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HIV-1 capsids mimic a microtubule regulator to
coordinate early stages of infection
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Abstract

While the microtubule end-binding protein, EB1 facilitates early
stages of HIV-1 infection, how it does so remains unclear. Here, we
show that beyond its effects on microtubule acetylation, EB1 also
indirectly contributes to infection by delivering the plus-end track-
ing protein (+TIP), cytoplasmic linker protein 170 (CLIP170) to the
cell periphery. CLIP170 bound to intact HIV-1 cores or in vitro
assembled capsid–nucleocapsid complexes, while EB1 did not.
Moreover, unlike EB1 and several other +TIPs, CLIP170 enhanced
infection independently of effects on microtubule acetylation.
Capsid mutants and imaging revealed that CLIP170 bound HIV-1
cores in a manner distinct from currently known capsid cofactors,
influenced by pentamer composition or curvature. Structural anal-
yses revealed an EB-like +TIP-binding motif within the capsid
major homology region (MHR) that binds SxIP motifs found in
several +TIPs, and variability across this MHR sequence correlated
with the extent to which different retroviruses engage CLIP170 to
facilitate infection. Our findings provide mechanistic insights into
the complex roles of +TIPs in mediating early stages of retroviral
infection, and reveal divergent capsid-based EB1 mimicry across
retroviral species.
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Introduction

Intracellular cargo transport involves directed movement on micro-

tubules (MTs) by motor proteins. Generally, dynein mediates

minus-end directed (retrograde) movement toward the nucleus,

while plus-end directed (anterograde) transport is mediated by

kinesin family members (Reck-Peterson et al, 2018). MTs them-

selves are composed of a/b tubulin heteropolymers arranged into

polarized filaments. While their minus-ends are anchored at a MT

organizing center (MTOC), their plus-ends extend toward the cell

periphery and continuously grow and shrink to explore the intracel-

lular environment (Akhmanova & Steinmetz, 2015). However, MT

subsets can become stabilized and acquire post-translational modifi-

cations (PTMs) that include detyrosination and acetylation (Janke &

Bulinski, 2011). Acetylation confers mechanical strength, while

detyrosination enables preferential binding of motors, allowing

stable MTs to act as specialized transport networks (Gundersen,

2002; Portran et al, 2017; Xu et al, 2017). While MTs are regulated

by a range of MT-associated proteins (MAPs) that bind along the fil-

ament lattice, a specialized subset of MAPs recognize the plus-end

and are termed plus-end tracking proteins (+TIPs) (Akhmanova &

Steinmetz, 2008; Jiang & Akhmanova, 2011). Of these, the end-

binding protein (EB1) acts as a master regulator by recognizing the

plus-end to both directly regulate MT dynamics and recruit other

+TIPs (Honnappa et al, 2006; Galjart, 2010; Jiang & Akhmanova,

2011). The N-terminal calponin homology (CH) domain of EB1

interacts with the growing MT end, while the C-terminus of EB1

harbors an EB homology (EBH) domain and an EEY motif that medi-

ate binding to two major families of +TIPs, namely those with a SxIP

motif (where x is any amino acid) or a cytoskeleton-associated

protein glycine-rich (CAP-Gly) motif, respectively (Honnappa et al,

2006; Bjelic et al, 2012; Jiang et al, 2012; Nehlig et al, 2017;

Fig 1A). While over 50 +TIPs with SxIP motifs are known, one of

the most widely studied and prototypical CAP-Gly proteins is

cytoplasmic linker protein 170 (CLIP170) that controls both cargo

loading and MT behavior (Bjelic et al, 2012; Duellberg et al, 2014;

Reck-Peterson et al, 2018). CLIP170 can interact with EB1 in two

ways. While its CAP-Gly domain dominates interactions with EB1’s

EEY motif, CLIP170 also harbors an SxIP motif that interacts with

EB1’s EBH domain (Chen et al, 2019) (Fig 1A).

Viruses such as human immunodeficiency virus type 1 (HIV-1)

hijack MT-based transport systems to reach the nucleus (Dodding &

Way, 2011; Naghavi & Walsh, 2017). The HIV-1 core is composed of

a complex of the nucleocapsid (NC) protein and genomic RNA,

surrounded by the viral capsid (CA) protein (Pornillos et al, 2009).

Upon release into the cytosol, the HIV-1 core is not only transported

to the nucleus, but it also undergoes a poorly understood process of

disassembly, known as uncoating. However, the precise timing and

location of uncoating is still hotly debated. While some propose that

uncoating occurs entirely in the nucleus, there is no direct evidence

that the cores observed inside the nucleus are fully intact (Burdick
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et al, 2020). Indeed, intact cores are physically too large to pass

through nuclear pores and many studies have reported loss of CA

protein and structural changes in the core at various stages prior to

entry into the nucleus. This gradual loss of CA, known as partial

uncoating, has been observed during cytoplasmic transport, at the

nuclear pore complex and inside the nucleus (Miller et al, 1997;

Fassati & Goff, 2001; McDonald et al, 2002; Arhel et al, 2007;

Schaller et al, 2011; Zhou et al, 2011; Koh et al, 2013; Rasaiyaah

et al, 2013; Ambrose & Aiken, 2014; Peng et al, 2014; Campbell &

Hope, 2015; Hulme et al, 2015; Chen et al, 2016; Mamede et al,

2017; Francis & Melikyan, 2018; Marquez et al, 2018; Bejarano

et al, 2019; Fernandez et al, 2019; Summers et al, 2019; Zila et al,

2019; Blanco-Rodriguez et al, 2020; Dharan et al, 2020; Ingram

et al, 2020; Zurnic Bonisch et al, 2020). As such, it seems that
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uncoating is a complex process that begins very early after entry

into the cytosol, and completes inside the nucleus. Indeed, uncoat-

ing and trafficking are functionally interconnected. Interfering with

the MT network itself, chemically or by targeting MAPs, or

perturbing the function of MT motors or adaptors inhibits viral traf-

ficking and delays uncoating (McDonald et al, 2002; Arhel et al,

2006; Sabo et al, 2013; Lukic et al, 2014; Pawlica & Berthoux, 2014;

Jayappa et al, 2015; Malikov et al, 2015; Delaney et al, 2017; Carnes

et al, 2018). However, how HIV-1 actively controls MT-based

processes is poorly understood (Naghavi & Walsh, 2017).

We previously showed that HIV-1 exploits a number of EB1-

associated +TIPs to stabilize MTs and control both the trafficking

and uncoating of incoming viral cores (Sabo et al, 2013; Delaney

et al, 2017; Mitra et al, 2020). Yet precisely how EB1 functions in

early HIV-1 infection remains unclear. Here, we show that beyond

its role in regulating MT stability, EB1 also functions to deliver

CLIP170 to the cell periphery. Unlike EB1, CLIP170 binds to incom-

ing HIV-1 cores and does so in a manner distinct from that of the

well-known capsid-binding cofactor, CypA. We further reveal a

functional +TIP-binding motif within the major homology region

(MHR) in HIV-1 capsid and show that the extent to which MHRs of

different retroviruses functionally mimic EB1 varies, and correlates

with their induction of Ac-MTs and dependence on CLIP170. Cumu-

latively, our findings provide a mechanistic explanation for how

HIV-1 engages several +TIP family members and highlights their

distinct roles in early infection.

Results

The CAP-Gly domain is required for EB1 to promote early
HIV-1 infection

Given that distinct EB1 domains mediate its interactions with MTs

and +TIPs, we tested their contributions to early HIV-1 infection. To

do this, we generated human microglia CHME3 cells, a natural

target cell type for HIV-1 infection, stably expressing Flag-tagged

forms of EB1 containing various functional domains (Fig 1A).

Importantly, such approaches are widely used as each domain

retains functionality independently of the others. For example, the

N-terminal CH domain (Nterm) is sufficient to bind MTs, while the

addition of CC domains (Nterm+CC) enables dimerization on MTs

despite not binding +TIPs (Akhmanova & Steinmetz, 2015).

Immunofluorescence (IF) staining using anti-flag antibodies con-

firmed these flag-tagged forms of EB1 retained their expected cellu-

lar localization, with the Nterm form exhibiting more limited

localization on MTs due to the lack of a CC dimerization domain

that enhances MT recognition, while all other forms localized to

MTs (Fig 1B). To initially avoid potential confounding effects from

endogenous EB1 when assessing the effects of these EB1 mutants on

infection, CHME3 lines were depleted of endogenous EB1 using

siRNAs and then infected with HIV-1 carrying a luciferase reporter

and pseudotyped with a vesicular stomatitis virus G (VSV-G)

envelope (HIV-1-VSV-luc). Unlike full-length (FL) EB1, neither the

Nterm nor Nterm+CC domains could enhance infection over Flag-

expressing controls (Fig 1C). Moreover, removal of the EEY motif

(DEEY) from EB1, leaving the SxIP motif in place, also failed to

promote HIV-1 infectivity (Fig 1C). To independently confirm the

importance of the EEY motif identified in these stable lines, CHME3

cells were transiently transfected with increasing amounts of EB1 FL

or DEEY constructs followed by infection with HIV-1-VSV-luc. EB1

FL transfection resulted in a dose-dependent enhancement of HIV-1

infection while the DEEY mutant had no effect (Fig 1D). This

demonstrated that EB1’s ability to dimerize and bind MTs was not

sufficient while its CAP-Gly binding activity was critical to promote

early HIV-1 infection.

