were collected and combined. The core
suspension was attached to microscopic slides for 20 min at room temperature, after which the
samples were fixed and immunostained with the p24-specific antibody (mouse AG3.0). The cores
were imaged under the confocal microscope and identified by in-house Matlab routines. White
arrowheads denote complexes containing CA-eGFP, which also stain positive for p24. The overall
image brightness was improved in ImagelJ software for clarity purposes. Scale bar: 5 um.

Figure 7: IN-mCherry and CA-eGFP complexes display distinct subcellular distributions early on
after infection. Recombinant and fluorescently labelled viruses were produced as outlined in Figure
4A. WT-mCh particles contain only the IN-mCherry protein and their cell entry features were
compared to double-labelled viruses, containing CA-eGFP at different ratios to unlabelled capsid (1:2
and 1:10, as annotated in the graphs). A. Workflow of a single-virus imaging experiment. HeLaP4 cells
were transduced with single- or double-labelled viruses, fixed and immunostained with a nuclear
lamina specific antibody. The stained nuclear lamina is used as a reference to localize fluorescent
viral complexes to either the cytoplasm (i), the nuclear envelope (ii) or the nucleus (iii). Cells were
imaged by laser scanning confocal microscopy in Z-stacks. The image on the right shows a

representative Z-stack of a HeLaP4 cell transduced with IN-mCherry and CA-eGFP labelled virions 6 h
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post transduction. The nuclear envelope is indicated by lamin staining (blue) and IN-mCherry and CA-
eGFP containing viral complexes are depicted in magenta and green, respectively. White arrows
indicate double-labelled fluorescent viral complexes. Scale bar: 10 uM. For each experiment, cells are
imaged in Z-stacks, with a 0.3 um step size and viral complexes are identified by an in-house Matlab
routine as described previously (33). Each fluorescent viral complex was automatically detected and
localized using in-house Matlab routines. B-l. HelLaP4 cells were transduced with recombinant
particles and fluorescent complexes were identified and characterized in these cells 6 h after
transduction, using in-house Matlab routines. Based on nuclear lamina staining, viral PICs were
assigned to one of the three intracellular compartments (cytoplasm, nuclear envelope, nucleus).
Numbers (B, D, G) and fluorescence intensities (C and E) of viral complexes were measured for each
complex and are shown for IN-mCherry (B and C) and CA-eGFP (D and E). Shown are the data from
one representative out of n=2 experiments. The complex numbers and intensities are plotted into 5-
95% box and whisker plots, where the line in the box represents the median number and whiskers
represent outliers. B. Intracellular distributions of IN-mCherry labelled complexes after transduction
of HelLaP4 cells with single- (WT-mCh) or double-labelled (CA-eGFP 1:2 and CA-eGFP 1:10) virions.
Percentage of nuclear IN-mCherry complexes, as an indicator of nuclear import, was calculated per
cell and is indicated at the top of the graph, where each value represents percentage mean + SEM.
Statistical significance was determined by the Mann-Whitney test. * p<0.05; n.s. not significant. C.
Fluorescence intensities of IN-mCherry complexes in each subcellular compartment (cytosol, nuclear
envelope, nucleus). D. Intracellular distributions of CA-eGFP labelled complexes after transduction of
HelaP4 cells with single- (WT-mCh) or double-labelled (CA-eGFP 1:2 and CA-eGFP 1:10) virions. E.
Fluorescence intensities of CA-eGFP complexes in transduced cells, shown for each subcellular
compartment (cytosol, nuclear envelope, nucleus). F. Percentage of CA-eGFP complexes (relative to
total intracellular CA-eGFP complex numbers) with high eGFP fluorescence intensity. G. Intracellular
distribution of IN-mCherry + CA-eGFP labelled complexes upon transduction of HelLaP4 cells with

single- (WT-mCh) or double-labelled (CA-eGFP 1:2 and CA-eGFP 1:10) virions. H. and I. Fractions of
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IN-mCherry (H) or CA-eGFP (1) complexes that belong to the colocalizing complexes (containing both
fluorophores) were calculated as the number of colocalizing complexes divided by the number of
total IN-mCherry or CA-eGFP PICs per cell. Values are expressed as mean * SD.

