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The HIV‑1 capsid and reverse transcription
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Abstract 

The viral capsid plays a key role in HIV-1 reverse transcription. Recent studies have demonstrated that the small 
molecule IP6 dramatically enhances reverse transcription in vitro by stabilizing the viral capsid. Reverse transcription 
results in marked changes in the biophysical properties of the capsid, ultimately resulting in its breakage and disas-
sembly. Here we review the research leading to these advances and describe hypotheses for capsid-dependent HIV-1 
reverse transcription and a model for reverse transcription-primed HIV-1 uncoating.

Keywords:  HIV-1, Capsid, Reverse transcription, IP6, Stiffness, Uncoating

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
During infection by retroviruses, including the human 
immunodeficiency virus type 1 (HIV-1), the positive-
sense viral RNA genome is copied into double-strand 
DNA by reverse transcription. This reaction is catalyzed 
by the viral reverse transcriptase enzyme (RT), which 
synthesizes both the negative and positive-sense DNA 
strands and generates the DNA sequence elements 
required for integration and subsequent expression of the 
integrated provirus. Reverse transcription is an essential 
step in HIV-1 infection, a major antiviral target, and a 
biological process of great interest. Research during the 
past 20 years has revealed that the viral capsid plays an 
essential role in reverse transcription, yet the mechanism 
for this is unknown. Moreover, reverse transcription 
appears to induce structural changes in the capsid. Here 
we describe the research toward an understanding of the 
role of the capsid in reverse transcription and highlight 
recent advances in this field.

Organization of the HIV‑1 core
Human immunodeficiency virus type 1 (HIV-1) parti-
cles contain a nucleoprotein core surrounded by a lipid 
membrane (Fig.  1A). The core consists of two copies of 

viral genomic RNA in association with other virion com-
ponents including the nucleocapsid (NC), integrase (IN), 
and reverse transcriptase (RT) proteins. This ribonucleo-
protein complex is encased within the viral capsid. The 
capsid is an elegantly simple structure consisting of the 
capsid protein (CA) assembled into a lattice of ~ 200 
hexamers and exactly 12 pentamers organized according 
to fullerene cone geometry (Fig. 1B). Asymmetric place-
ment of the pentamers gives rise to the conical capsid 
shape that is characteristic of members of the lentiviridae 
genus of retroviruses to which HIV-1 belongs. Although 
the capsid morphology is different in other retrovirus 
genera, the basic geometric principles of capsid struc-
ture (lattice of hexamers with 12 pentamers) is conserved 
among retroviruses. The particular distribution of the 
pentamers is what determines the shape of the particular 
viral capsid.

The capsid results from maturation of the core
The HIV-1 capsid is formed during particle maturation, 
a late step in replication that is initiated during particle 
budding from infected cells and completed soon thereaf-
ter (reviewed in [1]). Maturation requires accurate pro-
teolytic cleavage of the polyproteins Gag and Gag-Pol 
from which the virion is assembled. Cleavage produces 
the individual viral proteins MA, CA, NC, and p6 as 
well as RT and IN. The individual polyprotein cleavages 
occur at different rates, giving rise to the specific struc-
tures within the virion. CA is liberated the most slowly, 
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suggesting that the other Gag cleavage products first 
form a complex with the viral RNA prior to closure of the 
capsid which depends on release of the C-terminal spacer 
peptide (SP1) from CA [2]. Interestingly, recent studies 
have shown that binding of IN to the viral RNA is criti-
cal for proper targeting of the viral RNA to the interior 
of the HIV-1 core, suggesting that this interaction plays 
a key role of the core morphogenesis [3]. During HIV-1 
particle formation, the cellular metabolite inositol hexak-
isphosphate (IP6) binds to the assembling (i.e., immature) 
Gag lattice, stabilizing it and leading to IP6 incorporation 
within virus particles [4, 5]. In cells depleted of IP6 and 
its precursor inositol pentakisphosphate (IP5), HIV-1 
assembly is impaired [6, 7]. During maturation, IP6 is 
thought to dissociate from the disassembling immature 
lattice and to subsequently promote capsid assembly 
by coordinating a conserved arginine side chain in the 
center of the CA hexamer as the mature capsid is formed 
[4] (Fig. 1C).