CLIP170 promotes early HIV-1 infection

Given these findings, we next tested the dependence of HIV-1 on

one of the most prominent CAP-Gly containing +TIP, CLIP170. To

do this, we treated THP1 cells differentiated to macrophages with

non-targeting control or CLIP170 siRNAs followed by infection with

HIV-1-VSV-luc. Luciferase assays revealed that CLIP170 depletion

potently suppressed HIV-1 infection (Fig 1E). To independently vali-

date luciferase-based infection assays, THP1 cells depleted of

CLIP170 were infected with VSV-pseudotyped HIV-1 carrying a

ZsGreen fluorescent marker followed by FACS analysis. Similar to

luciferase assays, FACS analysis of ZsGreen infections performed at

various dilutions showed that infection was significantly reduced in

CLIP170-depleted THP1 cells compared with control siRNA-treated

cultures (Fig 1F). Similar results were observed in CHME3 microglia

infected with HIV-1-luc pseudotyped with WT envelope (HIV-1-WT-

luc) (Fig 1G) or in primary normal human dermal fibroblasts

(NHDFs) infected with either HIV-1-VSV-luc or HIV-1-luc pseudo-

typed with a murine leukemia virus (MuLV) amphotropic envelope

◀ Figure 1. EB1-associated +TIP, CLIP170 promotes early HIV-1 infection.

A Schematic representation of EB1 constructs and domain functions. CLIP170 (lower) uses CAP-Gly domains to interact with EB1’s EEY motif, and secondary SxIP-
mediated interactions with EB1’s EBH domain.

B Representative IF images in CHME3 stably expressing Flag alone control or the Flag-tagged EB1 constructs depicted in (A) co-stained for Tyrosinated-MTs (Tyr-MTs),
and the nucleus (Hoechst). Scale bar, 10 lm.

C HIV-1-VSV-luc infection is enhanced in CHME3 depleted of endogenous EB1 and stably expressing full-length (FL) EB1, but not in control Flag or any of the other
EB1 constructs depicted in (A).

D Increasing amount of FL-EB1, but not DEEY results in a dose-dependent enhancement of HIV-1-VSV-luc infection in transiently transfected CHME3 cells.
E, F HIV-1-VSV-luc (E) or HIV-1-VSV-ZsGreen at various dilutions (corresponding to multiplicities of infection (m.o.i) 0.06, 0.03, and 0.02), (F) infection is reduced in

differentiated THP-1 depleted of CLIP170 determined by luciferase assays or FACS analysis, respectively.
G HIV-1-WT-luc infection is decreased in CLIP170-depleted CHME3 cells.

Data information: Data in C-G are mean values from three independent experiments � SEM. Statistical significance was determined by one-way ANOVA (C, D) or t-test
(E-G). *P < 0.05, **P < 0.01, ***P < 0.001. Molecular weight markers (in kDa) are shown to the right of WBs.
Source data are available online for this figure.
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(HIV-1-Ampho-luc) (Fig EV1A and B). NHDFs offer a convenient

primary cell system to complement findings in natural target

CHME3 and THP1 cell lines. Moreover, pseudotyping with different

envelope proteins that mediate entry by endocytosis or surface

fusion, respectively (Miyauchi et al, 2009; Herold et al, 2014),

demonstrated that CLIP170 was required for early HIV-1 infection in

a range of human cell types independently of the route of viral

entry, and these RNAi-based findings are independently confirmed

using overexpression approaches later.

To understand how CLIP170 regulated infection, we determined

whether virus fusion into the cytosol was affected. Compared to

control siRNA-treated CHME3 cells, depletion of CLIP170 decreased

the fusion of HIV-1 b-lactamase-Vpr reporter virus pseudotyped

with VSV envelope (HIV-1-VSV-BlaM-Vpr) (Fig 2A). To confirm this

independently, siRNA-treated CHME3 cells were infected with

double-labeled HIV-1 (S15-Tomato/GFP-Vpr) carrying a VSV enve-

lope. Analysis of fixed samples showed that depletion of CLIP170

decreased the number of fused (S15-Tomato�/GFP-Vpr+) particles

compared with controls over time, but not to levels seen in bafilo-

mycin A-treated cells (Fig EV1C) (Malikov et al, 2015). This

suggests that loss of CLIP170 reduces the efficiency of, but does not

completely block, endocytic entry of VSV-pseudotyped virus. As
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such, of the ~12-fold reduction in infectivity that is observed for

VSV-G-pseudotyped viruses in CLIP170-depleted cells, ~3-fold of

this may be attributable to effects on fusion alone. Reciprocally,

overexpression of Flag-tagged CLIP170 promoted infection by HIV-

1-VSV-luc in CHME3 cells compared with Flag control lines (Fig 2B

and C). However, this enhancement occurred in the absence of any

effect of Flag-CLIP170 on fusion of HIV-1-VSV into CHME3 cells

compared with Flag controls (Fig 2D). It should be noted that to

avoid saturation of any given assay, different viral doses were used

in luciferase versus GFP-based FACS assays but the overall effects

on infection were consistent throughout. This suggested that

although very low CLIP170 levels affect fusion, CLIP170 also func-

tions at a post-entry level. Such a post-entry function would explain

why CLIP170 depletion affects early infection by HIV-1 pseudotyped

with a range of envelopes, as shown above. Indeed, while WT HIV-

1 can enter into some cell types by endocytosis, its primary mode of

entry is membrane fusion. In line with this, CLIP170 depletion did

not significantly reduce the fusion kinetics of HIV-1 pseudotyped

with WT envelope into CHME3 cells compared with control siRNAs

(Fig 2E), yet suppressed early infection by HIV-1-WT-luc (Fig 1F).

Moreover, we have shown previously that fusion of HSV-1 into cells

is unaffected (Jovasevic et al, 2015). Cumulatively, these findings

demonstrated that CLIP170 plays an important role in post-entry

stage(s) of infection.

To better understand how CLIP170 affected post-fusion steps of

viral infection, we tested whether CLIP170 affected HIV-1 transport

to the nucleus. siRNA-treated CHME3 cells were infected with HIV-1

carrying wild-type (WT) envelope and whose core was labeled using

GFP-tagged Vpr (HIV-1-WT-GFP-Vpr). Fixed samples were then

stained for tyrosinated-MTs, GFP (viral particles) and the nucleus,

and the number of viral particles within 2 lm of the nucleus was

measured (Malikov et al, 2015). While the number of viral particles

within 2 lm of the nucleus increased over time in controls, the

majority of particles remained distant from the nucleus in CLIP170-

depleted cells (Figs 2F and EV1D). Defects in viral particle translo-

cation to the nucleus in CLIP170 siRNA-treated cultures were

rescued by the expression of siRNA-resistant CLIP170 (Fig EV1E

and F). Moreover, CLIP170 expression alone was sufficient to

enhance virus accumulation around the nucleus in control siRNA-

treated cells (Fig EV1F). To verify that virus motility was affected,

CHME3 cells treated with control or CLIP170 siRNAs were infected

with HIV-1-WT-GFP-Vpr followed by live-cell microscopy (Malikov

et al, 2015). Compared to the rapid, long-range movements in

control siRNA-treated cultures, depletion of CLIP170 reduced HIV-1

motility (Movie EV1, panels 1 and 2, respectively). Analysis of indi-

vidual viral trajectories further revealed a significant reduction in

average velocity and average speed of viral particles in CLIP170-

depleted CHME3 cells relative to controls (Fig 2G and H, respec-

tively, and Movie EV1, panels 1 and 2). Particle tracking further

confirmed that, while 52.5% of viral particles exhibited MT-based

movement (> 0.1 lm/s) in control siRNA-treated cultures, only

19.1% of particles exhibited movement > 0.1 lm/s in CLIP170-

depleted cells. Most particles exhibited slower, short-range move-

ment characteristic of either free diffusion or actin-based motility in

the absence of CLIP170 (Fig EV1J). While we previously used fixed

imaging to show that EB1 affects HIV-1 accumulation at the nucleus

(Sabo et al, 2013), live-cell imaging confirmed that EB1 exerts simi-

lar effects as CLIP170 on the trafficking of incoming HIV-1 particles

(Movie EV1, panels 1 and 3 and Fig EV1G–K). Importantly, deple-

tion of CLIP170 or EB1 did not affect the motility of mitochondria,

unlike the dynein inhibitor ciliobrevin D (Movies EV2 and EV3,

Fig EV1L and M). This suggested that CLIP170 specifically affected

transport mechanisms utilized by HIV-1 for infection without

broadly affecting cargo transport.

Given that EB1 is required for HIV-1-induced MT stabilization

and virus transport (Sabo et al, 2013), we next tested whether

CLIP170 functioned similarly. IF imaging revealed that EB1 deple-

tion blocked Ac-MT induction upon infection with HIV-1-VSV-luc in

CHME3 cells, as shown previously (Sabo et al, 2013), while deple-

tion of CLIP170 had no detectable effect (Fig 2I). It is important to

note that although CLIP170 depletion suppresses, it does not

completely block fusion, thereby allow incoming virus particles to

continue to induce the formation of Ac-MTs. Imaging also showed

that Ac-MT networks and overall MT architecture were not grossly

altered in CLIP170-depleted cells. These findings identify CLIP170 as

the first +TIP to promote HIV-1 infection independently of effects on

Ac-MTs, suggesting that it has roles in infection that are distinct

from those of previously studied +TIPs (Sabo et al, 2013; Delaney

et al, 2017), yet is likely contribute to infection on multiple levels as

we discuss later.