Figure 8: Fluorescent viral complexes are derived from fusion-competent virus particles.
Recombinant virus particles or virus-like particles (VLPs) were produced by transient transfection of
the HIV-1 pNL4-3.Luc.R-E- vector and pVpr-IN-mCherry, as described in Methods, with or without the
VSV-G encoding construct, respectively. Same virus particle and VLP amounts (as determined by p24
ELISA) were used to synchronously transduce HelaP4 cells, which were fixed and immunostained
with nuclear lamin antibodies at 1.5 h (A) or 6 h (B) post transduction. Viruses containing IN-mCherry
(WT-mCh) or IN-mCherry and CA-eGFP (CA-eGFP 1:10) are annotated according to their label,
whereas the corresponding VLPs are indicated as VLP next to the label name. The numbers of IN-
mCherry or CA-eGFP complexes per cell are plotted in 5-95% box and whisker plots, where the line
inside the box represents the median and whiskers represent the outliers. Groups were compared
within the same intracellular compartment (e.g. cytosol WT-mCh VLP versus cytosol WT-mCh) and
statistical significance was determined by the Mann-Whitney test. Significance is represented by *
p<0.05, ** p<0.005 and *** p<0.001. Lack of annotation represents no statistical significance found
between groups. Data are derived from one out of n>2 independent experiments.

Figure 9: PF74 inhibits nuclear import of IN-mCherry and CA-eGFP complexes. HelLaP4 cells were
infected with single- (WT-mCh) or double (1:10)-labelled virions in the presence of DMSO or
increasing PF74 concentrations (2 uM or 10 uM) and fixed at 1.5 h or 6 h post infection. Viral
complexes were localized and fitted to a 2D Gaussian distribution by the published in-house Matlab
routines. A. Representative images of transduced HelaP4 cells fixed 6 h post infection. Nuclear
lamina (defined as shown in Figure 4B) and viral complexes are indicated in corresponding colors
(lamina, white; IN-mCherry, magenta and CA-eGFP, green). Complexes containing only IN-mCherry or
CA-eGFP are indicated by magenta and green arrows, respectively. Complexes containing both

fluorophores are indicated by white arrows. Scale bar: 10 um. B-E: Data are grouped according to the
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virus used (WT-mCh - single, IN-mCherry labelled particles; CA-eGFP 1:10 or 1:10 - double, IN-
mCherry + CA-eGFP labelled virus particles) and to the intracellular compartment (cytoplasm, nuclear
envelope and nucleus) in which the complexes were found. Data are presented in box-whisker plots,
with the whiskers representing standard deviation, the box representing the mean value and the line
representing the median. Data represent averages of n=2 independent experiments. Statistically
significant differences in PIC numbers were analyzed by the Mann-Whitney test and indicate *
p<0.05 and *** p<0.001. Lack of significance annotation indicates no statistical difference between
the samples. B and D. Numbers of intracellular IN-mCherry containing complexes at 1.5 h (B) and 6 h
(D) post infection. C and E. Numbers of intracellular CA-eGFP containing complexes at 1.5 h (C) and 6
h (E) post infection.

Figure 10: Fluorescent complex intensities under DMSO or PF74 treatment at 1.5 h or 6 h post
transduction. HelaP4 cells were transduced with IN-mCherry (WT-mCh) or IN-mCherry + CA-eGFP
(CA-eGFP 1:10) labelled viruses and fixed at 1.5 h or 6 h post transduction. Transduction was
performed in the presence of DMSO or two different PF74 concentrations (2 uM or 10 uM). Viral
complexes were identified and characterized using in-house Matlab routines. Integrated
fluorescence intensities of single viral complexes were plotted in 5-95% box and whisker plots (with
features as described) and are shown for 1.5 h (A, B) or 6 h (C, D) post infection. Data are averages of
n=2 independent experiments. Statistical analysis of intensity differences was done by the Kruskal-
Wallis test with unequal variance and is indicated as * p<0.05, ** p<0.01 and *** p<0.0001. The lack
of significance annotation indicates no statistical significance. E. Comparison of IN-mCherry and CA-
eGFP intensities in intact particles versus intracellular virus complexes. Double-labelled viruses were
produced as in Materials and Methods. The particles were spotted on microscopic glass coverslips,
fixed and immunostained with the p24 antibody to detect single virus particles. The same virus prep
was used in parallel to infect HelLa P4 cells. Fixed viruses and infected cells were imaged in the same
experiment and under the same conditions. Fluorescent complexes were identified and characterized

using an in-house Matlab routine. The spotted viruses are denoted as “particles” and intracellular
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virus complexes are denoted according to the compartment (cytoplasm, nuclear envelope, nucleus).
Fluorescence intensities of viral complexes were measured for each complex and are shown for both
CA-eGFP and IN-mCherry. The complex intensities are plotted into 5-95% box and whisker plots,
where the line in the box represents the median number and the whiskers represent outliers. F.
Median intensities * standard deviation for all identified complexes are shown in the table. Shown

are the data from one representative out of n=2 experiments.