Capsid stability and HIV‑1 infection
HIV-1 infection is initiated by fusion of the viral and cell 
membranes, resulting in release of the viral core into 
the cytoplasm. The important role of the viral capsid in 
HIV-1 reverse transcription was first noted some 20 years 
ago, but only recently has its mechanism become amena-
ble to biochemical analysis. Initial structural studies of 
the capsid were hampered by challenges associated with 
crystallization of the full-length CA protein likely owing 
to its two-domain flexible structure [8, 9]. A key break-
through in structural analysis of the HIV-1 capsid was 
the observation that purified CA can self-assemble into 
tubular structures consisting of hexameric lattices [10, 

11]. Analysis of these assemblies by cryoelectron micros-
copy revealed the subunit interfaces [12], and individual 
structures of CA pentamers and hexamers were obtained 
by engineered CA–CA crosslinking and X-ray crystallog-
raphy, ultimately yielding a structural model of the entire 
HIV-1 capsid [13, 14]. Advances in cryoEM technology 
coupled with molecular dynamics simulations ultimately 
yielded improved structures of the capsid [15, 16]. These 
studies provided informative views of the arrangement of 
subunits and the intersubunit interfaces that contribute 
to capsid stability.

Functional studies of the capsid followed a parallel 
track. Early work revealed that CA substitutions that 
result in morphologically aberrant capsids impair HIV-1 
infectivity and reverse transcription [17–22]. Subse-
quently, Forshey et  al. characterized a series of HIV-1 
mutants containing substitutions in the CA protein in an 
effort to determine the role of the capsid in early steps 
of HIV-1 infection [23]. Cores were isolated by deter-
gent treatment of HIV-1 particles and the levels of asso-
ciated CA were quantified. Cores from HIV-1 mutants 
that retained substantial quantities of CA were further 
assayed for spontaneous uncoating in  vitro. That study 
identified several mutants with unstable capsids, includ-
ing substitutions in the amino-terminal domain (R18A/
N21A, P38A, Q63/Q67A, and R143A) and several in the 
carboxyl-terminal domain (R143A, K170A, K203A, and 
Q219A), most of which also exhibited impaired reverse 
transcription. Surprisingly, two mutants (E45A, E128A/
R132A) contained capsids with enhanced stability. By 
contrast, a set of five CA mutants that exhibited infec-
tivity values similar to wild type virus had capsids of 
normal stability. Subsequent work identified additional 
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Fig. 1  Organization and structure of the HIV-1 capsid. A Schematic of a mature HIV-1 particle in cross-section, with protein layers labeled 
(generated from BioRender). B Geometric model for the arrangement of CA subunits in the mature viral capsid. The CA hexamers are colored green 
and pentamers blue. Diagram adapted from [16]. C Structure of the CA hexamer with bound IP6, rendered from pdb 6BHT [4]. Phosphate oxygens 
in IP6 are shown as red spheres
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substitutions that alter capsid stability, including 
changes in Y145 in the hinge region connecting the two 
CA domains [15, 24]. Hence, both decreased as well as 
increased capsid stability were linked to reduced HIV-1 
infectivity. The hyperstable  E45A mutant was initially 
reported as defective for reverse transcription in target 
cells. However, a subsequent study showed that E45A 
is competent for reverse transcription but impaired for 
nuclear entry [25]. Specific CA substitutions at the three-
fold interhexamer interface were observed to stabilize the 
viral capsid and reduce infectivity [15]. Collectively, these 
studies established that the stability of the capsid must be 
properly balanced for infection to occur and that capsid 
destabilization via perturbation of intersubunit interfaces 
normally results in impaired reverse transcription. These 
conclusions were further supported by studies showing 
that premature HIV-1 uncoating induced by restrictive 
tripartite motif 5 (TRIM5) proteins or small molecule 
antiviral compounds is associated with impaired reverse 
transcription [26–30]. Collectively, these early studies 
demonstrated that the conical capsid structure and the 
metastability of the viral capsid are important for optimal 
HIV-1 replication.

