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Previous work has shown that several nucleoporins, including
Nup62 are degraded in cells infected with human rhinovirus
(HRV) and poliovirus (PV) and that this contributes to the dis-
ruption of certain nuclear transport pathways. In this study, the
mechanisms underlying proteolysis of Nup62 have been inves-
tigated. Analysis of Nup62 in lysates from HRV-infected cells
revealed that Nup62 was cleaved at multiple sites during viral
infection. The addition of purified HRV2 2A protease (2AP™) to
uninfected HeLa whole cell lysates resulted in the cleavage of
Nup62, suggesting that 2AP™ is a major contributor to Nup62
processing. The ability of purified 2AP™ to cleave bacterially
expressed and purified Nup62 demonstrated that 2AP™ directly
cleaves Nup62 in vitro. Site-directed mutagenesis of putative
cleavage sites in Nup62 identified six different positions that are
cleaved by 2AP*® in vitro. This analysis revealed that 2AP™ cleav-
age sites were located between amino acids 103 and 298 in
Nup62 and suggested that the N-terminal FG-rich region of
Nup62 was released from the nuclear pore complex in infected
cells. Analysis of HRV- and PV-infected cells using domain-spe-
cific antibodies confirmed that this was indeed the case. These
results are consistent with a model whereby PV and HRV dis-
rupt nucleo-cytoplasmic trafficking by selectively removing FG
repeat domains from a subset of nuclear pore complex proteins.

The nuclear pore complex (NPC)” is a dynamic gateway
between the nucleus and the cytoplasm that mediates nucleo-
cytoplasmic transport via interaction with numerous soluble
transport factors (1). In vertebrates, the NPC is an ~60-MDa
structure composed of multiple copies of nearly 30 different
nucleoporins (Nups) (2, 3). Analysis of the yeast NPC showed
that ~40% of Nups contain unstructured domains rich in phe-
nylalanine and glycine (FG) residues (FG-Nups) (2, 3). These
FG-rich regions are thought to play an import role in regulating
nucleo-cytoplasmic trafficking by serving as docking sites for
soluble nuclear transport factors and providing a physical bar-
rier that prevents diffusion across the NPC (4-6).
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Nup62 is a glycosylated FG-Nup located in the central chan-
nel of the NPC. The N-terminal FG-rich region of Nup62 serves
as a docking site for NTF2 (nuclear transport factor 2) (7, 8),
which is the transport receptor for Ran, a small GTPase that
provides directionality to the transport process (Fig. 14) (9).
The FG-rich region of Nup62 is connected to the C-terminal
region via a serine/threonine-rich linker that is thought to be
the site of glycosylation (10). The C terminus of Nup62 is pre-
dicted to adopt a coiled-coil structure and to facilitate the
anchoring of Nup62 to the NPC (11, 12). The C terminus of
Nup62 has been shown to interact with the transport receptor
importin-B in vitro (13) and to mediate interaction with the
NPC proteins Nup58, Nup54, and Nup45 that together consti-
tute the Nup62 complex (14, 15).

Human rhinovirus (HRV), along with poliovirus, is a member
of the Picornaviridae family. Picornaviruses are characterized
by single-stranded RNA genomes of positive polarity. After
entry, the viral RNA genome is translated and then replicated in
the host cytoplasm. Interestingly, during viral replication, a
number of host nuclear proteins relocalize to the cytoplasm and
interact with viral RNA or gene products (16 —18). This abnor-
mal localization of nuclear proteins has been explained by inhi-
bition of nuclear import during HRV and poliovirus infection
along with alteration of the NPC through degradation of
Nup62, Nup98, and Nup153 (19 -21). Consistent with the loss
of material from the NPC in infected cells, Belov et al. (22)
observed reduced staining of the NPC in electron micrographs
of poliovirus-infected cells. Despite these apparent alterations
to the composition of the NPC, certain import and export path-
ways were still functional in poliovirus-infected cells, indicating
that the NPC is not completely destroyed and that it retains at
least some functionality (20). Prior work has implicated the
viral protease, 2AP™, in the alterations to the NPC that occur in
infected cells. For example, expression of 2AP™ in HeLa cells
results in increased permeability of the nuclear envelope, relo-
calization of nuclear proteins to the cytoplasm, and inhibition
of mRNA export (22, 23). In addition, 2AP™ is capable of cleav-
ing Nup98 in vitro (21). However, the contribution of 2AP™ in
the degradation of other NPC proteins, including Nup62, is not
known.

In this study, the mechanism of Nup62 degradation during
HRYV infection was analyzed. The results indicate that 2AP"® is
the major viral protease responsible for degradation of Nup62
in infected cells. We find that 2AP™ cleaves Nup62 directly and
identify multiple 2AP™ cleavage sites in Nup62 that are clus-
tered within or adjacent to the central serine/threonine-rich
region of the protein. Examination of Nup62 in poliovirus and
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HRV-infected cells indicates that although these viruses differ-
entially target Nup62 for proteolysis, infection with either virus
results in the removal of the N-terminal domain of Nup62 con-
taining the FG repeats (24).

EXPERIMENTAL PROCEDURES

Cell Culture and Virus—HeLa cells were maintained in a
monolayer in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 2 mm L-glu-
tamine, and penicillin/streptomycin at 37 °C in 5% CO,. The
HGP strain of human rhinovirus type 2 (HRV2) was purchased
from the ATCC, and viral stocks were amplified by infection of
HeLa monolayers. Mahoney type 1 poliovirus (PV) stocks were
prepared as described previously (18). HeLa cells at 80% con-
fluence were either mock-infected or infected at a multiplicity
of infection of 50 for the indicated time. Virus was adsorbed for
30 min at 32 °C (HRV2) or 37 °C (PV) in phosphate-buffered
saline (PBS) supplemented with 1 mm MgCl, and 1 mm CaCl,.
After adsorption, unbound virus was removed, and DMEM
with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and pen-
icillin/streptomycin was added.