◀ Figure 2. CLIP170 promotes multiple stages of early HIV-1 infection.

A–D Effects of CLIP170 on fusion of viral particles by endocytosis. CHME3 cells either treated with control or CLIP170 siRNAs (A) or expressing Flag control or Flag-
CLIP170 (D) were infected with Mock or HIV-1-VSV-BlaM-Vpr. Representative FACS analysis of cells (n = 3) showing ~9% (control siRNA) and 3% (CLIP170 siRNA)
shift (A) or no difference (D) from green (uncleaved CCF2) to blue (cleaved CCF2). % infected cells is indicated at the top left corner of each plot, and quantification
from independent repeats is presented as bar graphs at the right side of each FACS plot. (B, C) HIV-1-VSV-luc infection is enhanced in Flag-CLIP170, but not in Flag
control, expressing CHME3 cells. Statistical significance was determined by t-test (mean � SEM). *P < 0.05. Molecular weight markers (in kDa) are shown to the
right of WBs in (C).

E The percentage fused double-labeled (GFP-Vpr+/S15-tomato�) HIV-1-DL-WT are not affected in CHME3 cells depleted of CLIP170. Data represent mean of ≥ 895
virus particles analyzed in ≥ 11 fields of view (≥ 17 cells) for each condition. One-way ANOVA was used to calculate statistical significance (mean � SEM).

F Percentage HIV-1-WT-GFP-Vpr particles within 2 lm of the nucleus is reduced in CHME3 depleted of CLIP170 at 2 and 4 h.p.i, scatterplot with mean of ≥ 354 virus
particles quantified in ≥ 13 cells per sample. Statistical significance was determined by one-way ANOVA *P < 0.05, ***P < 0.001.

G, H Infected cells in F analyzed by live-cell imaging. Scatterplots representing displacement over time (velocity) (G) and cumulative distance travelled over time (speed)
(H). Each dot represents one viral particle tracked, and red line indicates the mean. 188 trajectories were analyzed from 25 movies. Statistical significance was
determined by t-test. ***P < 0.001.

I The induction of Ac-MTs is blocked in HIV-1-VSV-luc (Virus) infected, but not in uninfected (NI) or Mock infected CHME3 depleted of EB1, but not CLIP170 at
6 h.p.i. Tyrosinated-MTs (Tyr-MTs) are not affected. Representative fields are shown. Similar results were obtained in three independent experiments. Scale bar,
50 lm.

Source data are available online for this figure.
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EB1 and CLIP170 facilitate HIV-1 uncoating

To extend our comparative analysis of EB1 and CLIP170, we next

determined whether they influenced HIV-1 uncoating. Two indepen-

dent uncoating assays, the fluorescence microscopy-based in situ

uncoating assay and the infectivity-based fate-of-capsid (FoCA)

assay, were used to assess loss of CA. In the in situ uncoating assay,

control, EB1, or CLIP170 siRNA-treated CHME3 cells were infected

with double-labeled HIV-1 (S15-Tomato/GFP-Vpr) and fixed at vari-

ous times before staining for p24, as described previously (Delaney

et al, 2017). To determine effects on uncoating, we quantified p24

staining intensities associated only with fused (GFP-Vpr+/S15-

Tomato�) viral particles at 30, 60, and 120 min post-infection.

Depletion of either +TIP resulted in a significant increase in the

amount of p24 associated with fused virions compared with control

cells for all three time points (Figs 3A and B, and EV2A–C), suggest-

ing CA loss (uncoating) was delayed in EB1 or CLIP170-depleted

CHME3 cells.

To independently verify these findings, a FoCA uncoating assay

was used wherein soluble HIV-1 CA proteins are separated from

particulate (pelletable) CA by sedimentation through a sucrose cush-

ion. To do this, 293A or CHME3 cells depleted for EB1 or CLIP170

were infected for 3 hours (h). High concentrations of the small

molecule inhibitor, PF74, were used as a control for HIV-1 core

destabilization. In line with the in situ uncoating assay, depletion of

either +TIP increased the amount of intact CA in the pellet compared

with control siRNA-treated cultures in both cell types, while PF74

destabilized HIV-1 cores (Figs 3C and D, and EV2D–F). This demon-

strated that both EB1 and CLIP170 were required for uncoating of

incoming HIV-1 cores, but that CLIP170 does so in the absence of

effects on Ac-MT induction.

CLIP170, but not EB1, binds to intact HIV-1 cores

We next tested whether EB1 or CLIP170 interacts with HIV-1 parti-

cles by using in vitro assembled capsid–nucleocapsid (CA-NC)

complexes. These are a mixture of cylinders and cones composed of

hexamers and are closed by incorporation of pentamers at both ends

similar to authentic viral cores (Ganser et al, 1999). Extracts of cells

expressing Flag-tagged EB1 or CLIP170 were incubated with or with-

out in vitro assembled CA-NC complexes that were then sedimented

over a 70% sucrose cushion. Neither +TIP pelleted in the absence of

CA-NC complexes. Binding specificity to CA-NC complexes was

additionally confirmed using extracts from cells expressing the

housekeeping protein GAPDH or a known CA interactor FEZ1 as

negative and positive controls, respectively (Fig 4A) (Malikov et al,

2015; Delaney et al, 2017). Notably, while EB1 failed to associate

with HIV-1 CA-NC complexes, CLIP170 pelleted with CA-NC

complexes (Fig 4B–D, respectively). To validate the relevance of

CA-NC assemblies, lysates from Flag and Flag-CLIP170 expressing

cells were incubated with fractions harboring intact HIV-1 cores

(fractions #8 and #9, Fig 4E) and subjected to co-sedimentation

(Shah & Aiken, 2011). Similar to CA-NC assemblies, Flag-CLIP170

specifically associated with fractions containing intact viral cores

but not with mock fractions (Fig 4F). IF staining of Flag-CLIP170-

expressing CHME3 cells infected with HIV-1-VSV-luc further con-

firmed that CLIP170 was present in the cytosol and therefore likely

to be accessible to incoming viral cores (Fig EV3A). Significant

colocalization was not observed, likely because data below suggest

that individual cores bind to only a small number of CLIP170 mole-

cules. Cumulatively, these data validated the use of CA-NC assem-

blies to study host protein interactions with viral cores and

suggested that CLIP170 bound HIV-1 cores independently of EB1,

establishing a second divergence in how these two proteins func-

tioned during early infection.

Yet, earlier results showed that its CAP-Gly-binding EEY motif

was important for EB1 to promote infection, raising the possibility

that EB1 delivers +TIPs to the cell periphery that promote infection.

Indeed, the CAP-Gly domain has been shown to be required for

CLIP170 transport to MT plus-ends through its interaction with EB1

or a-tubulin (Honnappa et al, 2006). To test this, CHME3 cells

stably expressing Flag-tagged WT CLIP170 or a CLIP170 mutant

lacking its two consecutive CAP-Gly domains (CLIP170DCAP-gly)
were infected with HIV-1-WT-luc. Overexpression of WT CLIP170

significantly increased early HIV-1 infection (Fig 4G) in line with

our earlier findings using depletion approaches. By contrast,

CLIP170DCAP-gly expressing cells exhibited similar levels of infec-

tivity to Flag controls. It should be noted that the lower expression

of the CLIP170 mutant compared to that of the WT CLIP170 is not

likely to explain the inability of this mutant to promote early infec-

tion for a number of reasons. First, the mutant still expresses to a

relatively high level. As such, if it were functional in any way one

would expect to see a partial increase in infection with this mutant,

but it had no effect (Fig 4G). Second, this finding is in agreement

with earlier data showing that increasing expression of the EB1

DEEY mutant lacking the CAP-Gly binding domains also failed to

promote early infection (Fig 1D), independently supporting the

notion that CAP-Gly-based interactions are functionally important to

infection. IF staining of Flag-tagged CLIP170 or CLIP170DCAP-gly in

CHME3 cells together with tyrosinated-MTs further revealed that in

contrast to CLIP170 that accumulated on peripheral ends of MTs,

CLIP170DCAP-gly exhibited diffuse staining at perinuclear regions

(Fig 4H). While we cannot rule out a role for a-tubulin association

in the failure of the CLIP170DCAP-gly mutant to localize to MT

plus-ends, our cumulative findings support the idea that EB1 func-

tions, in part at least, by enhancing the accumulation of CLIP170 at

the cell periphery where it then binds incoming virus particles.

Moreover, the interaction of CA-NC assemblies and/or intact HIV-1

cores with multiple +TIPs, including CLIP170, but not with EB1

itself, provided the first hints that HIV-1 particles may interact with

+TIPs in a manner similar to EB1 itself.