Potential mechanisms of capsid‑dependent reverse 
transcription
How might the capsid promote HIV-1 reverse tran-
scription in target cells? Although this question is not 
yet answered, the capsid may perform several functions 
in early stages of infection. (i) The capsid may serve as 
a molecular reaction vessel for reverse transcription. 
The capsid is a closed volume composed of ~ 1200 mol-
ecules of CA. By contrast, it is estimated that ~ 50 mol-
ecules of active RT are present within the virion [31] 
with a fraction of that residing within the core. RT is a 
relatively slow polymerase that dissociates from the tem-
plate repeatedly during DNA synthesis in vitro [32]. The 
dimeric viral genomic RNA adopts a complex second-
ary structure [33], and reverse transcription involves two 
template-switching events. Thus, completion of reverse 
transcription likely requires repeated reassociation of RT 
with the nucleic acid template. Therefore, one plausible 
hypothesis is that a closed viral capsid serves to maintain 
sufficient concentrations of RT and possibly other core 
components within the core during the several hour pro-
cess of reverse transcription. A putative container func-
tion of the capsid may also ensure efficient recombination 
during reverse transcription by ensuring rebinding of RT 
after its dissociation from a template. (ii) As a container, 
the capsid could also exclude deleterious cytoplasmic 
molecules, including nucleases that may degrade the viral 
nucleic acids as well as DNA-sensing proteins that might 
alert the cell to the presence of reverse transcribed DNA 

in the cytoplasm and trigger an innate antiviral response. 
(iii) The capsid may also serve as a vehicle to promote the 
intracellular transport of the viral core to its destination 
in the nucleus. Studies in the past several years have con-
firmed these latter hypotheses, demonstrating that the 
capsid binds a myriad of host cell proteins that contrib-
ute its functions in cloaking the viral DNA from the cyto-
plasmic DNA sensor cyclic GMP-AMP synthase [34, 35] 
and serves as a docking platform for host proteins that 
link the core to the microtubule-based transport machin-
ery to facilitate intracytoplasmic transport of HIV-1 to 
its destination, the nucleus [36–41]. In additional sup-
port of the container hypothesis, Eschbach et al. recently 
demonstrated that HIV-1 mutants with unstable capsids 
undergo degradation of their viral RNA and IN in target 
cells, in addition to losing RT [42].

Recent biochemical studies have strengthened the con-
clusion that the viral capsid plays a direct role in HIV-1 
reverse transcription. For decades, researchers noted that 
HIV-1 reverse transcription is inefficient in vitro. Endog-
enous reverse transcription (ERT) assays were performed 
by incubating virions with dNTPs in the presence of 
detergents to permeabilize the viral membrane. In these 
reactions, only a fraction of viral genomes is copied into 
DNA, and the reactions produce few if any full-length 
DNA molecules. By contrast, ERT reactions with murine 
and avian retroviruses can efficiently generate full-length 
DNA molecules capable of producing a spreading infec-
tion upon transfection of permissive host cells [43–46]. 
These observations prompted efforts to identify human 
cell factors that enhance HIV-1 ERT. The Harrich group 
detected an ERT-promoting activity in cell extracts that 
copurified with translation elongation factors 1A and 1G 
(eEF1A and eEF1G), abundant cellular proteins involved 
in translation [47, 48]. Depletion of eEF1A from target 
cells resulted in decreased reverse transcription, and 
further studies indicated that the host factors promote 
HIV-1 infection by binding to RT and facilitating reverse 
transcription in target cells [49]. Despite these interesting 
observations, it appears that other research teams have 
not investigated the role of host cell translation initiation 
factors in HIV-1 infection.

