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A B S T R A C T

From cellular deposition of the HIV-1 capsid to integration of the viral genome, the capsid constitutes a primary
target of a variety of host proteins that work to either promote or inhibit HIV-1 infection. Successful progression of
HIV-1 infection depends on interactions between the capsid and host factors involved in stability, cellular
transport, nuclear import, and genome integration. The virus must also guard its reverse-transcribing genome
inside the capsid from host restriction factors that bind the capsid and suppress infection. Understanding the
structure and dynamics of the capsid protein (CA) component and the assembled capsid sheds light on the mo-
lecular underpinnings of overall capsid stability, architecture, and flexibility that govern HIV-1 capsid–host in-
teractions. The vast majority of these interactions are mediated through recognition of higher order interfaces
only present in the assembled capsid lattice. Patterns formed at these interfaces serve as signposts for capsid-
binders. Here we provide a graphical summary of the intricate interactions between host factors and the HIV-1
capsid while highlighting recent research. Insights into how host proteins interact with the capsid is crucial for
understanding the HIV-1 replication cycle and developing antiviral therapeutics to prevent viral genome
integration.
1. Introduction

HIV-1 is a member of Retroviridae, a family of enveloped viruses with
RNA genomes that must be reverse transcribed into DNA before inte-
gration into the host genome. Upon fusion with the host cell, the virus is
tasked with ensuring the protection and delivery of its genome to the
nucleus where integration occurs. HIV-1 uses a proteinaceous shell,
called the capsid, which guards the transcribing viral genome from a
hostile cellular environment and facilitates transport to the nucleus
where it ultimately disassembles in a process known as uncoating
(Fig. 1).

2. HIV-1 capsid organization

Each capsid shell is composed of repeating units of the capsid protein
(CA) that assemble into hexamers or pentamers (capsomeres) (Fig. 2a). A
combination of ~250 CA hexamers assembles with 7 pentamers at the
broad end and 5 at the narrow end to help induce curvature and form the
conical capsid according to fullerene geometry (Pornillos & et al., 2009;
Zhao & et al., 2013). Recent electron microscopy (EM) as well as nuclear
magnetic resonance (NMR) data of hexamer assemblies show flexibility
.
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and inherent curvature within CA hexamers, instead of the planar,
symmetric capsomeres previously observed in crystal structures (Ni &
et al., 2020; Lu & et al., 2020). Taken together, the assembled HIV-1
capsid can adopt variable curvature and form heterogenous structures
with pentamers at points of high curvature through construction with
these pseudo-symmetric building blocks (Ni & et al., 2020; Lu & et al.,
2020; Welker & et al., 2000).

2.1. CA capsomere flexibility endows capsid curvature

The CA monomer contains ordered N- and C-terminal domains (NTD
and CTD) that are connected through aflexible hinge that allows for capsid
curvature (Fig. 2b) (Ni & et al., 2020; Lu& et al., 2020). Each NTDmakes
extensive polar and hydrophobic contacts with neighboring monomers
within a capsomere and forms a central pore gated by the N-terminal
β-hairpin. The CTDs however form two types of interfaces between
neighboring capsomeres. A two-fold di-capsomere interface is mediated
through hydrophobic residues on helix 9 of adjacentmonomers and can be
conformationally variable, allowing relaxation of curvature strain
throughout the lattice of mature capsids (Fig. 2c and d) (Zhao & et al.,
2013; Lu& et al., 2020). A three-fold tri-capsomere CTD interface forms a
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Fig. 1. Schematic of HIV-1 capsid-host in-
teractions. The capsid, housing the viral genome, is
deposited into the target cell following docking and
membrane fusion. The viral genome must be reverse
transcribed, trafficked, and imported into the nucleus
to allow for integration with the host genome.
Emerging evidence suggests the protective capsid may
arrive at the nucleus mostly or completely intact
(shown here) as opposed to a model of cytoplasmic
uncoating and import. Some host factors serve to
defend against various steps of this process that can
result in restriction or aberrant uncoating and degra-
dation. Other host factors are co-opted by HIV to
ensure productive infection, for example during traf-
ficking and nuclear import. Specific host proteins,
labeled in black, depict relevant points of capsid–host
interaction discussed below in this graphical review.
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compact hydrophobic patch via helix 10 that is important for accommo-
dating curvature (Fig. 2c). Pentamers induce high surface curvature and
exhibit tighter packing of helix 10 at tri-capsomere interfaces, thus
implicating this interface in pentamer incorporation into the lattice (Zhao
& et al., 2013; Mattei & et al., 2016). Overall, inherent plasticity of CA
monomers bestows the capacity for capsomeres to accommodate the
curvature necessary to form the capsid.

