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Abstract 

HIV-1 Tat is a key viral protein that stimulates several steps of viral gene expression. Tat is 

especially required for the transcription of viral genes but it is still not clear if and how Tat is 

incorporated into HIV-1 virions. Cyclophilin A (CypA) is a prolylisomerase that binds to 

HIV-1 capsid protein (CA) and is thereby encapsidated (200-250 copies of CypA /virion). 

Here we found that a Tat-CypA-CA tripartite complex assembles in HIV-1 infected cells and 

allows Tat encapsidation into HIV virions (1 Tat /1 CypA). Biochemical and biophysical 

studies showed that high-affinity interactions drive the assembly of the Tat-CypA-CA 

complex that could be purified by size-exclusion chromatography. 

We prepared different types of viruses devoid of transcriptionally-active Tat. They showed a 

5-10 fold decrease in HIV-infectivity and, conversely, encapsidating Tat into ΔTat viruses 

greatly enhanced infectivity. The absence of encapsidated Tat decreases the efficiency of 

reverse transcription by ~50% and transcription by more than 90%. We thus identified a Tat-

CypA-CA complex that enables Tat encapsidation and showed that encapsidated Tat is 

required to initiate robust viral transcription and thus viral production at the beginning of cell 

infection, before neosynthesized Tat becomes available. 

 

Importance 

The viral transactivating protein Tat has been shown to stimulate several steps of HIV gene  

expression. It was indeed found to facilitate reverse transcription. Moreover, Tat is strictly 

required for the transcription of viral genes. Although the presence of Tat within HIV virions 

would undoubtedly favour these steps and therefore enable the incoming virus to boost initial 

viral production, whether and how Tat is present within virions has been a matter a debate. 

We here described and characterized a tripartite complex between Tat, HIV capsid protein 

and the cellular chaperone cyclophilin A that enables efficient and specific Tat encapsidation 

within HIV virions. We further showed that Tat encapsidation is required for the virus to 

efficiently initiate infection and viral production. This effect is mainly due to the 

transcriptional activity of Tat. 

 

Keywords HIV / Tat / Capsid / virions / Cyclophilin A 
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Introduction 

HIV virions contain key viral proteins needed to initiate infection. Indeed, HIV-enzymes such 

as reverse transcriptase that enables the production of viral cDNA and integrase that will 

insure insertion of this cDNA into cellular DNA are known to be encapsidated. After viral 

DNA integration, the next step of the infection cycle is transcription and, surprisingly, HIV 

transactivating protein Tat that is required for efficient transcription is not thought to be 

present into HIV virions (1). It is thus generally accepted that viral transcription becomes 

efficient, i.e. produces full length viral mRNAs, when neosynthesized Tat becomes available. 

Indeed, in the absence of Tat, viral transcription is poorly efficient (2) and it is not clear how 

Tat can be produced in the absence of Tat (3). In addition to transcription, Tat was also found 

to stimulate reverse transcription (4, 5). Biological relevance of this effect can only result 

from the presence of Tat within viral cores. A proteomic study identified Tat associated with 

purified HIV virions (6), but the specificity and mechanistic of Tat association to the viral 

particle remains to be established. 

Cyclophilin A (CypA) is a chaperone of the prolylisomerase-immunophilin family. CypA is 

known to be encapsidated into HIV-1 virions (7) due to its affinity (Kd~16 µM) for the G89-

P90 motif located within an exposed loop of the capsid protein (CA). The CA protein (24 

kDa, p24) is produced during maturation of the Gag precursor polyprotein (55 kDa) by the 

viral protease. CypA binding to CA results in the incorporation of 200-250 molecules of 

CypA/virion, i.e. ~1 CypA/ 10 CA. The CA-G89V mutation in CA prevents CypA binding to 

CA and thus CypA encapsidation (8).  In target cells, CypA binding to CA was found to 

protect the capsid from restriction by TRIM5 (9, 10). Interestingly, viruses deficient in 

CypA binding were found to be affected in reverse transcription efficiency, but the underlying 

mechanism remained to be uncovered (11). 

Here we show that a tripartite complex Tat-CypA-CA forms in infected cells, that this 

complex can be purified, involves nanomolar affinities and enables efficient Tat encapsidation 

into HIV virions at the same level as CypA, i.e. 200-250 Tat molecules/virion. Encapsidated 

Tat strongly boosts transcription and also increases the efficiency of reverse transcription. 

Accordingly, encapsidated Tat stimulates by 5-10 folds HIV-1 infectivity and viral production 

in single round infection assays. 

Results 

Tat-CypA interaction does not require CypA active site 

We previously observed using immunoprecipitation that HIV-1 Tat could interact with CypA 

(12). Here, we first examined whether Tat interaction with CypA relies on CypA catalytic 

site. To this end, we transfected HEK 293T cells with Tat or HIV-1 Gag as a control, and 

tested if they could be pulled-down form cell lysates by GST-CypA. We used as a control 

GST-CypA-H126Q. This point mutation within CypA active site was found to inhibit its 

enzymatic activity by > 99% (13) and to prevent its interaction with the NS5 protein of 

hepatitis C virus (14). While Gag (hence CA) could be efficiently pulled down from cell 

lysates by GST-CypA, it did not interact with GST-CypA-H126Q (Fig.1A, left panel). 

Surprisingly, the efficiency of Tat interaction with CypA-H126Q was ~42 % of the efficiency 

of Tat binding to WT CypA, while Tat only weakly interacted with GST (Fig.1A, right 
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panels). These data indicated that Tat can bind CypA independently of CypA active site, and 

suggest that a Tat-CypA-CA complex could exist within infected cells. 

 

A tripartite Tat-CypA-CA complex exists within cells  

We then examined whether a tripartite Tat-CypA-CA could be observed within transfected 

cells. We first used Tat-FLAG and anti-FLAG immunoprecipitation to isolate this complex 

from Tat-FLAG and Gag transfected cells. As shown earlier, CypA is co-immunoprecipitated 

with Tat (12), and this is observed whether Gag is present or not (Fig.1B). When Tat-FLAG 

and Gag were cotransfected, WT Gag but not Gag-CA-G89V was immunoprecipitated with 

Tat. These results suggested that a Tat-CypA-CA complex exists within cells and that, in this 

complex, CA and CypA interact via the well characterized binding interface, namely CypA 

active site and CA-Pro90 loop (8). 

To confirm these data, we tried to pull-down the complex using GST-Tat and extracts from 

Gag transfected cells. GST-Tat, but not GST alone enabled to pull-down CypA and WT Gag 

(Fig.1C). Gag-CA-G89V could not be pulled-down by GST-Tat. CypA was pulled-down by 

GST-Tat in the presence of WT Gag only. 

Altogether, these pull-down experiments showed that a Tat-CypA-CA complex can be 

detected in cell lysates. They thus suggest that this complex was formed in HEK 293T cells. 

 

Tat-CypA-CA complex can be purified by gel filtration 

We then assessed whether this complex could form using purified, untagged recombinant 

proteins (prepared as detailed in the Methods section). The three highly purified proteins 

could be separated by size exclusion chromatography (SEC). While CA and CypA eluted 

from the SEC column as sharp peaks at ~14 ml and ~17 ml (Fig.2A), Tat eluted as a very 

shallow peak at 19-20 ml (arrow in Fig.2A, top panel). When CA and CypA were mixed, the 

CA elution peak shifted to earlier retention times, indicating that a CA-CypA complex 

slightly but significantly bigger than CA alone was formed (Fig.2A middle panels; Fig.2B). 

