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SUMMARY

Many viruses deliver their genomes into the host cell
nucleus for replication. However, the size restrictions
of the nuclear pore complex (NPC), which regulates
the passage of proteins, nucleic acids, and solutes
through the nuclear envelope, require virus capsid
uncoating before viral DNA can access the nucleus.
We report a microtubule motor kinesin-1-mediated
and NPC-supported mechanism of adenovirus
uncoating. The capsid binds to the NPC filament
protein Nup214 and kinesin-1 light-chain Klc1/2.
The nucleoporin Nup358, which is bound to
Nup214/Nup88, interacts with the kinesin-1 heavy-
chain Kif5c to indirectly link the capsid to the kinesin
motor. Kinesin-1 disrupts capsids docked atNup214,
which compromises the NPC and dislocates nucleo-
porins and capsid fragments into the cytoplasm.NPC
disruption increases nuclear envelope permeability
as indicated by the nuclear influx of large cytoplas-
mic dextran polymers. Thus, kinesin-1 uncoats viral
DNA and compromises NPC integrity, allowing viral
genomes nuclear access to promote infection.

INTRODUCTION

In eukaryotic cells, transport between the nucleus and the

cytoplasm during interphase is controlled by the nuclear pore

complex (NPC). The NPC is a supramolecular assembly of at

least 30 different proteins (Alber et al., 2007; D’Angelo and Het-

zer, 2008). It is anchored in the nuclear envelope by several

transmembrane nucleoporins (Nups). Membrane-proximal scaf-

folding Nups maintain the framework of the NPC, while central

and peripheral phenylalanine-glycine (FxFG and GLFG)-rich

Nups provide a selective phase barrier, which controls passive

diffusion and facilitated transport of macromolecules through

the NPC. The NPC has barrier and transport functions, with

cargo size restriction of about 39 nm for receptor-mediated

transport and solutes of about 40 kD (Mohr et al., 2009; Pante
210 Cell Host & Microbe 10, 210–223, September 15, 2011 ª2011 El
and Kann, 2002). FG-repeat-containing peripheral Nups

including Nup358 (also referred to as RanBP2) and Nup153 are

predicted to form a noncohesive dynamic network based on

a higher fraction of charged amino acid residues between FG

domains compared to the cohesive Nups and thereby act as

an entropic barrier (Lim et al., 2007; Patel et al., 2007; Ribbeck

and Gorlich, 2002). Proteins and nucleic acids bound to import

or export receptors are transported through the NPC by a facili-

tated mechanism involving cumulative reversible steps on

natively unfolded FxFG- andGLFG-rich Nups and a final irrevers-

ible exit step (Frey and Gorlich, 2007; Lowe et al., 2010). NPCs of

mammalian cells are largely immobile, but their peripheral

proteins can have short residence times of seconds to minutes,

suggesting that NPC substructures are highly dynamic and may

have multiple functions (Daigle et al., 2001). For example, NPCs

dynamically interact with chromatin, thereby controlling genome

organization and gene expression. They also recruit motor

proteins, such as dynein-dynactin, which binds to Nup358 of

the cytoplasmic NPC filaments in the G2 phase of the cell cycle

(Splinter et al., 2010), or kinesin-1 throughout interphase (Cai

et al., 2001). NPC malfunction or mutations in Nups have been

associated with human pathologies, including cancer and

cardiac diseases (Zhang et al., 2008). As we age, NPCs also

become leaky due to oxidative damage and proteasome-medi-

ated degradation of the stable NPC-resident scaffolding Nups

(D’Angelo et al., 2009).

The size restriction of normal NPCs precludes most viral

capsids from directly accessing the nucleus (reviewed in Pun-

tener and Greber, 2009; Suzuki and Craigie, 2007). Yet certain

viruses deliver their genome into the nucleus and uncoat in the

cytoplasm. Nuclear import of reverse transcribed HIV preinte-

gration complex, for example, is restricted by cellular factors

binding to the viral capsid and depends on Nups, in particular

the FG-containing Nup153 (Lee et al., 2010; Woodward et al.,

2009). Herpesviruses dock to the NPC predominantly by

Nup214 (Copeland et al., 2009; Pasdeloup et al., 2009) and are

thought to import DNA using a pressure-based mechanism

(Newcomb et al., 2001). Adenoviruses are also critically depen-

dent on nuclear import of their genome. They cause respiratory,

gastrointestinal, urogenital, and ocular disease with epidemic

potential and occasionally fatal outcomes (Hayashi and Hogg,

2007; Kojaoghlanian et al., 2003). Human adenovirus type 2/5
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(HAdV-2/5, short Ad2/5) enters polarized epithelial cells by trig-

gering a cytokine response from macrophages, which leads to

relocation of the coxsackievirus Ad receptor CAR and integrin

coreceptors to the apical plasma membrane (Lutschg et al.,

2011). The virus subsequently exposes the viral lytic factor

protein VI (Wiethoff et al., 2005) by using CAR receptor drifts

and integrin confinements (Burckhardt et al., 2011). Cytosolic

particles engage in bidirectional microtubule-based transport

to the nucleus (Bremner et al., 2009; Gazzola et al., 2009; Suo-

malainen et al., 1999), dock to the NPC protein Nup214, and

attach the highly mobile nuclear histone H1 to acidic clusters

of the major capsid protein hexon (Rux and Burnett, 2000; Trot-

man et al., 2001). Viral capsids are disassembled by an unknown

mechanism at the NPC, as revealed by a conformation-specific

anti-hexon antibody or the dissociation of the internal core

protein pV in case of a transgenic Ad2-GFP-pV (Puntener

et al., 2011). Capsid fragments are left behind in the cytoplasm

(Greber et al., 1997; Martin-Fernandez et al., 2004), and conse-

quently, viral DNA enters the nucleus (Greber et al., 1997).