CLIP170 binds to HIV-1 cores in a manner distinct from currently
known capsid binders

To better understand how CLIP170 interacts with HIV-1, extracts

from cells expressing Flag-CLIP170 along with control Flag-tagged

CypA, a known HIV-1 CA interactor (Luban et al, 1993), were incu-

bated with CA-NC assemblies. These were then pelleted and stained

using anti-Flag, anti-CLIP170, or anti-p24 CA antibodies followed by

super-resolution microscopy (SIM). These assemblies appear in

images as both individual tubes and overlapping tubes and aggre-

gates that stain for CA protein (Fig 5A). Whereas CypA bound to

sites located along the length of tubular CA-NC structures, CLIP170

bound to more discrete sites (Fig 5A). We further quantified the

number of CA-NC tubes that were positive for either protein, using

6 of 18 The EMBO Journal 39: e104870 | 2020 ª 2020 The Authors

The EMBO Journal Eveline Santos da Silva et al



untransfected cells and EB1-Flag-expressing cells as controls for

background non-specific staining in this assay (Fig 5B and C, EV3B–

E). Quantification showed that most tubular CA-NC structures

bound CypA, while 50–60% bound CLIP170. By contrast, EB1 did

not interact with these complexes above background levels (Figs 5B

and C, and EV3B–E). While it is possible that these different staining

patterns between CypA and CLIP170 reflect differences in CA-NC

binding affinity in these assays, the pattern of CLIP170 staining was

consistent and usually amounted to one or two bound CLIP170

molecules per tube. This suggests that regardless of any affinity dif-

ferences, the site to which CLIP170 binds is also likely to be dif-

ferent to that of CypA.

Notably, as CA-NC tubes nucleate they occasionally incorporate

pentamers rather than hexamers, which alters curvature in the

assembled tube (Ganser-Pornillos et al, 2004). Local curvature may

influence how and where host factors bind to viral cores. To test

this, we examined the ability of CypA or CLIP170 to bind to WT or

Arg18-Leu mutant (R18L) CA-NC assemblies, as R18 mutant CA has

been shown to have a higher propensity to incorporate pentamers

into the assembling hexameric tubes (Ganser-Pornillos et al, 2004).

Binding assays showed that CypA bound to WT CA-NC tubes more

efficiently than CLIP170, which was in line with SIM imaging show-

ing that fewer CLIP170 molecules decorate CA-NC tubes (Fig 5D

and E). However, CLIP170 both bound to and increased the amount

of pelletable R18L CA-NC assemblies. By contrast, CypA did not

interact with R18L CA-NC assemblies, as shown by others (Liu et al,

2016), and did not enhance the levels of pelletable R18L compared

with untransfected controls (Fig 5D and E). This further supports

the notion that CLIP170 regulates the stability of viral cores, and

suggests that its interaction is based on curvature within the core.

Moreover, these findings demonstrated that CLIP170 binds to HIV-1

cores in a manner that is fundamentally different from currently

known capsid-binding cofactors, such as CypA.

The MHR of HIV-1 capsid contains a functional
EB1-mimetic motif

Prompted by these observations, amino acid alignments and struc-

ture modeling revealed that the MHR of HIV-1 CA assemblies had

significant similarity to the N-terminus of EB1’s EBH domain, which

contains binding sites for both CAP-Gly and SxIP motifs (Figs 6A

and B, and EV4A). While the MHR domain is oriented inside the

capsid core, partial uncoating would explain its accessibility to

CLIP170 in native cores observed earlier (Fig 4E). Moreover, CA-NC

tubular structures elongate from both ends as an open cylinder

(Barklis et al, 2009), effectively mimicking partial uncoating and

providing similar accessibility to host cofactors. Accessibility to the

MHR is likely different within curved regions of the core, as

discussed below, and may therefore explain why CLIP170’s CA-NC

binding pattern is more specific and very distinct from that of CypA.

To test the functionality of this motif, we fused the HIV-1 MHR to

HA-tagged GAPDH (GAPDH-MHRhiv) and tested if it conferred

GAPDH with the ability to interact with CLIP170. To do this, we

co-transfected 293T cells with Flag-CLIP170 along with either

HA-tagged GAPDH or GAPDH-MHRhiv followed by anti-HA co-

immunoprecipitation (co-IP). In doing so, we found that

GAPDH-MHRhiv-HA bound to CLIP170, while GAPDH-HA did not

(Fig 6C). Notably, CLIP170 was recently shown to use its SxIP
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Figure 3. EB1 and CLIP170 facilitate uncoating of incoming
HIV-1 cores.

A, B CHME3 treated with negative control, EB1, or CLIP170 siRNAs was
either lysed and analyzed by WB (A) or infected with
GFP-Vpr/S15-tomato-labeled VSV-G pseudotyped HIV-1 (B). Molecular
weight markers (in kDa) are shown to the right of WBs in (A).
Scatterplot of maximum p24 intensity of fused viral particles
normalized to the control mean. Each dot represents one virion, and
red lines indicate means. The number of viral particles analyzed per
condition from three independent experiments is shown. Statistical
significance was determined by one-way ANOVA (*P < 0.05,
**P < 0.01, ***P < 0.001).

C, D Amounts of pelleted p24 CA normalized to the input CA at 3 h.p.i. with
HIV-1-VSV-luc in 293A (C) or CHME3 (D) treated with control, EB1, or
CLIP170 siRNAs. Mean � SEM from three independent experiments is
shown. Statistical significance was determined by one-way ANOVA. Error
bars = standard error of the mean (*P-value ≤ 0.05, **P-value ≤ 0.01,
***P-value ≤ 0.001).

Source data are available online for this figure.
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motifs, rather than its CAP-Gly domains, for its interaction with the

EB1 EBH domain (Chen et al, 2019). In line with this, viral particles

did not reach the nucleus as efficiently in cells expressing an SxIP

mutant of CLIP170 (CLIP170DSxIP) compared with WT CLIP170

(Fig EV4B–D). Particle translocation was only partially impaired in

cells expressing the CLIP170DSxIP mutant but this is not unexpected

given the complex nature by which CLIP170 uses multiple domains

to interact with EB1. However, these findings further validated the

importance of the SxIP motif in early infection.

Given these findings, we next tested whether the HIV-1 MHR

could interact with a broader range of +TIPs with SxIP motifs. Co-IP

assays revealed that GAPDH-MHRhiv-HA, but not GAPDH-HA
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control, interacted with the endogenous forms of several SxIP-

containing +TIPs tested, CLIP170, drebrin, stromal interaction mole-

cule 1 (STIM1), and DDA3 (Jiang et al, 2012; van de Willige et al,

2016), but not a non-SxIP protein, vimentin (Fig 6D). To

independently validate the specific HIV MHR interaction with the

SxIP motif, we synthesized a Flag-tagged peptide (Clasp2M) contain-

ing two SxIP motifs (Chen et al, 2019). In co-transfected cells,

GAPDH-MHRhiv-HA, but not GAPDH-HA control, bound to the SxIP

◀ Figure 4. CLIP170, but not EB1, binds to HIV-1 cores.

A–C Representative (n = 3) WB analysis demonstrating that while GAPDH-HA control and EB1-Flag do not bind ((A), upper panels and (B), respectively) FEZ1-Flag
control and Flag-CLIP170 ((A), lower panels and (C), respectively) pelleted with in vitro assembled HIV-1 CA-NC complexes.

D Quantification of the levels of bound CLIP170 as a ratio of total protein across experimental replicates (n = 3) from (C). Statistical significance was determined by
t-test (mean � SEM) ***P < 0.001.

E Representative WB analysis (n = 3) showing the levels of HIV-1 p24 CA in mock and virus fractions separated by sucrose gradient centrifugation. Fractions 1-3
contain free p24 not associated with the intact cores, while fractions #8 and # 9 harboring intact HIV-1 cores.

F Flag-CLIP170, but not Flag control, also binds to fractions containing intact HIV-1 cores (viruses #8 and #9) but not with Mock fractions.
G HIV-1-WT-luc infection is increased in CHME3 cells stably expressing Flag-CLIP170, but not control Flag or Flag-CLIP170DCAP-gly. Statistical significance was

determined by one-way ANOVA. *P < 0.05. Mean � SEM from three independent experiments is shown.
H Representative images (n = 3) of CHME3 expressing Flag-CLIP170 or Flag-CLIP170DCAP-gly stained for Flag and Tyr-MTs. Scale bar, 10 lm.

Data information: Molecular weight markers (in kDa) are shown to the right of WBs.

Source data are available online for this figure.
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Figure 5. CLIP170 binds to HIV-1 CA-NC in a manner distinct from currently known capsid binders.
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B WB analysis confirming protein expression in samples from (A) and (C).
C Quantification (n = 3) of the association of each protein with 97 to 137 CA-NC complexes, using untransfected lysates (Control) and EB1-Flag as controls for non-

specific background staining.
D Lysates from untransfected, CypA-Flag-, or Flag-CLIP170-transfected cells were subjected to CA-NC binding assays and WB analysis.
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Source data are available online for this figure.
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peptide (Fig 6E). As such, the presence of an EBH-like motif would

explain how HIV-1 can engage several +TIPs during early infection,

some of which regulate MT stabilization while others, like CLIP170

operate independently of Ac-MTs. We therefore tested whether

GAPDH-MHRhiv-HA expression might affect HIV-1 infection, poten-

tially by acting in a dominant negative manner over incoming viral

particles. In line with this, while HIV-1 infection induced the forma-

tion of Ac-MTs in control GAPDH-HA-expressing CHME3 cells,

expression of GAPDH-MHRhiv-HA caused a notable reduction in Ac-

MT formation during infection (Fig 6F and G). Moreover, when these

cells were infected with HIV-1-WT-luc reporter viruses, we found that

GAPDH-MHRhiv expression caused a significant reduction in infectiv-

ity (Fig 6H). While these effects were not as robust as depleting +TIPs

such as EB1 or CLIP170, this would not be unexpected for a dominant

negative. Collectively, these findings highlight that the HIV-1 capsid

MHR contains a +TIP-binding motif that enables it to bind a variety

of +TIPs and control early events in infection.