This shift was not observed when CypA-H126Q was used (Fig.2A last panel; Fig.2B) 

indicating that this complex is a bona fide CA-CypA complex in which CypA is bound to CA 

via its catalytic site. This result is consistent with the inability of GST-CypA-H126Q to pull 

CA from cell extracts (Fig.1A). When Tat, CA and CypA were mixed then injected on the 

SEC column, the CA peak did not appear earlier compared to when CA+CypA were analyzed 

(compare the two middle panels in Fig.2A; Fig.2B), but when this fraction was analyzed by 

western blots we found that Tat was recruited at the level of the CA peak (Fig.2C). CypA-

H126Q did not allow the recruitment of Tat to the CA peak. The CypA and Tat peaks only 

contain the cognate proteins. Hence, upon Tat + CypA injection, CypA did not recruit Tat to 

the CypA peak. Altogether these SEC results indicate that the ternary complex Tat-CypA-CA 

withstands gel filtration, while this is not the case for the Tat-CypA complex that seems more 

labile. This is consistent with binding affinity studies (see below). This SEC analysis thus 

confirmed the existence of the Tat-CypA-CA tripartite complex and indicated that it is stable, 

can be purified and amenable to biochemical characterization. 
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Analysis of the Tat-CypA-CA complex by microscale thermophoresis 

To further characterize the complex and determine its interaction strengths we determined the 

dissociation constant at the equilibrium (Kd) of the three partners involved in the Tat-CypA-

CA complex by microscale thermophoresis (MST). CypA, the central protein of the complex 

was fluorescently labeled. Labeled CypA interacted with CA with a Kd of 8.3 ± 1.7 µM 

(Fig.3A) similar to the one reported before for the CypA-CA interaction (8), therefore 

indicating the functionality of fluorescent CypA. A preincubation of CypA with 1 µM Tat did 

not significantly affect CA-CypA interaction (Kd of 5.5 ±0.25 µM). Tat affinity for CypA was 

higher (Kd of 243 ± 23 nM) than that of CA for CypA. This is consistent with the observation 

that Tat-CypA interaction involves CypA regions that are apparently outside the active site 

(Fig.1A). Indeed, as a generalist chaperone, CypA exhibits a poor substrate specificity. The 

best substrates are those such as HIV-1 CA that contains the Gly-Pro motif (15) and their Kd 

is > 5 µM (16). Tat submicromolar affinity for CypA thus indicates that Tat is not only 

interacting with CypA active site but makes more interfacial contacts (17). Interestingly, Tat 

affinity for CypA was enhanced 5- fold (Kd of 55 ± 14 nM) when CypA was preincubated 

with 20 µM CA. This is consistent with SEC results (Fig.2). 

 

Analysis of the Tat-CypA-CA complex using surface plasmon resonance 

To confirm MST data we studied assembly of the Tat-CypA-CA complex using surface 

plasmon resonance (SPR). When Tat was immobilized on the chip before applying increasing 

doses of CypA, a strong interaction in the nM order was observed (Kd of 255 ± 10 nM; 

Fig.3B, top left panel), in very good agreement with MST data. We did not observe any 

binding of CA to Tat (Fig. S1) while when a CypA+CA complex was applied to a Tat chip a 

Kd of 95 nM was observed (Fig.3B, top right panel) indicating, as observed using MST, that 

Tat binds with more affinity to the CypA-CA complex than to CypA alone. The CA-CypA 

interaction has been studied extensively and, in agreement with previous measurements using 

SPR (8), we observed a Kd of ~3.6 µM for CypA binding to CA (Fig.3B, bottom right panel). 

Nevertheless, when we followed CA binding to the Tat-CypA complex assembled on the 

chip, a Kd of 110 ± 20 nM was obtained (Fig.3B, bottom left panel). Hence, SPR data 

indicated that the presence of Tat on CypA facilitates the CA-CypA interaction, while this 

was not observed using MST. Both techniques otherwise provided very consistent affinity 

constants (Fig.3C). They both indicated that Tat is preferentially recruited by CypA when 

CypA is already bound to CA. This suggests that Tat is preferentially recruited where CypA is 

bound to CA, and that the Tat-CypA-CA complex can thus drive Tat encapsidation. 

 

Tat is encapsidated in a CypA-dependent manner 

To examine whether the Tat-CypA-CA complex enables Tat encapsidation, we first purified 

HIV virions from transfected HEK 293T cells.  Tat WT was observed in the purified WT 

virus preparation using two different monoclonal antibodies, a first one that recognize the N-

ter (res 1-9) of the protein and a second that binds to a conformational epitope (18). A Tat 

mutant (Tat-W11Y) that poorly binds PI(4,5)P2 (19) was also associated with the cognate 

virions; it was just not detected by the anti-Tat that recognizes the N-ter of the protein 

probably because the W11Y mutation severely inhibits the binding of this antibody  (Fig.4A). 
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Hence, although HIV-1 budding takes place from PI(4,5)P2 enriched area of the plasma 

membrane and virions are accordingly enriched in this phosphoinositide (20), these results 

indicate that Tat binding to PI(4,5)P2 is not required for Tat association with purified virions. 

Non palmitoylable Tat (Tat-C31S (Chopard et al, 2018)) was also encapsidated, although this 

mutant was also less efficiently recognized by the N-ter anti-Tat. This result indicated that Tat 

palmitoylation is not required for Tat encapsidation. Very low amounts of Tat could be 

detected in CA-G89V virions even upon overexposure and the amount of Tat associated with 

these virions usually represented less than 5% of that present in WT virions. In agreement 

with previous studies (21, 22), viruses with CA-G89V did not incorporate CypA. The 

immunophilin FKBP12 that is weakly encapsidated (~25 copies/virions (23)) and that can 

interact with Tat (12) was also present in CA-G89V virions. Altogether these results indicated 

that, in agreement with biochemical data, Tat encapsidation relies on the presence of 

encapsidated CypA, while Tat interaction with PI(4,5)P2 or FKBP12 does not seem to allow 

significant Tat encapsidation. This CypA-dependent Tat encapsidation also indicates that the 

presence of Tat in purified virus preparations is not the result of contamination by exosomes 

or other cell-derived vesicles. Encapsidated Tat was quantified using semiquantitative blots 

(Fig. S2). A calculation based on p24 quantification by ELISA of purified virions and the 

number of 2000-2500 CA per virion (24) showed that 200-250 Tat molecules were present by 

virion, just as it is the case for CypA (8). This result is consistent with the high affinity of Tat 

for CypA-CA (Kd 55-95 nM; Fig.3C) compared to the 38-150 lower affinity of CypA for CA 

(3.6-8.3 µM; Fig.3A-B). Hence, the limiting factor for Tat encapsidation is CypA binding to 

CA, and not Tat binding to CypA. 