Here, we found that the anterograde microtubule motor kine-

sin-1 disrupts NPC-docked capsids and surprisingly also the

NPC, and opens access for the viral genome into the nucleus.

RESULTS

Disassembled Viral Capsids in the Cytoplasm
Are Associated with Nucleoporins
Immunofluorescence analysis of cells infected with Texas red

(TR)-labeled Ad2 particles using a polyclonal anti-capsid anti-

body (R70), which specifically detects disrupted but not intact

Ad2 capsids after DNA import into the nucleus (see Figure S1A

available with this article online, and Puntener et al., 2011; Trot-

man et al., 2001), reveals that the cell periphery is enriched in

numerous R70-postive puncta at 180min postinfection (p.i.) (Fig-

ure 1A). Thin-section transmission electron microscopy (TEM) of

infectedcells at 180minp.i. showed that cytosolic viral structures

were significantly reduced in size compared to intact particles at

the plasma membrane, or partly disrupted particles in endo-

somes 7 min p.i. (Figures 1B and 1C). These structures often

occurred in clusters and appeared as disrupted capsid clusters,

indicated by correlative fluorescence microscopy and TEM (Fig-

ureS1Ab). Sincecapsiddisassembly occurs at theNPC (Trotman

et al., 2001),we tested if these viral punctawerepositive forNups.

Byconfocalmicroscopy,we foundNup358,Nup214, andNup62,

but not Nup153, on amorphous cytosolic capsid puncta, irre-

spective of whether the cells were treated with the protein

synthesis inhibitor cycloheximide (Figures 1D and 1E). The

capsids of a virus mutant Ad5-DpIX, which lacked the small

capsid protein IX (pIX), were transported in the cytoplasm as

wild-type virus (Gazzola et al., 2009), and had strongly reduced

Nup358 and Nup62 signals, demonstrating that these Nups did

not just randomly associate with the major capsid protein hexon

(see Figure 1E and Figures S1Ba and S1Bb). Noninfected cells or

cells infected for less than 60 min had no detectable Nups in the

cell periphery (Figure S1Bc, data not shown). Similar to Nup358,

Nup214, and Nup62, which occur in a complex (reviewed in

Suntharalingam and Wente, 2003), the Nup358 binding protein

RanGAP1 (Mahajan et al., 1997), and the nuclear export factor

Crm1, which binds to Nup214 and Nup358 during nuclear export
Cell Host & M
(Bernad et al., 2004; Hutten and Kehlenbach, 2006), localized to

peripheral cytoplasmic Ad2 particles at 180 min p.i. (Figures

S1Bd and S1C,Movie S1). There was no evidence for Nup prote-

olysis by western blot analyses of infected cell extracts (data not

shown), suggesting that Nup colocalization with disrupted cyto-

plasmic Ad is not related to apoptotic proteolysis. None of the

Nups tested, nor RanGAP1 or Crm1, however, were found on

viruses in cells treated with the Crm1 inhibitor leptomycin B

(LMB),whichblocksnuclear export andprevents viral localization

to the nucleus (Figure S1Be). Importantly, LMB blocked not only

the appearance of R70 epitopes but also the dissociation of the

capsid proteinGFP-pV from the viruses, indicating that it blocked

capsid disassembly (Puntener et al., 2011; Strunze et al., 2005).

To examine if the recruitment of Nups and associated proteins

to disrupted cytosolic Ad2 capsids occurred upon contact of the

virus with the NPC at the nuclear envelope, we expressed the

photoconvertible Kaede-Nup214 in HeLa cells for 48 hr.

Nup214 is one of the most stable Nups, with an estimated

NPC residence time of about 40 hr (Daigle et al., 2001; Rabut

et al., 2004). Kaede-Nup214 was incorporated into the nuclear

envelope in a punctate pattern typical for NPCs (Figure S1Da).

Cells expressing Kaede-Nup214 were inoculated with Ad2-

atto647 and the nucleus photoactivated with 355 plus 405 nm

light, according to previously described protocols (Ando et al.,

2002). Nonconverted Kaede-Nup214, converted Kaede-

Nup214, and virus capsid fluorescence were imaged at 488,

561, and 633 nm excitation, respectively, at 90–160 min p.i. (Fig-

ure 1F). From about 3000 analyzed viruses and 59 virus clusters

(defined by a thresholding algorithm, see Figure S1Db), we found

ten events of converted Kaede-Nup214 colocalization with

clustered Ad2-atto647 (Figure 1F, arrows; 17%positive clusters,

Figure 1G) and none with nonclustered Ad2-atto647, while non-

converted Kaede-Nup214 colocalized with estimated less than

1% of nonclustered Ad2-att647 (Figure 1F, double arrowheads).

These data indicate a functional relationship between clustered

(aggregated, disassembled) capsids in the cytosol and Kaede-

Nup214 at the nuclear envelope.

Viral Capsid Disruption Requires Kinesin-1
Live-cell analyses of Crm1-GFP-expressing cells revealed

Crm1-GFP-positive Ad2 capsids in trajectories from the nuclear

envelope to the periphery, reminiscent of microtubule-depen-

dent motions (see Figure S1C, Movie S1). We examined whether

disassembled capsids colocalized with kinesin-1 given the local-

ization of viruses in the cell periphery, and the role of this anter-

ograde microtubule motor in moving cellular and viral cargos,

including vaccinia virus, African swine fever virus, and herpesvi-

ruses from the cell center to the periphery (reviewed in Greber

and Way, 2006). We found that cytosolic capsid aggregates

in the cell periphery were positive for kinesin light-chain 1

(Klc1) as well as Klc2-GFP (Figures 2A and 2B). GFP-Klc2 was

observed on motile Ad2-TR viruses moving in a linear and con-

tinuous fashion at mm/s velocities from the cell center to the

periphery at 239 min p.i., when most of the Ad2-TR particles

were positive for Klc2-GFP (Movie S2). This is consistent with

the observed speeds for kinesin-1 in single molecule studies

(Watanabe et al., 2010).