IP6 as a molecular linchpin
As mentioned previously, recent attention has been 
focused on the small molecule IP6, an abundant eukary-
otic cell metabolite. IP6 is synthesized from phosphati-
dylinositol (4,5)-bisphosphate in a series of reactions by 
host enzymes including the inositol polyphosphate mul-
tikinase (IPMK) and inositol pentakisphosphate 2-kinase 
(IPPK) (reviewed in [50]). IP6 plays a role in diverse cel-
lular processes. An effect on HIV-1 particle assembly was 
first noted in an early study which showed that both IP6 
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and its precursor IP5 can promote the proper assembly 
of HIV-1 virus-like particles in  vitro [51]. IP6 was sub-
sequently shown to bind to a critical structural element 
in the Gag polyprotein (the six-helix bundle) that is dis-
assembled upon proteolytic processing of Gag during 
HIV-1 maturation [4]. This led to the hypothesis that 
polyanions like IP6 play a role in capsid assembly and 
stabilization by binding to the six arginine side chains 
located within the center of the CA hexamer. In support 
of this hypothesis, it was demonstrated that IP6 binds to 
CA hexamers in vitro and enhances their thermal stabil-
ity [4, 5]. Furthermore, addition of IP6 to purified recom-
binant CA protein resulted in a dramatic enhancement 
of CA assembly yielding high quantities of cone-shaped 
capsids resembling native HIV-1 cores [4, 5]. These find-
ings helped explain earlier observations that mutations in 
CA in the central region of the assembled hexamer are 
deleterious to HIV-1 capsid assembly [52]. The results 
support a role of virion associated IP6 in capsid assem-
bly and a possible function in target cells. Although it 
appears that the major role of IP6 in the HIV-1 life cycle 
is at the stage of virion assembly [6, 7], an effect in target 
cells also seems plausible given the strong effects of IP6 
on the ERT reaction, as described below. One interesting 
possibility is that stabilization of the capsid by IP5 and 
IP6 modulates the effects of capsid-targeting antiviral 
compounds, such as PF74 and GS-CA1 [30, 53].

IP6 promotes efficient HIV‑1 ERT
Recently, Christensen and coworkers identified reac-
tion conditions in which HIV-1 particles undergo effi-
cient ERT [54]. The authors permeabilized mature HIV-1 
virus-like particles using the natural bee venom peptide 
melittin, thus avoiding the potential inhibitory effects of 
detergents. They selected reaction conditions based on 
the known concentrations of intracellular metabolites 
including nucleotides and IP6 as well as a cell extract. 
These conditions resulted in robust synthesis of viral 
DNA with ~ 50% of templates copied into full-length 
molecules, and addition of IP6 was critical for this high 
efficiency. Analysis of a set of CA mutants exhibiting 
altered capsid stability revealed altered dependence on 
optimal IP6 concentrations in the reactions, further sup-
porting the view that the ERT enhancement by IP6 results 
from capsid stabilization. In an independent study, Jen-
nings et al. optimized ERT reactions with purified HIV-1 
cores, observing that addition of physiological concentra-
tions IP6 resulted in efficient ERT mainly by enhancing 
the synthesis of the complete minus strand [55]. They 
showed that IP6 directly stabilizes the viral capsid and 
reduces the dissociation of RT from HIV-1 cores. In both 
studies, addition of a capsid-destabilizing antiviral com-
pounds was shown to inhibit ERT, further strengthening 

the conclusion that a stable capsid is needed for efficient 
HIV-1 reverse transcription. An important message 
from these studies is that the viral capsid plays a direct 
and essential role in HIV-1 reverse transcription and that 
IP6 may be important for capsid function in target cells. 
Christensen et  al. also showed that the ERT reactions 
supported integration of the reverse transcribed HIV-1 
DNA in vitro, yielding a new technology that may facili-
tate the biochemical analysis of HIV-1 integration in the 
natural context of the viral nucleoprotein complex.