2.2. Small molecule binding at the capsomere central pore

CA structures crystallized at various pH levels show the hexamer
central pore is flexible and can exist in open and closed conformations
(Fig. 2d and e) (Jacques& et al., 2016). This molecular iris resides over an
electropositive channel that coordinates phosphate groups of polyanions
including ATP and IP6. Emerging work shows IP6 is critical for regulating
the structural integrity of both the immature Gag lattice and mature
capsid, and thus is a vital cofactor for infection (Jacques & et al., 2016;
Mallery & et al., 2018). Computational studies suggest IP6 binding may
also govern dNTP import to fuel reverse transcription (Xu& et al., 2020).
Overall, a combination of repulsive forces at the central pore of cap-
someres are counteracted via small molecule binding and stabilizing
hydrophobic CTD interactions (Zhao & et al., 2013), which together
define a lattice geometry that offers an array of binding interfaces for host
factors to engage.

3. Capsid-host interactions

The HIV-1 capsid is a primary target of diverse host proteins that work
to either inhibit or promote HIV-1 infection during cellular transport,
nuclear import, and genome integration (Fig. 1) (Yamashita& Engelman,
2017). An understanding of how these host proteins interact with the
capsid is crucial for understanding the HIV-1 replication cycle and
developing antiviral therapeutics. These interactions have been
223
extensively investigated by cell-based infectivity studies, biochemical
studies with purified virus cores, and in vitro experiments using CA as-
semblies that mimic the capsid architecture; these assemblies include
capsid-like CA cones and cylindrical CA tubes (Fig. 2a) (Dick & et al.,
2018), as well as soluble capsomere assemblies such as di- and
tri-hexamers (Fig. 2c). These assemblies recapitulate the interfaces be-
tween capsomere building blocks that capsid interactors require for
binding (Summers & et al., 2019).
3.1. Cytoplasmic restriction and protection

CypA, TRIM5α/TRIMCyp, and MxB
The viral capsid exploits and is targeted by host factorswhile protecting

and trafficking the genome to the nucleus (Fig. 1). In humans, cyclophilin
A (CypA) is necessary for and is intricately involved in many parts of the
viral life cycle, from reverse transcription to genome integration (Yama-
shita& Engelman, 2017). CypA is a peptidyl prolyl isomerase that interacts
with the flexible CypA-binding loop that protrudes from the capsid surface
(Figs. 2d and 3a). The CypA-binding loop of CA tucks into a hydrophobic
pocket located on CypA (Fig. 3a). Mutations at G89 and P90 in this loop
abrogate the interaction and can thereby block HIV-1 infectivity, though
this effect is cell type-dependent (Yamashita & Engelman, 2017; Li et al.,
2009). CypA decoration of CA tubes also demonstrates two weaker,
curvature-sensitive, non-canonical binding sites over di- and tri-hexamer
interfaces in which each CypA molecule contacts three separate CA
monomers (Ni & et al., 2020; Liu & et al., 2016; Peng & et al., 2019). The
CypA-capsid interactions likely modulate the capsid stability and its ca-
pacity to bind other cellular factors. For example, human tripartite motif
protein 5α (TRIM5α) is able to restrict HIV-1 infection (Ganser-Pornillos&
Pornillos, 2019) but CypA may affect TRIM5α restriction by blocking the
TRIM5α–capsid interaction (Jimenez-Guardeno& et al., 2019; Selyutina&
et al., 2020). However, TRIM5α from other primates retains restriction
against HIV-1 in the presence of CypA.