The N terminus of KLC1/2 is predicted to engage in coiled-coil

interactions with the heavy chain of Kif5 (Mandelkow and
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Figure 1. Nucleoporins Are Picked Up from the Nuclear Envelope by the Incoming Virus and Transported on Disassembled Capsids to

the Periphery

(A) Clusters of disassembled Ad2-TR stained by the conformation sensitive anti-hexon antibody R70 in the cytoplasm and cell periphery 180 min p.i. See also

Figure S1A.

(B) Disassembled cytosolic capsids (arrowheads) are smaller than extracellular viruses (arrows) analyzed by EM at 0 min (cold-bound viruses) or 180 min p.i.

See also Figure S1A.

(C) Mean values of capsid diameters including SEM and number of capsids (n) analyzed from two independent experiments.
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Mandelkow, 2002), while the C terminus contains six tetratrico-

peptide repeats (TPRs) of about 34 amino acids and is involved

in cargo binding interactions (Hirokawa et al., 2009). We used

GFP fused to the TPR domain of Klc2 (which is very similar to

that of Klc1) and could confirm that viruses recruited kinesin-1

via the light chain (Figure 2C). The colocalization of Ad2-TR

with GFP-TPR not only increased from 0 to 30min p.i. coincident

with the arrival of particles in the cytosol and the very first parti-

cles at the nucleus, but more interestingly, after 60 min p.i. when

most particles had reached the nucleus, and disassembly

measurably commenced, GFP-TPR was increasingly found on

R70-positive structures (Figure 2D; Trotman et al., 2001). The

overexpression of GFP-TPR, however, reduced the appearance

of R70-positive capsids, and lowered infection by about 50%,

suggesting that it worked as a dominant negative for kinesin-1

function (Figures 2E and 2F), as shown previously for vaccinia

virus (Rietdorf et al., 2001). The reduction in the level of infection

was not due to a lack of targeting to the nuclear envelope or entry

of viruses into the cytosol, as demonstrated by confocal fluores-

cence microscopy and TEM analysis (Figure S2A). In contrast to

GFP-TPR, overexpression of GFP-tagged p50 dynamitin in-

hibited targeting of Ad2 to the nuclear envelope and infection

(Figure S2A), consistent with the established role of dynein/

dynactin complex in Ad2 transport to the nucleus (Bremner

et al., 2009; Engelke et al., 2011; Suomalainen et al., 1999). These

inhibition results, together with the finding that there were only

low levels of TPR-GFP on incoming Ad2-TR before disassembly

(Figure 2D), suggest that GFP-TPR inhibited infection after virus

attachment to the NPC due to blocking of kinesin-1 recruitment.

Given this result, we tested the involvement of kinesin-1 in

Ad2/5 infection by using small interfering RNAs (siRNAs) against

kinesin light-chain Klc1 and heavy-chains Kif5B and Kif5C. RNA

interference against Klc2 had no effect (data not shown). Kif5B

and Kif5C are expressed in a variety of tissues and involved in

morphogenetic processes and anterograde transport of mito-

chondria and vesicles in neuronal cells, although the function

of Kif5C in epithelial cells is not known (reviewed in Astanina

and Jacob, 2010). siRNA against Klc1 and Kif5C but not Kif5B

reduced Ad2 infection and capsid uncoating (Figures 2G–2I).

All the siRNAs reduced the corresponding mRNAs as deter-

mined by quantitative PCR, and did not affect the delivery of

Ad2 particles to the cytosol (Figure S2B, data not shown). These

observations suggest that Klc1/2 and Kif5C are associated with

Ad2 particles, particularly disassembled capsids in the cyto-

plasm, and are required for infectious capsid disassembly at

the nuclear envelope.
(D) Displacement of Nup358, Nup214, and Nup62 to the cytoplasm in the presenc

section CLSM with cell borders outlined from DIC images. See also Figures S1B

(E) Quantification of immunostained Nup358, Nup62, and Nup153 colocalizing wit

atto565 signal. n, number of analyzed cells from two independent experiments.

(F) Localization of photoconverted Kaede-Nup214 from the nuclear envelope ar

image from confocal sections shows nonconverted Kaede-Nup214 (green), Ad2

single channels of a cytoplasmic area of interest (boxed), and the outline of the corr

arrows indicate Ad2-atto647 clusters, which are positive for photoconverted an

point to puncta of converted and nonconverted Kaede-Nup214 with subthreshold

particles double positive for converted and nonconverted Kaede-Nup214. Asteris

(G) Quantification of fluorescence intensity (Ad2tot) and number of Ad2 partic

clusters and total number of Ad2 particles in six different photoconverted cells e
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Kinesin Light Chain Binds Protein IX of Intact
and Disrupted Particles
To address how kinesin-1 is recruited to the viruses, we incu-

bated triple CsCl-purified intact or heat-disrupted Ad2 particles

with GST-TPR or GST alone (Figure 3A, top two panels). Ad2

particles were disassembled by heat disruption, which opens

up the capsids and releases internal pV (Puntener et al., 2011).

Western blot analysis against hexon revealed that GST-TPR

immobilized on glutathione Sepharose beads or GST-Klc2

(data not shown), but not GST pull-down Ad2 particles or hexon

from heat-disrupted particles (Figure 3A, third panel from top).

Heat disruption gave rise to capsomers, including the group of

nine hexons stabilized by pIX (Figure 3B, inset; Liu et al., 2010).

