
Pharmacologic hyperstabilisation of the HIV-1 capsid lattice 1 
induces capsid failure 2 

 3 
 4 
K. M. Rifat Faysal1, Nadine Renner2,#, Chantal L. Márquez1,#, Vaibhav B. Shah1, Andrew J. 5 
Tuckwell1, Michelle P. Christie3, Michael W. Parker3,4, Stuart G. Turville5, Greg J. Towers6, Leo 6 
James2, David A. Jacques1,*, Till Böcking1,* 7 
 8 
1. EMBL Australia Node in Single Molecule Science, School of Biomedical Sciences, UNSW 9 
Sydney, NSW 2052, Australia 10 
 11 
2. MRC Laboratory of Molecular Biology, Cambridge, United Kingdom 12 
 13 
3. Department of Biochemistry and Pharmacology, Bio21 Molecular Science and Biotechnology 14 
Institute, University of Melbourne, Victoria 3010, Australia 15 
 16 
4. Structural Biology Unit, St. Vincent’s Institute of Medical Research, Victoria, Australia 17 
 18 
5. The Kirby Institute, UNSW Sydney, NSW 2052, Australia 19 
 20 
6. Division of Infection and Immunity, University College London, WC1E 6BT London, United 21 
Kingdom 22 
 23 
#equal contribution 24 
*Corresponding authors: David Jacques (d.jacques@unsw.edu.au); Till Böcking 25 
(till.boecking@unsw.edu.au) 26 
 27 
  28 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 21, 2022. ; https://doi.org/10.1101/2022.09.21.508807doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.21.508807
http://creativecommons.org/licenses/by-nc-nd/4.0/