Divergent EB1 mimicry across retroviruses

While certain residues in the MHR motif display significant conserva-

tion across retroviruses and function later in retroviral assembly,

why other MHR residues vary and whether this is functionally signifi-

cant remains unknown (Tanaka et al, 2016). We therefore examined

similarities to EB1 in MHRs from HIV-1, simian immunodeficiency

virus (SIV) and MuLV. Sequence analysis revealed that the MHRs of

SIV and MuLV CA exhibited differences in key amino acids from that

of HIV-1 MHR and the core SxIP-binding motif within the EBH

domain of EB1 from different species (Honnappa et al, 2009), with

the greatest divergence being in the MuLV MHR (Fig 7A). To test the
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Figure 6. The MHR of HIV-1 capsid encodes an EB1-mimetic motif.

A Sequence similarities of the EB1 C-terminus with MHR (highlighted in blue) in HIV-1 (NL4-3). Identical residues are highlighted in red, and similar residues are
printed in red.

B Structure modeling of HIV-1 capsid hexamers with focus on MHR alongside C-terminus of EB1 in red boxes. Identical residues are indicated in red, and similar
residues are indicated in dark orange. UCSF Chimera 1.12 software was used for structure modeling of NL4-3 hexamer (PDB 3J3Q) and EB1 (PDB 2HKQ).

C–E Anti-HA co-IP showing that GAPDH fused to the HIV-1 MHR (GAPDH-MHRhiv), but not HA-tagged GAPDH (GAPDH) binds to Flag-CLIP170 (C), endogenous forms of
various human SxIP-containing +TIPs, but not vimentin (D) or to Flag-tagged SxIP fragment (Flag-Clasp2M) (E) in 293T cells. Results are representative of three
experimental replicates.

F, G HIV-1-VSV-luc (Virus), but not uninfected (NI) or Mock, infection induces the formation of Ac-MTs in CHME3 expressing GAPDH-MHRhiv, but not GAPDH, as shown
by WB analysis (F) or imaging at 6 h.p.i (G). Scale bar, 15 lm. Representative fields are shown. Results are representative of three experimental replicates.

H GAPDH-MHRhiv expression in CHME3 reduces infection with HIV-1-WT-luc. Statistical significance was determined by t-test. *P < 0.05. Data are mean values from
three independent experiments � SEM.

Data information: Molecular weight markers (in kDa) are shown to the right of WBs.

Source data are available online for this figure.
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potential functional significance of this, CHME3 cells stably express-

ing HA-tagged GAPDH fused with HIV-1, SIV, or MuLV MHRs were

tested for interaction with CLIP170 by co-IP analysis (Fig 7B and C).

Results showed that only GAPDH-MHRhiv was able to bind endoge-

nous human CLIP170 in CHME3 cells to any significant extent.

CLIP170 is highly conserved both structurally and functionally across

species. Indeed, rat CLIP170 was used in our earlier overexpression

studies while the same functionality of its human counterpart was

confirmed by the effects of depleting endogenous human CLIP170 in

various human cell types, and the HIV-1 MHR bound both rat

CLIP170 and human CLIP170 (Fig 6C and D). However, it remained

possible that SIV or MuLV MHRs might exhibit more restricted

species-specific functionality. To test this, we examined rhesus

macaque FRhK4 cells stably expressing GAPDH-HA or GAPDH-

MHRsiv-HA for interaction with CLIP170 by co-IP analysis. In doing

so, we noted that the SIV MHR did indeed bind CLIP170 in monkey

cells (Fig 7D). By contrast, we were unable to detect interactions

between the GAPDH-MHRmulv-HA and CLIP170 in rat fibroblast

Rat2 cell line, despite recovery of CLIP170 in anti-EB1 co-IPs (Fig 7E).

While this does not rule out some degree of binding below our detec-

tion limits, it is in line with the greater degree of sequence divergence

across the MuLV EBH-like region. Moreover, we found that the level

of CLIP170 binding activity that these assays detected also correlated

with the extent to which each virus exploits +TIPs. We tested this first

by measuring the levels of Ac-MTs in FRhK4 or Rat2 cells infected

with VSV-G pseudotyped SIV or MuLV luciferase reporter viruses,

respectively. Both IF and WB analyses showed that SIV induced

formation of Ac-MTs in macaque cells (Figs 7F and H, and EV5A

respectively), albeit not as robustly as HIV-1 in human cells (Fig 6F),

while MuLV did not induce detectable levels of Ac-MTs in rodent

cells (Figs 7G and I, and EV5B respectively). To test whether these

viruses depended on CLIP170 for infection, FRhK4 or Rat2 cells were

depleted of CLIP170 and then infected with SIV-VSV-luc or MuLV-

VSV-luc, respectively. Infectivity assays revealed that CLIP170 deple-

tion in FRhK4 resulted in a significant decrease in SIV infection

compared with controls, while it had no effect on MuLV infection in

Rat2 cells (Fig 7J and K, respectively). Together, our findings show

that the lentiviruses, HIV-1 and to a lesser extent SIV, encode EBH-

like MHR domains that enable them to exploit +TIPs and control

induction of Ac-MTs, while the retrovirus MuLV does not.

The fact that the SIV MHR was more divergent from the EBH

domain and did not bind CLIP170 in human cells suggested that it had

less optimal EBH mimetic activity than its HIV counterpart (Fig 7A).

Among the most conserved residues with homology to EB1, the HIV-1

and SIV MHRs only differed by a positively charged arginine (R)

substitution to an uncharged glutamine (Q) at position 162. To test

whether this specific amino acid difference was functionally signifi-

cant, we replaced R162 with Q in GAPDH-MHRhiv-HA (MHRhivQ) and

tested its ability to bind Flag-CLIP170 by co-IP in 293T cells. Compared

to MHRhiv, the R162 mutant exhibited reduced binding to CLIP170

(Figs 7L and EV5C). This identifies R162 as an important residue under-

lying the optimized EB1-mimetic activity of the HIV-1 MHR.

Discussion

While we recently showed that HIV-1 exploits EB1 and associated

+TIPs to stabilize MTs and promote early infection (Sabo et al,

2013; Delaney et al, 2017), here we reveal new insights into EB1’s

complex multifunctionality and the roles played by different +TIPs.

Indeed, our data suggest that beyond its direct effects on MT dynam-

ics, a critical function for EB1 is the delivery of +TIPs such as

CLIP170 to the cell periphery where they are subsequently engaged

by incoming viral cores to facilitate early HIV-1 infection.

Our data suggest that CLIP170 plays a complex, multifunctional

role in early HIV-1 infection. Like EB1, CLIP170 influences MT

dynamics, yet our data suggest that unlike EB1 and other +TIPs

identified to date, CLIP170 regulates infection without significantly

affecting the formation of acetylated MTs. Although our data do not

rule out contributions from its effects on MT dynamics, CLIP170’s

established roles in actin-MT linkage and cargo capture may make it

particularly important for the loading of incoming viral cores onto

MTs to initiate transport (Honnappa et al, 2006; Weisbrich et al,

2007; Jovasevic et al, 2015). Indeed, we observed that CLIP170

bound viral cores in vitro and colocalized with incoming viral parti-

cles, while mutants revealed that it needed to be peripherally local-

ized in order to promote infection.

In terms of how CLIP170 concentrated at the periphery to engage

incoming viral particles, we find a critical role for EB1’s EEY motif

that dominates CAP-Gly interactions over its EBH domain, which

contains a less well-understood binding site for CAP-Gly- and SxIP-

containing +TIPs (Chen et al, 2019). It is interesting that the HIV-1

MHR mimics this latter EBH domain, and interacts with a range of

SxIP-containing +TIPs including CLIP170. This may avoid competi-

tion with EB1 itself so as to gain access to CLIP170 once delivered to

the periphery, or distinct binding strategies may enable an efficient

“hand-over” from EB1 to HIV-1 cores. Regardless of the functional

reasons for its choice, the fact that HIV-1 mimics the EBH domain

reveals an unexpected biological context in which this domain is

functionally important. Mimicking a +TIP-binding motif in EB1

would enable virus particles to engage a range of peripherally local-

ized +TIPs and control various aspects of cytoskeletal dynamics,

precisely as EB1 does (Gouveia & Akhmanova, 2010; Jiang &

Akhmanova, 2011).