Fig. 2. Molecular details of HIV-1 capsid structure and dynamics. a. The HIV-1 capsid is comprised of CA hexamers and pentamers. Planar, symmetric crystal
structures are shown. CA hexamers can polymerize into helical tubes that recapitulate a portion of the capsid architecture. b. CA NTD (beige) is connected via a flexible
hinge to the CTD (slate), which interacts with a neighboring NTD (gray) in the hexamer. The NTD-CTD (gray/slate) interface forms the FG-binding pocket. c. Two
types of inter-capsomere interfaces exist throughout the capsid, mediated through CTDs. Examples of these are shown between di-hexamers (top, two-fold interface)
and tri-hexamers (bottom, three-fold interface). d. Mobile regions of the CA hexamer include the CypA-binding loop and β-hairpin over the central pore. e. The N-
terminal β-hairpin is a gatekeeper at the top of the hexamer pore and acts as a pH-sensitive iris (water, red sphere). A top view electrostatic surface potential map of an
open hexamer illustrates the highly basic pore (blue, positive charge; red, negative charge). A cross-section reveals the R18 ring which stably binds molecules such as
IP6, which may be involved in ATP/dNTP import (shown above cross-section in green with phosphate moieties in red).
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TRIM5 proteins, including TRIM5α and TRIMCyp, provide a barrier
for cross-species transmission of lentiviruses such as HIV-1 and simian
immunodeficiency virus (SIV-1). The tripartite motif consists, from N- to
C-terminus, of a RING, a B-box, and a coiled-coil domain (Fig. 3b)
(Ganser-Pornillos & Pornillos, 2019). The coiled-coil domain allows for
dimerization, whereas the B-box domain allows for higher-order oligo-
merization into a cage-like structure that surrounds the HIV-1 capsid to
restrict the virus. The RING domain generates ubiquitin chains to stim-
ulate immune signaling for an additional mode of viral suppression
(Zhang & et al., 2018). TRIM5 proteins have an additional CTD that can
vary across primate species and is the domain responsible for HIV-1
capsid recognition. The TRIM5α CTD has a SPRY domain, which is
replaced in TRIMCyp with a CypA domain. TRIM5α SPRY domains
engage the capsid in various binding modes: at the center of a single
hexamer, between two adjacent hexamers, and between three hexamers
(Fig. 3b). The CypA domain of TRIMCyp also exhibits flexibility and
224
multiple binding possibilities for binding capsid (Fig. 3b). A balance
between TRIM5α�TRIM5α and TRIM5α–capsid interactions has been
shown to be necessary for proper formation of the TRIM5α cage (Yu &
et al., 2020). New advances also show that this cage adopts a para-
crystalline architecture where patches of hexagonal lattice are glued
together by pentameric and heptameric grain boundaries to allow for
necessary curvature (Yu & et al., 2020; Skorupka & et al., 2019).

The nuclear import of HIV-1 presents an additional barrier to viral
infection. Myxovirus resistance protein B (MxB) effectively restricts HIV-
1 in addition to other viruses (Fricke & et al., 2014; Kane & et al., 2013;
Goujon & et al., 2013). MxB, located near the NPC, inhibits HIV-1
infection by blocking the pre-integration complex (PIC) from nuclear
import and subsequent integration of the viral genome into the host
genome (Fig. 1). MxB is comprised of three domains: a GTPase domain, a
stalk domain, and the bundling signaling element (BSE) (Fig. 3c). An
N-terminal 25 residue-long region is necessary for HIV-1 restriction



Fig. 3. HIV-1 viral-host interactions. a. Canonical interaction between CypA and the CypA-binding loop on CA (top left). General CypA binding modes are indicated
above the di- and tri-hexamer interfaces (marked blue and orange), contacting 3 CA monomers each (top right). A possible pattern of CypA decoration on a CA tube is
shown (bottom). b. Top, a domain schematic of TRIM proteins is shown. Left, TRIMCyp binds to a pair of inter- or intra-hexamer CypA-binding loops in a flexible and
variable manner. Middle, the SPRY domain V1 loop of TRIM5α binds diverse capsid sites (marked red, green, and blue). Right, the B-box domain mediates TRIMCyp/
TRIM5α formation around capsid. c. Domain schematic of MxB is shown. The N-terminal region of MxB binds the tri-hexamer interface on capsid. d. FEZ-1 binds to the
central pore of the CA hexamer. The specific interaction of BICD2 with capsid is currently unknown. These adaptors facilitate transport along microtubules.