Similarly, biotinylated Ad2 on streptavidin-coated beads bound

GST-TPR but not GST (Figure 3C).

To determine which viral protein is responsible for recruiting

kinesin-1, we analyzed the profile of [35S]-methionine viral

proteins from heat-denatured Ad2 that were capable of binding

GST-TPR. GST-TPR pulled down major fractions of hexon (II),

the capsid-stabilizing proteins IIIa and IX, and small amounts

of fiber (IV) (Figure 3A, lowest panel, asterisks). Control pull-

downs with intact Ad2 yielded the complete spectrum of virion

proteins (Figure 3A, lowest panel). We focused our attention on

pIX, since pIIIa and fiber are shed from the incoming virions at

the plasma membrane and endosomes (Greber et al., 1993).

pIX is conserved in mammal-tropic mastadenoviruses (Davison

et al., 2003). Moreover, the localization of pIX on the virus is

consistent with a potential interaction with Klc1/2, as its N

terminus and the central domain tightly adhere to the outside

of the virion, and the C terminus projects away from the surface

of the virus (Liu et al., 2010).

Immunoprecipitation of myc-tagged pIX from lysates of trans-

fected cells confirmed that pIX interacts with HA-tagged Klc1

(Figure 3D). An interaction between the two proteins was further

supported by the observation that Ad5-DpIX (mutant strain

dl313) or purified hexon bound �20 times less to GST-TPR

than wild-type Ad5 as determined by densitometric scanning

(Figure 3E). The sequence of pIX of Ad2 and Ad5 are 100%

conserved except for amino acid residue three. This contrasts

the major antigenic determinants, hexon and fiber, which have

87% and 69% identities between Ad2 and Ad5 serotypes,

respectively. The almost 100% sequence conservation of pIX

suggests that the protein plays an important but undefined role

during virus infection. Given this, we examined whether pIX has

a role in infection, asmeasured by accumulation of newly synthe-

sized viral antigens in the nucleus. Infection of HeLa cells with
e of 0.1 mg/ml cycloheximide 180 min p.i. Fixed cells were analyzed by single-

and S1C and Movie S1.

h cytoplasmic Ad5-atto565 and Ad5DpIX-atto565, respectively, normalized for

Error bars indicate SEM.

ea to cytoplasmic clusters of virus capsids 160 min p.i. A merged triple color

-atto647 (blue), and photoconverted Kaede-Nup214 (red) with corresponding

esponding cell determined from the DIC image (white line, data not shown). The

d negative for nonconverted Kaede-Nup214. Arrowheads (in the main image)

levels of Ad2-atto647. Double arrowheads point out a minority of Ad2-atto647

ks (*) mark photoactivated nuclei from three different cells. See also Figure S1D.

les positive for photoconverted Kaede-Nup214 (cK-Nup214), including Ad2

xpressing Kaede-Nup214.
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Figure 2. Kinesin-1 Supports Adenovirus Disassembly and Infection

(A) Immunofluorescence analysis of incoming Ad2-TR reveals colocalization with endogenous Klc1 in the cell periphery 150 min p.i. See also Figure S2A.

(B) Colocalization of Ad2-TR with transiently expressed Klc2-GFP in the cell periphery near microtubules 180 min p.i. See also Movie S2 and Figure S2A.

(C) Transiently expressed GFP-TPR colocalizes with disassembled Ad2-TR particles (arrowheads) visualized by R70 staining, unlike intact Ad2 (arrows) in the

cell periphery 180 min p.i. See also Figure S2A.
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Ad5-DpIX was significantly reduced compared to wild-type Ad5,

although Ad5-DpIX particles localized to the nucleus with similar

or even higher efficiency compared to Ad5 (Figures 3F and 3G).

Our observations are consistent with an earlier report showing

that the reduced infectivity of Ad5-DpIX was independent of

a putative transcriptional activity of pIX, and that Ad5-DpIX

was impaired in viral propagation (Sargent et al., 2004). They

do not necessarily contradict the observation that transgenic

Ad5-DpIX expressed slightly more luciferase reporter from the

strong cytomegalovirus (CMV) promotor than pIX-positive Ad5

(de Vrij et al., 2011). The CMV promotor is stimulated by kinases

from the interferon response, and slow-growing viruses, such as

Ad5-DpIX, elicit stronger interferon responses than fast-growing

viruses (Schaack et al., 2011). Hence Ad5-DpIX is expected to

have higher CMV-promotor activities than Ad5-containing pIX.

Collectively, our data show that Klc1/2 binds to pIX and supports

the uncoating of incoming viruses.

Kif5C Attachment to Nup358 Supports Infectious Virus
Disassembly
Previous observations showed that Kif5C heavy chain interacts

with the kinesin binding domain JX2 of Nup358 (Cho et al.,

2007), which is anchored to Nup214 of the NPC (reviewed in

D’Angelo and Hetzer, 2008), and extends approximately

150 nm from the nuclear membrane into the cytoplasm. We

tested if attachment of Ad2 to the NPC was required for

uncoating and infection. Knockdown of the adenovirus docking

site Nup214 by RNA interference inhibited targeting of Ad2-

atto565 to the nuclear envelope similarly to treatment with the

microtubule-depolymerizing agent nocodazole, while knock-

down of Nup358 had no effect, although the knockdown of

Nup358 was stronger than Nup214 (Figure S3). In contrast,

Nup214 or Nup358 knockdown inhibited the uncoating of Ad2-

GFP-pV, as indicated by increased GFP-pV in the Ad2 capsids

at 150 min p.i. compared to no or scrambled siRNA-treated cells

(Figures 4A and 4B, and data not shown), and blocked the

peripheral R70 signals (data not shown). These data indicate

that adenovirus infection requires Nup214 and Nup358 for

uncoating, but only Nup214 is involved in viral attachment to

the NPC.