It was important to validate this CypA-dependent Tat encapsidation using viruses obtained 

following infection. We thus analyzed HIV-1 virions purified from infected Jurkat T-cells 

(Fig.4B). For these viruses produced by infected T-cells, Tat was present in WT viruses as a 

doublet. While the major band represents full-length Tat (two-exon) of 101 residues, the 

minor band probably corresponds to the single-exon form of Tat (72 residues (25)) that is also 

produced during infection (26). Tat incorporation was strongly decreased when CypA 

encapsidation was inhibited by the CA-G89V mutation or when infected cells were treated 

with cyclosporin-A (CSA) a CypA inhibitor that prevents its interaction with CA (27) and 

CypA encapsidation (7, 28). The result that both two- and single-exon Tat can be 

encapsidated suggests that Tat encapsidation motif, i.e. Tat CypA-binding site, resides within 

the first 72 residues of the protein. 

To further check whether Tat was associated with HIV capsid cores we isolated cores from 

purified HIV-1 virions treated with Triton X-100 to dissolve the viral envelope (29). The 

absence of HIV matrix protein (MA, p17) and gp120 from purified capsid cores (Fig.4C) 

indicated that the viral envelope was efficiently removed by the treatment with a non-ionic 

detergent, as reported earlier (30). Tat and CypA association with purified cores was observed 

for WT viruses but not for CA-G89V or viruses from CSA-treated cells (Fig.4C), indicating 

that the association of Tat with viral cores requires CypA. This experiment confirms that Tat 

is not encapsidated by binding to PI(4,5)P2 since, if this was the case, it would have been 

removed from the cores by the detergent as it is the case for MA that is bound to PI(4,5)P2 

(31). 
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Altogether, these biochemical data indicated that Tat is encapsidated by HIV-1 in a CypA-

dependent manner. 

To confirm these biochemical observations, we used a morphological approach. We examined 

virions using a correlative atomic force / total internal reflection fluorescence microscopy 

(AFM/TIRF) setup (32). This approach enables to identify viruses stringently using both 

TIRF to visualize the presence of Gag, and AFM to monitor the size of HIV-1 virions, i.e. 

100-120 nm (24). Freshly purified virions plated on coverslips were permeabilized for 

immunofluorescence labeling of Tat and CA. Virions were identified as round-shaped 

particles with height > 100 nm by AFM, and fluorescent CA labeling by TIRF. Tat was 

observed in >90% of WT virions but only of 18% of CA-G89V viruses (Fig.4D). 

Altogether, biochemical and morphological data showed that Tat is encapsidated in a CypA-

CA dependent manner. 

Encapsidated HIV-1 Tat is delivered to the cytosol 

We then assessed whether encapsidated Tat is delivered to the cytosol upon infection. To 

examine this point, we transfected human primary CD4 T-cells with an LTR-firefly luciferase 

vector whose transcription is activated by Tat and a renilla control vector, before adding 

VSV-G pseudotyped Env viruses. To specifically follow the cytosolic delivery of 

encapsidated Tat and prevent Tat synthesis by infected cells, azidothymidine (AZT) was used 

to inhibit reverse transcription. Transactivation by Tat was followed using the firefly/renilla 

activity ratio (Fig.5A). The absence of encapsidated Tat induced a ~60% or ~80 % decrease in 

firefly production for CA-G89V viruses or viruses from CSA treated cells, respectively. This 

result indicated that Tat encapsidated by WT viruses is delivered to the cytosol upon infection 

and is transcriptionally active. 

 

Encapsidated Tat seems to be required for HIV-1 infectivity  

Since encapsidated Tat is delivered to the cytosol and transcriptionally active, it should enable 

the virus to establish infection more quickly and efficiently. We examined the effect of 

encapsidated Tat on infection by HIV-1 using single-round infectivity assays (33). To this 

end, Jurkat T-cells were infected using VSV-G pseudotyped Env viruses, either WT, CA-

G89V or from CSA-treated cells. Results from p24 intracellular staining (FACS analysis) 

showed that for the highest MOI, cell infection monitored using p24 was reduced by 60% or 

40% when Tat was removed from virions using CSA or CA-G89V, respectively (Fig.5B). 

When viral production was monitored using p24 ELISA, a reduction of 95% and 80% for 

CSA or CA-G89V viruses was observed (Fig.5C). When human primary CD4 T-cells were 

used as targets, whatever the MOI, viruses without encapsidated Tat were ~five-fold (CSA) or 

more than 10-fold (CA-G89V) less infectious than WT HIV-1 (Fig.5D). Similar data were 

obtained when viral production was monitored (Fig.5E). The reduced toxicity of viruses with 

the CA-G89V or prepared from CSA-treated cells was reported earlier by different groups 

(21, 34). 

Altogether single-round infection assays using CA-G89V and especially CSA-viruses 

suggested that encapsidated Tat is important to establish both efficient infection and sustained 

viral production. 
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Encapsidated Tat seems to facilitate viral reverse transcription and integration 

We then examined using CA-G89V and CSA-viruses at which stage encapsidated Tat could 

act to favor infection. Regarding early steps of the infection cycle, Tat was found to facilitate 

reverse transcription (4, 5, 35) and CypA was found to be required for the initiation of reverse 

transcription (36). We therefore examined whether encapsidated Tat affected the production 

of early and late reverse-transcription products. We quantified these products by qPCR 6 h 

following infection, when their production is high (37). The reverse transcription activity of 

both CSA-viruses and CA-G89V virions was only ~50% compared to control viruses 

(Fig.6A). In agreement with RT data, the integration of viral DNA was similarly affected by 

30-70% when encapsidated Tat was absent (Fig.6B). 

 

Encapsidated Tat strongly stimulates transcription 

Tat is required for the efficient transcription of viral genes (3). We examined by qRT-PCR of 

intracellular viral RNA to what extend encapsidated Tat could affect viral transcription at 24 h 

and 34 h post-infection, i.e. following the integration of viral DNA (37). We used a set of 

primers that enables to quantify long transcripts (~5.3 kb from the transcription start site) 

whose production is strongly Tat-dependent (38). Transcription efficiencies were corrected 

for the integration efficacy of each virus (Fig.6B). Viruses without encapsidated Tat (CSA or 

CA-G89V) were strongly affected in viral transcription whose efficiency was only 0.3-3 % of 

that of WT viruses for both time points (Fig.6C). Hence the presence of encapsidated Tat 

strongly boosts transcription at the beginning of infection. 