Protein Purification—The full-length human Nup62 open
reading frame in pcDNA3.1/HisB (a kind gift from Dr. N. R.
Yaseen) was isolated by digestion with BamHI and Xhol and
subcloned into the corresponding sites of pET28b(+) vector
(Novagen) to create pET28b(+)-Nup62, which encodes a full-
length Nup62 with an N-terminal His, tag. The pET28b(+)-
Nup62 construct was transformed into BL21(DE3)RIPL, and
Nup62 protein expression was induced by the addition of 1 mm
isopropyl-p-p-thiogalactoside when cultures reached an A, =
0.6. Cultures were incubated for an additional 4 h at 37 °C, soni-
cated, and then clarified by centrifugation at 38,500 X g. Nup62
localized to inclusion bodies was solubilized with buffer B (8 m
urea, 0.1 M NaH,PO,, and 0.01 M Tris-Cl (pH 8.0)) and then puri-
fied on Ni**-NTA spin columns as described by the manufacturer
(Qiagen). Purified Nup62 was dialyzed twice for 4 h and then over-
night at 4 °C against 1 liter of refolding buffer (400 mwm L-arginine,
0.4 m Tris-Cl (pH 8.0), 0.2 mm EDTA, 5 mM reduced glutathione,
0.5 mM oxidized glutathione). Nup62 was concentrated by placing
the dialysis bag on a bed of polyethylene glycol 20,000 for 1 h,
quantified using the Bio-Rad protein assay kit, and stored at
—20°C.

Immunoblotting—HeLa whole cell lysates were prepared by
washing cells twice with PBS, followed by a 20-min incubation
on ice in Tx lysis buffer (50 mm triethanolamine, pH 7.4, 500
mM NaCl, 0.5% Triton X-100, and 1 mmM dithiothreitol (DTT))
(25). Lysates were cleared by centrifugation at 20,000 X g for 5
min and quantified using the Bio-Rad protein assay kit. Equal
quantities of protein were separated by SDS-PAGE, followed by
transfer to a PVDF membrane (Millipore). Nup62 was detected
by mAb414 (Covance Inc., catalog no. MMS-120P), Nup62(N)
raised against N-terminal amino acids 24—178 of Nup62 (BD
Transduction Laboratories, catalog no. 610498), and Nup62(C)
raised against C-terminal amino acids 401-522 of Nup62
(Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), catalog no.
sc-1915). Nup155 was detected using a rabbit polyclonal anti-
body kindly provided by Susan Wente (Vanderbilt). Mouse
monoclonal antibodies were used to detect nucleolin (MS3 (26)
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and GFP (Clontech, catalog no. 632381), whereas rabbit poly-
clonal antiserum was used to detect eIF4G (27) and NF-kB
(Santa Cruz Biotechnology, Inc., catalog no. sc-109). Antibody-
antigen complexes were detected using an HRP-conjugated
secondary antibody and chemiluminescence.

In Vitro Cleavage Assay—Uninfected HeLa whole cell lysates
were prepared as described above. HRV2 2AP™ was purified
from bacteria as described (28). For cleavage assays, the indi-
cated amount of HRV2 2AP" was incubated with 25 ug of unin-
fected HeLa whole cell lysates, in vitro translated Nup62, or the
indicated amount of purified Nup62 at 30 °C for the indicated
amount of time in 2A reaction buffer (50 mm Tris-Cl (pH 8.0),
50 mm NaCl, 5 mm DTT, and 1 mm EDTA) (29). For cleavage
reactions with rhinovirus 3C protease (3CP™), commercially
available HRV14 3CP* (GE Healthcare) was incubated with 25
pg of uninfected HeLa whole cell lysates at 30 °C in 3C reaction
buffer (50 mm Tris-Cl, 150 mm NaCl, 1 mm DTT, and 1 mm
EDTA, pH 7.0, at 25 °C). After the incubation, samples were
electrophoresed and analyzed by immunoblotting as described
above.

N-terminal Sequencing—Fifteen ug of purified Nup62 was
incubated with purified HRV2 2AP™ at 30 °C for 4 h. Following
incubation, the sample was loaded on a 10% NEXT GEL
(Amresco) and transferred to a PVDF membrane. Cleavage
products on the membrane were visualized by Coomassie Bril-
liant Blue staining and cut out for sequencing. Automated
Edman degradation was performed using an ABI Procise 494 at
the Protein Structure Core Facility, University of Nebraska
Medical Center.

Mutagenesis and in Vitro Translation—Point mutants were
constructed at putative cleavage sites in Nup62 using the
QuikChange II site-directed mutagenesis kit (Stratagene) and
confirmed by sequencing. For in vitro translation, 0.5 ug of
plasmid containing wild-type or mutant Nup62 open reading
frame was incubated with 1 ul of TNT reaction buffer (Pro-
mega), 12.5 ul of rabbit reticulocyte lysate, 0.5 ul of T7 RNA
polymerase, 0.5 ul of 1 mm amino acid mixture without methi-
onine, and 10 uCi of [**S]methionine (>1,000 Ci/mmol; GE
Healthcare) for 90 min at 30 °C. After incubation, samples were
immediately stored at —80 °C. Relative amounts of wild-type
and mutant Nup62 in reactions were determined by SDS-
PAGE and autoradiography, followed by densitometry.

Nup62 Overexpression in Vivo—pAcGFP-Nup62WT was
constructed by subcloning the PCR-amplified Nup62 open
reading frame with introduced Sall and Kpnl restriction sites
into the corresponding sites of pAcGFP1-C1 (Clontech).
pAcGFP-Nup62(A103D) was constructed by site-directed
mutagenesis of pAcGFP-Nup62WT as described above. Trans-
fection was performed using TransIT-LT1 reagent (Mirus Bio)
as recommended by the manufacturer. One day after transfec-
tion, cells were infected with HRV2. Eighteen h after infection,
cells were harvested for immunoblotting as described above.