Despite the strong requirement for IP6 observed in 
ERT reactions, depletion of IP6 and its precursor IP5 
from target cells resulted in little to no reduction in the 
early steps of HIV-1 infection. Mallery and cowork-
ers disrupted the IPMK gene in 293T cells and evalu-
ated the consequences for HIV-1 infection [6]. Infection 
of the knockout cells was not substantially reduced, 
indicating that IPMK (which converts IP3 into IP5, the 
precursor to IP6) is not essential for HIV-1 reverse tran-
scription in this cell line. Sowd and Aiken further showed 
that knockout of the IPMK gene resulted in a negligi-
ble effect on HIV-1 infection of T cells [7]. Because IP6 
is incorporated into HIV-1 particles during assembly, it 
remains possible that virion-associated IP6 is sufficient 
for capsid stabilization during infection. Supporting this 
hypothesis, a CA mutant that assembles efficiently but 
does not encapsidate IP6 was found to contain defective 
cores, consistent with IP6 playing a critical role in cap-
sid assembly and/or stability [56]. Other proteins or small 
molecules may also stabilize the capsid following HIV-1 
entry into cells. While the currently available evidence 
suggests that virion IP6 plays roles in both assembly and 
maturation, understanding the role of the metabolite in 
early post-entry steps of infection awaits further studies.

The observation that capsid stabilization by IP6 per-
mits efficient reverse transcription seems likely to lead to 
a greater understanding of HIV-1 reverse transcription in 
the natural context of the viral core. In the Christensen 
study, the ERT reaction was associated with partial cap-
sid disassembly in  vitro, providing an initial structural 
glimpse into the process of HIV-1 uncoating which 
is intimately connected to nuclear entry of the virus. 
Indeed, a recent imaging study shows that HIV-1 cores 
appear to enter the nucleus by penetrating nuclear pores 
in an intact or nearly intact state, after which they com-
plete reverse transcription and undergo uncoating and 
integration [57]. These findings helped to validate an ear-
lier study reporting the interaction of apparently intact 
HIV-1 cores with the nuclear envelope [58]. Following 
nuclear entry, binding of the nuclear host protein CPSF6 
to the capsid is thought to stabilize it and promote pen-
etration deep within the nucleus thus facilitating integra-
tion within gene-dense regions of chromatin [59]. HIV-1 
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uncoating is perturbed by an emerging class of antiviral 
compounds known as capsid inhibitors, and elucidating 
this viral process will be important for a complete under-
standing of their antiviral mechanisms [60].

As stated previously, early studies of endogenous 
reverse transcription in avian retroviruses indicated that 
these reactions could occur relatively efficiently in the 
absence of added host factors, raising the question as to 
how these reactions occur in the absence of capsid stabi-
lization. Because the HIV-1 capsid has been studied more 
intensively than capsids of other retroviruses, the expla-
nation for these apparent differences is not yet known. 
Capsid metastability may be a specific feature of lenti-
viruses, and it is possible that non-lentiviral capsids are 
inherently more stable. It is currently unknown whether 
the mature capsids of retroviruses of genera other than 
lentiviruses are also stabilized by cellular metabolites.