Most strikingly perhaps, CLIP170 was found to bind cores in an

unusual manner, distinct from that of CypA, and regulate their

stability. Our cumulative data suggest that this involves the MHR

and is influenced by curvature in the viral core that is determined

by hexamer and pentamer ratios. Notably, areas of capsid with a

higher concentration of pentamers have been suggested to be less

stable than hexamer-rich regions (Pornillos et al, 2011), and we find

that CLIP170 specifically binds and stabilizes R18L assemblies.

Recent reports also reveal novel interactions between neighboring

CA monomers within pentamers that are critical for HIV-1 core

assembly, suggesting pentamers may form binding pockets that

could serve as antiviral drug targets (Craveur et al, 2019). Such con-

figurations or localized organization of pentamers and hexamers at

sites of curvature may expose the MHR domain in a manner that

enables its recognition by CLIP170, once partial uncoating has

begun. Indeed, given the instability of cores with higher levels of

pentamers (Pornillos et al, 2011), it is tempting to suggest that

pentamer-rich regions might initiate the first stages of uncoating and

are recognized by factors such as CLIP170, to prevent more

complete disassembly from occurring prematurely. While this is

currently challenging to test directly, single-particle uncoating kinet-

ics of authentic HIV-1 capsids show that the capsid-binding inhibitor
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Figure 7. Differential EB1-mimicry in MHR domains across retroviruses.

A Sequence similarities of MHR in HIV-1 (NL4-3), SIVmac239, and MuLV with the core SxIP-binding motif (bold text) within the EBH domain of EB1 from different
species, adapted from Honnappa et al (2009). Residues identical to those in EB1 are highlighted in red, and similar residues are printed in red.

B Schematic representation of HA-tagged GAPDH constructs, with MHR from HIV-1 (GAPDH-MHRhiv), SIVmac239 (GAPDH-MHRsiv), or MuLV (GAPDH-MHRmulv).
C Anti-HA co-IP in CHME3 expressing GAPDH-MHRhiv, GAPDH-MHRsiv, or GAPDH-MHRmulv showing binding to endogenous CLIP170. Results are representative of

three experimental replicates.
D, E Anti-HA co-IP in Rhesus macaque FRhK4 (D) or rat fibroblast Rat2 (E) cells expressing GAPDH alongside GAPDH-MHRsiv or GAPDH-MHRmulv, respectively. Anti-EB1

co-IP was included as positive control to demonstrate CLIP170 binding by EB1 in Rat2 cells. Results are representative of three experimental replicates.
F–I FRhK4 cells infected with SIV-VSV-luc (F) or Rat2 cells infected with MuLV-VSV-luc (G) stained for Ac-MTs, Tyr-MTs, and the nucleus (Hoechst) at 6 h.p.i, or analyzed

by WB (H and I, respectively). Scale bar, 20 lm. Representative fields are shown. Results are representative of three experimental replicates.
J, K Measurements of SIV-VSV-luc or MuLV-VSV-luc infectivity in FRhK4 (J) or Rat2 (K) cells depleted of CLIP170. Statistical significance was determined by t-test.

***P < 0.001. Data are mean values from two independent experiments � SEM.
L 293T transfected with GAPDH-MHRhiv or R162Q mutant (GAPDH-MHRhivQ) was subjected to anti-HA co-IP. Representative WB analysis is shown (n = 2).

Data information: Molecular weight markers (in kDa) are shown to the right of WBs.

Source data are available online for this figure.
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PF74 accelerates capsid opening but stabilizes the remaining lattice,

with rapid uncoating in the absence of capsid binders (Marquez

et al, 2018). As such, our findings lend further support to the idea

that uncoating is a highly dynamic multi-step process that begins in

the cytoplasm, before completing in the nucleus, and is regulated by

distinct host cofactors, such as CLIP170.

Finally, divergence in the extent to which the MHR from HIV-1,

SIV, and MuLV functionally mimic the EBH domain speaks to the

broader functional importance of this region and differences in how

retroviruses exploit +TIPs. This functional divergence was reflected

in both the requirement of these viruses for CLIP170 and their abil-

ity to induce Ac-MT formation, which is mediated by other +TIPs.

MHR differences may have evolved for specific reasons. For exam-

ple, MT stabilization prevents cell division, and unlike lentiviruses,

MuLV requires cell division for infection (Yamashita & Emerman,

2006). As such, although stable MTs provide efficient tracks for

virus transport, their effects on cell division may have driven diver-

gence in this specific MHR function. However, despite its reduced

level of EB1 mimicry it is possible that other, as yet unidentified

+TIPs or a completely different class of host cofactors bind the

MuLV MHR to fulfill this capsid-binding function for other retro-

viruses. Future studies will undoubtedly extend our understanding

of the diverse nature and functionality of capsid-binding host factors

in early retroviral infection.

Materials and Methods

Cells

Human embryonic kidney cells (293T and 293A), rat fibroblast cells

(Rat2), and CHME3 and NHDF cells were previously described

(Naghavi et al, 2007; Malikov et al, 2015). The monocytic line THP-

1 and rhesus macaque kidney cells (FRhK4) were kindly provided

by Thomas Hope. THP-1 cells were differentiated into macrophages

by addition of PMA as described (Delaney et al, 2017). FRhK4 were

grown in Dulbecco’s modified Eagle medium (DMEM) supple-

mented with 10% FBS and glutamine (4 mM).

Virus production and infections

HIV-1 carrying a luciferase reporter or ZsGreen marker and

pseudotyped with VSV-G (HIV-1-VSV-luc or HIV-1-VSV-ZsGreen,

respectively), WT (HIV-1-WT-luc), or MuLV amphotropic envelope

(HIV-1-Ampho-luc) were generated by co-transfection of 293T cells

with pNL4-3.luc.R-.E- (AIDS Reagent Repository #3418) or pNL4-

3.ZsGreen.R-.E- together with pVSV-G, pC1-env, or pHit456, respec-

tively, as previously described (Delaney et al, 2017). To generate

VSV-G pseudotyped SIV or MuLV viruses carrying a luciferase

reporter (SIV-VSV-luc and MuLV-VSV-luc, respectively), 293T cells

were co-transfected with pVSV-G along with either SIVmac239.luc-E-

or MoMuLV Gag-Pol expression vector (pCMV-intron) and pFB-luc

(Sabo et al, 2013), respectively. All transfections were carried out

using polyethylenimine (PEI from Polysciences) (Delaney et al,

2017). For live imaging, GFP-Vpr-labeled viral particles pseudotyped

with WT envelope (HIV-1-WT-GFP-Vpr) were generated by co-trans-

fection of pNL4-3.luc.R-.E- with GFP-Vpr and pC1-env into 293T

cells using PEI. Double-labeled virus used in in situ uncoating assay

were produced by co-transfecting 293T cells with 6 lg pNL4-

3.luc.R-.E-, 3 lg pVSV-G, 1 lg GFP-Vpr, and 0.44 lg S15-tomato

plasmid as described (Malikov et al, 2015). All infections were

carried out using 10 lg/ml polybrene (Santa Cruz). Cells were lysed

48 h.p.i. and assayed for luciferase activity or detached and fixed

with 4% paraformaldehyde (PFA) for FACS analysis. HSV-1 virus

production and infection have been previously described (Jovasevic

et al, 2015).

Generation of expression constructs and stable pools

Expression constructs containing the N-terminal CH domain of EB1

(Nterm), CH-CC domains (Nterm+CC), or CH-CC-EBH domains

(Nterm+CC+EBH) were generated by Gibson Assembly (Gibson

et al, 2009). Double-stranded genomic DNA fragments (gBlocks)

deleted of the domains of interest were synthesized by Integrated

DNA Technologies (IDT). gBlocks and linearized pQCXIN-EB1-Flag

(Sabo et al, 2013) were incubated with Gibson Assembly Master

Mix (New England Biolabs) at 50°C for 1 h to ensure homologous

recombination. The GFP-tagged rat CLIP170 construct (Procter et al,

2018) was subcloned into pQCXIN (Clontech) using AgeI and EcoRI,

while Flag was introduced by PCR in the N-terminus (Flag-

CLIP170). Gibson assembly was also used to generate a Flag-tagged

CLIP170 construct depleted of the second C-terminal zinc knuckle

(Flag-CLIP170DZn2). The IDT-synthesized gBlock was incubated

with the linearized pQCXIN-Flag-CLIP170 and the Gibson Assembly

Master Mix as described above. In order to delete both CAP-Gly

domains from CLIP170, consecutive overlapping PCR was

performed on the pQCXIN-Flag-CLIP170. Following primers were

used as follows: Fw_Clip_NotI (50-ACGCTGCAGGAATTGATCCG-30)
and Re_delCAP-gly-Clip (50-ACTTTGTGGACAAGAAACTGGATAAA
TCCAGGTTTATTCCCGTTCACCCAAACACG-30), as well as Fw_del

CAP-gly-Clip (50-TCCAGTTTCTTGTCCACAAAGTGACAAAGATTGG
CTTCCCTTCTACCACCCCA-30) and Re_clipEco6 (50-CTGCTGCCTG
CTTTAGGGTTTCT-30). Both PCR amplicons were then amplified

using Fw_Clip_NotI and Re_clipEco6 and double-digested using NotI

and BsaBI followed by introduction into a NotI-BsaB1-digested

pQCXIN-Flag-CLIP170. A similar approach was used to delete the

SxIP motif of CLIP170 (amino acids S-N-I-P). Following primers

were used as follows: Fw_Clip_NotI and Rev-delSXIP-A (50-TTT
CTGGGGAGTGGCTGGAGAAGAG-30), as well as Fw-delSXIP-B (50-
ACTCCCCAGAAACCGTCCCAGCCAGTG-30) and Rev-delSXIP-B (50-
CTCCAGGCTGTCCTCCTTCTCT-30). Both PCR amplicons were then

amplified using Fw_Clip_NotI and Rev-delSXIP-B and double-

digested using NotI-HF and BsaBI followed by introduction into a

NotI-BsaB1-digested pQCXIN-Flag-CLIP170. Introduction of the HIV-

1, SIV, or MuLV Major Homology Region (MHR) into HA-tagged

GAPDH was achieved by Gibson assembly (same procedure as

described above). IDT-synthesized gBlocks were homologously

recombined with pcDNA3.1(-)-GAPDH-HA (Delaney et al, 2017).