We next tested if Nup358 and kinesin-1 were functionally

linked with each other. Using cryo-immunoelectron microscopy

employing the Kif5C/5A-specific antibody H1 (which reacts with

the major form of heavy chain of nonneuronal KHC near the N

terminus), we found that Kif5C/5A was associated to Ad2-free

NPCs, or NPCs containing docked Ad2 (Figure 5A). Quantifica-

tion of immunogold from samples that were not treated with

the H1 antibody indicated that the labeling for kinesin-1 was
(D) GFP-TPR colocalizationwith R70-positive particles increaseswith infection tim

constant 30 min p.i. (red bars). Representative mean values from several indep

Figure S2A.

(E) Inhibition of virus disassembly in GFP-TPR-expressing cells measured by R7

(F) Inhibition of Ad2-mRFP infection by overexpression of GFP-TPR, analyzed by s

number of cells (n). See also Figure S2A.

(G and H) siRNA-mediated knockdown of Klc1 or Kif5C reduces Ad2-mRFP exp

cytometry 12 hr p.i. Mean values from three independent experiments are shown

For details, see also Figure S2B.

(I) Knockdown of Klc1 or Kif5C reduces Ad2 disassembly measured by R70 stai

Cell Host & M
specific (Figure 5B). Since Kif5A does not bind to Nup358 (Cho

et al., 2007), these data suggested that Kif5C localizes to the

NPC independently of Ad2. The knockdown of Nup358 reduced

Ad5-mediated GFP expression from 51.1% to 19.7% (Figures

5C and 5D). The ratios of GFP expression in transfected over

nontransfected cells were 2.4 for empty plasmid control and

0.65 for the plasmid encoding Nup358-interfering RNA (quadrant

2 divided by quadrant 4), indicating a nearly 4-fold inhibition of

infection by Nup358 interference. Expression of Nup358-inter-

fering RNA inhibited the appearance of peripheral R70-positive

capsids but did not affect the localization of incoming Ad2-TR

at the nuclear envelope (Figures 5C and 5E). Importantly,

Nup358 was not required for expression of GFP from herpes

simplex virus but specifically for adenovirus, indicating that

Nup358 depletion did not affect viral gene expression nonspecif-

ically (Figure S4). This is consistent with the observation that

HSV1 uses Nup214 rather than Nup358 for attachment to the

NPC (Copeland et al., 2009; Pasdeloup et al., 2009). Further to

the requirement of full-length Nup358, Ad2-mRFP transduction

was inhibited by the expression of the JX2 domain of Nup358

fused to GFP (Figure 5F). JX2 binds to and activates kinesin-1

(Cho et al., 2009), suggesting that active kinesin-1 at Nup358

is required to enhance infection. This result was strengthened

by the observation that Ad2-mRFP transduction was also in-

hibited by overexpressing a monomeric N-terminal motor

domain construct of Kif5C (amino acids 1–332) that lacks the

Nup358 binding domain (amino acids 827–923). Together, these

data indicate that an interaction of Kif5C with the JX2 domain of

Nup358 supports adenovirus infection but is not required for

localization of the virus to the nuclear envelope.

The Displacement of Nups from the NPC Increases
Infection and Nuclear Envelope Permeability
So far, the data indicated that the kinesin-1 motor protein binds

to the viral capsid and the NPC, releases Nups from the nuclear

envelope during capsid disruption, and thereby disperses

capsid-Nup complexes to the cell periphery and promotes infec-

tion. To test if the loss of Nups from NPCs disrupted the integrity

of the nuclear envelope, we microinjected inert fluorescent

dextran molecules into the cytoplasm of HeLa cells, infected

the cells for up to 180min, andmeasured the steady-state distri-

bution of dextran fluorescence in the nucleus and the cytoplasm

by live-cell confocal fluorescence microscopy. While the gel

filtration-purified 2000 kDa dextran-tetramethylrhodamine

(TMR, fractions f27–32; see Figure 6D) remained excluded from

the nucleus, 500 kDa dextran-fluorescein-isothiocyanate (FITC,

f44–49, comprising dextrans that are slightly smaller than the

peak of the 500 kDa dextran-FITC, see the Supplemental
e (yellow bars), but GFP-TPR colocalizationwith R70-negative Ad2-TR remains

endent experiments including SEMs are shown. n, number of cells. See also

0 staining. Shown are mean values with SEM and number of cells (n).

ingle-cell confocal microscopy 12 hr p.i. Shown are mean values with SEM and

ression compared to nonsilencing (n.sil.) or Kif5B siRNAs, measured by flow

, with 10,000 cells counted in each experiment and error bars indicating SEM.

ning. Shown are mean values with SEM. See also Figure S2B.
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Figure 4. Nup358 or Nup214 Is Required for the Release of GFP-pV from Adenovirus

(A) Human embryonic retinoblast 911 cells were treated with siRNAs against Nup358 or Nup214 and infected with atto647-labeled Ad2-GFP-pV for 30 min or

150 min, fixed, and analyzed for capsid (atto647) and GFP fluorescence. Ad2-GFP-pV virions contain about 38 GFP-pVmolecules, of which about two-thirds are

released within the first 30 min during virus entry, and one-third at the NPC (Puntener et al., 2011). n denotes nucleus and c cytoplasm.

(B) Table with the mean of GFP-pV fluorescence per Ad2-atto647, including number of viruses, cells, experiments (n), standard errors, and p values compared to

no siRNA-treated cells. See also Figure S3.
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Information) and the broad-range 40 kDa dextran-FITC (eluting in

fractions 35–64) were found in the nucleus of infected but not

uninfected cells (Figures 6A–6E). The 40 kDa dextran-FITC is

near the diffusion barrier of the NPC, whereas larger dextrans
of hexon and pIX from both intact and heat-disrupted virions but less penton base

intact virions.