 

Complementation of Tat-deficient viruses confirms the role of encapsidated Tat in 

infection 

As indicated above, the CSA and CA-G89V viruses are devoid of encapsidated Tat but also of 

CypA and, furthermore, the CA-G89V mutant is unable to bind CypA. To specifically 

examine the role of encapsidated Tat in infection, we prepared viruses with CypA and 

different versions of Tat either WT, or with a point mutation reported to selectively inactivate 

transcription (Tat-C22S (39)) or reverse transcription (Tat-Y47H (40)). According to an 

RMN-based structure (41) the mutated residues are, except for the hydroxyl group of Y47, 

located inside the protein. Their mutation was thus unlikely to affect CypA binding and Tat 

encapsidation. Viruses were produced using a Env Tat viral clone that was cotransfected in 

HEK 293T cells with Tat and VSV-G vectors. An issue with this approach is that 

transcriptionally-active Tat is needed to produce HIV virions. WT Tat was thus co-transfected 

1/2 with Tat-C22S (and Tat-Y47H) mutants to insure significant viral production by Tat-

C22S virions. Biochemical analyses of the virions showed that they contained equivalent 

amounts of CA and CypA. Tat-Y47H was encapsidated as efficiently as WT Tat, while Tat-

C22S, that exhibits a change in electrophoretic mobility, was more efficiently encapsidated 

(Fig.7A). We first examined whether these mutations were specific by infecting Jurkat cells 

with these complemented Tat viruses in single-round assays and monitoring the production 

of RT products and long HIV-RNAs. We found that viruses with encapsidated Tat-Y47H 

were affected in reverse transcription (-60 %; Fig.7B), and integration (-40 %; Fig.7C). They 
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were less affected in their transcriptional activity (-30%; Fig.7D). Conversely, viruses with 

encapsidated Tat-C22S were essentially and strongly affected in transcription (-90%; Fig.7D). 

In agreement with data from single mutants, viruses with the double mutant Tat-C22S-Y47H 

were strongly affected in reverse transcription, integration and transcription (decreased by 60-

90%). 

We then monitored infection and viral production by these viruses that have a mutated-

encapsidated Tat. Although the Tat-C22S mutation decreased the efficiency of infection 

(Fig.7E) and viral production (Fig.7F) by ~90 %, the Tat-Y47H mutation inhibited infection 

and viral production by 65-70%. Virions with the double mutant Tat-22S-47H behave as 

those with Tat-C22S. Altogether, these studies of complemented Tat viruses (Fig.7) provide 

compelling evidence that the ability of encapsidated Tat to stimulate reverse transcription, and 

especially transcription are involved in HIV infectivity. 

To confirm these data based on the complementation of Tat viruses, we prepared viruses in 

which we encapsidated Tat using Vpr fusions. Fusion with the viral protein Vpr that is 

efficiently encapsidated is an efficient method to encapsidate proteins into HIV virions (42). 

To prepare viruses that only contains Tat as a Vpr fusion protein we had to use as template a 

virus without encapsidated Tat, and to this end we used HIV-CA-G89V (Fig.4). We made 

Tat-Vpr fusions using WT, C22S, Y47H or 22S-47H versions of Tat, and CypA-Vpr was 

used as a negative control. The corresponding plasmids were cotransfected with Env 

pNL4.3-CA-G89V and pVSV-G to obtain pseudotyped viruses. Biochemical analysis of the 

virions showed that Vpr chimera were encapsidated to similar levels (Fig.8A). In single-round 

infection assays, the most efficient infection and viral production were observed for the 

virions with Tat-Vpr (Figs.8B-C). The negative control CypA-Vpr level represents the 

participation of neosynthesized Tat in p24 intracellular staining (% infection) and viral 

production. The Tat-C22S mutation essentially ablated viral production due to Vpr-Tat (-85 

%, Fig.8C), while the Tat-Y47H mutation had a milder effect on viral production (-45%; 

Fig.7F). The double mutant Tat-22S-47H behaved essentially as the Tat-C22S transcription-

inactive mutant. 

Altogether, single-round infection data of Tat complemented viruses and VPR-chimeras 

confirmed that encapsidated Tat is required for viral production, especially to boost 

transcriptional activity.  

 

Discussion 

The CypA-binding loop within HIV capsid protein has several key roles within the infected 

cell. First, CypA binding protects HIV-1 core from the TRIM5 restriction factor (9, 10). The 

absence of CypA on CA-G89V capsids thus triggers restriction by TRIM5, but this effect is 

only observed in primary T-cells (9) and not in transformed cells (43) such as Jurkat cells 

(10). Hence, it is likely that the CA-G89V mutant infects less efficiently primary CD4 T-cells 

(Fig.5D-E) than the Jurkat cell line (Fig.5B-C) due to restriction by TRIM5. The presence of 

CypA on the incoming capsid is also essential for the action of the nuclear envelope protein 

SUN2 that is needed for HIV infection (44). Moreover, the CypA binding loop from CA is 

involved in capsid nuclear import by binding to the cytoplasmic nuclear pore complex protein 

Nup358/RanBP2 (22) and transportin-1 (45). 
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Here we document another role of this CypA-binding loop, that acts at the level of nascent 

virions by enabling Tat encapsidation via the formation of a CA-CypA-Tat tripartite complex. 

Some reports indicated that Tat could be associated with HIV virions. Tat was detected in a 

proteomic study of purified HIV viruses, but no quantification was made (6). A potential 

caveat with Tat is that it is actively secreted by infected cells (19, 46) and that Tat association 

with viral particles could therefore take place after viral budding and be potentially non-

specific. Nevertheless, a gp120-Tat high affinity interaction was observed (47). The presence 

of Tat specifically or unspecifically bound to virion surface might be responsible for the 

presence of Tat at low levels in viruses from CA-G89V mutants or CSA-treated cells, but this 

is a very minor fraction of virion-associated Tat that is encapsidated in a CypA-dependent 

manner (Fig.4).  

Throughout this study we monitored HIV infectivity using single-round assays to specifically 

examine the role of encapsidated Tat in the initial steps of infection. We used different 

complementary approaches and viruses, such as viruses from CSA-treated cells, Tat 

complemented viruses and viruses containing Vpr-Tat fusions. All approaches provided 

essentially the same results. They confirmed the role of Tat (4, 5, 35) on reverse transcription, 

but the effect of encapsidated Tat on the RT step was less pronounced than that on the 

transcription of viral genes that enables to efficiently initiate viral production before 

neosynthesized Tat becomes available. 

Indeed, viruses devoid of transcriptionally-active encapsidated Tat showed very weak 

transcriptional activity after 24h of infection. It ranged from 3% for CSA-viruses (Fig.6C) to 

<10% for Tat viruses complemented with Tat-C22S (Fig.7D).  

Viruses prepared from CSA-treated cells have native CA that can bind cytosolic CypA upon 

cytosolic delivery, likely preventing recognition by restriction factors such as TRIM5 that 

binds to CypA loop on capsid cores with very low affinity compared to CypA (48). Hence, 

the defect in transcription of CSA-viruses is likely due to the lack of encapsidated Tat and not 

CypA, especially since viral transcription is a post-integration event that takes place in a 

CypA-containing cell. This interpretation was confirmed by the use of complemented Tat 

viruses (Fig.7). Hence, the difference of infectivity between CSA and WT viruses probably 

relies on the presence of Tat in WT virions. The lack of transcriptionally-active encapsidated 

Tat induces a loss of infectivity and viral production of 70-95 % whatever the viruses and the 

target cells (Fig.5,7 and 8). 

We observed that 200-250 copies of Tat are associated with virions. This number of 

molecules in the human T-cell volume of 176 µm3 (49) generates a Tat concentration of ~2 

nM, above the Kd (0.4-0.8 nM) involved in the assembly on HIV transcription complex Tat-

pTEFb-TAR (50). Each HIV virus therefore encapsidates enough Tat to efficiently stimulate 

transcription. While recent data showed that HIV-1 capsid remains intact until it enters the 

nucleus (51), live-cell imaging indicated that CypA dissociates from the capsid upon nuclear 

entry (52). Hence, upon HIV entry, Tat should be delivered within or at the nuclear doorstep 

so that Tat is present close to its action site. 