The MHRs were fused in the C-terminus of GAPDH upstream of the

HA tag. QuikChange Lightning Site-Directed Mutagenesis kit (Agi-

lent Technologies) was used to mutate MHRhiv using following

primers: Fw_mhrhivQ (50-GAC CAA AGG AAC CCT TTC AAG ACT

ATG TAG ACC GAT TC-30) and its reverse complement. Flag-tagged

CypA was introduced into pQCXIN by PCR amplification of dsRed-

CypA (Francis & Melikyan, 2018) using following primers: CypA-

AgeI-Fw (50-ATGTAGCAACCGGTATGGTCAACCCCACCGTG-30) and
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CypA-Bam-Flag-Re (50-TGTACACTGGATCCTTACTTGTCGTCATCG
TCTTTGTAGTCTTCGAGTTGTCCACAGTCAGCAATGGTG-30). Flag-

tagged Clasp2M construct was generated by PCR amplification of

pEGFP-N1-CLASP2c (Akhmanova et al, 2001) construct using

following primers: F_ClaspMflag (50-ATGgattacaaggatgacgacga-
taagGGAAGAAGTCGAACAAAAATGGTG-30) with Re_ClaspMeco

(50-TGCTTCATGGGAATTCCTATCGACTTGATTGGCTGATC-30). The
PCR product was then again amplified using F_ClaspMNot (50-
acggaagctaGCGGCCGCATGgattacaaggatgacgac-30) with Re_Clasp2-

Meco primer. PCR product was digested by NotI and EcoRI and

introduced into pQCXIN. Sequence integrity of each construct was

verified by sequencing. pQCXIN-based retroviruses encoding the

gene of interest were generated and used to infect cells, followed

by selection to generate stably expressing pools as previously

described (Malikov et al, 2015). Protein expression was confirmed

by WB analysis with the adequate antibody.

siRNA and DNA transfections

Following siRNA duplexes from Ambion were used to deplete

cells of specific proteins: ID# 3891 targeting endogenous EB1, ID#

s501556 targeting a non-coding region of endogenous EB1, ID#

12224 and 142517 targeting CLIP170 (referred to as CLIP170-II

and CLIP170-III, respectively), ID# s537340 targeting a non-coding

region of endogenous CLIP170 (referred to as CLIP170nc2), and a

control non-targeting siRNA (#AM46357). Knockdown experi-

ments were carried out with CLIP170-III, unless indicated other-

wise. Cell were transfected with 100 pmol siRNA or 10 pmol of

Select siRNA using Oligofectamine RNAiMAX transfection reagent

(Invitrogen) as previously described (Delaney et al, 2017). Tran-

sient overexpression in CHME3 was performed in 12-well plates

with 0, 1, or 1.5 lg DNA along with 1.6 ll PEI. Protein overex-

pression for binding experiments was carried out in 293T plated

in 10-cm dishes transfected with 10 lg DNA and 22.5 ll PEI. 48

to 72 h post-transfection, cells were used in different assays as

described below. In binding experiments requiring knockdown,

293T cells were plated in 6-well plates, treated with siRNA for

24 h, then transfected with 7.5 ll PEI and 3.3 lg DNA for

another 48 h.

Western blotting

Western blots (WB) were carried out as previously described

(Delaney et al, 2017). Following primary antibodies were used to

detect specific proteins: rabbit anti-CLIP170 (Santa Cruz, sc-25613

or Cell Signaling, #8977), mouse anti-EB1 (Santa Cruz, sc-47704),

mouse anti-acetylated tubulin (Sigma, T7451), rat anti-tyrosinated

tubulin YL1/2 (Abcam, 6160), rabbit anti-Flag (Sigma, F7425),

mouse anti-HIV-1 p24 CA (Abcam, ab9071), rabbit anti-HIV-1 p24

CA (Abcam, ab63917), rabbit anti-GAPDH (Santa Cruz, sc-25778),

mouse anti-HA (Sigma, H6098), rabbit anti-Drebrin (Abcam,

ab11068), rabbit anti-DDA3 (also known as PSRC1) (Abcam,

ab187199), rabbit anti-STIM1 (Cell Signaling, D88E10), rabbit anti-

Vimentin (Cell Signaling, 5741), rabbit anti-PARP (Cell Signaling,

9542), anti-HSV, ICP0 (Abcam, ab6513), and anti-HSV, ICP4

(Abcam, ab6514). Primary antibodies were diluted 1:1,000, while

secondary antibodies (HRP-conjugated anti-mouse and anti-rabbit

from GE Healthcare UK Limited, HRP-conjugated anti-goat from

Thermo Scientific, or HRP-conjugated anti-rat from Cell Signaling)

were diluted 1:10,000.

Live imaging and particle tracking

Live imaging and particle tracking were performed as previously

described (Delaney et al, 2017). Briefly, CHME3 cells were grown

on 35-mm glass culture dishes (MatTek) coated with gelatin. Cells

were incubated with HIV-1-WT-GFP-Vpr in CO2-independent media

containing 5% FBS and supplemented with sodium pyruvate and

10 lg/ml polybrene. After spinoculation at 1,200 g for 30 min at

16°C, cells were washed twice with fresh CO2-independent media to

remove non-attached viral particles, and incubated with polybrene,

sodium DL-lactate (Sigma), and oxyrase (Oxyrase Company). Cells

were then imaged in an environmental chamber (InVivo) at 37°C

using a 100× oil objective with a Hamamatsu EM-CCD camera and a

Yokogawa CSU-X1 A1 confocal head on a Leica DMI6000B motor-

ized spinning-disk confocal microscope run by MetaMorph imaging

software (Molecular Devices). For live imaging of viral particles,

images were captured every second for a period of 5–10 min. Parti-

cle tracking was analyzed with Fiji software using the Mosaic plug-

in. Velocity (displacement over time) was defined as the distance

between the starting point and the end point divided by the time

that the particle was tracked. Particles tracked for < 30 s were

excluded from the calculations. At least three independent experi-

ments were carried out for each condition, and each experiment

consisted of at least 7 cells with 4–10 particles per cell. For mito-

chondria imaging, siRNA-treated CHME3 cells were incubated with

100 nm MitoTracker� Green (Cell Signaling) for 10 min then

imaged every 3 s for a period of 3 min. As a control, CHME3 cells

were incubated with 200 lM ciliobrevin D (CbD) or DMSO in CO2-

independent media for 1 h at 37°C, before the addition of

MitoTracker� Green for 10 min and imaging.

Immunofluorescence (IF) and Super-resolution microscopy (SIM)

For IF imaging, cells were seeded on gelatin-coated coverslips, then

fixed with either ice-cold methanol (when performing MT staining)

or 4% PFA, blocked, permeabilized with saponin, and stained

(Delaney et al, 2017; Mamede et al, 2017). The samples were incu-

bated with primary antibodies over night at 4°C, then washed, and

incubated with the appropriate Alexa Fluor-conjugated secondary

antibody for 1 h at room temperature. After another wash, samples

were stained with Hoechst 33342 for 10 min. The coverslips were

then mounted on slides using FluorSave (Calbiochem). Following

antibodies were used in IF: rat anti-tyrosinated tubulin (Tyr-MTs)

YL1/2 (Abcam, ab6160), chicken anti-GFP (Abcam, ab13970),

mouse anti-acetylated tubulin (Sigma, T7451), rabbit anti-Flag (Cell

Signaling, D6W5B), anti-EB1 (Santa Cruz, sc-47704), and rabbit

anti-CLIP170 (Santa Cruz, sc-25613 or Cell Signaling, #8977). All IF

images were acquired using a Leica DMI6000 B microscope. Imaging

of viral localization and in situ uncoating assay was carried out with

a spinning-disk confocal microscope with Yokogawa CSU-X1 A1

confocal head and a Hamamatsu EM-CCD camera run by Meta-

Morph imaging software. For imaging of MTs, widefield microscopy

with a Photometrics Prime 95B camera run by MetaMorph software

was used (Delaney et al, 2017). Ac-MT quantification was assessed

using CellProfiler version 3.1.5. For SIM, the bound fractions from
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CA-NC binding assay were resuspended in PBS and then spun on

poly-L-lysine-coated coverslips (Sigma) for 1 h at 1,200 g at 4°C.