(B) Transmission electron micrographs of purified viruses stained with uranyl ace

purified hexon, which is free of pIX (data not shown).

(C) Binding of biotinylated Ad2 to GST-TPR-glutathione Sepharose measured by

(D) Coimmunoprecipitation of HA-tagged Klc1 with myc-tagged pIX. HEK293T

cipitated with anti-pIX antibodies, and immuncomplexes blottedwith anti-myc (up

the blots.

(E) Ad5 and much less Ad5-DpIX (dl313) capsids or HPLC-purified hexon protei

blotting against hexon and pIX. Relative molecular weights are indicated in kDa.

(F) Analyses of subcellular localization of fluorescent Ad5 and Ad5-DpIX (dl313) ind

envelope. The y axis plots the fluorescence of viruses normalized per unit area.

(G) pIX is required for efficient Ad5-mediated gene expression. Human embryonic

DpIX (dl313) and analyzed for penton base and fiber expression by confocal mi

infection upon cold synchronization).

Cell Host & M
enter the nucleus only, when the NPCs are disrupted (Lenart

and Ellenberg, 2006; Mohr et al., 2009). Our results therefore

suggest that theNPCs of adenovirus-infected cells are partly dis-

rupted. Interestingly, this disruption was transient, since cells
(III), fiber (IV), and inner capsid proteins (V, VI, VII, VIII) from heat-ruptured than

tate reveal groups of nine hexons (GONs, inset) of heat-disrupted Ad2 but not

western blotting against GST and hexon.

cells were transfected with the indicated constructs, cell lysates immunopre-

per panel) and anti-KLC antibodies (lower panel). Input panels are shown below

n bind to GST-TPR as indicated by GST pull-down experiments and western

icate that pIX is not required for cytoplasmic transport of the virus to the nuclear

n, number of cells analyzed; error bars, SEM values.

retinoblast 911 cells were infected with different amounts of Ad5-wt and Ad5-

croscopy 15 hr p.i. (mean values of triplicates, with SEMs; moi, multiplicity of

icrobe 10, 210–223, September 15, 2011 ª2011 Elsevier Inc. 217
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Figure 5. NPC-Localized Kif5C Supports Viral Disassembly

(A) Kif5C localizes to NPC-docked Ad2. HeLa cells infected with Ad2 for 60 min were processed for cryo-immunoelectron microscopy using the Kif5A/C-specific

mouse monoclonal antibody Mab H1. Immunogold-labeled Kif5C (arrows) was found at Ad2-docked NPCs (arrow heads) less than 200 nm away from the virions

and the nuclear membrane (panel 1). Little gold particles were detected in samples incubated without Mab H1 (panel 2).

(B) Left side depicts the quantification of Kif5A/C gold particles at the nuclear envelope (NE) in uninfected cells (no Ad), or at the nuclear envelope of infected cells

in close proximity to Ad2 particles (<200 nm) (Ad2). The numbers of Ad2 particles at the nuclear envelope (normalized per cells, including SEMand number of cells

analyzed = 18 for infected and uninfected cells) with or without Mab H1 staining is shown as a pair of columns on the right side. P values were derived from

Student’s t tests.

(C) Knockdown of Nup358 does not reduce transport of Ad2-TR to the nucleus. Cells transfected with pS-Nup358 for 84 hr were infected with Ad2-TR for 80 min,

fixed, and processed for immunofluorescence staining using anti-Nup358 antibodies. Nup358 knockdown cells are pointed out by arrows. Note the reduced

amounts of Ad2-TR in the periphery of Nup358 knockdown cells. Total intensity projections of confocal stacks including DAPI stainings are shown. See also

Figure S4.

(D) Knockdown of Nup358 reduces the transduction of Ad5-GFP. HeLa cells were cotransfected with pS-Nup358 and mRFP-encoding plasmids, infected with

Ad5-GFP, fixed at 6 hr p.i., and analyzed by flow cytometry. The upper right quadrant shows transfected cells (mRFP-positive) that are infected (GFP-positive).

(E) pS-Nup358-mediated knockdown of Nup358 inhibits Ad2 capsid disassembly compared to empty vector pS (pSuper), measured with the disassembly-

specific anti-hexon antibody R70. Graphs represent mean values of analyzed cells (n).

(F) Expression of the kinesin heavy-chain binding domain JX2-GFP derived from Nup358, or dominant-negative (dn) Kif5C-GFP, reduces Ad2-mediated mRFP

expression 12 hr p.i. Graphs represent mean values of analyzed cells, including SEM. Cells analyzed were 10, 50, 43, and 62 for the four conditions from left to right.
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infected for 240 min prior to injection of the broad-range 40 kDa

dextran-FITC excluded the dextran from the nucleus even

stronger than did noninfected cells (Figure 6E).

To test if virus docking to the NPC was required to trigger

nuclear leakage, we treated cells with the nuclear export inhibitor

LMB, which blocks virus docking to the NPC (Strunze et al.,

2005). LMB inhibited the influx of the broad-range 40 kDa
218 Cell Host & Microbe 10, 210–223, September 15, 2011 ª2011 El
dextran, although it did not block it completely (Figure 6E). These

results were confirmed in cells treated with siRNAs against the

adenovirus docking receptor Nup214 or the kinesin receptor

Nup358, both of which strongly inhibited virus-induced nuclear

leakage of 40 kDa dextran-FITC (Figure 6F). The knockdown of

neither Nup214 nor Nup358 induced significant nuclear leakage

by itself, implying that multiple Nups may be displaced by
sevier Inc.
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adenovirus to allow dextran influx. We also tested if the kinesin

light-chain binding protein pIX was involved in nuclear envelope

disruption. Infection with Ad5DpIX, which did not recruit Nup358

and was not clustered in the cell periphery (Figure 1E and Fig-

ure S1B), did not significantly increase the nucleocytoplasmic

ratio of 40 kDa dextran-FITC. The results indicate that pIX is

important not only for capsid disassembly but also for increasing

the permeability of the nuclear envelope during virus entry

(Figure 6G).