Fig. 4. HIV-1 capsid-host interactions at the nuclear pore complex. Left, MxB prevents nuclear import. CPSF6 can interact with the capsid in the cytoplasm.
Center, NUP358, NUP62, and NUP153 facilitate nuclear import while CPSF6, TRN-SR2, and TRN-1 assist in translocation through the NPC. Right, CPSF6, LEDGF, and
IN enable genome integration. The boxed insets show crystal structures of some of these interactions. NUP153 and CPSF6 peptides occupy the FG pocket formed at the
NTD-CTD interface between adjacent CA monomers. NUP358 CycH binds to the CypA-binding loop.

J. Temple et al. Current Research in Structural Biology 2 (2020) 222–228

225



J. Temple et al. Current Research in Structural Biology 2 (2020) 222–228
(Schulte & et al., 2015), within which a triple arginine (RRR) motif is
necessary for capsid binding. MxB is unable to bind to a CA monomer or
individual hexamers and pentamers (Fribourgh & et al., 2014). Instead,
the N-terminal RRR motif of MxB binds at the three-fold inter-hexamer
interface in a pocket that contains a cluster of negatively charged resi-
dues (Summers & et al., 2019; Smaga & et al., 2019).

It has been reported that polyglutamine binding protein (PQBP1)
together with cyclic GAMP synthase (cGAS) presents another layer of
restriction to HIV-1 in specific cell types (Fig. 1) (Yoh & et al., 2015).
However, details of PQBP1 interactions remain to be determined.

3.2. Cellular transport via the microtubule network

FEZ-1 and BICD2
The HIV-1 capsid mobilizes through the host cytoplasm towards the

nucleus by hijacking microtubule motor proteins kinesin and dynein
(Fig. 3d). Bicaudal 2 (BICD2) is a dyneinmotor adaptor protein comprised
of two domains: an NTD that engages the dynein-dynactin complex and a
CTD that binds to the transporting cargo. The C-terminus of BICD2 is
important for capsid binding and trafficking to the nucleus (Dharan &
et al., 2017). Uncharacteristically, the N-terminal domain also binds to the
capsid albeit with less affinity (Carnes et al., 2018). These interactions
allow BICD2 to directly link the capsid to a microtubule motor complex.
HIV-1 engagement with the BICD2-dynein-dynactin complex is important
for cellular transport of the capsid to the nucleus. However, how BICD2
binds capsid remains to be determined.

Fasciculation and Elongation protein Zeta 1 (FEZ-1) is a kinesin-1
adaptor protein that generally transports cargo towards the periphery
of the cytoplasm and is important for HIV-1 infectivity (Malikov & et al.,
Fig. 5. Summary of binding interfaces of HIV-1 capsid with host factors and inhi
architecture. Key demonstrated interactors are listed. Bottom panels illustrate electr
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2015). Counterintuitively, FEZ-1 and kinesin help navigate the capsid
toward the nucleus (Fig. 3d). FEZ-1 binds to capsid assemblies, with the
highest affinity known to date, in the absence of the kinesin motor which
suggests that it links the capsid to kinesin for transport (Huang & et al.,
2019). Binding is mediated through polyglutamate motifs of FEZ-1 that
interact with the positively-charged central pore of CA hexamers, which
is a common binding site for small molecule cofactors such as dNTPs and
IP6 (Fig. 2e) (Mallery & et al., 2018). Multiple polyglutamate sequences
throughout FEZ-1 bind at multiple hexamer pores to enhance the avidity
of the interaction.