Abstract 29 
The HIV-1 capsid has emerged as a tractable target for antiretroviral therapy. Lenacapavir, 30 
developed by Gilead Sciences, is the first capsid-targeting drug approved for medical use. 31 
Here we investigate the effect of Lenacapavir on HIV capsid stability and uncoating. We 32 
employ a single particle approach that simultaneously measures capsid content release and 33 
lattice persistence. We demonstrate that Lenacapavir’s potent antiviral activity is 34 
predominantly due to lethal hyperstabilisation of the capsid lattice and resultant loss of 35 
compartmentalisation. This study highlights that disrupting capsid metastability is a powerful 36 
strategy for the development of novel antivirals. 37 
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Introduction 39 
The cytoplasm is a hostile environment for HIV, as the reverse transcribed cDNA genome is 40 
a target for innate immune sensors which if activated unleash a potent interferon response 41 
that can suppress replication (Alvarez et al., 2022; Lahaye et al., 2013; Rasaiyaah et al., 42 
2013). For a productive infection to occur, the reverse transcribing genome must be trafficked 43 
through the cytoplasm, enter the nucleus and integrate into the preferred sites in the host 44 
chromatin, all while evading detection by the host cell. The viral capsid facilitates these early 45 
steps in the replication cycle by encapsulating the genome and associated viral enzymes. In 46 
doing so it protects the genome from being sensed and destroyed by nucleases, prevents loss 47 
of viral enzymes from the reverse transcription complex, and forms the interface through 48 
which all cytoplasmic, and many nuclear, host-virus interactions occur.  49 
 50 
The conical capsid shell is comprised of ~1500 copies of the capsid protein (CA), which 51 
spontaneously assemble into a lattice. This lattice consists of mostly hexamers and exactly 12 52 
pentamers to form a closed fullerene cone (Ganser et al., 1999; Pornillos et al., 2011). While 53 
the capsid must be stable enough to transit the cytoplasmic compartment without exposing 54 
the genome, it must also be able to release the reverse transcribed cDNA at the appropriate 55 
time and in the appropriate location in the nucleus. This process is called capsid uncoating 56 
and its regulation and mechanism is poorly understood. Recently, we demonstrated that 57 
uncoating proceeds through two discrete steps in vitro: capsids opening, in which the 58 
integrity of the cone is compromised and encapsidated proteins are released; and catastrophic 59 
disassembly of the lattice by release of CA (Márquez et al., 2018). We have also shown that 60 
recruitment of cellular cofactors or binding of pharmacological agents to the capsid can 61 
greatly alter both processes. 62 
 63 
To engage with host cofactors, the mature HIV capsid utilises at least three cytoplasmic-64 
facing surfaces (Temple et al., 2020). One of these is the central pore, which is formed by a 65 
ring of positively charged arginine residues at the six-fold symmetry axis in CA hexamers 66 
and at the five-fold axis in pentamers (Jacques et al., 2016). It serves to recruit nucleotides 67 
required for reverse transcription and as a binding site for inositol hexakisphosphate (IP6), a 68 
metabolite present at concentrations of ~40–50 μM in human cells (Bunce et al., 1993; 69 
Letcher et al., 2008; Veiga et al., 2006). IP6 is specifically packaged into immature virions 70 
during assembly in producer cells, leading to a ≥10–fold enrichment, and its interaction with 71 
the central hexamer pore is essential for the assembly and stability of the capsid (Dick et al., 72 
2018; Mallery et al., 2018; Obr et al., 2021; Sowd and Aiken, 2021). The central pore has 73 
also been implicated in the capsid's interaction with microtubule-based motor proteins 74 
(Huang et al., 2019). 75 
 76 
Another important interface is the cyclophilin binding loop. As its name suggests, this largely 77 
unstructured loop protrudes from the capsid surface to recruit cyclophilin A (CypA). This 78 
interaction is mediated by a conserved glycine-proline motif (G89-P90) that inserts into the 79 
CypA active site. The implications of this interaction are still to be fully understood, but are 80 
thought to include viral evasion of innate host defences (Kim et al., 2019; Miles et al., 2020; 81 
Rasaiyaah et al., 2013; Towers et al., 2003). Importantly, we have previously shown that this 82 
interaction can be exploited in vitro to ‘paint’ the capsid (Márquez et al., 2018). By using a 83 
fluorescently labelled CypA, we found that it is possible to detect, quantify, and monitor 84 
disassembly of the CA lattice in permeabilised virions by total internal reflection 85 
fluorescence (TIRF) microscopy without significantly influencing the capsid opening 86 
process. 87 
 88 
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The third host-interaction surface, the FG-binding site, is a hydrophobic pocket in the CA N-89 
terminal domain situated near the intra-hexameric junction between CA molecules (Figure 1). 90 
This site serves as the binding interface for several host factors, including the cytoplasmic 91 
protein Sec24C (Rebensburg et al., 2021), the nuclear pore complex component NUP153 92 
(Matreyek et al., 2013), and the nuclear protein CPSF6 (Bhattacharya et al., 2014; Price et al., 93 
2014), which are crucial for nuclear entry and correct integration site targeting (Bejarano et 94 
al., 2019; Saito et al., 2016; Schaller et al., 2011).  Each of these proteins interacts with the 95 
capsid via a phenylalanine-glycine (FG) motif. Additionally, several generations of antiviral 96 
compounds also target this site by effectively mimicking the FG-motif (Price et al., 2014). 97 
Interestingly, the potency and mechanism of action of these agents varies, despite their shared 98 
binding site.  99 
 100 
Compounds that target the FG-binding pocket include BI-2 (Lamorte et al., 2013), PF74 101 
(Blair et al., 2010), and lenacapavir (LEN, GS-6207) (Link et al., 2020). BI-2 has a relatively 102 
small binding footprint on the CA N-terminal domain, barely extending beyond the FG-103 
binding pocket (Figure 1A). This limited interaction is reflected in the relatively weak KD 104 
(1.2 μM) and half maximal inhibitory concentration (IC50) (3 μM) during the early stage of 105 
infection (Price et al., 2014). PF74, on the other hand, extends its interaction beyond the FG-106 
binding pocket to make additional contacts with a neighbouring CA molecule (Figure 1B). 107 
These bridging contacts are thought to be responsible for PF74’s 10-fold tighter KD (120 nM) 108 
and IC50 (relative to BI-2). Both BI-2 and PF74 have been shown to compete with host 109 
cofactors (Sec24C, Nup153, and CPSF6) (Fricke et al., 2014; Matreyek et al., 2013; Peng et 110 
al., 2014; Price et al., 2014; Rebensburg et al., 2021), but have also been suggested to 111 
destabilise the capsid directly (Bhattacharya et al., 2014; Fricke et al., 2014; Shi et al., 2011), 112 
which interferes with reverse transcription (Jennings et al., 2020; Mallery et al., 2018; Sowd 113 
et al., 2021). In contrast to BI-2 and PF74, which have found use exclusively in the 114 
laboratory, LEN is a first-in-class HIV-1 capsid inhibitor currently in clinical trials (Dvory-115 
Sobol et al., 2022; Link et al., 2020). Structurally, LEN makes extensive contacts across two 116 
neighbouring CA monomers (Figure 1C), allowing for a very high-affinity interaction (KD = 117 
215 pM). It interferes with early and late phases of the HIV-1 replication cycle at low and 118 
mid pM concentrations, respectively, making it orders of magnitude more potent than PF74 119 
and BI-2 (Bester et al., 2020; Link et al., 2020). Successive post-entry steps differ in their 120 
sensitivity to the drug (Bester et al., 2020; Link et al., 2020), whereby integration of HIV-1 121 
DNA into host chromatin is inhibited most potently (<500 pM), followed by nuclear import 122 
and reverse transcription, which is inhibited at high pM (Sowd et al., 2021) to low nM LEN  123 
(Bester et al., 2020). Remarkably, imaging studies (Bester et al., 2020) and biochemical 124 
assays (Selyutina et al., 2022) showed that LEN increased the number of viral cores in the 125 
cytoplasm in a dose-dependent manner. Thus, the drug apparently exhibited contrasting 126 
inhibitory effects at higher concentrations: inhibition of reverse transcription and stabilization 127 
of viral cores.  128 
 129 
Here we have used our single-molecule fluorescence imaging assay with a dual read-out 130 
strategy to show that LEN compromises capsid integrity while preventing lattice 131 
disintegration at substoichiometric levels of binding, thus providing a rationale for the 132 
attenuated reverse transcription and capsid stabilization previously observed at nanomolar 133 
concentrations of the drug. PF74 induces the same effects but with less potency, while BI-2 134 
leads to rapid capsid breakage but does not prevent disintegration. Conversely, a peptide from 135 
CPSF6 has modest capsid-breaking capacity but strongly promotes lattice stability, 136 
suggesting that FG pocket binders differentially affect these steps of the uncoating process. 137 
We also show that LEN drives the formation of aberrant CA structures, which cannot be 138 
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rescued by IP6. Altogether, our data suggest that LEN promotes CA assembly and stability at 139 
the cost of intact fully closed capsids.  140 
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Results 141 
 142 
Single-virion analysis of intrinsic capsid stability and uncoating. 143 
We used a single-molecule fluorescence imaging assay to measure the intrinsic capsid 144 
stability and uncoating kinetics at the level of individual viral particles (Márquez et al., 2018) 145 
and then measured the effect of LEN treatment on these processes. As shown schematically 146 
in Figure 2A, we used pore-forming proteins to permeabilise GFP-loaded HIV particles 147 
immobilised at the bottom surface of a microfluidic channel device. Using TIRF microscopy, 148 
we then detected the stepwise loss of the GFP signal for each virion appearing as a 149 
diffraction-limited spot in the field of view. Upon membrane permeabilization, virions with 150 
an incomplete or defective capsid lost their entire GFP signal in a single step (Figure 2B, 151 
“leaky”). In contrast, virions containing an intact capsid retained the pool of GFP inside the 152 
capsid (~10-20% of the total fluorescence). This residual GFP signal was either constant 153 
when the capsid remained intact throughout the experiment (Figure 2B, “closed”) or lost in a 154 
second step upon spontaneous loss of capsid integrity (Figure 2B, “opening”), whereby the 155 
lifetime of each opening capsid was given by the time difference between the two GFP 156 
release steps. 157 
 158 
To quantify the capsid uncoating kinetics across the typically several hundred virions per 159 
field of view in an unbiased fashion, we used step-fitting to measure the lifetime of each 160 
capsid and classify particles according to the GFP release profiles defined above. The 161 
distribution of capsid lifetimes (survival curve) for untreated virions (Figure 2D, no drug) 162 
showed the typical multiphasic decay profile reflective of different capsid stability types. The 163 
corresponding classification showed that more than half of virions contained improperly 164 
assembled (leaky) capsids, about a third of virions released GFP from the capsid (short- and 165 
long-lived opening) while the remainder retained GFP (closed) until the end of the 30 min 166 
experiment (Figure 2E).  167 
 168 
As a complementary measurement, we used AF568-labelled CypA as a “paint” that binds 169 
transiently to the outside of the capsid, rapidly reaching a dynamic equilibrium, whereby the 170 
AF568-CypA intensity is proportional to the number of CA subunits in the lattice. 171 
Importantly, AF658-CypA was used at concentrations (0.5–1 μM) where fewer than 4% of 172 
the available cyclophilin loops are occupied, and we have previously shown that uncoating 173 
kinetics are not affected under these conditions (Márquez et al., 2018). Single-particle 174 
analysis showed that the AF568-CypA signal remained constant while the capsid was intact 175 
(Figure 2B, “closed”) but decayed to background levels after the capsid opened (Figure 2B, 176 
“leaky” and “opening”). Analysis of all leaky and opening traces aligned to the time of GFP 177 
release (represented as CypA paint heatmaps, Figure 2−Figure Supplement 2A) showed that 178 
the median CypA signal decayed with a half-life of less than 1 minute. This rapid decay is 179 
consistent with a failure cascade that propagates across the whole capsid resulting in 180 
complete lattice disassembly. Taken together, our single-particle analysis shows that GFP 181 
release pinpoints the time the first defect appears in the capsid while the CypA paint signal 182 
provides an indirect read-out for the disassembly kinetics of the CA lattice thereafter.  183 
 184 
LEN induces capsid opening but prevents loss of CA from the lattice of open capsids. 185 
In the next set of experiments, we focused on the effect of LEN on the intrinsic capsid 186 
stability without capsid-binding cofactors; the interplay between LEN and the host cofactor 187 
IP6, which is essential for maintaining capsid stability in cells, is described in later sections. 188 
To measure the maximum effect of LEN on capsid uncoating, we added the drug at the 189 
beginning of the experiment at a concentration (500 nM) that leads to rapid near saturation 190 
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occupancy (99.96%) of FG binding sites. Uncoating traces recorded of single virions in the 191 
presence of 500 nM LEN (Figure 2C) revealed two fundamental differences to the single-192 
particle profiles described above. First, LEN treatment caused earlier release of the 193 
encapsidated GFP (Figure 2C, “opening”), resulting in a faster decaying survival curve 194 
(Figure 2D, light green line) and a concomitant 3-fold decrease in the fraction of closed 195 
capsids at the end of the experiment (Figure 2E).  Second, the AF568-CypA signal of capsids 196 
that were defective to begin with (Figure 2C, “leaky”) or started to uncoat (Figure 2C, 197 
“opening”) remained constant. This striking stabilisation effect was also clear in the heatmaps 198 
of leaky and opening capsids (Figure 2–Figure Supplement 1B). Since the CypA paint traces 199 
of leaky and opening capsids showed the same characteristics, we combined these classes in 200 
subsequent analysis. The combined CypA paint heatmaps for untreated virions (rapid signal 201 
decay) and LEN-treated virions (constant signal) are shown in Figure 3C (see panels for 0 202 
nM and 500 nM, respectively). Together, the GFP release and CypA paint analysis in the 203 
presence of 500 nM LEN suggest that binding of LEN induces rupture of capsids (leading to 204 
early GFP release) but prevents the loss of CA subunits from defective or ruptured capsids 205 
(stable CypA paint signal). 206 
 207 
To further quantify these apparently opposing effects on capsid integrity and CA lattice 208 
stability, we injected LEN at concentrations ranging from 0.5–500 nM into the flow channel 209 
at the beginning of the experiment and measured GFP release and CypA paint traces for 210 
hundreds of capsids at each condition (Figure 3). Control uncoating experiments recorded 211 
without LEN resulted in the typical survival kinetics (Figure 3A, 0 nM LEN) with capsid 212 
half-lives of 1–2 minutes (short-lived) or ~16 minutes (long-lived) reflecting subsets of 213 
virions with less or more stable capsids, respectively (Figure 3–figure supplement 1). 214 
Classification based on GFP release traces showed on average 55% leaky, 35% opening 215 
(comprising 12% short-lived and 23% long-lived capsids) and 10% closed capsids at the end 216 
of the experiment (Figure 3B, 0 nM LEN). However, treatment with LEN resulted in a 2-fold 217 
(5 nM) or 3-fold (≥50 nM) decrease in the proportion of capsids that remained closed 218 
throughout the experiment (30 min) with a concomitant increase primarily in the fraction of 219 
leaky and short-lived capsids (Figure 3B). This decrease in capsid stability was also apparent 220 
in the survival curves (Figure 3A), showing a pronounced concentration-dependent increase 221 
in capsid opening kinetics with an intermediate effect at 5 nM and the maximal effect at ≥50 222 
nM LEN. Analysis of the CypA paint signal of particles with leaky or opening capsids 223 
(Figure 3C) showed that the CA lattice disassembled within ~1 minute of the appearance of 224 
the first defect at LEN concentrations ≤5 nM. In contrast, LEN at concentrations of ≥50 nM 225 
prevented disassembly of leaky and opening capsids, as evidenced by the stable CypA paint 226 
signal (Figure 3C), which persisted for at least 5 h (500 nM) after complete loss of GFP 227 
(Figure 3D). In summary, LEN dose-dependently increased the proportion of open capsids 228 
but increased the stability of their lattices. The dose-dependence observed here differs from 229 
previous in vitro uncoating measurements showing (partial) capsid lattice stabilisation down 230 
to 0.05 nM LEN; in those experiments 50–65% of cores stained with the irreversibly bound 231 
tetrameric probe CypA-dsRed remained detectable after 30 min of incubation (Bester et al., 232 
2020). Nevertheless, our observations of open but highly stabilised capsids is consistent with 233 
the LEN dose-dependent increase in the number of viral cores detected in the cytoplasm of 234 
infected cells (Bester et al., 2020; Selyutina et al., 2022). 235 
 236 
To relate the capsid-altering effects of the drug to the occupancy of FG binding sites on the 237 