Figure 11: Transduction efficiency and quantification of viral DNA upon transduction of HelLa P4
cells with unlabelled, single- and dually-labelled viruses (Supplementary to Figures 3 and 6).
Recombinant VSV-G-pseudotyped viruses were produced and concentrated as described in Materials
and Methods. For production of unlabelled particles (WT), only the parental pNL4-3.Luc.R-E- vector
was used in combination with the pLP-VSV-G plasmid. Single- (WT-mCh) and dually-labelled particles
were produced as described above, with two different ratios (1:2 and 1:10) CA-eGFP coding vector to
the parental pNL4-3.Luc.R-E- plasmid in the case of dually-labelled virions (ratios indicated in figure
legend). A. Hela P4 cells were seeded for transduction as described in Materials and Methods. The
following day, the cells were pre-treated with DMSO, 2 uM or 10 uM PF74 prior to transduction with
different dilutions of virus (indicated on the x-axes). All transductions were done in parallel in the
same experiment, using virus supernatants produced in parallel. The virus dilutions were made
starting from RT-normalized supernatants. Transduction efficiencies were determined by flLuc
activity, normalized for total protein content (BCA). Data are plotted as the mean + SD of biological
triplicates. B. Quantification of total viral DNA in transduced Hela cells seven days post transduction.
Genomic DNA was extracted from transduced cells and viral DNA was quantified by means of Gag-
specific qpCR. Viral DNA copies were normalized for cellular input via the CCR5-specific gPCR. Viral
DNA levels in cells transduced with unlabelled (WT) virus were arbitrarily set to 100% and all other
transduced samples (labelled according to the virus used) were plotted relative to the WT. Data are

plotted as the mean * SD of biological duplicates.
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Figure 12: Impact of integrase inhibition on CA-eGFP and IN-mCherry complexes in the nucleus.
HelaP4 cells were transduced with IN-mCherry (WT-mCh) or IN-mCherry+CA-eGFP (CA-eGFP 1:10)
viruses in the presence of DMSO or 0.6 uM RAL. Cells were fixed at 6 h post transduction, the nuclear
lamina was immunostained and viral IN-mCherry and CA-eGFP complexes were identified and
localized using the described, in-house Matlab routines (see Methods). Percentage of IN-mCherry
(A), CA-eGFP (B) and double labelled complexes (CA-eGFP+IN-mCherry) (C and D) was determined
out of the total complex number per cell and values are plotted as mean + SEM. For cells infected
with double-labelled virions (CA-eGFP 1:10), percentages of singly (IN-mCherry only; CA-eGFP-only)
and double-labelled complexes (IN-mCherry + CA-eGFP) are plotted separately. Data are averages
out of n=2 independent experiments. Statistical significance is indicated as * p<0.05 obtained with a
Mann-Whitney test. Lack of statistical significance is not indicated. E. Summary table indicating the
proportion of nuclear complexes out of total CA-eGFP and IN-mCherry complexes. Values are
represented as mean + SEM. Categories “IN-mCherry” and CA-eGFP” refer to the nuclear PICs
containing only the respective label; double-labelled nuclear PICs are designated as “IN-mCherry+CA-
eGFP” and “CA-eGFP+IN-mCherry”, depending on whether the percentage of these complexes was
calculated relative to the total number of all IN-mCherry- or all CA-eGFP labelled complexes,
respectively.