Indirect Immunofluorescence—The anti-Nup62 antibodies
described above were used for indirect immunofluorescence
analysis. Mock- or virus-infected cells growing on 12-mm glass
coverslips were washed three times with PBS and immuno-
stained for Nup62 by fixing in 3% formaldehyde for 20 min at
25 °C, washing three times with PBS, and permeabilizing in
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methanol at —20 °C for 5 min. Following fixation/permeabili-
zation, cells were washed three times with PBS and then
blocked in base solution (PBS containing 2% bovine serum
albumin and 0.05% Triton X-100) for 15 min at 25 °C. Cover-
slips were inverted into 40 ul of base solution containing
diluted primary antibody and incubated overnight at 4 °C. Cov-
erslips were washed three times in base solution at 25 °C and
then inverted into 40 ul of base solution containing either a
1:2000 dilution of AlexaFluor 555-conjugated donkey anti-goat
or a 1:1000 dilution of AlexaFluor 488-conjugated goat anti-
mouse immunoglobulin (Invitrogen) and incubated for 1 h at
25 °C. Coverslips where washed twice in PBS, once in PBS con-
taining 0.2 pg/ml Hoechst 33258, drained, and mounted in
Vectashield mounting medium (Vector Laboratories) onto
glass slides. Cells were observed using a Nikon Eclipse E1000
fluorescent microscope with a X60 objective, and images were
acquired using a Hamamatsu Orca digital camera and Meta-
morph software.

RESULTS

Nup62 Is Cleaved at Multiple Sites in Cells Infected with HRV
Type 2—Human rhinoviruses are subdivided into three species,
designated group A, B, and C. Previously, we demonstrated that
infection of cells with HRV14, a group B rhinovirus, results in
the specific cleavage of Nup62 (19). To determine whether this
also occurred with group A rhinoviruses, the status of Nup62 in
cells infected with HRV2 was examined. Fig. 1B shows that
levels of Nup62 began to decline by 6 h postinfection and that
by 10 h postinfection, levels of Nup62 were 20% of the levels
seen in uninfected cells. Analysis of eIF4GI confirmed that the
cells were efficiently infected with HRV2 and revealed that
elF4GI was degraded much more rapidly following infection
than was Nup62 (Fig. 1B). As expected, levels of nucleolin were
unchanged during the course of infection (Fig. 1B). These
results indicate that Nup62 is targeted for proteolysis by both
group A and B rhinoviruses.

This analysis also revealed novel bands that may represent
Nup62 cleavage products (cp). Using an antibody specific for
the N terminus of Nup62 (Nup62(N); Fig. 14) the intensity of
an ~48 kDa band (cpl) increased at 6 h postinfection, the time
when full-length Nup62 began to decline (Fig. 1B). Although a
cellular protein of the same size appeared to cross-react with
this antibody, analysis with an antibody that reacts with the
C-terminal region of Nup62 (Nup62(C); Fig. 1A) confirmed the
loss of full-length Nup62 beginning at 6 h postinfection and also
revealed an ~48-kDa cleavage product that appeared similar in
size to cpl, indicating that this probably represents a bona fide
Nup62 cleavage product (Fig. 1B). A longer exposure of the
Nup62(N) immunoblot revealed an ~29 kDa band (cp2) that
became detectable at 6 h postinfection. Similarly, a second reac-
tive band observed with Nup62(C) migrated at ~26 kDa (cp3)
and may represent a third Nup62 cleavage product. Interest-
ingly, levels of cpl declined from 6 to 10 h postinfection,
whereas levels of cp3 appeared to increase over this same time
frame, raising the possibility that cp3 derives from further pro-
teolysis of cpl. If these bands do represent bona fide cleavage
products of Nup62, it is notable that their combined size (103
kDa) would be greater than that of intact Nup62 (62 kDa). This
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FIGURE 1. Degradation of Nup62 during HRV2 infection. A, schematic rep-
resentation of Nup62 and regions recognized by anti-Nup62 antibodies. Ver-
tical white bars indicate the location of FG repeats. Nup62(N) and Nup62(C)
indicate the regions of Nup62 used to raise antibodies to the N and C termi-
nus, respectively. B, HRV2 infection induces Nup62 degradation. Twenty-five
g of whole cell lysates prepared from mock-infected cells or cells that had
been infected with HRV2 for the indicated length of time were analyzed by
immunoblotting with Nup62(N) or Nup62(C). Immunoblots were stripped
and reprobed to detect nucleolin and elF4Gl. Molecular mass markers are
indicated in kilodaltons. % remaining, band intensities were quantitated by
densitometry, and the amounts relative to mock-infected cells are indicated.
$, elF4GI cleavage products. longer exposure, a longer exposure of the
Nup62(N) blot.

suggests that multiple sites in Nup62 are targeted for proteoly-
sis in infected cells.

2A Protease Cleaves Nup62 in Vitro—Previously, we found
that the viral 2A protease (2AP") was responsible for cleavage
of Nup98 in infected cells (21). To determine whether 2AP™
was also responsible for the cleavage of Nup62, we incubated
uninfected HeLa whole cell lysates with increasing amounts of
purified HRV2 2AP™ and analyzed the resulting products by
immunoblotting. The results indicate that the addition of as
little as 0.08 ug of 2AP™ resulted in a 50% decline in Nup62
levels within 4 h, and 0.31 ug of 2AP* caused a greater than 90%
reduction in Nup62 levels over this same time period (Fig. 24,
lanes 7 and 5, respectively). This was not due to Nup62 being
unstable in the lysates under these conditions because incuba-
tion in buffer alone had no effect on Nup62 levels (Fig. 24, lane
2). The translation factor eIF4GI, a known target of 2AP" (28,
30), appeared to be much more sensitive to the addition of
protease because incubation with as little as 0.08 ug of 2AP*
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FIGURE 2. HRV2 2AP" induces cleavage of Nup62. A, 2AP causes cleavage of Nup62 in cell lysates. Uninfected HeLa whole cell lysates were incubated in the
presence or absence of the indicated amount of purified HRV2 2AP™ for 4 h at 30 °C. After incubation, extracts were analyzed by immunoblotting to detect
Nup62 using mAb414. Immunoblots were sequentially stripped and reprobed to detect Nup155 and elF4GlL. B, cleavage kinetics of in vitro Nup62 degradation.
Uninfected HelLa whole cell lysates were incubated with or without 0.1 ug of purified HRV2 2AP™ for the indicated times and analyzed for cleavage of Nup62
by immunoblotting with Nup62(N). Immunoblots were sequentially stripped and reprobed with anti-elF4G antibody and anti-nucleolin antibody. Cleavage
products are indicated with an asterisk. C, Nup62 is resistant to cleavage by 3CP™. Uninfected HeLa whole cell lysates were incubated in the presence or absence
of the indicated amount of purified HRV14 3CP™ at 30 °C for the indicated amount of time. After incubation, extracts were analyzed by immunoblotting to
detect Nup62 using Nup62(N). The immunoblot was then stripped and reprobed to detect NF-«B. % remaining, band intensities were quantitated by densi-