DISCUSSION

How viruses transport and activate their genome in the nucleus

has been a long-standing question in infectious disease biology.

Genome activation invariably requires uncoating from a protect-

ing protein shell, which, however, triggers potent innate immune

responses against the exposed viral nucleic acids (reviewed in

Wilkins and Gale, 2010).

Here we found a microtubule motor-based mechanism for

uncoating of adenoviral DNA, for disrupting the NPCs and facil-

itating nuclear import of viral DNA (Figure 7). Adenoviruses

undergo a stepwise uncoating program, which culminates

with DNA release into the nucleus (Greber et al., 1993). Since

we see very little colocalization of kinesin-1 with incoming

viruses and interference with kinesin-1 or the kinesin-1 binding

partner of the virus pIX has no negative effects on targeting the

virus to the nuclear envelope, we suggest that subviral capsids

recruit kinesin-1 at the NPC. At the NPC docking site Nup214,

the subviral capsid is largely composed of the major capsid

protein hexon and viral DNA. The hexon facettes are stabilized

by multiple copies of pIX and the viral DNA condensed by

proteins pVII, pV, and pX (Puntener et al., 2011). The particle

becomes subject to a pulling force from the Kif5C heavy chain.

Kif5C is activated by its binding partner Nup358 (Cho et al.,

2009) and tethered to the particle by Klc1, which binds pIX.

The particle thereby acts as a cooperative scaffolder and

engages multiple kinesin-1 motors, which could move on NPC-

proximal microtubules (Joseph and Dasso, 2008). This explains

an earlier observation, namely, why nocodazole-induced loss

of microtubules inhibited infection both during cytoplasmic

transport and thereafter (Mabit et al., 2002). Particle disruption

presumably results in the release of group of nine hexon trimers

(GONs), still stabilized by pIX (Liu et al., 2010; Reddy et al.,

2010). Some of the GONs may remain bound to Nup214 and

continue to be subject to pulling forces by kinesin-1. Hexon

binding to Nup214 may weaken the anchoring of Nup214 in

the NPC and thereby help to disrupt parts of the cytoplasmic

structure of the NPC.

The work here shows how viral nucleic acids can be unlocked

from the capsid for delivery into the nucleus through the NPC.

The NPC is a selective gateway for proteins, nucleic acids, and

solutes in and out of the nucleus. The FG-repeat barrier works

by hydrophobic exclusion, and is particularly effective for very

large molecules. Remarkably, the action of kinesin-1 at the

NPC-docked virus disrupts the integrity of the NPC. This obser-

vation is similar but mechanistically distinct from a report

showing an increase of nuclear envelope permeability from

aged nuclei as a consequence of oxidation and proteolytic

removal of Nup93 (D’Angelo et al., 2009). In both instances, viral
Cell Host & M
infection and aged nuclei, signal-mediated nuclear import is not

impaired (D’Angelo et al., 2009; Trotman et al., 2001). This is

consistent with genetic deletion studies of FG and GLFG repeats

of yeast Nups, which showed that NPC functionality is main-

tained in the absence of up to half of the FG-repeat mass (Strawn

et al., 2004). It is also reminiscent of mitotic Aspergillus nidulans

cells, where most of the NPC-peripheral Nups are dispersed to

the cytoplasm, which leaves behind a minimal functional NPC

(Osmani et al., 2006).

We have directly measured the disruption of the NPC integrity

by the displacement of both central and peripheral Nups, which

comprise cohesive and noncohesive Nups to stabilize the NPC

(Alber et al., 2007; Galy et al., 2003). Interestingly, the displace-

ment of FG-containing Nups increased the nuclear envelope

permeability for hydrophilic dextran molecules. This is in agree-

ment with studies in yeast, where genetic deletions of individual

FG domains relaxed the NPC permeability barrier (Patel et al.,

2007). Recent diffusion measurements of solutes have further

suggested that the transit of relatively hydropobic receptor-

cargo complexes and solutes occurs at least in part through

the same channels built up by FG-repeat proteins (Mohr et al.,

2009). The displacement of FG-containing Nups by adenovirus

could hence enhance the import of the viral DNA genome

through the diffusion channels. This is supported by the transient

nature of the relaxed diffusion barrier, which argues that the

viral DNA-protein complex competes with solutes for passage

through the NPC.

Adenovirus DNA import also takes advantage of carrier-medi-

ated transport mechanisms. The viral genome is a linear DNA of

about 36 kbp, condensed into 140–180 nucleosome-like struc-

tures by the dimeric protein VII, the minor protein X, and the

accessory protein pV (Chatterjee et al., 1985; Chen et al.,

2007; Corden et al., 1976; Puntener et al., 2011; van Oostrum

and Burnett, 1985). Since pVII but not pV remains associated

with the DNA until import is completed (Puntener et al., 2011;

Xue et al., 2005), several hundred import receptors are thought

to cover the highly charged DNA-protein complex. Opening up

of the diffusion channels prior to or during nuclear import could

make DNA import less dependent on nuclear import factors.

Importins beta1, beta2, and beta7 are known to be limiting for

adenovirus infection, as suggested by antibody microinjection

studies or cell free import assays (Hindley et al., 2007; Trotman

et al., 2001), and mediate the import of the viral core-associated

protein VII (Wodrich et al., 2006).