CA lattice, we used published association and dissociation rate constants for LEN (Link et 238 
al., 2020) to calculate the drug binding curves at the concentrations used in the experiments 239 
above (shown as bold beige lines for each concentration in Figure 3A). Notably, the time 240 
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required for binding to approach equilibrium ranges is >18 hours at 0.5 nM, ~2.5 hours at 5 241 
nM, ~15 minutes at 50 nM and ~2 minutes at 500 nM. Under the conditions used in the 242 
single-particle uncoating assay, the capsid is exposed to the membrane-permeable drug for ~2 243 
minutes before the pore forming protein permeabilises the viral membrane. Thus, we first 244 
calculated the occupancy at this time point to estimate the threshold required to stabilise 245 
defective capsids. Unsurprisingly, the low occupancy at 0.5 nM and 5 nM LEN (calculated to 246 
be 0.4% and 4%, respectively) was insufficient for lattice stabilisation. In contrast, 50 nM 247 
LEN, which should occupy 32% of sites, was sufficient to prevent CA lattice disassembly.  248 
 249 
Next, we similarly estimated the threshold at which LEN was able to induce capsid breakage. 250 
At 0.5 nM, the calculated occupancy remains too low (<6%) throughout the experiment and 251 
uncoating kinetics were unaffected. In the presence of 5 nM LEN, the calculated occupancy 252 
is ~20% over the first 10 minutes after membrane permeabilisation, during which an 253 
intermediate effect on capsid opening was observed. Maximum capsid-breaking activity was 254 
observed at 50 nM LEN, whereby most capsid rupture during the first 5 minutes with the 255 
calculated occupancy reaching ~70–80%. Based on these considerations, we estimate that 256 
structural effects are already observed when fewer than half of the available binding sites are 257 
occupied, possibly requiring an average occupancy as low as 1 LEN molecule per hexamer to 258 
accelerate capsid opening and 2 LEN molecules per hexamer to slow the release of CA 259 
subunits from the lattice. 260 
 261 
IP6 raises the threshold of drug binding required for LEN to break the capsid.  262 
We have previously shown that the cellular cofactor IP6 stabilises capsids and delays capsid 263 
opening in vitro, hence increasing the half-life of the closed capsid to ~10 hours when added 264 
at a concentration of 100 μM (Mallery et al., 2018). Given IP6 is present in cells (typically 265 
40–50 μM) and therefore expected to impact the effects of LEN in vivo, we asked if IP6 266 
could prevent LEN-induced rupture of the capsid. As before, addition of IP6 (100 μM) to the 267 
solution strongly stabilised capsids in permeabilised virions, leading to reduced capsid 268 
opening kinetics (Figure 4A, 0 nM LEN/+IP6) and a ~3-fold increase in the fraction of closed 269 
capsids at the end of the experiment (Figure 4B, 0 nM LEN/+IP6). Next, we tested the effect 270 
of adding 100 μM IP6 in combination with LEN at concentrations above the threshold 271 
required to damage the integrity of the capsid (≥5 nM LEN). IP6 partially counteracted the 272 
capsid-breaking effect when <40% of FG sites are occupied (5 nM LEN), but even at this 273 
concentration the drug increased capsid opening kinetics relative to control with IP6 only 274 
(Figure 4A, compare 0 nM LEN/+IP6 and 5 nM LEN/+IP6). At high LEN concentrations 275 
(≥50 nM), the survival curves measured in the presence and absence of IP6 were essentially 276 
the same, showing that IP6 was no longer able to counteract the premature rupture of the 277 
capsid induced by the drug (Figure 4A, 50 nM and 500 nM). This acceleration in capsid 278 
opening (regardless of whether IP6 was present) led to a 10-fold reduction in the fraction of 279 
closed capsids to 3% at the end of the experiment compared to the control with IP6 only 280 
(Figure 4B, compare 0 nM LEN/+IP6 with 50 nM LEN/+IP6 or 500 nM LEN/+IP6). We 281 
conclude that IP6-stabilised capsids require a higher drug occupancy (>50% of sites) than in 282 
the absence of IP6 for defects to manifest. The ability of IP6 to counteract LEN-induced 283 
damage to the capsid has also been proposed based on observations by others that LEN more 284 
potently inhibits reverse transcription in vitro and in cells when IP6 levels are low (Sowd et 285 
al., 2021). 286 
 287 
Finally, we analysed the CypA paint data from the above experiments to determine if IP6 288 
could act in conjunction with LEN to stabilise the CA lattice when the capsid had opened. As 289 
observed for other polyanions binding at the R18 ring at the centre of the CA hexamer 290 
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(Márquez et al., 2018), IP6 slows but does not prevent the catastrophic collapse of the CA 291 
lattice once the first capsid defect has appeared (Figure 4–Figure Supplement 1). CA lattice 292 
dissociation of leaky and opening capsids is also slower but not completely inhibited when 293 
IP6 is added to 5 nM LEN (<10% occupancy of FG sites at the time of membrane 294 
permeabilization) (Figure 4–Figure Supplement 2A and B). At 50 nM LEN (>30% 295 
occupancy of FG sites), the CypA paint signal remains constant in the presence and absence 296 
of IP6 (Figure 4–Figure Supplement 2C and D), such that differences in stability during the 297 
time frame of the experiment are difficult to ascertain. Overall, these data suggest that IP6 298 
further stabilises LEN-stabilised CA lattices but not to the extent where it can prevent CA 299 
release from lattices at low LEN occupancy. 300 
 301 
Slow LEN binding kinetics delay the structural drug effects at low concentrations. 302 
To verify that LEN binding kinetics affect the structural effects on capsid, we preincubated 303 
virions with 5 nM LEN for 4 h, during which 95% of sites are occupied. Analysis of GFP 304 
release traces showed that preincubation increased the fraction of leaky capsids from 60% to 305 
80% (Figure 5A and B) concomitant with the loss of short-lived opening capsids, suggesting 306 
that this comparatively less stable subset is more susceptible to LEN-induced rupture. CypA 307 
paint analysis showed that CA lattice disassembly was inhibited with, but not without, 308 
preincubation (Figure 5C). These observations suggest that the full extent of the capsid-309 
altering effects is observed after binding occupancy reaches the requisite threshold level. The 310 
increase in the fraction of leaky capsids after preincubation (exceeding the fraction of leaky 311 
capsids observed at 500 nM without preincubation, Figure 3B) further suggests that drug-312 
induced capsid rupture manifests over time and that rupture, or build-up of the strain required 313 
for rupture, can already occur before release of the capsid from the virion. 314 
 315 
Next, we tested whether preincubation of virions with LEN for 48 h would result in higher 316 
potency of the drug in Jurkat cells infected with VSV-G pseudotyped HIV encoding GFP as a 317 
reporter. We chose 48 h because this time is required for binding at the reported 50% 318 
inhibitory concentration (IC50) of ~0.05–0.1 nM to reach near equilibrium (Figure 5–Figure 319 
Supplement 1). Similar to the capsid-targeting drug PF74 (Price et al., 2014; Saito et al., 320 
2016), the dose-response curves of LEN showed a biphasic inhibition profile, whereby the 321 
first phase (~0.1 nM) reduced infection to about 10% before a second inhibitory mechanism 322 
operating in the low nM range reduced infection levels to less than 1%. Preincubation had 323 
little effect on inhibition during the first phase and resulted in an only 1.3-fold reduction in 324 
IC50 (Figure 5D and E). This observation suggests that without preincubation infection was 325 
blocked sufficiently late post entry such that the drug had sufficient time to reach the 326 
requisite occupancy threshold. The IC50 measured after preincubation (0.093±0.008 nM) 327 
allowed us to calculate that the first inhibitory phase required LEN to bind to ~30% of sites 328 
(assuming that the LEN concentration in the cell is the same as in that added to the culture 329 
medium). To reach this level of binding (30%) at the IC50 measured without preincubation 330 
(0.125±0.013 nM) would require 20 hours (see corresponding occupancy curve in Figure 331 
5D). This analysis suggests that the low concentration block to infection occurs at a step after 332 
nuclear entry.  333 
 334 
In contrast to the modest effect at low LEN concentrations, preincubation reduced infection 335 
2–3-fold at concentrations ≥0.256 nM (i.e., during the second inhibitory phase), whereby the 336 
IC95 was 0.5 nM and 1 nM with and without preincubation, respectively (Figure 5D). To 337 
estimate the time at which the second block occurs, we first calculated that ~70% of sites 338 
were occupied at equilibrium at 0.5 nM LEN (i.e., at the IC95 with preincubation). This level 339 
is also reached 7 hours after addition of 1 nM LEN (IC95 without preincubation). Overall, we 340 
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conclude that LEN inhibits a late post-entry step when binding to ~30% of sites (reached at 341 
~0.1 nM without preincubation), but this block is insufficient to reduce infection below a 342 
level of ~10%. At ≥70% occupancy of sites on the CA lattice, LEN additionally blocks 343 
infection at a step that occurs 7 hours post infection, ultimately reducing infection to levels 344 
below 1%. 345 
 346 
Next, we determined the dose-dependent effect of LEN on reverse transcription using qPCR 347 
with primers amplifying total viral DNA (Figure 5F). The IC50 for reverse transcription in 348 
Jurkat cells was 1.08 nM LEN without preincubation, consistent with the dose-response in 349 
CEM cells (IC50 = 0.68 nM) (Sowd et al., 2021). This value dropped to 0.59 nM when 350 
virions were preincubated for 48 h with LEN prior to infection. Inspection of the occupancy 351 
curves (Figure 5F) revealed that half-maximal inhibition of reverse transcription required an 352 
occupancy of ~70% and occurred at ~7 h after cell entry, coinciding with 95% inhibition of 353 
infection. Overall, this analysis showed that reverse transcription can no longer proceed as a 354 
result of the second inhibition mechanism of LEN.   355 
 356 
LEN and IP6 synergise to promote CA assembly but compete to bias the assembly 357 
pathway towards tube (LEN) versus cone (IP6) formation.  358 
Since both IP6 (Dick et al., 2018; Renner et al., 2021) and LEN (Bester et al., 2020; Link et 359 
al., 2020) promote CA assembly and lattice stability in vitro, we tested how the combination 360 
of these molecules affects CA assembly in low salt conditions. We monitored the assembly 361 
kinetics of recombinant CA by measuring the absorbance at 350 nm and collected samples at 362 
the end of each experiment for analysis by negative stain electron microscopy (Figure 6). 363 
First, we varied the concentration of IP6 and observed that CA (75 μM) assembled with 364 
similar kinetics in the presence of 100 μM or 150 μM IP6 but did not assemble at lower IP6 365 
concentrations (Figure 6A, left). As expected, negative stain EM images of assembly 366 
products formed with only IP6 showed primarily conical shapes with dimensions, similar to 367 
those observed for native HIV capsids (Figure 6A, right). When we repeated this titration in 368 
the presence of 50 μM LEN (substochiometric relative to CA), we observed CA assembly 369 
across the entire concentration range (10–150 μM IP6), with IP6 accelerating assembly 370 
kinetics and yields in a concentration-dependent manner (Figure 6B). Strikingly, LEN in the 371 
presence of low IP6 promoted formation of CA tubes (often closed at their ends) with lengths 372 
of >500 nm, whereby increasing IP6 concentrations biased assembly increasingly towards 373 
shorter tubes and conical shapes. Next, we varied the concentration of LEN in the presence of 374 
200 μM IP6. Addition of 1–50 μM LEN increased CA assembly efficiency in a 375 
concentration-dependent manner above the level observed for IP6 only (Figure 6C, left). 376 
Notably, the highest LEN concentration (50 μM) did not promote CA (75 μM) assembly 377 
without IP6 in low salt conditions (Figure 6B, left). Negative stain EM images confirmed 378 
cone formation in the presence 200 μM IP6 and showed that addition of drug led to the 379 
formation of aberrant and broken structures in a concentration-dependent manner (Figure 6C, 380 
right). We conclude that LEN is insufficient to promote CA assembly by itself in low salt 381 
conditions but synergises with IP6 to increase assembly kinetics and yields. Importantly, IP6 382 
promotes cone assembly, whereas LEN biases assembly toward tube formation such that 383 
closed tubes form in the presence of high drug and sufficiently low IP6. When both 384 
molecules are present at high concentrations, where neither molecule can dominate the 385 
assembly pathway, assembly proceeds in an aberrant fashion yielding heterogeneous 386 
structures. Taken together these observations show that IP6 and LEN synergise to promote 387 
assembly but preferentially stabilise different CA lattice structures. Since IP6 is enriched in 388 
HIV particles (reaching concentrations of ~500 μM (Mallery et al., 2018)), this drug-cofactor 389 
synergy driving aberrant assembly is likely to play out during capsid assembly in virions 390 
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produced in the presence of drug, consistent with the observation that virions produced in the 391 
presence of LEN (Link et al., 2020) or the closely related compound GS-CA1 (Yant et al., 392 
2019) contain improperly shaped capsids. 393 
 394 
LEN promotes CA overassembly inside mature virions. 395 
As the single-particle TIRF analysis suggested that LEN alters capsid properties inside the 396 
intact virion, we used cryo-electron tomography (cryoET) to image purified virions that were 397 
either left untreated or treated with 700 nM LEN for 30 minutes (Figure 7), conditions that 398 
are expected to essentially saturate FG binding sites on the capsid. We carried out 3-399 
dimensional reconstructions on 139 untreated and 96 drug-treated virions and assigned the 400 
tomograms to one of five categories according to maturation state and appearance of the 401 
capsid (Figure 7A) as in previous work (Fontana et al., 2016; Mallery et al., 2021; Mattei et 402 
al., 2014; Renner et al., 2021). As expected, the virion preparation contained a small fraction 403 
of particles with immature lattice (<10%) irrespective of drug treatment. Most untreated 404 
particles contained mature capsids with a conical or tubular morphology (74%) while a 405 
smaller fraction contained mature capsids with an irregular shape (17%). These categories 406 
were largely unaffected by incubation with LEN but showed a small shift from particles with 407 
conical/tubular capsid (64%) to particles with irregular capsids (25%). While the tomograms 408 
of virions with LEN did not reveal obvious capsid defects (such as large holes or capsid 409 
breakage), we frequently observed additional lattices next to the main capsid. To quantify the 410 
different types of additional structure, we further divided particles with a conical/tubular 411 
capsid into subclasses depending on whether they contained an open CA lattice or additional 412 
capsids and/or whether a second CA layer had formed around the capsid (Figure 7B). As 413 
expected, untreated virions contained mostly single capsids comprised of a single CA layer 414 
(74%) and a minority contained additional open (13%) or closed (7%) lattices. Double 415 
layered capsids were infrequent (6%). In stark contrast, we observed that almost all drug-416 
treated virions contained additional CA structures (61%) and/or appeared with a double 417 
layered capsid (45%) while canonical capsids (single closed structure comprised of a single 418 
CA layer) were infrequent (<4%). These observations suggest that LEN induces assembly of 419 
the pool of free CA that is otherwise not incorporated into the capsid. To corroborate this 420 
overassembly phenotype and obtain an estimate of its kinetics, we used our TIRF assay to 421 
obtain the intensity of the CypA paint signal as a measure of CA lattice size. This analysis 422 
showed an average 1.7–1.8-fold increase of the CypA paint signal in virions treated with 500 423 
nM LEN relative to untreated control (Figure 7C and Figure 7–Figure Supplement 1), 424 
consistent with the presence of a larger overall CA lattice surface area contained within the 425 
permeabilised membrane. This CypA paint signal increase was already observed after short 426 
incubation (2 minutes) and did not increase further after longer incubation (30 minutes) 427 
suggesting that CA overassembly induced at high drug concentrations inside mature virions is 428 
rapid. 429 
 430 
PF74 but not BI-2 slows CA lattice disassembly after capsid rupture. 431 
We have shown before using single-molecule TIRF uncoating assays that PF74, an HIV 432 
inhibitor that binds to the same site as LEN, strongly accelerates capsid opening and 433 
stabilises the lattice of the capsid thereafter (Márquez et al., 2018). The concentration (10 434 
μM) used in those experiments is 40–80-fold above the KD determined for the interaction 435 
with CA hexamers (between 0.12 μM (Price et al., 2014) to 0.26 μM (Bhattacharya et al., 436 
2014)), such that 97–99% of binding sites of the capsid are predicted to be occupied with a 437 
drug molecule. PF74 is an important tool to study HIV capsid-associated processes but has 438 
been described to either promote capsid uncoating (Santos et al., 2016; Selyutina et al., 2022; 439 
Shi et al., 2011) or to stabilise capsids (Rankovic et al., 2018) or to have no effect on capsid 440 