tometry, and the amounts relative to mock-infected cells are indicated.

was sufficient to induce complete cleavage of e[F4GI. The addi-
tion of 2AP* did not cause nonspecific cleavage of NPC pro-
teins because levels of Nup155, which is not degraded in polio-
virus-infected cells,® remained relatively unchanged even at the
highest concentration of 2AP" tested (Fig. 2A4). These results
indicate that the addition of 2AP™ to whole cell lysates is suffi-
cient to induce the cleavage of Nup62.

To further examine the kinetics of Nup62 cleavage using this
in vitro cleavage assay, proteolysis in the presence of a low con-
centration of protease was examined over time. When 0.1 ug of
2AP™ was added to whole cell lysates, levels of Nup62 were
reduced to ~50% of their starting values within 2 h (Fig. 2B,
lane 5). Levels of Nup62 dropped to 14% by 4 h and were unde-
tectable following an 8-h incubation (Fig. 2B, lanes 6 and 7).
Proteolysis required the addition of viral protease because no
degradation of Nup62 was seen when lysates were incubated for
8 h in cleavage buffer lacking 2AP* (Fig. 2B, lane 1). Under
these conditions levels of e[F4GI began to decline very rapidly
and were reduced to 30% within 10 min of 2AP™ addition (Fig.
2B, lane 2). These findings confirm that eIF4GI is more sensi-
tive to cleavage by 2AP" than is Nup62 and are in good agree-
ment with the results seen in infected cells (Fig. 1B).

To determine if other rhinovirus proteases might also induce
proteolysis of Nup62, we examined the effect of 3CP* on levels

3 K. E. Gustin, unpublished results.
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of Nup62 in whole cell lysates. For this assay, we used purified
HRV14 3CP™ because purified HRV2 3CP™ was not available.
When whole cell lysates were incubated with 0.3 ug of 3CP™ for
up to 8 h, no change in the levels of Nup62 was observed (Fig.
2C, lanes 2—4). To confirm that the 3CP™ used in these assays
was active, we assayed for cleavage of the p65 subunit of NF-«B,
aknown target of 3CP"* (31). Levels of NF-kB/p65 were reduced
by more than 40% within 2 h of 3CP*® addition and by nearly
80% following a 4-h incubation, indicating that the 3CP* was
active (Fig. 2C, lanes 2 and 3). Interestingly, when Nup62 was
exposed to high concentrations of 3CP™ for extended periods,
partial proteolysis of Nup62 was evident (Fig. 2C, lane 5).
Although we cannot rule out the possibility that 3CP" contrib-
utes to cleavage of Nup62 in vivo, Ghildyal et al. (32) did not
observe proteolysis of Nup62 in cells overexpressing HRV 16
3CP™ or 3CDP™, making is seem likely that the partial cleavage
shown here is due to the high concentration of 3CP** used in
these assays. Regardless, because much lower amounts of 2AP™
and shorter incubation times induced essentially complete deg-
radation of Nup62 (Fig. 24), it seems likely that 2AP™ is the
major protease responsible for cleavage of Nup62 in infected
cells.

In Vitro Translated Nup62 Is Cleaved by 2A”"°—The cleav-
age assay with HeLa whole cell lysates implied that HRV2 2AP™
induced the proteolysis of Nup62. However, it was possible that
other host cellular factors contributed to the degradation of
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FIGURE 3.2AP" cleaves Nup62 directly. A, cleavage of in vitro translated Nup62 by 2AP™. Radiolabeled Nup62
was generated by in vitro translation in the presence of [**SImethionine. 1 ul of the translation reaction was
either prepared for loading immediately (0 h incubation) or incubated for 4 h at 30 °C in the presence or
absence of 0.3 ug of purified 2AP™. After incubation, samples were electrophoresed, transferred to PVDF
membrane, and analyzed by autoradiography. B, 2AP™ can cleave purified Nup62. Nup62 was expressed and
purified from bacteria and then incubated with or without 0.3 g of purified 2AP™ for the indicated times at
30 °C.In some cases, 100 um N-(methoxysuccinyl)-Ala-Ala-Pro-Val-chloromethyl ketone (MPCMK) was included
to inhibit 2AP™ activity. After incubation, samples were electrophoresed, transferred to PVDF membrane, and
stained with Coomassie Brilliant Blue. C, characterization of in vitro Nup62 cleavage products. Nup62 was
purified from bacteria and incubated in the presence or absence of 0.3 ug of purified HRV2 2AP™ for the
indicated times at 30 °C. After incubation, immunoblotting was performed with Nup62(N), followed by striping
and reprobing with Nup62(C) to detect N- and C-terminal cleavage products, respectively. Untreated, 16-h
incubation of purified Nup62 in PBS. Reaction buffer, 16-h incubation of purified Nup62 in 2AP™ reaction buffer
without protease. Cleavage products reactive with Nup62(N) are indicated by normal type, those reactive with
Nup62(C) are indicated in boldface type, and those reactive with both antibodies are underlined. Molecular
mass markers are indicated in kilodaltons.

from virus-infected cells (compare
Figs. 1B and 34, cpl, cp2, and cp3).
Overnight incubation under these
conditions showed almost complete
cleavage of full-length Nup62 and
the accumulation of a major cleav-
age product that corresponded to
cp3. It is interesting to note that cp3
was also observed to increase in
abundance during the course of
infection (Fig. 1B). These findings
indicate that 2AP™ is able to cleave
Nup62 in the absence of HelLa cell
factors and are consistent with
2AP™ recognizing multiple cleavage
sites within Nup62.