Collectively, by showing that kinesin-1 can disrupt both viral

capsids and the NPC, we extend the known function(s) of kinesin

motors, namely to get cargo into the nucleus. Our findings

specifically show how kinesin-1 and Nup358 support viral

uncoating at the NPC. This could be of interest also for other

viruses, such as HIV, where Gag associates with Kif4, a member

of the N-terminal kinesin superfamily (Tang et al., 1999), and

Nup358 and Nup153 have potential roles for provirus formation

in the nucleus (Brass et al., 2008).
EXPERIMENTAL PROCEDURES

Antibodies, Chemicals

Rabbit antibodies against hexon R70, fiber R72, and penton R73 were used

as described (Trotman et al., 2001). Rabbit anti-pIX antibodies were from
icrobe 10, 210–223, September 15, 2011 ª2011 Elsevier Inc. 219
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Figure 6. Adenovirus-Mediated Disruption of the NPC Leads to Dextran Influx into the Nucleus

(A and B) HeLa cells microinjected with a mixture of gel filtration-fractionated large-sized dextran-TMR (f27–32) and medium sized dextran-FITC (f44–49) were

inoculated with Ad2 for 180 min, imaged by live-cell spinning disc confocal fluorescence microscopy, and analyzed for nuclear and cytoplasmic dextran.

(C) Cells microinjected with broad-range 40 kDa dextran-FITC were infected and imaged as described for (A).

(D) Analytical gel filtration profiles of injected 500 kDa dextran-FITC and 2000 kDa dextran-TMR, fractionated by Superose 6-HR 10/30 column, as well as broad-

range (nonfractionated) 40 kDa dextran-FITC.

(E) HeLa cells injected with broad-range 40 kDa dextran-FITC were either treated or not with 20 nM leptomycin B (LMB), infected, and imaged as outlined in (A).

Mean values of cytoplasmic to nuclear ratios are shown for infected cells (Ad2, black bars) or noninfected cells (open bars). Cells were also first infected with Ad2

for 240 min and then injected with 40 kDa dextran-FITC (gray bar).
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Figure 7. Model for Kinesin-1-Mediated Virus Disassembly at the NPC

Incoming adenovirus (red) traffics toward the nucleus using the microtubule minus end-directed motor complex dynein/dynactin, and attaches to the NPC by

hexon interactions with Nup214. Viral capsids bind to the kinesin-1 light-chain Klc1/2 by the hexon-associated pIX. Nup358 attached to the Nup214/Nup88

complex (reviewed in D’Angelo and Hetzer, 2008) associates with kinesin-1 heavy-chain Kif5C via the JX2 domain, and possibly with microtubules through

a distal microtubule-binding domain. Kinesin-1 motors disrupt the viral capsid, and dislocate Nup358/Nup214 and Nup62 from the central NPC channel to the

periphery. The disruption of the NPC facilitates entry of the viral DNA into the nucleus.
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M. Rosa-Calatrava (Rosa-Calatrava et al., 2001), and mouse L1 against Klc

(Mab1613) and H1 against kinesin heavy chain (Khc) (Mab1616) were from

Chemicon International (Pfister et al., 1989). H1 recognizes recombinant

Kif5A and Kif5C but not Kif5B (Cai et al., 2001). Antibodies against the

C terminus of Nup214 and Crm1 were from M. Fornerod (Fornerod et al.,

1997), against Nup358 from F. Melchior (Hutten et al., 2008), and Mab

SA1 against the carboxyl terminus of Nup153 from B. Burke (Bodoor et al.,

1999).

Photoconversion of Kaede-Nup214

DNA encoding the photoconvertible fluorescent protein Kaede (pKaede-S1,

MBL International Corporation, Woburn, MA, USA; Ando et al., 2002) was

cloned into the expression vector containing human Nup214 cDNA (kindly

provided by M. Fornerod) and transfected into HeLa-K cells with JetPEI (Poly-

plus Transfection, Illkirch, France) on 12 mm glass coverslips for 48 hr. Cells

were mounted onto a homemade slide holder, overlaid with 0.5 ml live imaging

medium (Hank’s buffered salt solution with 0.5% BSA and 1 mg/ml ascorbic

acid [pH 7.2–7.4]), inoculated with 0.5 mg of Ad2-atto647, and photoconverted

in five optical layers across the entire nucleus with a UV laser at 355 nm in

combination with a diode laser at 405 nm for 10 s on an SP5 Leica confocal

laser scanning microscope recording the X-Y position of the photoconverted

cells. Infection continued until 90–160 min, and entire optical stacks from

photoconverted cells were acquired at 488, 561, and 633 nm excitation to

record nonconverted Kaede-Nup214 and converted Kaede-Nup214 and

Ad2-atto647. Single sections were analyzed for colocalization of converted

Kaede-Nup214 and Ad2-atto647, and images were displayed after deconvo-

lution by Huygens software (Scientific Volume Imaging, Hilversum, The

Netherlands). The total number of Ad2-atto647 particles was analyzed by
(F) Mean values of cytoplasmic to nuclear ratios of cells treated with siRNA agains

40 kDa dextran-FITC; and infected or not infected.

(G) Ratios of cytoplasmic to nuclear dextran in cells microinjected with the broad

All graphs represent mean values of analyzed samples (n) including the SEM, an
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maximum projections of image stacks and processing by a global threshold

method.

Other Procedures

Cells, viruses, cDNAs, transfections, recombinant proteins, pull-downs, coim-

munoprecipitation, infections, image acquisitions and analyses, and purifica-

tion and microinjection of dextrans are described in the Supplemental

Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures, two movies, Supplemental

Experimental Procedures, and Supplemental References and can be found

with this article online at doi:10.1016/j.chom.2011.08.010.
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