The coverslips were extensively washed with PBS and fixed with

4% PFA for 5 min. After incubation with blocking buffer (10%

normal donkey serum, 0.01% NaN3 and 0.1% Triton X-100 in PBS)

(Mamede et al, 2017) for 20 min, coverslips were washed with PBS

and incubated overnight with primary antibodies diluted 1:1,000 in

blocking buffer. Coverslips were stained with Alexa Fluor 488-

conjugated and Alexa Fluor 568-conjugated secondary antibodies

diluted 1:400 for 30 min and then mounted on slides using

ProLongTM Gold antifade reagent (Invitrogen). SIM images were

taken with a Nikon SIM microscope with a 100× oil objective lens

(NA 1.49) at the Cell Imaging Facility & Nikon Imaging Center,

Northwestern University in Chicago. Images were reconstructed

using NIS-Elements software (Nikon), and structures were analyzed

and quantified using Fiji.

Uncoating assays

The in situ uncoating experiments were performed as previously

described (Delaney et al, 2017). siRNA-treated CHME3 cells were

seeded on gelatin-coated glass coverslips prior to incubation with

S15-tomato-labeled HIV-1-VSV-GFP-Vpr (HIV-1-DL-VSV) (> 90%

of virus particles were double labeled) followed by spinoculation

at 1,200 g for 1 h at 16°C. Infectious media was removed after

spinoculation, and cells were incubated with warm media at 37°C

for 30 min, 1, or 2 h before fixation with 4% PFA for 15 min.

Cells were then washed with PBS, blocked, and permeabilized.

Coverslips were incubated overnight at 4°C with monoclonal anti-

HIV-1 p24 (AG3.0). The next day, cells were washed and incu-

bated with AlexaFluor 647 donkey anti-mouse for 1 h at room

temperature. Images were acquired in an environmental chamber

at 37°C using a 100× oil objective with a Hamamatsu EM-CCD

digital camera with a Yokogawa CSU-X1 A1 confocal head on a

Leica DMI6000 B confocal microscope with motorized spinning-

disk. For each time point, a minimum of 20 cells was analyzed.

MetaMorph imaging software was used to quantify maximal fluo-

rescence intensity of p24. Background was removed from each

analyzed viral particle. Images were analyzed as previously

described (Delaney et al, 2017). The fate-of-capsid assay was

performed as previously described (Delaney et al, 2017). Briefly,

293A or CHME3 cells were seeded into 6-well plates and treated

with siRNA for 72 h. Cells were incubated with HIV-1-VSV-luc in

complete media complemented with 10 lg/ml polybrene and

spinoculated for 1 h at 1,200 g and 16°C. Fresh virus-free media

containing polybrene and 10 lM MPF74 (Sigma) or DMSO was

added to the cells. After a 3 h of incubation at 37°C, cells were

incubated for 5 min on ice with 7 mg/ml pronase (Sigma) to

remove any virus attached to the cell membrane. Cells were

detached, washed 3 times with cold PBS, and lysed in 1 ml hypo-

tonic lysis buffer (10 mM Tris–HCl [pH 8.0], 10 mM KCl, 1 mM

EDTA completed with protease inhibitor cocktail [Roche]) on ice

for 15 min. Cellular disruption was achieved using a 7 ml

dounce-homogenizer with the “LOOSE” pestle and performing 30

strokes for 293A cells or 80 strokes for CHME3 cells. Lysate was

clarified for 5 min at 2,000 g. A 30 ll fraction was removed to

analyze in WB as input, while the remaining was loaded on

3.5 ml of 50% sucrose cushion (w/v in PBS) and spun down in

a Beckman Coulter SW T55i rotor at 4°C for 2 h at 100,000 g.

After ultracentrifugation, 30 ll of the top layer was collected and

mixed with 2× Laemmli (referred to as soluble) while the pellet

was resuspended in 30 ll 1× Laemmli (referred to as pellet).

Samples were subjected to WB analysis to detect HIV-1 p24 using

rabbit anti-p24 CA antibody (Abcam, ab63917). Knockdown effi-

ciency was assessed by WB analysis using anti-EB1 or anti-

CLIP170 antibodies.

In vitro binding assay

Expression, purification, and assembly of HIV-1 CA-NC or CA-NC

R18L as well as binding experiments were performed as previously

described (Ganser et al, 1999; Ganser-Pornillos et al, 2007; Delaney

et al, 2017). Briefly, HIV-1 CA-NC proteins were assembled in vitro

by resuspending CA-NC in 50 mM Tris–HCL [pH 8.0], 0.5 M NaCl,

and 2 mg/ml DNA oligo-(TG)50 overnight (Malikov et al, 2015).

293T transfected with expression constructs for 48 h were washed

with PBS prior to lysis in 200 ll hypotonic buffer (10 mM Tris–HCl

[pH 7.4], 1.5 mM MgCl2, 10 mM KCl, and 0.5 mM DTT in PBS).

Clarified lysates were incubated with the in vitro assembled CA-NC

(referred to as “Input”) for 1 h at room temperature. The mixture

was spun down on a 70% sucrose cushion prepared in 1× PBS with

0.5 mM DTT for 1 h at 100,000 g at 4°C in a SW 55Ti Beckman

Coulter high speed rotor. The pellet was then resuspended in

Laemmli buffer (referred to as “bound”) for WB analysis, or in PBS

for further SIM imaging. Input and bound mixtures were analyzed

by WB using indicated antibodies.

HIV-1 core binding assay

HIV-1 cores were isolated from concentrated HIV-VSV-Luc or

Mock separated into fractions as previously described (Shah &

Aiken, 2011). Briefly, 293T were transfected with Mock or provi-

ral DNA using PEI (as described above). The virus-containing

supernatant was collected 48 h post-transfection, filtered, and

concentrated by ultracentrifugation. It was spun through a solu-

tion of 20% (w/v) sucrose in PBS using a SW32Ti Beckman

Coulter rotor for 3 h at 174,900 g and 4°C. Pelleted viral particles

were resuspended in STE buffer (10 mM Tris–HCl [pH 7.4],

100 mM NaCl, 1 mM EDTA) and run through a layer of 1%

Triton X-100 into a linear sucrose gradient (30 to 70%) in STE

buffer using a SW41Ti Beckman Coulter rotor for 20 h at 174,900 g

and 4°C. Fractions of 1 ml were collected from the top of the

gradient, aliquoted into 0.2 ml aliquots, and used for binding

assays or flash-frozen and store at �80°C. 30 ll of each fraction

was collected and lysed in Laemmli for subsequent WB analysis.

Protocol for binding to intact viral cores was adapted from CA-

NC assay (Ganser et al, 1999; Delaney et al, 2017). As mentioned

above, transfected 293T cells were lysed in hypotonic buffer

(10 mM Tris–HCl [pH 7.4], 1.5 mM MgCl2, 10 mM KCl, and

0.5 mM DTT in PBS). Clarified lysates expressing Flag or Flag-

tagged CLIP170 were incubated with the Mock or core-containing

fractions diluted in STE buffer with BSA (10 lg/ml) for 2 h on

ice (“Input”). The mixture was spun down on 30% sucrose in

STE buffer for 1 h at 100,000 g at 4°C in a SW 55Ti Beckman

Coulter rotor. The pellet was then resuspended in Laemmli buffer

(referred to as “bound”) for WB analysis.
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Immunoprecipitation (IP)

IPs were carried out as previously described (Malikov et al, 2015).

Briefly, cells were rinsed with cold PBS and then scraped with 1 ml of

ice-cold NP-40 lysis buffer (50 mM HEPES [pH 7.4], 150 mM NaCl,

0.5 mM MgCl2, 2 mM EDTA, 2 mM Na3VO4, 25 mM glycerophos-

phate, 1.5% NP-40, and protease inhibitor). Samples were lysed by

rocking at 4°C for 40 min, then clarified by centrifugation for 10 min at

10,000 g. Samples were pre-cleared with Protein G Sepharose beads

(GE Healthcare), and 30 ll aliquot was kept as input. The remaining

pre-cleared samples were incubated with the indicated mouse antibod-

ies for 1–2 h followed by the incubation with Protein G beads for

another hour at 4°C. The beads were extensively washed with NP-40

lysis buffer and lysed in Laemmli buffer (referred to as bound).

Fusion assay (BlaM-Vpr)

CHME3 stably expressing Flag or Flag-tagged CLIP170 was incu-

bated with HIV-1-VSV-Luc containing the BlaM-Vpr fusion protein

at 37°C for 3 h. After washing with CO2-independent media, cells

were loaded with CCF2/AM (Life Technologies) for 1 h in accor-

dance with manufacturer’s recommendations. Samples were then

washed and incubated with CO2-independent media supplemented

with 10% NU Serum for 16 h at room temperature before fixation

with 1.2% paraformaldehyde. Cleavage of CCF2 was detected by

FACS using the Pacific Blue filter set.

Statistical analysis

Experiments were analyzed for statistical significance using one-

way ANOVA or Student’s t-test. Statistical significance is denoted

by asterisks, as *P < 0.05, **P < 0.01, ***P < 0.001, and

****P < 0.0001. Statistical tests were performed using GraphPad

Prism software. Data are shown as the mean of at least three inde-

pendent experiments � SEM, unless stated otherwise.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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