2AP™ Cleaves Nup62 Directly—
Although the previous results indi-
cated that 2AP™ could induce the
cleavage of Nup62 in whole cell
lysates or in rabbit reticulocyte
lysates, it was not possible to deter-
mine if this was direct or due to acti-
vation of latent cellular proteases.
To determine if 2AP* could directly
cleave Nup62, we expressed and
purified from bacteria full-length
human Nup62 with a histidine tag at
its N terminus. Incubation of puri-
fied HRV2 2AP™ with purified
Nup62 for 1 or 4 h revealed a cleav-
age pattern that was very similar to
that seen with in vitro translated
Nup62 (Fig. 3, compare B (lanes 2
and 3) with A (lane 3)). Incubation
for 16 h resulted in almost complete
cleavage of full-length Nup62 and
a predominant band that corre-
sponded to cp3 (Fig. 3B, lane 4), very
similar if not identical to what was
seen with the in vitro translated
Nup62 and again perhaps mirroring
the accumulation of cp3 seen in
infected cells. Cleavage in this assay
was mediated by 2AP" because no

Nup62 in these assays. To determine whether 2AP™ could
cause the degradation of Nup62 in the absence of HeLa cell
factors, we examined the ability of HRV2 2AP™ to cleave Nup62
that had been translated and radiolabeled in rabbit reticulocyte
lysates. Additionally, the use of a radiolabeled Nup62 substrate
should allow the detection of additional cleavage products that
would have been missed if they lacked epitopes reactive with
the antibodies used in Fig. 1B. Indeed, autoradiography re-
vealed that 2AP™ could cleave Nup62 under these conditions
and that this resulted in the appearance of several additional
cleavage products (Fig. 34, lane 3). Comparison of the molec-
ular weights of these cleavage products revealed that several
could correspond to those detected by immunoblot in lysates
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degradation was seen in the absence of protease, and cleavage
could be completely prevented by the addition of N-(methoxy-
succinyl)-Ala-Ala-Pro-Val-chloromethyl ketone, a known
inhibitor of 2AP* (Fig. 3B, lanes 1 and 5, respectively) (33).
These results indicate that 2AP™ is capable of directly cleaving
Nup62 at multiple sites.

To determine if the cleavage products seen with bacterially
expressed Nup62 corresponded to those seen with endogenous
Nup62 in lysates from virus-infected cells (Fig. 1B), reaction
products were probed with the anti-Nup62 antibodies used in
Fig. 1 that react with the N and C terminus (Nup62(N) and
Nup62(C), respectively). As was the case in infected cell lysates,
Nup62(N) detected both cpl and cp2, whereas Nup62(C)
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detected cpl and cp3. Also, as seen in infected cell lysates, levels
of cpl and cp2 gradually declined over the incubation period,
whereas levels of cp3 increased, suggesting that there may be a
precursor/product relationship between these cleavage prod-
ucts. In addition, Nup62(N) detected one additional cleavage
product (cp7), whereas Nup62(C) detected two additional
cleavage products (cp4 and cp5) that were not visible in infected

TABLE 1
Analysis of 2Apro cleavage sites in Nup62
d
Identificdbye | P4 P3 P2 PI PI’ P2 P3’ P4 | Cleaved invitro|  Cleavage
products
Sequencing of cpl L SNT *A%AT P Yes cp8/epl
Sequencing of cp4 I TS T*GsP S L Yes cp2/cp4
Sequencing of cp5 VTTA®*G"APT Yes ND/cp5
Sequencing of cp3 LKPL *AP A G Yes ND/cp3
LASG®*G"TGF No -
I GST *G"N S A Yes cp7/ND
Homology
ATTA *G"A T Q Yes ND/cp6
LNTS *G®A P A No -

“ Cleavage sites in Nup62 were identified by N-terminal sequencing or by homology
with known 2Apro cleavage sites.

? Nomenclature is as previously described (32). Boldface amino acids indicate resi-
dues found at that position in known 2Apro cleavage sites. *, cleavage site.

¢ This column indicates whether cleavage was inhibited by mutation of P1’ to Lys.
See Fig. 4A.

@ Cleavage products that arise due to cleavage at the indicated sites. ND, none
detected.

A 2Apro: - + + + + +
Nup62: WT WT G85K A103K G177K G201K

2Apro: - +
Nup62: WT WT

50

50

35 35

30 30
25 25
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cell lysates (compare Figs. 1B and 3C). Currently, it is not clear
if these represent bona fide cleavage products that are rapidly
degraded by 2AP* or other viral or cellular factors in infected
cells. Because a very similar cleavage pattern was seen with in
vitro translated Nup62, it seems unlikely that these cleavage
products arise due simply to inappropriate folding of Nup62
when expressed and purified from bacteria. Cumulatively,
these results indicate that bacterially expressed Nup62 is prob-
ably cleaved at sites that correspond to those cleaved by 2AP*® in
infected cells.