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integrity (Hulme et al., 2015). To resolve this ambiguity and further characterise the ability of 441 
PF74 to stabilise CA lattices, we carried out CypA paint experiments in the presence of 0.1–442 
10 μM PF74 (Figure 8A). In this concentration range, binding reaches equilibrium (Lad et al., 443 
2015) before membrane permeabilization in our assay. PF74 slowed the loss of CA from 444 
leaky and opening capsids in a concentration-dependent manner, but we observed high levels 445 
of stabilisation (loss of less than 10% of signal over the 8 min imaging period) only at high 446 
concentrations (≥5 μM, ≥95% occupancy). However, even 10 μM PF74 was unable to 447 
prevent CA lattice disassembly over longer periods of time, and we observed ~70% signal 448 
loss after 80 min (Figure 8B).  PF74 also required high occupancy to accelerate capsid 449 
opening, and the drug showed only partial capsid-breaking at a concentration of 1 μM (79–450 
89% occupancy) (Figure 8-Figure Supplement 1).  451 
 452 
The FG pocket-binding drug BI-2 also has potent capsid-breaking activity (Márquez et al., 453 
2018) when used at a concentration (50 μM) that is ~40-fold above the KD (1.2 μM) of the 454 
interaction with CA hexamers (Price et al., 2014). We predicted that BI-2 would be unable to 455 
stabilise CA lattices after capsid opening since the compound contacts only one of the two 456 
CA subunits forming the FG binding pocket (Figure 1A). As expected, CypA paint analysis 457 
showed that 50 μM BI-2 did not slow the release of CA subunits from the lattice (Figure 8E). 458 
These observations together with those described above suggest that PF74 exerts the same 459 
structural effects on the capsid as LEN but less potently, while BI-2 breaks the capsid but is 460 
unable to slow subsequent disassembly. 461 
 462 
To relate the degree of the capsid-altering effects of PF74 to its effects on HIV infection, we 463 
measured the dose-response curve for inhibiting infection of Jurkat cells with VSV-G 464 
pseudotyped HIV encoding GFP as a reporter (Figure 8C). To facilitate comparison to the 465 
corresponding LEN data, we replotted the dose-response curves as a function of drug 466 
concentration divided by the respective affinity to the CA hexamer (Figure 8D). Curves for 467 
both drugs showed the characteristic biphasic profile with the first phase levelling off at 468 
~10% infection over a ~10–fold concentration range followed by a second drop in infection. 469 
Compared to PF74, the LEN curve was shifted by a factor of 10 to lower concentrations 470 
relative to KD, such that the IC50 for infection occurred at a concentration of ~0.5×KD and 471 
~5×KD for LEN and PF74, respectively. Thus, early phase inhibition required 33% occupancy 472 
for LEN and 83% occupancy for PF74. Similarly, the second inhibition required a 473 
concentration of ~4.7×KD for LEN (82% occupancy) and ~31×KD for PF74 (97% 474 
occupancy). These data suggest that not only is the second phase of inhibition due to capsid 475 
detrimental structural changes, but that LEN has a greater potency for eliciting these changes. 476 
 477 
CPSF6 peptide stabilises the CA lattice at low occupancy. 478 
Given that different compounds can influence uncoating mechanisms in different ways, it is 479 
conceivable that the virus uses endogenous ligands to tune capsid stability. We therefore 480 
sought to compare the effect of the above drugs with CPSF6, a host cell protein which also 481 
binds the FG-pocket, and bridges the gap between monomers (Price et al., 2012). CPSF6 482 
colocalises with the capsids at the nuclear pore complex and inside the nucleus where it plays 483 
a role in facilitating nuclear entry and dictating integration site position (Bejarano et al., 484 
2019; Schaller et al., 2011; Sowd et al., 2016; Zila et al., 2021). To investigate the effect of 485 
CPSF6 on capsid stability, we performed single-molecule TIRF uncoating experiments in the 486 
presence of the minimal CPSF6 peptide that binds to the FG pocket (Figure 1D). At 100 μM 487 
(2–fold above the KD of 50 μM for binding to CA hexamers), CPSF6 peptide promoted 488 
capsid opening, but with slower kinetics than the FG pocket-binding drugs (Figure 9–Figure 489 
Supplement 1). CypA paint analysis showed that 100 μM CPSF6 peptide strongly inhibited 490 
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CA release (Figure 9A) as evident from slow decay in the CypA paint signal over 80 min 491 
(Figure 9C). Further experiments showed that 1 μM CPSF6 peptide was insufficient to 492 
stabilise the lattice but 5 μM partially and 10 μM strongly inhibited CA lattice dissociation. 493 
Next, we used a TIRF microscopy-based interaction assay to count the number of 494 
fluorescently labelled CPSF6 molecules bound to the capsid at concentrations up to 5 μM 495 
(measurements at higher concentrations were hampered by high background fluorescence). 496 
This analysis showed that on average 278±19 molecules are bound per capsid at 5 μM 497 
(Figure 9B and Figure 9–Figure supplement 2). Thus, CPSF6 peptide was more strongly 498 
stabilising relative to KD than capsid inhibitors, providing partial stabilisation when less than 499 
20% of binding sites are occupied. 500 
 501 
Discussion 502 
Here we show that the antiretroviral LEN has two opposing effects on the HIV-1 capsid at 503 
high occupancy: it prevents dissociation of CA from the lattice but induces capsid rupture. 504 
This apparently counterintuitive phenomenon is consistent with a model in which the lattice 505 
must be simultaneously stable but flexible. The antiviral mechanism of LEN can therefore be 506 
considered a form of ‘lethal hyperstability’ in which lattice stability is increased at the cost of 507 
its flexibility and ultimately capsid integrity. This is reminiscent of the ‘lethal mutagenesis’ 508 
mechanism of antiviral polymerase drugs such as favipiravir (Perales et al., 2011). Just as 509 
with capsid stability, viral replication has conflicting requirements – errors are necessary to 510 
promote mutagenesis and evolvability (Tokuriki and Tawfik, 2009) but too many errors and 511 
fidelity is compromised. Lethal mutagenesis drugs exert their antiviral affects by pushing 512 
viral polymerases to these unsustainable error rates. Similarly, lethal hyperstability capsid 513 
drugs like LEN push the capsid lattice to such extreme stabilities that the integrity of the 514 
capsid is compromised. Importantly, this mechanism dominates at drug doses required to 515 
suppress replication to clinically relevant levels (Dvory-Sobol et al., 2022).  516 
 517 
Kinetically, the effects of lethal hyperstability occur within minutes and are observable prior 518 
to reaching binding equilibrium or full occupancy. We estimate that the threshold for drug-519 
induced capsid rupture and lattice stabilisation is lower than 50% occupancy. The cofactor 520 
IP6, which, in the absence of drug, would normally delay spontaneous capsid opening by 521 
many hours, raises the threshold to greater ~70% occupancy but is ultimately unable to 522 
prevent rapid LEN-induced capsid rupture. Due to the high affinity of the drug, sub-nM 523 
concentrations are sufficient to exceed this threshold, but it takes hours to reach the requisite 524 
binding level. It is also worth noting that HIV capsids are pleiomorphic and exhibit different 525 
levels of intrinsic stability as evident from our single-particle analysis, such that the threshold 526 
for LEN-induced structural changes is likely to vary between different capsid architectures. 527 
 528 
The comparison of the single-particle analysis of the three major drugs (BI-2, PF74, and 529 
LEN) offers insight into how binding stabilises the CA lattice, even when it is no longer a 530 
closed shell. BI-2 is the simplest compound, and only makes contacts within a single 531 
monomer and has the lowest affinity. As such it offers no potential for enhancing contacts 532 
between individual proteins within the lattice. It is therefore unsurprising that, even at 50 μM 533 
(approaching the solubility limit of the drug), BI-2 provides no significant lattice stabilisation 534 
once the capsid has ruptured. PF74 and LEN, on the other hand, both make contacts across 535 
the junction between monomers within the context of the hexamer, and both have been 536 
shown to have higher affinity for hexamers than monomers. This suggests that the two drugs 537 
lock monomers together within the hexamer, potentially limiting their ability to move with 538 
respect to each other - reducing degrees of freedom and hence flexibility within the lattice 539 
overall. Evidence that the hexamers are stabilised comes from lattice assembly experiments 540 
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in which LEN promotes CA assembly in the presence of IP6 (Figure 6) or high salt (Bester et 541 
al., 2020; Link et al., 2020). While PF74 does stabilise the CA lattice post-rupture, the lattice 542 
will deteriorate on a time scale of an hour. LEN-treated cores, on the other hand, show no 543 
lattice loss even after 5 hours post-rupture. The degree of lattice stabilisation, therefore, 544 
correlates with the degree to which the drugs bridge the junction between monomers.  545 
 546 
How exactly stabilising the lattice triggers capsid rupture is less clear. It has previously been 547 
suggested that the binding of the drug reduces the flexibility of the CA molecule and 548 
therefore the lattice plasticity required to maintain capsid integrity (Bhattacharya et al., 549 
2014). These authors also suggest that, due to its hexamer preference, PF74 stabilises 550 
hexamers at the cost of pentamers. As precisely 12 pentamers are required, any process that 551 
disfavour pentamers, would necessarily lead to capsid rupture. A recent cryoET study 552 
comparing the structures of hexamers and pentamers identified residues 58-61 as being a 553 
potential ‘switch’ between the two states (Schirra et al., 2022). Importantly, the pentamer 554 
configuration of these residues results in a remodelling of the FG-binding site. The authors 555 
speculate that LEN may result in an induced fit switch to the hexameric configuration, and 556 
our data would be consistent with such a model. Another cryoET study of HIV cores 557 
incubated under conditions that facilitate reverse transcription inside the capsid showed that 558 
treatment with GS-CA1 (an analogue of LEN) for 4 hours led to loss of CA lattice pieces and 559 
a flattening of the remaining lattice (Christensen et al., 2020). The authors proposed that the 560 
compound restricts CA flexibility, causing a build-up of lattice strain, and consequently 561 
lattice fracture. We previously proposed a similar mode of action for the capsid-breaking 562 
activity of PF74 (Márquez et al., 2018). 563 
 564 
Importantly, LEN also possesses antiviral activity during viral production. Not only does 565 
LEN compromise the integrity of existing capsid cores but it interferes with 566 
assembly/maturation as well. Our in vitro assembly experiments suggest that, while LEN 567 
promotes IP6-driven assembly it leads to improperly assembled cones that cannot be closed. 568 
This is consistent with the observation that LEN (Bester et al., 2020) and the closely related 569 
analogue GS-CA1 (Yant et al., 2019) lead to the formation of aberrant capsids in virions. IP6 570 
binds to the electropositive ‘pore’ created by 6 (or 5) copies of Arg18 at the centre of each 571 
CA hexamer (or pentamer). By neutralising the charge repulsion, IP6 stabilises these 572 
structures and is thought to be particularly important for incorporation of pentamers (Gupta et 573 
al., 2022; Renner et al., 2021) required for forming the high curvature lattice at the ends of 574 
the cone. On the other hand, LEN drives assembly of low curvature hexameric lattices 575 
(Figure 6B). Both compounds together might lead to uncontrolled lattice growth without the 576 
ability to reverse defects and/or LEN might drive remodelling of pentamers at the growing 577 
lattice edge into hexamers (Grime et al., 2016). Furthermore, the over-assembly phenotype 578 
that we observe upon drug treatment of mature virions supports the notion that LEN both 579 
causes aberrant CA assembly and also distorts existing structures. While our data do not 580 
resolve how the LEN-induced capsid defects manifest structurally in isolated capsids, within 581 
mature virions this could be due to a build-up of strain within the primary capsid. In addition, 582 
‘secondary CA lattices’ would likely compete for the limited IP6 present within the virion, 583 
effectively reducing the amount available to the primary capsid, thereby reducing its 584 
resistance to rupture and possibly also adjusting the hexamer/pentamer balance. 585 
 586 
The antiviral multimodality of LEN is also seen in the biphasic response curve in the 587 
infection assay. The high-dose phase occurs above 0.5 nM LEN, above which the 588 
considerations of capsid rupture are relevant. The high-dose phase also corresponds to the 589 
concentrations at which reverse transcription is also inhibited. A biphasic inhibition curve has 590 
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previously been seen for PF74 (and is repeated here) where, similarly, loss of reverse 591 
transcription accompanies this high-dose phase. We and others had previously attributed the 592 
loss of reverse transcriptase activity to the opening of the capsid lattice and release of the RT 593 
enzyme (Christensen et al., 2020; Jennings et al., 2020; Sowd et al., 2021). Our data support 594 
this same explanation for LEN-induced loss of RT. However, LEN is not simply a tighter-595 
binding version of PF74. Figure 8D shows that when the drug response curves are normalised 596 
to KD, LEN exerts its effects at much lower capsid occupancy than PF74. In a previous study, 597 
when BI-2 and PF74 were similarly compared, they were found be identical (Price et al., 598 
2014). This suggests that increased CA affinity only partially explains LEN’s superior 599 
potency and may speak to a greater ‘rigidification potential’ or ultrastructure-altering 600 
capability relative to prior compounds that target this same site.  601 
 602 
While the second phase of the dose response curve has a clear explanation, the activity of the 603 
drugs at the first phase remains controversial. At these concentrations (<0.5 nM for LEN; <4 604 
nM PF74, <50 nM for BI-2) neither capsid rupture nor loss of viral DNA synthesis are 605 
observed. One possible explanation could be that at low drug concentration the low 606 
occupancy contributes to CA lattice stability, without the concomitant rupture observed at 607 
higher doses. In combination with the cone-stabilising activity of IP6, low dose LEN could 608 
render the capsid core too stable thereby leading to altered genome release kinetics during 609 
infection. However, the observation that 2-LTR circle formation is not reduced at the EC50 610 
for infection (Bester et al., 2020) is inconsistent with this model as failure to release the viral 611 
cDNA from the capsid would be expected as a result of capsid stabilisation. Alternatively, 612 
disrupting the ability of the capsid to interact with FG-containing cofactors (Sec24C, 613 
Nup153, and CPSF6) has also been proposed to inhibit infection. Our data predict that, at its 614 
EC50, LEN occupies approximately one third of the FG-binding sites, while PF74 occupies 615 
>80% of sites (Figure 8D). However, the true degree to which these drugs are able to 616 
compete with cofactor binding during infection is complicated by the spatial organisation of 617 
the cofactors in the cell, the unknown degree to which they compete with each other, the 618 
possibility that they exist as high-avidity multimers, and fluctuations in their abundances 619 
throughout the cell cycle and between cell types.  620 
 621 
The fact that these drugs target a cofactor binding site (the FG pocket) and are capable of 622 
modulating capsid rupture and stability raises the question as to whether the virus is 623 
employing these cofactors to regulate uncoating. This has previously been suggested for 624 
cofactors binding at other CA lattice sites, such as the interactions between CypA and the 625 
cyclophilin loop (Rasaiyaah et al., 2013) or between IP6 and the R18 ring (Mallery et al., 626 
2018). The best characterised of the cofactors interacting with the FG pocket is CPSF6, 627 
which binds via a linear peptide motif and, like PF74 and LEN makes contacts across the 628 
junction between monomers. Our observation that CPSF6 stabilises the CA lattice is 629 
consistent with the notion that this bridging interaction promotes stability. A surprising result 630 
was the degree to which CPSF6 provided stabilisation, achieving this effect as low as 20% 631 
binding sites are occupied. This could indicate that the nature of the bridging interaction is 632 
somehow more flexible than those observed for the drugs, leading to differences in the 633 
dependence of binding on the curvature of the CA lattice. Indeed, cryoET imaging of CA 634 
cones have shown that CPSF6 binding is independent of lattice curvature while PF74 prefers 635 
low curvature regions. We acknowledge that we are studying an isolated monomeric peptide 636 
motif, while endogenous CPSF6 will likely have a higher binding constant due to avidity, as 637 
it is expected to be at least a dimer (Ning et al., 2018), but possibly higher, as CPSF6 has 638 
been associated with phase separated condensates within the nucleus (Greig et al., 2020). The 639 
nuclear localisation of CPSF6 and the above stabilisation activity, may account for the 640 
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observation of capsid remnants in the nucleus discrete from integrated proviral DNA (Müller 641 