Here we show that, by encapsidating Tat, HIV can take control of transcription from the 

beginning, so that this key step of viral gene expression is efficient as early as possible. The 
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virus thus encapsidates the three viral proteins, reverse transcriptase, integrase and Tat that are 

needed to initiate the production of viral RNA and proteins. 

 

Materials and methods 

Materials 

Opti-MEM, Lipofectamine 2000, media and sera for cells were from Life technologies. 

Oligonucleotides and most usual chemicals were from Merck-Millipore. CSA was from 

Clinisciences (CB0352) and AZT from the HIV reagent program (#3485). The antibodies 

used in this study are listed in Table S1. 

 

Recombinant proteins 

Recombinant Tat (86 residues, BH10 isolate) was produced and purified from transformed 

E.coli as described (53). Tat of 101 residues was also produced but the yield was much lower 

and it was only used as a standard for SDS/PAGE. 

Recombinant human CypA was produced using a pET vector encoding a N-terminal His6 tag 

before a TEV protease site (ENLYFQG) and CypA coding sequence (54). After growing 

transformed BL21 DE3 E. coli cells at 37°C for 4 h, bacteria were lysed by sonication in 150 

mM NaCl 150 mM, 10 mM imidazole, 1 mM DTT, 50 mM Tris, pH 8.0 supplemented with 

antiproteases (Completec, Roche) and 1 mg lysozyme / ml. The lysate was clarified by 

centrifugation before adding Ni-NTA-agarose (Qiagen) and incubation for 2 h at 4°C on a 

rotating wheel. The resin was then transferred to a column and washed with lysis buffer 

supplemented with 10 mM imidazole. His6-CypA was eluted with 500 mM imidazole in lysis 

buffer, then dialyzed overnight at 4°C against 150 mM NaCl, 50 mM Tris, pH 8.0, containing 

1mM beta mercaptoethanol together with His6-TEV protease (1 mg / 50 mg of His6-CypA). 

Ni-NTA-agarose was then added to the dialysate to remove His6-TEV protease and any 

unprocessed His6-CypA. After 2 h at 4°C on a wheel and centrifugation, the supernatant 

containing purified CypA was collected. It contains processed CypA that only has an extra N-

terminal gly residue, and that was aliquoted and stored at -80°C. 

Purification of the CA protein from transformed E.coli was performed as described (55). 

CypA-H126Q and CA-G89V pET vectors were generated using a quickchange lightning kit 

(Agilent); coding sequences were entirely sequenced and proteins were purified as described 

above for the WT proteins. 

GST-tagged proteins were purified essentially as described (56). Briefly, E coli BL21 cells 

transformed with pGEX vectors containing Tat101 (57), CypA  or CypA-H126Q (58)  were 

grown at 37°C until OD=0.6. Production of GST-tagged protein was induced by adding 1 mM 

isopropylthiogalactoside for 4.5 h at 30°C. Bacteria were then lysed in 150 mM NaCl, 50 mM 

Tris pH 7.5 supplemented with antiproteases, 0.5% TX-100 and 2 mM DTT. After sonication 

for 1 min, bacterial extracts were centrifugated for 20 min at 18,000 x g at 4°C and the 

supernatant was incubated with 1.5 ml of a GSH-sepharose 4B resin (GE Healthcare 17-0756-

01) for 1.5 h at 4°C on a rotating wheel. After washing with lysis buffer, beads were frozen in 

lysis buffer supplemented with 10% glycerol and stored as aliquots at -80°C.  
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SEC experiments 

CypA and CA were dialysed against gel filtration buffer (150 mM NaCl, 5 mM DTT, 50 mM 

citrate, pH 7.3), while lyophilized Tat was resuspended in this buffer. Proteins (18 nmoles 

each in 250 µl buffer) were incubated for 30 min at RT then loaded on a Superdex 200 

Increase 10/300 GL column connected to an AKTA purification system (GE Healthcare). The 

column (bed volume 24 ml; void volume 8.8 ml) was equilibrated and eluted at 0.4 ml/min in 

gel filtration buffer. Fractions (0.5 ml) corresponding to chromatographic peaks (identified 

using ABS280) were pooled before precipitation with 33% trichloroacetic acid for 30 min on 

ice. Pellets were washed with ice-cold acetone, then resuspended in reducing sample buffer 

before SDS/PAGE and western blots against Tat, CypA and CA. 

 

Microscale thermophoresis (MST) 

Proteins were dialyzed overnight against 150 mM NaCl, 50 mM citrate, pH 7.3 the day before 

the experiment. CypA (WT or H126Q) were labeled with the Monolith Protein Labeling Kit 

RED-NHS 2nd generation according to the recommendations of the manufacturer 

(NanoTemper Technologies). Briefly, CypA (200 µl at 10 µM) was labeled with 5 µl of 

labeling reagent. After 30 min the mixture was loaded on a minitrap-G25 column (GE 

Healthcare) and the labeled protein was eluted with 300 µl of dialysis buffer. Labeled CypA 

was used at 50 nM and dilutions were made in dialysis buffer containing 0.05% Tween.  

Protein-protein interactions were analyzed at 20°C by MST on a Monolith NT.115 

(NanoTemper technologies) using standard capillaries. We made controls recommended by 

the manufacturer. Absence of aggregation or interaction with the capillary glass was checked 

by assessing the MST signal traces and the homogeneity of the fluorescence curve from the 

capillary scan.  We also monitored that the fluorescence signal was homogeneous along all 

capillaries. Measurements were repeated at least two times. Kd values were calculated using 

the NTAnalysis software (NanoTemper technologies) or GraphPad Prism. 

 

Surface Plasmon Resonance 

The Surface Plasmon Resonance experiments were performed at 25 °C on a T200 apparatus 

(Cytiva) using a buffer containing 150 mM NaCl ,20 mM phosphate and 30 mM citrate, pH 

7.0 and supplemented with 0.05% P20 surfactant (Cytiva). CA and Tat Proteins at 50 µg/ml in 

150 mM NaCl, 50 mM acetate pH 5.0 and 150 mM NaCl, 50 mM citrate pH 6.2, respectively, 

were immobilized on aCM5S sensor chip by amine coupling according to the manufacturer’s 

instructions. Around 11000 RU of Tat and 1000 RU of CA were thereby immobilized. 

Affinities were estimated by one cycle kinetic titration at five increasing concentrations (370-

6000 nM, two fold dilution series) of CypA, equimolecular CypA /CA mixing, or CA injected 

on 50-70 RU of CypA previously bound on immobilized Tat. A two-state fitting model 

(BIAevaluation software 4.1; Cytiva) was used for calculations.  No binding of CypA was 

observed on CA-G89V (Fig. S1). 

Cells and transfections 

Cell lines were obtained from the ATCC and cultivated following their recommendations. 

They were checked monthly for mycoplasma contamination. Jurkat cells (ATCC clone E6-1, 

TIB-152) were transfected by electroporation using Amaxa kit V (program X-005), and HEK 
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293 T (ATCC CRL-11268) were transfected using PEImax as described (59). The pCI vector 

(Promega) was used as control vector except otherwise indicated. 