Identification of 2AP™ Cleavage Sites in Nup62—Protease
cleavage sites are typically designated using the format, Pn. ..
P2-P1-P1'-P2'... Pn’, where the scissile bond is located
between P1 and P1’ (34). Analysis of 2AP™ cleavage sites reveals
a strong preference for Gly at P1’; Thr, Ser, or Asn at P2; and a
hydrophobic amino acid, such as Ile or Leu, at P4 (35-37). To
identify potential 2AP™ cleavage sites in Nup62, a combination
of N-terminal sequencing of cleavage products and sequence
analysis to identify sequence motifs in Nup62 with reasonable
homology to known 2AP™ cleavage sites was undertaken.
N-terminal sequencing of cleavage products corresponding to
cpl, -3, -4, and -5 identified four potential cleavage sites (Table
1). The amino acid sequence surrounding the cleavage sites at
Gly*'® and Gly**” conforms well to the consensus 2AP*™ cleav-
age site. Surprisingly, the other two cleavage sites identified by
N-terminal sequencing contained
Ala instead of Gly at the P1’-posi-
tion (Table 1, A'°® and A%°®). Based
on the molecular weight of observed
cleavage products, we identified
four other potential cleavage sites
in Nup62 with good homology to
the consensus 2AP™ recognition
sequence (Table 1).

To determine whether these
represent authentic cleavage sites,
mutations were introduced into the
Nup62 open reading frame that
were predicted to disrupt cleavage

+ + + +
G218K G247K A298K G462K

Load: R Sw—— | oad: ad

a— by 2AP™ at these sites. Previous

Lane: 1 2 3 4 5 6 Lane: 7 8 9 10 1" 12 . R
work has shown that substitution of
B 103 177201218 247 298 Gly with Lys at P1’ prevents cleav-
= age by 2AP*° (35, 38). Consequently,
Colls we replaced Gly or Ala at this posi-
cp8 T WYL cpt tion with Lys and compared the
cp2 — cp4 cleavage of these mutants with wild-

24.7 kDa 32.7 kDa . £ all f
cp7 cp5 type Nup62. Mutation of all four
20 kDa 30 kDa 2AP™ cleavage sites identified by
25.3 KDa cp3 N-terminal sequencing resulted in
cp6 ? an altered cleavage pattern com-
27.2kDa

FIGURE 4. Identification of 2AP"™ cleavage sites in Nup62. A, analysis of 2AP™ cleavage sites identified by
N-terminal sequencing or sequence homology. In vitro translated radiolabeled WT or mutant Nup62s were
incubated with 0.3 g of purified 2AP™ for 4 h at 30 °C. Constructs are designated by the P1" amino acid and its
location in the Nup62 primary sequence followed by the mutant amino acid inserted at that position. Cleavage
products that change in abundance due to a mutation are indicated with an asterisk. Load, the amount of
full-length protein used in each cleavage assay. Molecular mass markers are indicated in kilodaltons. B, sche-
matic representation of Nup62 showing the location of cleavage sites and corresponding cleavage products.
The amino acid position of identified cleavage sites are indicated along with corresponding cleavage products
and their predicted molecular mass and cp designation (as shown in Fig. 3A). Cleavage products that arise due

to processing at unidentified cleavage sites are indicated by a gray bar.

AV N

SEPTEMBER 10, 2010+VOLUME 285<NUMBER 37

pared with wild-type Nup62, con-
firming that these are recognized
and cleaved by 2AP™ in vitro (Fig.
4A and Table 1). As expected, muta-
tion of Ala'® to Lys resulted in the
disappearance of cpl (Fig. 44, com-
pare lanes 2 and 4). In addition, this
mutation also resulted in the loss of
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cp8, indicating that cleavage at Ala'® gives rise to both cp1 and
cp8. Mutation of the cleavage site sequence obtained by
sequencing cp4 (G218K) resulted in the loss of cp4 as expected
and identified cp2 as the N-terminal product released by cleav-
age at this position (Fig. 44, compare lanes 8 and 9). Mutation
of the cleavage sites identified in cp5 and c¢p3 (G247K or A298K,
respectively) resulted in a dramatic decrease in the intensity of
these cleavage products but did not identify any additional
N-terminal products that arise due to cleavage at these posi-
tions (Fig. 44, compare lanes 10 and 11 with lane 8). Cumula-
tively, these results demonstrate that 2AP™ cleaves Nup62 at
amino acids 103, 218, 247, and 298 in vitro.

A similar analysis of the four cleavage sites identified based
on their homology to known 2AP™ cleavage sites was under-
taken. One potential cleavage site was identified at Gly'”” that
was predicted to give rise to cp7. Indeed, mutation of Gly'”” to
Lys caused a decrease in the amount of cp7 (Fig. 44, compare
lanes 2 and S). Similarly, mutation of Gly**" to Lys abrogated
the production of cp6 (Fig. 44, compare lanes 2 and 6). Surpris-
ingly, although the amino acid sequence surrounding both
Gly®*® and Gly*** conformed well to the consensus 2AP™ cleav-
age sequence, mutation of either of these glycine residues did
not result in any alteration in cleavage pattern compared with
wild-type Nup62 (Fig. 4A, compare lanes 3 and 12 with lanes 2
and 8). Nevertheless, these results indicate that cleavage at
amino acids Gly*”” and Gly*°* is responsible for production of
cp7 and cp6, respectively, and demonstrate that the in vitro
cleavage of Nup62 by 2AP*° is specific for a subset of the poten-
tial 2AP™ cleavage sites. Table 1 summarizes the results of the
analysis of 2AP™ cleavage sites in Nup62 and indicates the
cleavage products that are produced following proteolysis at
each site. In addition, Fig. 4B provides a schematic representa-
tion of this information, showing the location of identified
2AP™ cleavage sites within Nup62 and the corresponding prod-
ucts that arise when proteolysis occurs at these positions.