et al., 2021; Zila et al., 2021). 642 
 643 
For decades, the concept that the HIV capsid must release its contents to complete infection 644 
has been accepted, and the metastability of the capsid has been recognised as critical for the 645 
viral life cycle. LEN is the first capsid-targeting drug for treatment of HIV infection. Our 646 
work here shows that LEN functions by lethal hyperstabilisation, and that this is a powerful 647 
mechanism for achieving multi-log impacts on viral infectivity. As such, this mechanism and 648 
the tools that we and others have developed for studying it will likely be relevant to the 649 
development of new therapeutics targeting a range of viral infections. Furthermore, LEN 650 
reveals that FG-pocket binding can drastically alter the capsid integrity. The exact nature of 651 
the induced ultrastructural defect warrants further study, as does the role of single and 652 
multiple endogenous cofactors on the uncoating process. 653 
  654 
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Materials and Methods 655 
Production of GFP-loaded HIV particles for TIRF uncoating experiments 656 
HIV particles lacking envelope protein were produced, biotinylated and purified as described 657 
(Márquez et al., 2019). Briefly, HEK293T cells were transfected using PEI with a mixture of 658 
the plasmids pNL4.3-iGFP-ΔEnv and psPAX2 (1.4:1, mol/mol) to produce GFP-loaded HIV 659 
particles or with a mixture of pCRV1-GagPol and pCSGW (1:1.7, mol/mol) to produce dark 660 
HIV particles. The medium was exchanged 18 h post transfection and the virus-containing 661 
medium was collected 72 hours post transfection and centrifuged (2100 x g, 20 min, 4 °C) to 662 
remove cells. The viral particles were then biotinylated using EZ-Link Sulfo-NHS-LC-LC-663 
Biotin and purified by size exclusion chromatography. 664 
 665 
Expression and purification of DLY 666 
The gene encoding the pore-forming protein desulfolysin (DLY) was subcloned by ligation 667 
independent cloning into the pMCSG7 vector from the pET22b construct described in (Hotze 668 
et al., 2013) to introduce an N-terminal His-tag. DLY was expressed in E. coli BL21(DE3) 669 
pREP4 cells in TB media with Ampicillin (100 mg/mL) by induction with 0.2 mM IPTG at 670 
37 °C with shaking for 4 hours. Cells were harvested by centrifugation and lysed in 20 mM 671 
Tris pH 7.2 300 mM NaCl buffer with 10% glycerol, protease inhibitor, 0.1% Triton-X100, 672 
DNAse and lysozyme for 1 hour at room temperature. The lysate was clarified by 673 
centrifugation and passed over a HisTrap HP column (Cytiva Life Sciences) equilibrated in 674 
20 mM Tris pH 7.2, 300 mM NaCl and 5% glycerol. DLY was elutded over a linear gradient 675 
of 0–500 mM imidazole. The eluted protein was further purified by size exclusion 676 
chromatography on a HiLoad 16/60 Superdex 200 pg column (Cytiva Life Sciences) 677 
preequilibrated with 20 mM Tris pH 7.2, 300 mM NaCl, 5% glycerol, 0.5 mM DTT. 678 
 679 
Expression and purification of CypA 680 
Human CypA was expressed in BL21(DE3) E. coli for 3 h after IPTG induction in LB 681 
medium at 37 °C with shaking. Cells were harvested by centrifugation and lysed by 682 
sonication on ice in a buffer containing 25 mM HEPES, pH 7.6, 1 mM DTT, 0.02% NaN3, 683 
‘Complete’ protease inhibitor and 1 mg mL-1 lysozyme. The lysate was clarified by 684 
centrifugation. CypA was purified by subtractive anion exchange chromatography using a 10 685 
mL HiTrap Q HP column (GE Healthcare Life Science) equilibrated with 25 mM HEPES, 686 
pH 7.6, 1 mM DTT, 0.02% NaN3. CypA fractions eluting in the flow-through were adjusted 687 
to pH of with 1% v/v acetic acid, centrifuged and applied to a cation exchange 688 
chromatography column (5 mL HiTrap SP HP, GE Healthcare Life Science) equilibrated 689 
with 25 mM sodium phosphate, pH 5.8, 1 mM DTT, 0.02% NaN3. CypA was eluted with a 690 
linear gradient from 0 to 1 M NaCl over 20 column volumes. CypA was dialyzed against 691 
storage buffer (25 mM MOPS, pH 6.6, 1 mM DTT, 0.02% NaN3), concentrated using an 692 
Amicon-15 Ultra centrifugal filtration device (10 k MWCO, Merck) and frozen in liquid 693 
nitrogen for storage at -80 °C. 694 
 695 
Labelling of CypA 696 
CypA was dialysed against PBS (pH 7.4, 0.1 mM TCEP) and labeled by reaction with a 4-697 
fold molar excess of Alexa-Fluor 568-C5-maleimide (Thermo Fisher Scientific, A10254) for 698 
10 minutes at room temperature. The reaction was quenched by addition of DTT. Labeled 699 
CypA was separated from unconjugated dye using Zeba desalting spin columns (Thermo 700 
Fisher Scientific) equilibrated with 50 mM Tris, pH 7.9, 20% v/v glycerol, 1 mM DTT. 701 
Under these conditions, CypA is quantitatively labeled at residue C51. Labeled CypA was 702 
frozen in liquid nitrogen and stored at -40 °C.  703 
 704 
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CPSF6 peptides 705 
The peptides CPSF6313–327 (CPSF6p) and CPSF6313–327 with an extra cysteine at the C-706 
terminus (CPSF6p-Cys) were synthetized by GenScript. Peptides were dissolved in water at a 707 
concentration of 2.5 mM and stored in aliquots at -40°C. 708 
 709 
Labelling of CPSF6 peptide 710 
CPSF6p-Cys was labelled with Alexa-Fluor 568-C5-maleimide (Thermo Fisher Scientific) 711 
added at an equimolar ratio in HEPES buffer pH 8. Labelling was verified by thin layer 712 
chromatography (TLC). No unconjugated dye was observed on TLC. CPSF6p-Cys- AF568 713 
solution stored in aliquots at -40°C. 714 
 715 
Single-molecule TIRF uncoating assay 716 
Single-molecule imaging of viral particles was carried out using TIRF microscopy with 717 
microfluidic sample delivery according to our previously published methods (Márquez et al., 718 
2019). Briefly, biotinylated viral particles were captured onto coverslips attached to PDMS 719 
microfluidic flow cells and imaged using a custom-built TIRF microscope with an ASI-720 
RAMM frame (Applied Scientific Instrumentation), a Nikon 100× CFI Apochromat TIRF 721 
(1.49 NA) oil immersion objective and NicoLase laser system (Nicovich et al., 2017). 722 
Immobilized virions were treated with imaging buffer containing 200 nM pore forming 723 
protein (DLY or SLO) to permeabilize viral membrane and AF568-labeled CypA (0.8 µM) to 724 
paint the capsid. Drugs (LEN, PF74, BI-2) were added to the imaging buffer as stock 725 
solutions in DMSO (final concentration not exceeding 0.5%). Images were acquired at a rate 726 
of 1 frame per 6 s for 30 minutes unless specified otherwise. 727 
 728 
TIRF image analysis 729 
Single-virion fluorescence traces were extracted from the TIRF image stacks using the JIM 730 
Immobilized Microscopy analysis package and further analyzed in MATLAB (The 731 
MathWorks Inc.). Capsid opening via GFP release: Change-point analysis of GFP intensity 732 
traces was used to identify the presence and time of steps corresponding to membrane 733 
permeabilization and capsid opening. Traces were automatically sorted into four classes on 734 
the basis of the following criteria: (1) loss of entire GFP signal in one step; (2) loss of GFP 735 
intensity in one large (permeabilization) and one small (capsid opening) step; (3) loss of the 736 
majority of the GFP signal in one step with residual GFP signal persisting for the rest of the 737 
experiment; (4) no permeabilization or otherwise uninterpretable traces (excluded from 738 
analysis). Capsid opening times were calculated for traces in class two as the time difference 739 
between permeabilization and capsid opening. Survival curves were constructed from the 740 
pooled opening times acquired in independent uncoating experiments. Analysis of CA lattice 741 
stability via CypA paint: Heatmaps and median traces of leaky or closed particles were 742 
generated after aligning at traces in the corresponding category at the time of membrane 743 
permeabilization. Traces of opening particles were aligned at the time of membrane 744 
permeabilization (shown in the first panel) and aligned at the time of capsid opening (shown 745 
in the second panel). Quantification bound molecules: The number of bound AF568-labelled 746 
CPSF6p molecules was determined from the ratio of the CPSF6p-AF568 fluorescence 747 
intensity associated with the capsid at equilibrium to the fluorescence intensity of a single 748 
CPSF6p-AF568 molecule. 749 
 750 
Production of pseudotyped-virus particles for cell-based assays 751 
VSV-G pseudotyped GFP-encoding virus particles were generated by co-transfecting 752 
HEK293T cells with pCRV1-GagPol, pCSGW and pMD2.G (1:1.1:1.3 mol/mol) using PEI 753 
25K. The culture medium was removed 16 hours post-transfection and replenished with a 754 
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fresh medium containing 10 mM MgCl2, 0.5 mM CaCl2 and 100 U of DNase. Virus-755 
containing medium was harvested 72 hours post-transfection, centrifuged (2100 x g, 20 min, 756 
4oC) to remove cell debris, divided into aliquots and stored at -80oC. 757 
 758 
Infection assays 759 
Infection assays were performed in 96 well plates using 0.75 x 105 Jurkat cells per well pre-760 
treated with the indicated drug (LEN, PF74) concentrations for 30 minutes at 37oC. The cells 761 
were then infected in triplicate with VSV-G-pseudotyped GFP-encoding virus in the presence 762 
of polybrene (10 µg/ml; Sigma) at room temperature for 20 minutes, followed by 763 
spinoculation at 800 x g for 1 hour at room temperature. The culture media were removed 764 
and replenished with fresh media containing drugs at the indicated concentrations. At 48 765 
hours post infection, the cells were fixed in 2% paraformaldehyde (Electron Microscopy 766 
Sciences) for 1 hour at room temperature and analyzed by flow cytometry using a 767 
LSRFortessa cell analyzer (BD Biosciences) and FlowJo software. For experiments involving 768 
preincubation with drugs, the virus was incubated with LEN at the indicated concentrations 769 
for 48 hours at room temperature and then used to infect cells as above. For quantitative PCR 770 
(qPCR) analysis, virus was treated with DNase for 30 minutes at 37oC and then used to infect 771 
1 x 105 Jurkat cells in duplicate as described above. Cells were harvested 24 hours post 772 
infection and processed for qPCR. 773 
 774 
Quantitative PCR analysis  775 
Genomic DNA was isolated from pelleted cells using a DNeasy blood and tissue kit 776 
(Qiagen). The concentration of purified DNA was determined using a Nanodrop 777 
spectrophotometer. To quantify total viral DNA, quantitative PCR was performed using 778 
sequence-specific primers and SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). 779 
For 2-LTR circles, quantitative PCR was performed using sequence-specific primers, 780 
TaqMan probes (Thermo Fisher Scientific) and iQ Supermix (Bio-Rad). PCR conditions for 781 
vDNA amplification: Initial denaturation, 95oC, 3 min; Denaturation, 95oC, 10 s; 782 
Annealing/Extension, 60oC, 30 s; 45 cycles. PCR conditions for 2-LTR amplification: Initial 783 
denaturation, 95oC, 3 min; Denaturation, 95oC, 15 s; Annealing/Extension, 60oC, 60 s; 50 784 
cycles. 785 
 786 
Expression and purification of CA for in vitro assembly experiments 787 
E. coli C41 cells expressing CA were lysed and cell debris was removed by centrifugation. 788 
CA was precipitated by addition of 25% ammonium sulphate to the supernatant, collected by 789 
centrifugation, resuspended, and dialysed against 50 mM MES (pH 6.0), 20 mM NaCl, 1 mM 790 
DTT. The CA protein was further purified on a cation exchange column with a gradient from 791 
20 mM to 1 M NaCl followed by size exclusion chromatography with Tris pH 8.0, 20 mM 792 
NaCl, 1 mM DTT and finally snap frozen. 793 
 794 
Turbidity assay to measure CA assembly kinetics 795 
CA proteins were dialysed against 50 mM MES (pH 6.0), 1 mM DTT. CA proteins were 796 
assembled at a final concentration of 75 µM in the presence of 2% DMSO. LEN titration: 797 
LEN (final concentration between 0.5–50 µM) was added to the CA solution and assembly 798 
was initiated by adding IP6 (final concentration of 200 µM). IP6 titration: IP6 (final 799 
concentration between 50–150 µM) ±LEN (final concentration 50 µM) was added to the CA 800 
solution to induce assembly. The increase in Abs350 was measured with a PHERAstar FSX 801 
Plate reader (BMG Labtech) in 384-well plate every 22 s with shaking after each 802 
measurement.  803 
 804 
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Treatment of self-assembled CA cones with LEN 805 
CA cones were assembled by adding IP6 (final concentration of 1 mM) to a solution of CA 806 
(final concentration of 75 µM) in 50 mM MES (pH 6.0) and incubating the reaction mixture 807 
for 2 h. LEN (final concentration of 50 µM) was added and the CA cones and the mixture 808 
was applied to an EM grid for negative staining with uranyl acetate at the indicated time 809 
points.  810 
 811 
Negative staining EM of self-assembled CA structures 812 
The samples from the turbidity assay were allowed to sediment overnight. Then 5 µL of each 813 
sample was applied to a carbon coated grid (Cu, 400 mesh, Electron Microscopy Services) 814 
previously cleaned by glow discharge. The grids were then washed, and samples stained with 815 
2% uranyl-acetate. Micrographs were taken at room temperature on a Tecnai Spirit (FEI) 816 
operated at an accelerated voltage of 120 keV and recorded with a Gatan 2k × 2k CCD 817 
camera. Images were collected with a total dose of ~30 e-/Å2 and a defocus of 1–3 µm.  818 
 819 
HIV particle production for cryo-electron tomography 820 
Replication deficient VSV-G pseudotyped HIV-1 virions were produced in HEK293T cells 821 
using pCRV1-GagPol, pCSGW and pMD2.G as described previously (Price et al., 2014). At 822 
24–48 h post transfection, the supernatants were harvested and passed through 0.22 μm 823 
nitrocellulose filter. The virions were concentrated by ultracentrifugation through a 20% 824 
(w/v) sucrose cushion (2 h at 28,000 rpm in a SW32 rotor [Beckman Coulter Life Sciences]). 825 
The pellet was resuspended in PBS, snap-frozen and stored at -80 °C. LEN-treated virions 826 
were incubated in presence of 700 nM LEN for 1.5 h at room temperature prior to plunge-827 
freezing for cryo-ET. 828 
 829 
Cryo-electron tomography of LEN-treated HIV particles 830 
Colloidal gold beads (10 nm diameter) were added to the purified HIV particles and 6 µl of 831 
this suspension was applied to a C-Flat 2/2 3C grid cleaned by glow discharge (20 mA, 40 s). 832 
The grids were blotted and plunge-frozen in liquid ethane using an FEI Vitrobot Mark II at 16 833 
°C and 100% humidity. Tomographic tilt series between −40° and +40° with increments of 834 
3°, defoci between -3 µm and -6 µm at a magnification of 50,000x were acquired using 835 
Serial-EM (Mastronarde, 2005) on a TF2 Tecnai F20 transmission electron microscope under 836 
low-dose conditions at 200 kV and images recorded with a Falcon III direct electron detector. 837 
The Imod package (IMOD Version 4.9.0) was used to generate tomograms (Kremer et al., 838 
1996). The alignment of 2D projection images of the tilt series was done using gold particles 839 
as fiducial markers. A 3D reconstruction was generated using back projection of the tilt-840 
series. 841 
 842 
 843 
  844 
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Figure 1. CA hexamer structures in complex with FG-binding pocket ligands. Two neighbouring CA molecules 
(grey, light brown) are shown as surface representation. Landmark residues N57 (pale green) and N74 (red-brown) 
are highlighted. Ligands are shown as sticks: A. BI-2. B. PF74. C. LEN. D. CPSF6 peptide. PDB IDs in A, B and D: 
4U0F, 4U0E, 4U0A (Price et al., 2014). PDB ID in C: 6V2F (Link et al., 2020). Images were generated with PyMol 
version 2.3.5.   
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Figure 2. Single-particle HIV capsid uncoating kinetics measured by TIRF microscopy. A. Schematic diagram of 
a viral particle at different stages of uncoating detected in the assay. HIV particles were produced using a proviral 
construct with internal GFP that is released from the viral Gag protein during maturation and packaged as a solution 
phase marker inside the two compartments bound by the viral membrane and the capsid, respectively. These GFP-
loaded HIV particles are immobilised on the coverslip surface and permeabilised in the presence of AF568-labelled 
CypA while recording fluorescence traces at the locations of individual HIV particles by TIRF microscopy. 
Permeabilisation of the viral membrane (step a) with a pore-forming protein leads to loss of ~80-90% of the GFP signal 
corresponding to the pool of GFP outside the capsid. AF568-CypA molecules diffuse through the membrane pores and 
bind to the capsid to reach a level that is proportional to the number of CA subunits in the capsid. Capsid opening (step 
b) leads to loss of the residual GFP that is inside the capsid. CA lattice disassembly (step c) is apparent from the rapid 
loss of the CypA paint signal. B/C. Example GFP release (blue-green) and CypA paint (magenta) traces for particles 
with capsids that are already leaky (i.e. contain defects and release all GFP in one step), undergo opening at various 
times after permeabilization or remain closed throughout the observation period. In the absence of drug (B), the CypA 
paint intensity decays rapidly when the capsid is no longer closed (complete loss of GFP signal). In the presence of 500 
nM LEN (C), the CypA paint signal remains constant even when the GFP signal is completely lost showing that the drug 
stabilises the ruptured capsid. D/E. Analysis of all single-particle traces in the field of view to yield capsid survival curves 
(D) and fraction of leaky, opening and closed capsids at the end of the experiment (E) showing that LEN induces rupture 
of the capsid. 
 