3.3. Nuclear import

NUP358, NUP62, NUP153, CPSF6, TRN-SR2, TRN-1, LEDGF, SUN1/
SUN2

Following cytoplasmic trafficking, the capsid localizes to the nuclear
pore complex (NPC), initiating the nuclear entry of the HIV-1 capsid and
the viral genome (Fig. 1). The NPC provides the only channel for capsid
translocation into the nucleus during cell interphase. The NPC contains
nucleoporins (NUPs) that are critical for nuclear import of the capsid.
Many NUPs interact with the capsid including NUP358, NUP214,
NUP88, NUP62, and NUP153 (Kane& et al., 2018). Extensive research of
NUP358 and NUP153 have led to a better understanding of the NPC in
HIV-1 infectivity. NUP358 is located on the cytoplasmic side of the NPC
while NUP153 is located on the nucleoplasmic side (Figs. 1 and 4). Both
NUPs share binding interfaces with other host factors. NUP358 contains a
CypA homology domain (CycH) that binds to the CypA-binding loop of
CA (Figs. 4 and 5). NUP153 binds at the NTD-CTD interface between two
CA subunits of the hexamer (Figs. 4 and 5). Multiple crystal structures
bitors. Selected key residues are shown for major binding sites within the capsid
ostatic surface potential at these sites.
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show the FG motif-containing peptide from NUP153 bound with CA
hexamer (Price & et al., 2014). NUP62 located on the interior of the NPC
binds to the capsid and possibly alters MxB restriction of HIV-1 (Kane &
et al., 2018). These interactions suggest that the capsid is engaged in the
entire nuclear import process, from the cytoplasm to the nucleus, but the
exact mechanisms remain largely unknown.

Remarkably, recent evidence shows that the HIV-1 capsid passes
through the nuclear pore intact or almost intact, although this remains
a controversial hypothesis and should be considered along with
models of cytoplasmic and NPC-mediated uncoating. Recent evidence
suggests uncoating happens after the capsid has entered the nucleus,
completed reverse transcription of its genome, and moved close to
integration sites (Burdick & et al., 2020). Evidence suggests that
capsid interaction with the host protein cleavage and polyadenylation
specificity factor 6 (CPSF6) supports entry through nuclear pores
(Achuthan & et al., 2018; Bejarano & et al., 2019). CPSF6 is part of the
cleavage factor Im (CFIm) complex that is important for pre-mRNA
processing in cells. CPSF6 contains an N-terminal RNA binding
domain, a proline-rich domain (PRD), and a serine/arginine-rich (SR)
domain. Residues 314 to 322 of CPSF6 contain a FG motif that binds
directly to capsid at the NTD-CTD interface between two neighboring
CA monomers in a hexamer, similar to NUP153 (Figs. 2b, 4 and 5)
(Bhattacharya & et al., 2014). This NTD-CTD interface is a viable drug
target as it binds the HIV-1 inhibitors PF74 and the recent and more
potent inhibitor GS-CA1 (Fig. 5) (Bhattacharya & et al., 2014; Carnes
et al., 2018). CPSF6 with an SR domain deletion (CPSF6-358) localizes
to the cytoplasm and restricts HIV-1 infection (Lee & et al., 2010).
CPSF6-358 is able to disrupt CA tubes (Ning & et al., 2018); thus,
CPSF6 enrichment during capsid docking in the NPC may cause capsid
deformation to aid in translocation through the NPC (Fig. 4). The
CPSF6-capsid interaction is also important for targeting the Lens
epithelium-derived growth factor (LEDGF)/integrase (IN) complex to
gene-rich positions for viral genome integration (Figs. 1 and 4)
(Achuthan & et al., 2018). Several transportins facilitate the nuclear
import of HIV-1 capsid. Transportin-3 (TRN-SR2) transports CPSF6
into the nucleus (Maertens & et al., 2014), while Transportin-1
(TRN-1) directly binds with capsid assemblies (Fernandez & et al.,
2019), potentially through a hydrophobic pocket on TRN-1 that en-
gages with the CypA-binding loop of CA (Fig. 5). In addition, inner
nuclear membrane proteins SUN1 and SUN2 bind capsid and may
modulate HIV-1 viral infectivity (Schaller & et al., 2017). Several
considerations for trafficking of intact capsid to the interior of the
nucleus should be considered: the heterogeneity of capsid size, the
participation of other factors, and the flexibility of the NPC central
channel. Further research is needed to elucidate these mechanistic
details.

4. Conclusion

Here, we provide a graphical snapshot of the importance of cap-
sid–host interactions crucial for HIV-1 infectivity. The capsid represents a
hotbed of interactions by recruiting diverse host factors to its surface,
often in a lattice-dependent manner (Fig. 5). These interactions and the
abundance of capsid-interacting proteins in the cell depict a fine-tuned
evolutionary process for the requirements of viral infection and
evading restriction by host immune factors. Modulations of these in-
teractions therefore may open up new avenues for therapeutic treatment
of HIV-1 infection.
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