Nup62 Is Cleaved at Ala'% in Infected Cells—Cpl1 is one of
the earliest detectable cleavage products in vivo (Fig. 1B), and in
vitro analysis and mutagenesis indicated that both cp1 and cp8
derived from cleavage of Nup62 at Ala'%® (Fig. 4B). To confirm
that Ala'®® represents a bona fide cleavage site in vivo, proteol-
ysis of GFP-tagged wild type or mutant Nup62 containing Asp
at position 103 was examined. Substrates containing Asp at the
P1’-position are not cleaved efficiently by 2AP* in vitro (35).
Following transfection, immunoblot analysis using antibodies
to GFP revealed no differences in uninfected cells between the
wild type and A103D forms of Nup62 (Fig. 5, lanes 3 and 4).
HRV?2 infection resulted in the partial proteolysis of wild type
GFP-Nup62 and the appearance of a prominent cleavage prod-
uct of ~37 kDa (compare lanes 3 and 7) that reacted with anti-
GFP antibodies. The predicted molecular weight of this proteo-
lytic product corresponds to that of GFP (~27 kDa) and cp8
(~10 kDa) and suggests that it was produced by cleavage at
Ala'®, Consistent with this interpretation, mutation of Ala'®®
to Asp significantly reduced the amount of the 37-kDa cleavage
product and instead resulted in the appearance of slower
migrating products that probably result from cleavage of
Nup62 at sites C-terminal to Ala'®, probably at positions
Gly'””, Gly**', Gly*'8, Gly**, or Ala®>*® (compare lanes 7and 8).
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GFP  GFP GFP GFP

-Nup62 -Nup62 -Nup62 -Nup62

Transfection: None GFP WT A103D None GFP WT A103D
HRv2: — = — — =+ 4 s o +
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Nopez _

elF4G |

Nucleolin

Lane: 1 2 3 4 5 6 7 8

FIGURE 5. Nup62 is cleaved at Ala'®® in HRV2-infected cells. Plasmids
encoding GFP or GFP fused to wild type or mutant Nup62 (GFP-Nup62Wt or
GFP-NUP62A103D, respectively) were transfected into Hela cells, and 24 h
later were infected with HRV2. Whole cell lysates prepared 18 h later were
electrophoresed, transferred to PVDF membrane, and analyzed by immuno-
blotting with antibodies recognizing GFP, Nup62(N), elF4GlI, or nucleolin.
Molecular mass markers are indicated in kilodaltons. None, cells were treated
with transfection reagent without plasmid. Cleavage product arising due to
proteolysis at Ala'® is indicated with an asterisk.

Interestingly, these same cleavage products were present,
although much less abundant, in infected cells expressing wild
type GFP-Nup62. These results confirm that Ala'® is recog-
nized by HRV2 2AP™ in infected cells.

The FG-rich Region of Nup62 Is Released from the NPC of
Infected Cells—Previous work has shown that poliovirus and
rhinovirus infection alters NPC composition and function (19,
20, 22). The identification of 2AP™ cleavage sites between
amino acids 103 and 298 in Nup62 raised the possibility that
cleavage might result in the release of the FG-rich region of
Nup62 from the NPC (Fig. 4B). To investigate this possibility
and to examine the biological consequences of Nup62 cleavage,
we stained infected cells with antibodies that react with the N
terminus (mAb414) or C terminus (Nup62(C)) of Nup62.
Although the epitope in Nup62 recognized by mAb414 has not
been well defined, it is thought to react with the FG-rich region
located in the N terminus of Nup62 as well as several other NPC
proteins (39). The region containing the epitope recognized by
Nup62(C) is indicated in Fig. 1A. In mock-infected cells,
mAb414 and Nup62(C) stained the nuclear rim in a punctate
pattern typical of nuclear pore proteins (Fig. 6A4). Following
HRV?2 infection, however, the staining with antibodies against
either the N terminus or C terminus of Nup62 was drastically
reduced in more than 90% of infected cells (Fig. 6A4). These data
suggest that proteolysis of Nup62 in HRV2-infected cells
results in the release of both N- and C-terminal domains of
Nup62 from the NPC. In addition, the reduced staining with
mAb414 confirms the loss of the FG-rich regions of Nup153,
Nup214, and Nup358 from the NPC of rhinovirus-infected
cells.

To determine if infection with other picornavirus also
induces the release of Nup62 from the NPC, we examined
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FIGURE 6. Nup62 association with the NPC in infected cells. A, HRV2-in-
fected cells. Indirect immunofluorescence was performed with mAb414 (N
terminus) and Nup62(C) (C terminus) on cells that had been infected with
HRV2 for the indicated amount of time. Seven different fields were analyzed,
and the percentage of cells showing the indicated pattern of N- and C-termi-
nal staining is indicated. B, poliovirus-infected cells. Cells infected with polio-
virus were analyzed as described above. mAb414 and Nup62(C) were
detected with FITC and TRITC filters, respectively. Hoechst-stained DNA
(Nuclei) was visualized with a UV filter. Allimages were acquired with identical
exposure times and adjustments.

Mock

PV
4.5 hours

poliovirus-infected cells in a similar fashion. As was the case
following HRV2 infection, 85% of poliovirus-infected cells
showed very little staining with mAb414 (Fig. 6B), suggesting
that the FG-rich regions of Nup62 and other FG-containing
Nups are removed from the NPC. In contrast to what was seen
in cells infected with HRV, however, the number of poliovirus-
infected cells staining with the C-terminal antibody was indis-
tinguishable from mock-infected controls (Fig. 6B), indicating
that this portion of Nup62 is retained at the NPC in poliovirus-
infected cells. Thus, it appears that although PV and HRV may
cleave different sites in Nup62, all of these viruses bring about
the removal from the NPC of the FG repeats contained in the N
terminus of Nup62 and that of other NPC proteins.

DISCUSSION

This study was designed to examine the mechanisms respon-
sible for cleavage of Nup62 in rhinovirus-infected cells. Our
finding that Nup62 is cleaved in cells infected with HRV2, along
with prior work showing cleavage in HRV14-infected cells (19),
suggests that Nup62 is a proteolytic target in all rhinovirus-
infected cells. Our results clearly indicate that HRV2 2AP™
directly cleaves Nup62 at multiple sites. This, along with previ-
ous work showing that HRV2 2AP™ cleaves Nup98 (21) and that
poliovirus 2AP™ can cause alterations in nuclear envelope per-
meability (22) make it seem likely that 2AP* is a major contrib-
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utor to the alterations in the NPC that occur in poliovirus and
rhinovirus-infected cells.