Reverse transcription promotes HIV‑1 uncoating
Using approaches involving immunofluorescent imaging 
and escape from host restriction, the Hope lab has shown 
that reverse transcription drives HIV-1 capsid disassem-
bly (uncoating) from the core in target cells [61]. Consist-
ent with this observation, we (Rousso’s team) employed 
atomic force microscopy (AFM) to study the mechanical 
properties of HIV-1 cores. In AFM, a cantilever probe is 
used to quantify the stiffness (resistance to deformation) 
as well as the shape of an object. AFM can be applied to 
biological structures under native conditions and is non-
destructive, thus permitting analysis of changes in the 
properties of an object over time. In initial studies, we 
observed that native HIV-1 cores exhibit a greater stiff-
ness than structures assembled in  vitro from recombi-
nant CA, suggesting that the core is a semi-solid object 
and that its physical properties depend on components in 
addition to the capsid [62, 63]. Capsid-stabilizing muta-
tions increased the stiffness of HIV-1 cores, as did addi-
tion of the capsid-binding host protein cyclophilin A and 
the antiviral compound PF74 [63, 64]. These studies pro-
vided the first insights into the mechanical properties of 
the HIV-1 capsid that are likely to influence uncoating.

In subsequent studies, we employed AFM to analyze 
the effects of ERT on the properties of HIV-1 cores. 
Reverse transcription induced an increase in core stiff-
ness. High resolution mechanical mapping of the core 
surface revealed the appearance of a striated pattern 
suggestive of a coiled structure beneath the capsid sur-
face. Subsequently, the coiled structure vanished and the 
stiffness of the capsid dropped to a level below its initial 
value. Extended incubation for several hours resulted in 
a softening of the core and its eventual disassembly [65]. 
These results were consistent with reverse transcription-
dependent uncoating in target cells described earlier [61].

Reverse transcription of retroviruses occurs in a series 
of stages (see [31] for a detailed review). Minus strand 
synthesis is initiated by extension of a host cell tRNA 
primer that is encapsidated during virion assembly. 
Extension from this primer by RT results in a 181-nucle-
otide DNA molecule that is complementary to the 5′-end 
of the viral genome. This molecule, termed the minus 
strand strong stop DNA, is released following degra-
dation of the base-paired region of the genome by the 
ribonuclease H activity of RT, allowing its annealing to 
the repeat (R) sequence at the 3′-end of the genome in 
a reaction termed the minus strand transfer. Subsequent 
extension of the molecule by RT results in the full-length 
minus strand and degradation of the bulk of the RNA 
template by ribonuclease H digestion. Synthesis of the 
plus strand is primed by one or more RNA oligonucleo-
tide remnants of the genome left behind by ribonuclease 
H degradation, including the polypurine tract. Extension 
of the PPT yields the plus strand strong stop DNA mol-
ecule, which subsequently anneals to a sequence in the 3′ 
end of the minus strand DNA in a reaction termed the 
plus strand transfer. Reverse transcription is completed 
when both strands are extended to generate the long ter-
minal repeat (LTR) sequences at the ends of the double 
strand DNA product.

Recently we analyzed the effects of IP6 on the dynamics 
of HIV-1 core stiffness changes during ERT [66]. Addi-
tion of IP6 to purified cores increased their stiffness even 
in the absence of reverse transcription, consistent with 
its capsid stabilizing effect. In ERT reactions contain-
ing IP6, we observed a series of three discrete stiffness 
spikes which corresponded temporally to specific stages 
of DNA synthesis—i.e., MSS synthesis, extension fol-
lowing minus strand transfer, and plus strand initiation. 
Each of the stiffness events was followed by a relaxation 
phase, with further incubation resulting in capsid disas-
sembly (uncoating). Inhibition of reverse transcription 
during or shortly after the stiffness spikes prevented the 
observed uncoating effect, suggesting that the structural 
changes within the core occurring during a late stage of 
ERT eventually trigger uncoating. Based on these obser-
vations, we propose a model in which the viral capsid 
undergoes subtle but cumulative damage during reverse 
transcription that primes the core for uncoating (Fig. 2). 
Consistent with recently reported evidence that reverse 
transcription and uncoating are completed follow-
ing entry of the HIV-1 core into the target cell nucleus 
[57, 67, 68], the uncoating trigger may involve a cellular 
activity, or it could relate to the mechanically induced 
uncoating we observed in ERT reactions. The intrinsic 
stability of the capsid may also need to be low enough 
to permit reverse transcription-induced uncoating, as 
the hyperstable  E45A mutant capsid fails to undergo 
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uncoating during ERT and exhibits impaired integration 
at moderate concentrations of IP6 [65]. Of note, reverse 
transcription-induced uncoating observed in vitro is con-
sistent with the elegant cryoelectron tomography studies 
of Christensen et  al. showing capsid opening and DNA 
emergence at a late stage of ERT [54].