For the preparation of human T-cells, human blood from healthy donors was obtained from 

the local blood bank (Etablissement Français du Sang, Montpellier; agreement 21PLER2019-

0106). Peripheral blood mononuclear cells were isolated by separation on Ficoll-Hypaque 

(Eurobio). CD4+ T-cells were then purified using a CD4 Easysep negative selection kit 

(Stemcell). They were activated using phytohemagglutinin (1 μg/ml) for 24 h then 

interleukin-2 (50U/ml) for 4-6 days before nucleofection (as recommended by the 

manufacturer, Lonza) or infection by HIV-1. 

 

GST-pull downs 

Transfected HEK 293T cells (~7.5 x 106 cells) were scraped, washed with PBS, then lysed on 

ice in 0.5 ml of 150 mM NaCl, 20 mM NaH2PO4, 30 mM citrate, pH 7.4 supplemented with 

antiprotease (Complete, Roche) and 1% Triton X-100. The lysate was sonicated (~10 Watts) 

on ice for 30 sec using 5 sec pulses, then cleared by centrifugation (3 min at 20.000 x g, 4°C). 

GST beads (~15 µl) were washed twice in lysis buffer and added to the cleared cell lysates. 

After 2 h at 4°C on a rotating wheel, the resin was washed 4-fold in lysis buffer, then 

resuspended in reducing sample buffer for SDS/PAGE (tricine gels with 10% acrylamide) and 

blotting on a nitrocellulose membrane. 

 

Immunoprecipitations 

HEK 293T cells were transfected with a Tat-FLAG expression vector with or without a Gag 

vector. Cells (~7.5 x 106 cells) were lysed in 0.5 ml of lysis buffer as described for GST-pull 

downs. Anti-FLAG magnetic beads (Sigma M8823; ~10 µl) were washed twice in lysis buffer 

and added to the cell lysates. After 90 min at 4°C on a rotating wheel, the resin was washed 4-

fold in lysis buffer, then resuspended in reducing sample buffer for SDS/PAGE and western 

blotting. 

 

Viruses and infections 

To produce HIV-1  virions, HEK 293 T cells were transfected with pNL4.3 using PEI max 

(12). To prepare pseudotyped viruses, cells were cotransfected (ratio 1:5) with a pCMV-VSV-

G vector and a Env pNL4.3. The latter was obtained by deletion between the NdeI (6399) 

and ApaLI (6610) restriction sites of pNL4.3. This deletion introduced a stop codon so that a 

truncated protein of 63 residues only was produced instead of the 854 residues Env protein. 

Vpu sequence was not altered. The Tat pNL4.3 clone has been described (12)  and Tat 

Env pNL4.3 was produced as described above. 

Vpr chimera were constructed by PCR amplification of Vpr (60), CypA or Tat in pCi vector 

(Promega) and mutations were introduced using QuickChange lightning. Coding sequences 

were entirely sequenced. 

For the complementation of the Tat virus, Tat Env pNL4.3 was cotransfected with 

pCMV-VSV-G (6/1 ratio) and 1/1000 of the indicated pBi-Tat vector. To prepare Tat 

viruses complemented with Tat mutants a cotransfection WT Tat / mutant Tat (1/2) was used. 
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This procedure allowed viral production when using the Tat-C22S mutant that is 

transcriptionally inactive (39). 

For the production of viruses with Vpr chimera, HEK293T cells were cotransfected with CA-

G89V Env pNL4.3, Tat-Vpr or CypA-Vpr (3/1 ratio) and pCMV-VSV-G vector (5/1 ratio).  

When indicated transfected cells were treated with 2 µM CSA to prevent CypA encapsidation 

(7, 28). These viruses were termed CSA-viruses throughout this paper. The cell supernatant 

was harvested 48h after transfection, filtered onto 0.4 µm filters and ultracentrifugated on 

20% sucrose at 125 000 x g for 2 h at 4°C. Viruses were resuspended in PBS, allowed to 

stand for 1h on ice, then aliquoted and stored at -80°C. Virus titers were determined by 

ELISA p24 (Innotest) using appropriate standards. WT CA and CA-G89V were similarly 

detected using this ELISA kit (Fig. S4), and viral stocks were normalized using p24 ELISA.  

Single round infections were performed using 3-300 ng p24 of VSV-G pseudotyped viruses 

per million T-cell. 18h after infection, cells were washed three times in culture medium then 

resuspended in fresh medium that was harvested 18 h later for p24 ELISA. Negative controls 

included 20 µM AZT. For FACS analysis cells were stained for p24 using Kc57-RD1 or 

Kc57-FITC and analysed using an ACEA NovoCyte flow cytometer. This antibody similarly 

detected WT CA and CA-G89V (Fig. S5). 

For Tat delivery experiments, human primary CD4+ T-cells were transfected with a LTR-

Firefly luciferase vector and a control TK-Renilla luciferase vector (53). Transfection was 

performed using Amaxa kit VPA-1002, as described by the manufacturer. After 18 h, cells 

were infected using 300 ng p24 of VSV-G pseudotyped viruses per million T-cell. AZT (20 

µM) was used to block reverse transcription. Cells were harvested after 24h for luciferase 

assays (Dual-Glo luciferase assay, Promega). Results are expressed as Firefly/Renilla activity 

ratio. 

Capsid core purification 

Capsid cores were purified as described (29). Briefly, freshly-purified virions were 

resuspended in ice-cold 0.1 M MOPS (3-(N-morpholino) propane sulfonic acid), pH 7.0, and 

Triton X-100 was then added at 0.5% final concentration. After 2 min at 4°C, viral cores were 

centrifugated at 20,000 × g for 8 min at 4°C. Pellets were washed twice with 0.1M MOPS and 

cores were finally resuspended in SDS/PAGE sample buffer for western blots. 

TIRF and AFM microscopy 

Coverslips were first cleaned by bath sonication in 1M KOH, then rinsed, sonicated in 

ultrapure water, then treated with 10 mM NiCl2 for 1 h at RT. Freshly isolated viruses (WT or 

CA-G89V) were diluted 10-fold in PBS then applied to coverslips that were then incubated 

for 15 min at 37°C before fixation with 3.7 % paraformaldehyde in PBS. Following fixative 

neutralization with 50 mM NH4Cl, viruses were permeabilized with 0.05% saponin in PBS 

containing 1% bovine serum albumin, then labelled with rabbit anti-Tat and goat anti-p24 for 

30 min, then with donkey anti-goat-alexaFluor647 and swine anti-rabbit-FITC for 30 min. 

Viruses were imaged within 24h with an MSNL Bruker microlever probe using an AFM 

microscope (Nanowizard 4, JPK Instrument) coupled with a fluorescence microscope (Axio 

observer, Carl Zeiss) equipped with a 63x NA1.4 objective and operated in the TIRF mode. 