Figure 13: HIV-1 entry model based on CA-eGFP labelling. Double-labelled virions, containing IN-
mCherry and CA-eGFP enter the cells via fusion. Most CA-eGFP complexes dissociate from IN-
mCherry complexes by 6 h post infection at the NE. CA-eGFP follows three pathways: majority (85%)
of CA-eGFP is imported into the nucleus independently of IN-mCherry, a second portion (10%) is
imported together with IN and a third portion remains associated at the nucleopore, possibly as an
empty shell (5%). After import of complexes docked at the NE pores, IN-mCherry is associated with
integration competent complexes, while the role of nuclear CA-eGFP complexes remains to be

elucidated.
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Tables

Table 1: Characteristics of IN-mCherry and CA-eGFP complexes in HelLa P4 cells at 6 h post

infection.
A IN-mCherry
Cytoplasm Nuclear envelope Nucleus
Virus Intensity Complexes/ | N Intensity Complexes/ | N Intensity Complexes/ | N
(a.u.) cell (a.u.) cell (a.u.) cell
WT-mCh 0.741 + | 28.00 + | 1121 0.546 + | 10.00 £ 5.50 | 421 0.463 + | 2.00 + 2.37 | 99
0.821 10.75 (68%) 0.547 (25%) 0.191 (6%)
CA-eGFP | 0.796 + | 25.50 + | 1194 0.520 + | 7.00 £ 474 | 323 0.374 + [ 050 £ 157 | 50
1:2 0.819 10.06 (74%) 0.492 (23%) 0.164 (3%)
CA-eGFP | 0.994 + | 35.00 + | 1049 0.692 + | 11.50 + 4.98 | 340 0.513 + | 250 £ 3.12 | 99
1:10 1.184 12.48 (70%) 0.694 (23%) 0.252 (7%)
CA-eGFP
Cytoplasm Nuclear envelope Nucleus
Virus Intensity | Complexes/ N Intensity | Complexes/ N Intensity | Complexes/ N
(a.u.) cell (a.u.) cell (a.u.) cell
CA-eGFP | 0.314 + | 1550 +7.94 | 612 0.275 + | 16.00 + (252 | 0279 +|6.00 +535 | 264
1:2 0.271 (41%) 0.177 10.56 (41%) 0.178 (18%)
CA-eGFP | 0.348 + | 15.00 + 7.46 | 469 0.260 + | 19.00 + 7.44 | 492 0.282 + | 950 £ 6.63 | 302
1:10 0.272 (38%) 0.197 (40%) 0.186 (22%)
B IN-mCherry + CA-eGFP
Cytoplasm Nuclear envelope Nucleus
Virus Complexes/cell N Complexes/cell N Complexes/cell N
CA-eGFP 1:2 6.00 + 4.71 (78%) 250 1.00 + 1.18 (12%) 52 | 0.00 + 0.86 (10%) 12
CA-eGFP 1:10 | 6.50 + 4.59 (70%) 198 2.00 £ 2.05 (21%) 58 0.00 * 0.50 (9%) 6
C Nuclear complexes/cell
Virus IN-mCherry only CA-eGFP only IN-mCherry + CA-eGFP
CA-eGFP 1:2 0.50 + 1.57 7.00 £4.93 0.00 +0.86
CA-eGFP 1:10 6.00 + 3.09 9.00 £ 6.57 0.00 £ 0.50

The table refers to Figure 7. Hela P4 cells were infected with single- or double-labelled recombinant
virions and fixed 6 h post infection. Viral complexes were identified and fitted to a 2D Gaussian by in-
house Matlab routines. Based on nuclear lamina staining, the complexes were assigned as localizing
in the cytoplasm, at the nuclear envelope or in the nucleus. Shown in tables are fluorescence
intensities of identified complexes (in arbitrary units, a.u.) and numbers of complexes per cell

(complexes/cell). All values are plotted as the median + standard deviation. For both IN-mCherry and
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1284

1285

1286

1287

1288

1289

1290
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1298
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1301
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CA-eGFP complexes, the percentage of total complexes localizing in a specific intracellular

compartment (cytoplasm, nuclear envelope, nucleus) is shown as percentage in brackets. N- total

number of viral complexes identified in a subcellular compartment (cytoplasm, nuclear envelope,

nucleus). Data are derived from one representative out of n=2 experiments. A. Numbers and

fluorescence intensities of all identified IN-mCherry (upper panel) and CA-eGFP (lower panel)

complexes in infected Hela P4 cells. B. Numbers of complexes containing both IN-mCherry and CA-

eGFP in infected Hela P4 cells. In brackets, percentage of double-labelled complexes per

compartment (cytoplasm, nuclear envelope, nucleus) is shown as the proportion of total double-

labelled complexes. C. Overview of numbers of nuclear complexes, containing either one (IN-

mCherry only, CA-eGFP only) or both (IN-mCherry + CA-eGFP) fluorescent labels.