 
Figure 2–Figure Supplement 1. Heatmaps (magenta) and median traces (black line) of the CypA intensity measured 
at particles with leaky (left) or opening (right) capsids in the absence (A) or presence (B) of 500 nM LEN. LEN 
prevents dissociation of CA from the lattice of capsids that are no longer closed cones. 
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Figure 3. LEN accelerates capsid opening and subsequently promotes CA lattice stability. Single-particle 
analysis of the effect of 0–500 nM LEN on capsid uncoating via GFP release and CypA paint.  A/B. Capsid survival 
curves (A) and fraction of leaky, opening and closed capsids at the end of the experiment (B) showing that the drug 
induces rupture of the capsid. Pooled data from multiple experiments (total number of traces): 0 nM (4325); 0.5 nM 
(1242); 5 nM (1585); 50 nM (1520); 500 nM (1048).  C. Heatmaps (magenta) and median traces (black line) of the 
CypA intensity measured at particles with leaky or opening capsids in the presence of 0–500 nM LEN showing that 
LEN stabilises the CA lattice of ruptured capsids above an occupancy threshold of ~30%. D. Heatmap (magenta) and 
median trace (black line) of the CypA intensity of particles (leaky/opening) showing that 500 nM LEN prevents CA loss 
from the ruptured capsid for at least 5 hours. 
 