Images were 50 µm x 50 µm (512 x 512 pixels). AFM and TIRF images were aligned using 
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the Ec-CLEM Icy plug-in (61) and colocalization was assessed using Imaris setting a 

threshold of 300 nm, which is about the diffraction limit of the fluorochromes. Viruses were 

identified as CA+ TIRF spots with an AFM signal whose height >100 nm. 

qPCR and qRT-PCR 

Jurkat cells were infected with VSV-G pseudotyped viruses (WT, CSA or CA-G89V; 15.3 ng 

p24/ million cells). Cells were pelleted for DNA extraction using QIAamp- DNA-MiniKit 

(Qiagen) 6, 24 or 34 h after infection. For RNA extraction, cells were harvested 24 h or 34 h 

after infection, washed three times with PBS containing 1% FBS, before extracting RNA 

using Trizol (Thermofisher). Extractions were performed following the manufacturer 

instructions. Early and late RT products as well as integrated viral DNA were quantified 

exactly as described (62) using TaqMan Universal Master Mix II (Applied Biosystems). To 

generate a standard curve for Alu-PCR, Jurkat cells were infected using high-titer 

pseudotyped WT or CA-G89V virus and maintained for 1 month in culture so that 

extrachromosomal forms of viral DNA were lost (37).  Standard qPCR curves for the 

quantification of RT products were obtained using linearized pNL4.3. 

To monitor HIV transcription, RNA was reverse transcribed into first-strand cDNA using All-

in-one RT MasterMix (Applied Biological Materials). qPCR of cDNA was then performed 

using P7/P8 primers (amplified fragment is nucleotides 5249-5358 of HIV NL4.3 genome), 

LightCycler 480 SYBR Green I Master mix (Roche) and normalization using GAPDH as 

described (38). Identical amounts of DNA (~20 ng) was used for each reaction.  

Statistics and data access 

Data were analyzed for statistical significance using Prism 8.4. All data related to this study 

are available upon request to the corresponding author. 
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Figure Legends 

Figure 1. Tat interaction with CypA does not require CypA active site and allows the 

formation of a Tat-CypA-CA tripartite complex. A, HEK 293T cells were transiently 

transfected with a Gag (left panel) or Tat (right panel) vector. After 36 h, cell lysates were 

incubated with GST, GST-CypA or GST-CypA-H126Q immobilized on GSH-agarose, before 

washes and anti-Tat, -p24 or-GST western blots. GST staining using Coomassie blue showed 

equivalent GST loading. The graph shows the quantification of the amount of Tat or Gag 

pulled down by H126Q / WT GST-CypA (%). Data are mean ± SEM from n=4-7 

experiments. **, p< 0.01 (Student's t-test). B, Immunoprecipitation of the Tat-CypA-CA 

complex. HEK 293T cells were transfected with Tat-FLAG, Gag WT, Gag-CA-G89V or 

empty vector as indicated. After 36 h, Tat-FLAG was immunoprecipitated from cell lysates 

using an anti-FLAG antibody, before western blots. C, GST pull down by GST-Tat. Cells 

were transfected with Gag WT, Gag-CA-G89V or empty vector as indicated. After 36 h cell 

lysates were incubated with GST-Tat immobilized on GSH-agarose, before washes and 

anti-p24 or-GST western blots. GST blots showed similar GST loading.  

 

Figure 2. Analysis of the CA-CypA-Tat complex by size exclusion chromatography. 

Indicated recombinant protein mixtures (CA, CypA, Tat or the indicated combination) were 

incubated for 30 min at RT then loaded on a Superdex 200 Increase column. A, protein 

elution profile monitored using ABS280. B, The elution volume corresponding to the 

maximum ABS280 of the first peak (CA peak~ 14 ml) is shown. Means ± SEM of n= 3 

injections. **, p<0.01 (One Way ANOVA). C, fractions corresponding to the capsid (~14 ml), 

CypA (~17ml) and Tat (19-20 ml) peaks were analyzed by western blot. CypA* is CypA-

H126Q. 

 

Figure 3. Analysis of the interactions involved in the assembly of the Tat-CypA-CA 

complex. A, analysis by MST. CypA was fluorescently labeled and its interaction with 

increasing concentrations of Tat or CA was tested. When indicated by (CypA+CA) or 

(CypA+Tat), fluorescent CypA (50 nM) was first mixed with a saturating concentration of 

CA (20 µM) or Tat (1 µM) before adding escalating concentrations of the third partner. B, 

analysis by SPR. For the top panels, Tat was immobilized on the Biacore chip before applying 

the indicating partner using escalating concentrations. CypA (upper left panel) or premixed 

CypA+CA (upper right panel) were applied at 0.37 / 0.75/ 1.5 / 3 / 6 µM. When indicated 

(Tat+CypA on chip), CypA (4 µM) was applied to immobilized Tat before applying CA (0.37 

/ 0.75/ 1.5 / 3 / 6 µM) to monitor CA binding to CypA presented by Tat. For the bottom right 

panel, CA was immobilized on the chip, before applying CypA at 0.37-6 µM. Arrows indicate 

injections. C, Graphical abstract of the affinities involved in the assembly of the Tat-CypA-

CA complex as observed using MST and SPR. 
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Figure 4. HIV-1 Tat is encapsidated in a CypA-dependent manner. A, Transfected cells. 

HEK cells were transfected with pNL4.3, either WT, Tat-W11Y, Tat-C31S or CA-G89V as 

indicated. After 48 h, viruses were purified from the supernatant by ultracentrifugation 

through a sucrose cushion, before analysis by western blots. Two different antibodies were 

used for Tat, one that recognizes the N-ter of the protein (res1-9) and a second whose epitope 

is conformational (Conf). Tat-W11Y was not recognized by the antibody against the N-ter of 

the protein. Overexposed gels only enabled Tat detection in CA-G89V virions, that are devoid 

of CypA. The graph shows the amount of Tat (N-ter)/p24 for the four different viruses (n=2, 

mean ± SEM). B, Infected cells. HIVNL4.3 WT or CA-G89V was used to infect Jurkat-CD4-

CCR5 cells and infection was allowed to proceed for 9 days adding fresh cells every 3 days 

before harvesting virions for analysis. When indicated 2 µM CSA was added to cells to 

prevent CypA encapsidation. The graph shows the amount of Tat (N-ter) / p24 for the three 

different viruses (n=2, mean ± SEM). C, Capsid cores from WT, CSA or CA-G89V viruses 

were purified following Triton X-100 treatment to solubilize the viral envelope and both 

purified viruses and capsid cores were analyzed by western blots against the indicated 

proteins. D, purified WT or CA-G89V virions were coated on coverslips and labelled using 

antibodies against p24 (red) and Tat (green) before AFM and TIRF imaging. Images were 

aligned using Ec-CLEM. Viruses were identified as AFM spots >100 nm. AFM-identified 

virions are circled in red, green or yellow if they are positive for CA, Tat or both, 

respectively. Scale bars are 10 µm and 2 µm for fluorescence and AFM images, respectively. 

Representative images are shown. The graph corresponds to the percentage of viruses (AFM+ 

and CA+) containing Tat for WT and CA-G89V virions (n=3 from entirely independent 

experiments; mean ± SEM; Student's t-test ***, p<0.001).  

 

Figure 5. Encapsidated HIV-1 Tat is delivered to the cytosol and is required for efficient 

HIV infection 

A, Cytosolic delivery assay. Human CD4 primary T-cells were transfected with LTR-firefly 

luciferase and TK-renilla luciferase (control vector). After 18 h, cells were infected with the 

pseudotyped HIVNL4.3, either WT or CA-G89V or prepared in the presence of 2 µM CSA. 