Table 2: Numbers of fluorescent complexes in HeLa P4 cells transduced with virus-like particles

(VLP) or enveloped viruses

IN-mCherry complexes/cell

CA-eGFP complexes/cell

. . Cytoplasm Nuclear Nucleus N Cytoplasm Nuclear Nucleus N
Time | Virus/VLP
envelope envelope
WT-mCh
2.00 £ 3.07 0.00 £ 0.59 0.00 £ 0.00 85
VLP
CA-eGFP
15h VLP 3.00 +3.88 0.00 + 0.44 0.00 + 0.00 83 1.00+1.38 0.00 +0.26 0.00+£0.26 | 40
WT-mCh 7.00 £ 8.40 1.00 +1.20 0.00 £ 0.00 242
CA-eGFP 8.50 £ 4.90 1.00 +1.92 0.00 £ 0.00 175 2.00 £1.62 1.00 £ 0.60 0.00 £ 0.36 54
WT-mCh
2.00 £ 1.50 0.00 £0.31 0.00 £ 0.00 41
VLP
6h
CA-eGFP
VLP 2.00 +2.00 0.00 + 0.47 0.00 + 0.00 67 1.00 +1.66 0.00 + 0.66 0.00+£0.31 | 52
51
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1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317

1318
1319

1320

WT-mCh

9.50 +5.02

2.00+1.55

0.00 £ 0.69

230

CA-eGFP

4.00 £ 3.66

0.00 £ 0.99

0.00£0.16

222 2.00+1.15

0.00 £1.25

0.00+£0.79 | 84

Recombinant virus particles or virus-like particles (VLPs) were produced by transient transfection of

the HIV-1 vector system, as described in Methods, with or without the VSV-G encoding construct,

respectively. Viruses and VLPs were purified and concentrated and particle release was assessed by

p24 ELISA. Identical particle amounts (determined by p24 ELISA) were used to synchronously

transduce Hela P4 cells, which were fixed and immunostained with nuclear lamin antibodies at 1.5 h

(upper panel) or 6 h (lower panel) post transduction. Viruses containing IN-mCherry (WT-mCh) or IN-

mCherry and CA-eGFP (CA-eGFP 1:10) are annotated by VSV-G label, whereas the corresponding

VLPs are indicated by AVSV-G. The complex numbers are shown per intracellular compartment in

which they were found (cytosol, nuclear envelope, nucleus), based on lamin staining. The values

shown represent median * standard deviation. The total number of complexes from which data are

derived is plotted in the last column (N).

Table 3: Characteristics of IN-mCherry and CA-eGFP complexes in HeLa P4 cells 1.5 h post infection

(p.i.).
A IN-mCherry complexes/cell (1.5 h) IN-mCherry intensity (a.u.) (1.5 h)
Virus Cytoplasm Nuclear Nucleus Cytoplasm Nuclear Nucleus N
envelope envelope
1.431
WT-mCh 4.00 +£3.19 0.00 £ 0.63 n.v. 2650 1.080 + 0.604 n.v. 283
DMSO i
1.708 =
CA-eGFP | 10.00 +6.49 2.00 £1.77 0.00 +0.16 1884 1.839 +2.240 0.984 +0.277 918
1.679 =
WT-mCh 4.50 + 3.66 0.00 £ 0.84 n.v. 1.156 + 1.267 n.v. 381
2uM 2.697
PF74 1.890 =
CA-eGFP | 12.00 +6.02 1.00 £1.95 n.v. 2.246 £2.141 n.v. 1009
2.534
1.927 +
WT-mCh 5.00 +4.03 0.00 £0.78 n.v. 1.654 +1.171 n.v. 346
10 pM 1.618
PF74 2.041
CA-eGFP | 11.00 +5.69 1.00 +1.94 n.v. 2.077 £ 2.437 n.v. 997
2.324
52
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1322