 

 
 
Figure 3–Figure Supplement 1. Half-lifes of the short-lived fraction (A) and the long-lived fraction (B) of opening 
capsids determined from a biexponential fit of survival curves. Each symbol represents an independent single-particle 
TIRF uncoating experiment. Outliers are indicated by the symbol ‘×’. Black bars represent the mean and error bars 
represent the standard deviation. The grey lines indicate the half-lives obtained from the fits of the survival curves of 
pooled data from all experiments at each concentration. Statistical comparison using one-way ANOVA with Dunnett’s 
multiple comparison test. The differences between conditions are not statistically significant apart from the comparison 
between the long half-lives for control (0 nM LEN) and 500 nM LEN in panel B (p=0.035). 
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Figure 4. IP6 partially counteracts LEN-induced capsid rupture. Single-particle analysis of the effect of 0–500 nM 
LEN on capsid uncoating via GFP release and CypA paint in the presence of 100 μM IP6. The corresponding 
uncoating data in the absence of IP6 from Figure 3 is reproduced to facilitate comparison.  A/B. Capsid survival curves 
(A) and fraction of leaky, opening and closed capsids at the end of the experiment (B) showing that IP6 partially 
counteracts the drug-induced rupture of the capsid at low but not high concentrations of LEN. Pooled data from 
multiple experiments (total number of traces): 0 nM LEN+IP6 (836); 5 nM LEN+IP6 (589); 50 nM LEN+IP6 (321); 500 
nM LEN+IP6 (238). 
 