While the molecular basis for reverse transcription-
induced uncoating is unknown, it seems plausible that 
the structural changes in the ribonucleoprotein complex 
within the capsid that must occur during reverse tran-
scription result in direct forces on the viral capsid, poten-
tially damaging the lattice. Such stress may result from 
changes in the structural state of the nucleic acid. Dou-
ble-strand DNA is more rigid than RNA which adopts 
a relatively compact tertiary structure based on flexibil-
ity in base pairing. Stress on the capsid could also result 
from changes in internal pressure of the core owing to 
osmotic effects. During DNA synthesis, addition of a 
nucleotide releases pyrophosphate and incorporation of 
a nucleotide into the DNA chain, resulting in a net charge 
increase of −  1. Hydrolysis of pyrophosphate to phos-
phate would further increase the net negative charge in 
the core by − 2. This could lead to an influx of water and 
ions, transiently increasing the pressure within the cap-
sid. While this model is speculative, it is consistent with 

the kinetics of stiffness spike formation during ERT and 
seems to account for the rapid reversal of capsid stiff-
ness to baseline with each spike. Nonetheless, it does not 
explain why capsid stiffness does not remain elevated 
during the prolonged stage of full-length minus strand 
synthesis.

The mechanical properties of the viral capsid are fasci-
nating. The structure is variably curved and flexible, and it 
undergoes elastic deformation during reverse transcription. 
Moreover, addition of IP6 and the CA-targeting inhibitor 
PF74 stiffens the capsid. Using AFM operating in the ultra-
fast scanning mode, we have observed that capsid stiffen-
ing is associated with rounding of the core, which returns 
to an elongated shape upon relaxation [66]. This suggests 
that the flexibility of the capsid endows it with elastic prop-
erties which allow it to accommodate the stresses dur-
ing reverse transcription without breaking. Nonetheless, 
completion of reverse transcription in vitro results in cap-
sid failure, suggesting that the capsid may experience sub-
tle damage during reverse transcription that primes it for 
uncoating following nuclear entry. The elastic property of 
the capsid may also help the core pass through the nuclear 
pore, whose diameter has been recently observed to be just 
large enough to accommodate the wide end of an intact 
HIV-1 core [57].
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Fig. 2  Illustration of a cumulative damage model for uncoating. During reverse transcription, the core undergoes a series of three stiffness spikes 
during which the core structure becomes transiently bloated. Each spike corresponds to a distinct reverse-transcription stage which generates a 
localized defect in the capsid structure. The first, second and third spikes result from: (1) synthesis of minus-strand strong stop DNA; (2) elongation 
of the minus strand following the first strand transfer; and (3) synthesis of plus strand strong stop DNA. As reverse transcription is completed, the 
accumulated damage weakens the capsid resulting in its breakage
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Conclusions
Recent studies involving ERT reactions have established the 
essential role of the capsid in HIV-1 reverse transcription, 
but the mechanisms by which the capsid performs its criti-
cal functions remain to be determined. Biophysical studies 
have also revealed punctuated effects on the mechanical 
properties of the core during reverse transcription in vitro. 
As a system to study reverse transcription within the viral 
capsid and the structural consequences thereof, stud-
ies utilizing the ERT reaction are likely to provide further 
interesting insights into the key processes of HIV-1 reverse 
transcription, uncoating, nuclear import, and integration.
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