Infections were performed in the presence of 20 µM AZT to inhibit Tat neosynthesis. Cells 

were lysed 24 h post-infection to assay luciferase activities. The graph shows the 

Firefly/Renilla activity ratio (mean ± SEM; n=3). Graphs showing firefly and renilla activities 

are presented in Fig. S3. One Way ANOVA compared to WT virus ***, p<0.001; ****, 

p<0.0001. B, C, D, E, single-round infections. Jurkat T-cells (B, C) and human primary CD4 

T-cells (D, E) were infected with the indicated amount (ng p24) of VSV-G pseudotyped 

HIVNL4.3 viruses. No CSA was added, it was used during viral production by HEK cells only. 

After 36h, cells were stained for p24 before FACS analysis (B,D) to determine the efficiency 

of infection (%), and virus concentration in the cell medium was assayed using p24 ELISA 

(C, E). Data are mean ± SEM from n=3 independent experiments. Error bars are within the 

symbol size. 
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Figure 6. Encapsidated Tat and/or CypA increase reverse transcription and strongly 

stimulate transcription 

A, Quantification of early and late RT products. Jurkat T-cells were infected with HIVNL4.3, 

either WT or CA-G89V or prepared in the presence of 2 µM CSA. Cells were harvested 6 h 

after infection for DNA extraction and qPCR. B, Quantification of integrated provirus. Cell 

DNA was extracted 24h or 34h after infection before Alu-PCR and late RT-PCR to quantify 

viral DNA. C, q-RT-PCR of viral RNA. Cell RNA was extracted 24h or 34h after infection 

and reversed transcribed to cDNA for qPCR. Transcript quantifications were normalized 

using integrated viral-DNA amount. Data are presented as % of WT virus for each time point, 

and are means ± SEM of 3 independent experiments, each with n=3. Two Way ANOVA, 

****, p<0.0001. 

 

Figure 7. Encapsidated Tat regulates transcription, reverse transcription, infection and 

viral production 

A, Tat Env pNL4.3 was cotransfected in HEK293T cells with VSV-G to pseudotype 

virions and a vector coding for Tat WT, C22S, Y47H or 22S-47H as indicated. Tat mutants 

were cotransfected with WT Tat (ratio 1 WT/ 2 mutant) to insure significant viral production 

by Tat-C22S that is transcriptionally inactive. Viruses were purified for biochemical analysis 

by western blot. B, Quantification of early and late RT products. Tat-complemented Tat 

pseudotyped viruses were used to infect Jurkat T-cells. Cells were harvested 6h after infection 

for DNA extraction and qPCR. C, Quantification of integrated provirus. Cell DNA was 

extracted 24h after infection before Alu-PCR and late RT-PCR to quantify viral DNA. D, q-

RT-PCR of viral RNA. Cell RNA was extracted 24h after infection and reversed transcribed 

to cDNA for qPCR. Transcript quantification was normalized using integrated viral-DNA 

amount. Data are presented as % of WT virus, and are means ± SEM of 3 independent 

experiments, each with n=3. E and F, Tat-complemented viruses were used to infect Jurkat 

cells in single-round infection assays. After 24h, cells were stained for p24 before FACS 

analysis (E) to determine the efficiency of infection (%), and virus concentration in the cell 

medium was assayed using p24 ELISA (F). Data are mean ± SEM (n=3-5). Results were 

normalized for Tat encapsidation efficiency. One- (C,D,E,F) or Two- Way (B) ANOVA, *, 

p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. 

 

Figure 8. Complementation of CA-G89V viruses with Tat-Vpr indicates that 

encapsidation of transcriptionally-active Tat strongly stimulates infection 

CA-G89V pNL4.3 was cotransfected in HEK293T cells with a vector coding for the indicated 

Vpr chimera, and VSV-G to pseudotype viruses. A, biochemical analysis by Western blots. 

Anti-Vpr detects the endogenous viral Vpr at 12.5 kDa, Tat-Vpr at 22 kDa and CypA-Vpr at 

27 kDa. B and C, CA-G89V viruses with Vpr chimera were used to infect Jurkat cells in 

single-round infection assays before intracellular p24 staining (FACS analysis, B) and p24 

ELISA to assay viral production in the medium (C). Data are means ± SEM (n=2-3) of a 

typical experiment that was repeated twice. One Way ANOVA, *, <0.05; **, p<0.01; ***, 

p<0.001; ****, p<0.0001. 
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Figure S2. Semiquantitative blot of purified viruses. Proteins from WT or mutant viruses

and recombinant Tat standards (101 residues)  were separated on 16 % Tricine gels before

anti-Tat western blot.
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Figure S3. Cytosolic delivery assay. Human CD4 primary T-cells were transfected with LTR-

firefly luciferase and TK-renilla luciferase (control vector). After 18 h, cells were infected 

with pseudotyped HIVNL4.3, either WT or CA-G89V or prepared in the presence of 2 µM CSA. 

Infections were performed in the presence of 20 µM AZT to inhibit Tat neosynthesis. Cells 

were lysed 24 h post-infection to assay luciferase activities. The graphs show the luciferase 

activities (mean ± SEM; n=3). One Way ANOVA compared to WT virus; ***, p<0.001; ****, 

p<0.0001. The firefly/renilla graph is shown in Fig.5A.
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Figure S4. WT and G89V capsids are similarly detected using p24 ELISA. HIV-1 capsid

proteins were produced and purified from E. coli as described in methods and ELISA was

performed as recommended by the manufacturer. Means ± SEM (n=2). Error bars are within

the symbol size.



Figure S5. Gag-WT and Gag-CA-G89V capsids are similarly detected byKc57-FITC and  

FACS analysis. Jurkat cells were transfected with Gag-WT or Gag-CA-G89V as indicated. 

Cells were washed then fixed and permeabilized before staining with Kc57-FITC and analysis

by FACS. Means ± SEM (n=2). 
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Antigen Ab species Label source reference

Tat Mouse monoclonal SantaCruz Biotechnology (NB the epitope is in N-ter) sc65912

Tat Rabbit E. Loret home made

Tat Mouse monoclonal E. Loret (NB conformational epitope) 7G12

CypA Rabbit SantaCruz Biotechnology sc133494

CypA Goat R/D Systems AF3589

HIV p17 (MA) Human Monoclonal NIBSC (UK) ADP3057

HIV p24 (CA) Goat BioRad  4999-9007

HIV p24 (CA) Mouse monoclonal AIDS Research and Reference Reagent Program 183-H12-5C

HIV p24 (CA) Mouse monoclonal RD1 Beckman Coulter Kc57-RD1

HIV gp160 Goat HIV reagent program 188

FKBP12 Rabbit Pierce  PA1-026A

Mouse IgG Goat HRP Jackson Immunoresearch 115-035-146

Rabbit IgG Goat HRP Jackson Immunoresearch 111-035-144

Rabbit IgG Swine FITC Nordic F0205

Goat IgG Rabbit HRP Sigma A-5420

Goat IgG Donkey AlexaFluor647 Invitrogen A21447

Antibodies are polyclonal except when otherwise indicated.

Schatz et al. Sources of antibodies