 
Figure 4–Figure Supplement 1. Heatmaps (magenta) and median traces (black line) of the CypA intensity measured 
at particles with leaky or opening capsids in the absence (A) or presence (B) of 100 μM IP6.  
 

 
Figure 4–Figure Supplement 2. Heatmaps (magenta) and median traces (black line) of the CypA intensity measured 
at particles with leaky (left) or opening (right) capsids. A/B. 5 nM LEN in the absence (A) or presence (B) of 100 μM 
IP6. The presence of IP6 slows capsid disassembly in the presence of 5 nM LEN but does not prevent it. C/D. 50 nM 
LEN in the absence (C) or presence (D) of 100 μM IP6. 50 nM LEN stabilises the CypA paint signal, regardless of 
whether IP6 is present. 
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Figure 5. Preincubating HIV particles with LEN is required to obtain the full effect of the drug on capsid 
stability, HIV infection and reverse transcription. A-C. Single-particle analysis of capsid uncoating in the presence 
of 5 nM LEN added to the viral particles at the start (0 h preincubation) or 4 h before the start (4 h preincubation) of the 
TIRF assay. Capsid survival curves (A) and fraction of leaky, opening and closed capsids at the end of the experiment 
(B) show that preincubation with drug increases capsid rupture. Pooled data from multiple experiments (total number 
of traces): 5 nM LEN, 0 h (1585); 5 nM LEN, 4 h (1159). (C) CypA paint heatmaps and median CypA paint intensity 
traces of leaky and opening capsids show that preincubation is required to stabilise the CA lattice after capsid rupture. 
D. Dose-response curves of Jurkat cells infected with VSV-G-pseudotyped GFP-encoding virus that was preincubated 
for 0 h or 48 h with the corresponding concentration of LEN. The number of infected cells was determined by flow 
cytometry 48 h post infection. Data points represent percent infectivity relative to the vehicle control. The graph shows 
data from four (0 h preincubation) or three (48 h preincubation) independent experiments. The vertical dashed lines 
indicate the IC50 values determined from least squares fits of the curves and the vertical dotted lines indicate the IC95 
values determined as the concentration where the relative level of infection reaches 5% (0 h preincubation: 1.024 nM 
[5.3% infection]; 48 h preincubation: 0.512 nM [5.1% infection]).  E. Relative IC50 values determined from least 
squares fits of the data in D giving values of 125±13 pM without preincubation and 93±8 pM with 48 h preincubation. 
Statistical analysis using an unpaired two-tailed t-test. F. Quantification using qPCR of total viral DNA from Jurkat cells 
collected 24 h after infection with VSV-G-pseudotyped GFP-encoding virus as in panel D (with 0 h or 48 h 
preincubation with LEN). Normalized copy numbers (mean ± SD) from two independent experiments with two 
technical repeats each. Least squares fit (solid line) providing IC50 values of ~1080 pM without preincubation and 
~590 pM with 48 h preincubation. 
 
 

 
Figure 5–Figure Supplement 1. Occupancy of binding pockets on the CA lattice with LEN as a function of 
concentration (A, plotted for different time points) and as a function of time (B, plotted for different concentrations). 
Curves were calculated using kon = 6.5E4 M-1s-1 and koff = 1.4E-5 s-1 determined by surface plasmon resonance 
spectroscopy (Link et al., 2020).  
  

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 21, 2022. ; https://doi.org/10.1101/2022.09.21.508807doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.21.508807
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
Figure 6. IP6 and LEN synergise to promote CA assembly. In vitro assembly reactions of CA (75 μM) were carried 
out in 50 mM MES (pH 6.0) containing 1 mM DTT and monitored in real time by absorbance measurements at 350 
nm. The assembly products obtained at the end of the reaction were imaged by negative staining electron microscopy. 
A/B. Assembly kinetics (left) and products (right) formed at 10–150 μM in the absence (A) or the presence (B) of 50 
μM LEN. C. Assembly kinetics (left) and products (right) formed at 0–50 μM LEN in the presence of 200 μM IP6. 
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Figure 7. LEN promotes assembly of additional CA structures outside the capsid in mature HIV particles. A/B. 
CryoET analysis of untreated HIV and HIV incubated with 700 nM LEN for 30 min. A total of 139 untreated and 96 
drug-treated viral particles were analysed, and the frequency of each phenotype is plotted as a percentage in the bar 
plots. Slices through representative tomograms of each phenotype are shown. Scale bars, 100 nm. (A) Virions were 
classified as either immature, mature/immature, ambiguous, mature (irregular) or mature (conical/tubular). (B) The 
mature (conical/tubular) particles from C were further divided into subclasses reflecting the number of CA assemblies 
and the absence or presence of assemblies with two CA layers. C. CypA paint intensity analysis to estimate the level 
of CA lattice assembly (“lattice size”) in HIV particles preincubated with 500 nM LEN for 30 min before 
permeabilization relative to the lattice size of closed capsids in untreated HIV particles. Comparison of lattice size in 
untreated control (3 experiments) and HIV preincubated with 500 nM LEN for 2 minutes (3 experiments) or 30 minutes 
(4 experiments) showing that drug induces an increase in lattice size. An example CypA paint heatmaps is shown in 
Figure 7–Figure Supplement 1. 
 
 

 
Figure 7–Figure Supplement 1. CypA paint intensity analysis to estimate the level of CA lattice assembly (“lattice 
size”) in HIV particles preincubated with 500 nM LEN for 30 min before permeabilization relative to the lattice size of 
closed capsids in untreated HIV particles. Example CypA paint heatmaps (magenta) and median traces (black) of 
closed capsids in untreated HIV (A) and all capsids in HIV preincubated with drug (B).  
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Figure 8. Effects of PF74 and BI-2 on CA lattice stability. A/B. Heatmaps (magenta) and median traces (black line) 
of the CypA intensity measured at particles with leaky or opening capsids in the presence of 0–10 μM PF74 showing 
that PF74 stabilises the CA lattice at concentrations >10-fold above the KD of the drug-CA hexamer interaction. (A) 
PF74 titration in 8 min experiments. (B) 10 μM PF74 in an 80 min experiment showing that capsids disassemble over 
this time period. The inset shows the first 8 min of the trace. C. Dose-response curve of Jurkat cells infected with VSV-
G-pseudotyped GFP-encoding virus in the presence of the indicated concentrations of PF74. The number of infected 
cells was determined by flow cytometry 48 h post infection. Data points represent percent infectivity relative to the 
vehicle control. The dotted lines indicate the IC50 determined from least squares fits of the curves (~0.6 μM, 
corresponding to ~5×KD). D. Dose-response curves with drug concentration normalized by the KD of the respective 
drug binding to CA hexamers for LEN (0 h and 48 h preincubation) and PF74 (same data as in Figure 5D and 8C, 
respectively). The dashed lines indicate the relative IC50 determined from least squares fits of the curves (~0.4×KD for 
LEN [48 h preincubation] and ~5×KD for PF74). E. Heatmap (magenta) and median trace (black line) of the CypA 
intensity at particles with leaky or opening capsids in the presence of 50 μM BI-2 showing that BI-2 does not stabilise 
the CA lattice.  
 

 
Figure 8 – Figure Supplement 1. PF74 and BI-2 binding at high occupancy leads to capsid rupture.  Capsid 
survival curves were determined from GFP release traces. The control curve (no binder) and the curves determined in 
the presence of 10 uM PF74 and 50 uM BI-2 are reproduced from Marquez et al, 2018. 
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Figure 9. CPSF6 peptide stabilises the CA lattice at low occupancy. A. Heatmaps (magenta) and median traces 
(black line) of the CypA intensity measured at particles with leaky capsids in the presence of 1–100 μM CPSF6 
peptide showing that the peptide stabilises the CA lattice at concentrations below the KD of the peptide-CA hexamer 
interaction. B. Mean number of CPSF6 peptides bounds per capsid determined from CPSF6p-Cys-AF568 binding 
experiments. Each symbol represents an independent binding experiment, black bars indicate mean and standard 
deviation. C. Heatmap (magenta) and median trace (black line) of the CypA intensity at particles with leaky or opening 
capsids in the presence of 100 μM CPSF6 monitored over 80 minutes, showing long-term stabilisation of the CA 
lattice. 
 
 

 
Figure 9 – Figure Supplement 1. Capsid survival curves were determined from GFP release traces. The control 
curve (no binder) is reproduced from Marquez et al, 2018. 
 
 

 
Figure 9 – Figure Supplement 2. Binding of CPSF6 peptide to closed capsids. A. Mean binding traces recorded 
at the indicated concentrations of labelled CPSF6 peptide. Binding traces were recorded at the locations of viral 
particles with closed capsid, whereby t = 0 corresponds to the time of viral membrane permeabilization. B. Mean 
number of labelled CPSF6 peptides bounds per capsid determined from binding experiments (see panel A for an 
example). Each symbol represents an independent binding experiment, black bars indicate mean and standard 
deviation. The black line represent the binding curve calculated using the published value of KD=50 uM. C. Mean 
CPSF6 peptide intensity measured at closed capsids after wash-out of CPSF6 peptide from the flow channel at t = 0. 
The black line represents a fit of the data with a single exponential decay function. 
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