1323

1324

1325

1326

1327

1328

1329

1330

1331

1332

1333
1334

1335

B CA-eGFP complexes/cell (1.5h) | CA-eGFP intensity (a.u.) (1.5 h)
Virus Cytoplasm Nuclear Nucleus Cytoplasm Nuclear Nucleus N
envelope envelope
DMSO 2.00 £3.29 1.00+1.85 | 0.00+1.14 0.839 + 0.682 + 0.786 + 380
0.648 0.453 0.292
2 UM 3.00 £ 3.17 1.00+1.19 | 0.00+0.15 0.775 = 0.620 + 0.296 209
prra | SAECFP 0.640 0.313 0.000
10 pM 1.50 +1.39 0.00£1.06 | 0.00+0.29 0.774 = 0.512 0.561 + 152
PF74 0.722 0.644 0.343

HelaP4 cells were transduced with single- (WT-mCh) or double-labelled (CA-eGFP) virus particles, in

the presence of either DMSO or PF74 (2 uM or 10 uM) and fixed 1.5 h post infection. Fluorescent

virus complexes were localized and fitted with a 2D Gaussian curve. Integrated intensity was

calculated in each z-section. The experiment was performed twice, and the mean of all data are

shown. The data were collected from 50-60 cells corresponding to approximately 500 IN-mCherry (A)

and 300 CA-eGFP (B) complexes detected in total. The complex numbers are shown per intracellular

compartment in which they were found (cytosol, nuclear envelope, nucleus), based on lamin

staining. The values shown represent median * standard deviation. The total number of complexes

from which data are derived is plotted in the last column (N).

Table 4: Characteristics of IN-mCherry and CA-eGFP complexes in HeLa P4 cells 6 h post infection

(p.i.).
A IN-mCherry complexes/cell (6 h) IN-mCherry intensity (a.u.) (6 h)
Virus Cytoplasm Nuclear Nucleus Cytoplasm Nuclear Nucleus N
envelope envelope
14.00 = 1.164 =
WT-mCh 3.00+3.81 0.00 +0.86 0.956+1.081 | 0.768+0.495 | 1572
10.95 1.147
DMSO
20.00 1.094 =
CA-eGFP 3.00 +£2.38 0.00 £ 0.90 0.936 + 0.974 0.633+0.248 | 1775
10.34 1.380
12.50 = 1.092 =
WT-mCh 2.00+3.38 0.00 +0.34 1.046 +0.899 | 0.828 +0.579 | 1710
2 UM 10.17 1.003
PF74 1.107 =
CA-eGFP | 12.00+9.02 | 4.00+2.48 0.00 +0.19 1280 1.060 +1.411 | 0.578 +0.000 | 1438
1.257 =
WT-mCh 11.00 +6.92 1.00 +1.30 0.00 £0.12 1.231 +1.640 0.422 + 0.000 983
10 pM 1.473
PF74 1224 +
CA-eGFP | 13.00+7.33 | 1.00+1.47 0.00+0.13 1381 1.165+1.296 | 0.499 +0.000 | 886
53
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1337

1338

1339

1340

1341

1342

1343

1344

B CA-eGFP complexes/cell (6 h) CA-eGFP intensity (a.u.) (6 h)
Virus Cytoplasm Nuclear Nucleus Cytoplasm Nuclear Nucleus N
envelope envelope
DMSO 5.00+3.25 | 2.00+2.34 | 3.00+3.63 0.370 + 0.391 + 0.333 % 866
0.427 0.304 0.202
2 UM 6.50 + 8.32 2.00+1.55 | 0.00+0.61 0.494 + 0.538 + 0.575 920
PF74 CA-eGFP 0.478 0.447 0.201
10 pM 400+274 | 1.00+0.90 | 0.00+0.18 0.376 + 0.378 0.120 = 311
PF74 0.411 0.491 0.060

The table refers to Figure 9. Hela P4 cells were transduced with single- (WT-mCh) or double-labelled
(CA-eGFP) virus particles, in the presence of either DMSO or PF74 (2 uM or 10 uM) and fixed 6 h post
infection. Fluorescent virus complexes were localized and fitted with a 2D Gaussian curve. Integrated
intensity was calculated in each z-section. The experiment was performed twice, and the mean of all
data are shown. The data were collected from 50-60 cells corresponding to approximately 1000 IN-
mCherry (A) and 600 CA-eGFP (B) complexes detected in total. The complex numbers are shown per
intracellular compartment in which they were found (cytosol, nuclear envelope, nucleus), based on
lamin staining. The values shown represent median + standard deviation. The total number of

complexes from which data are derived is plotted in the last column (N).
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" Other roles?
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