The addition of 2AP™ to uninfected cell lysates was sufficient
to induce the degradation of Nup62. Subsequent analysis of
Nup62 produced in rabbit reticulocyte lysate or bacteria indi-
cated that 2AP™ could proteolyze Nup62 directly and that this
did not require other HeLa cell factors. These analyses also
revealed the presence of multiple cleavage products, indicating
that 2AP™ could cleave Nup62 at multiple sites. Interestingly,
Coomassie staining and immunoblot analysis of cleavage assays
using purified bacterial Nup62 revealed more cleavage prod-
ucts than were detected in infected cell lysates. As the Nup62
used in these assays was purified under denaturing conditions
and subsequently refolded, it is certainly possible that some of
these cleavage products arise due to improper folding and inap-
propriate exposure of 2AP™ cleavage sites. However, several
observations suggest that this is not the case. First, the obser-
vation that several of the cleavage products observed in the in
vitro assay appeared to comigrate with cpl, -2, and -3 that were
identified in infected cell lysates suggests that these assays faith-
fully reproduced at least some of the cleavage events that occur
in vivo. Second, the finding that good consensus 2AP™ cleavage
sites at Gly* or Gly*®* were not proteolyzed by 2AP* indicated
that not all possible sites are recognized and that there was
some selectivity in the choice of proteolytic sites by 2AP™.
Finally, a very similar cleavage pattern was detected when
Nup62 derived from rabbit reticulocyte lysates was assayed,
suggesting that the “folding” of Nup62 and recognition by 2AP™
in these diverse systems is very similar. The inability to detect
these additional cleavage products in infected cells may be due
to their being less stable in infected cells, perhaps due to subse-
quent targeting by viral or cellular encoded proteases. In addi-
tion, the in vitro analysis was not limited to detection of only
those bands that were reactive with available antibodies. Thus it
seems likely that the cleavage products identified in vitro may
also be produced in infected cells.

Our in vitro analysis of Nup62 cleavage has identified eight
distinct cleavage products (cpl to -8) and six 2AP™ cleavage
sites clustered between amino acids 103 and 298 (Fig. 4B). Sig-
nificantly, cleavage at these positions can explain the appear-
ance of cpl, cp2, and cp3 seen in infected cell lysates (Fig. 1B).
For example, when Ala'®® is mutated to Lys, levels of cp1 along
with cp8 were diminished. Similarly, mutation of Gly*'® re-
sulted in a decrease in both cp2 and cp4. Interestingly, although
cpl and cp2 were the first cleavage products detected in both
infected cells and in time courses with bacterially expressed
Nup62, levels of these cleavage products declined at later time
points, suggesting that they were further proteolyzed. This was
in contrast to cp3, whose levels appeared to increase as those of
cpl and cp2 declined. The identification of a 2AP™ cleavage site
at Ala®°® that is responsible for production of cp3 in vitro indi-
cates that cp3 could arise due to subsequent proteolysis of cpl
or other Nup62 fragments encompassing amino acids 298 —
522. Similarly, the identification of 2AP™ cleavage sites at Gly'””
and Gly*°* could result in further proteolysis of cp1 and cp2 and
contribute to the decrease in levels of these cleavage products.
Cleavage at Gly>*” appears to give rise to cp5, a cleavage prod-
uct that, like cp3, increased at later times in the in vitro cleavage
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assays. Although cp5 was not detected in infected cell lysates, it
is possible that cleavage at Gly**” may also contribute to the
decrease in cpl1 levels seen in infected cells. The finding that cp7
was produced by cleavage at position Gly'”” and was reactive
with an antibody raised against amino acids 24 —178 of Nup62
(Nup62(N); see Fig. 1A4) indicated that this fragment extends
from Gly'”” toward the N terminus of Nup62. Mutation of
Gly**! caused a decrease in cp6, a cleavage product that was not
detected by either Nup62(N) or Nup62(C) (Fig. 3C). This sug-
gests that cp6 is produced by cleavage at Gly**! and another, as
yet unidentified 2AP™ cleavage site located in the C terminus of
Nup62 (Fig. 4B, cp6).

Comparison of 2AP™ cleavage sites in viral and cellular sub-
strates has not resulted in the emergence of a strong consensus
sequence for this protease. In general, however, 2AP™ cleavage
sites exhibit preferences for Gly at P1’; hydrophobic amino
acids at P4 and P2'; and Thr, Ser, or Asn at P2 (37, 40). Of the six
2AP™ cleavage sites identified in Nup62, most conform rather
well to this pattern (Table 1). All contain a hydrophobic amino
acid at the P4-position, and all, except for the Gly'”” site, have a
hydrophobic amino acid at P2'. Skern et al. (40) have proposed
that the P2 residue forms a hydrogen bond with Ser®® of the
HRV2 2AP™ or its equivalent in other HRVs. The only residues
that can do this are Ser, Thr, and Asn. Pertinently, only these
residues are found at the 2AP™ cleavage sites on the HRV
polyproteins or in the eIF4G cleavage sites (41, 42). All of the
sites identified in Nup62 except one (Ala®>*®) contain Thr
(Gly**” and Gly*°"), Ser (Gly*'® and Gly'”?), or Asn (Ala'®®) at
this position. Pro is found at P2 in the Ala®®° site, and previous
work has shown that 2AP™ can indeed tolerate Pro at this posi-
tion, albeit resulting in reduced cleavage efficiency (35). Less
efficient recognition of this site may explain the delayed appear-
ance of cp3 in infected cells and in the in vitro cleavage assays.

Although four of the cleavage sites contained the expected
Gly at P1’, two sites were found to contain Ala at this position
(Ala'® and Ala®°%; Table 1). This was unexpected, given that no
2AP™ cleavage sites have been identified to date with anything
other than Gly at P1’. The amino acid sequences around Ala'®
and Ala®®® conform to reasonable 2AP™ consensus sequences
with hydrophobic residues at P4 and P2'. The structure of the
HRV2 2AP"™ active site indicates that bulky amino acids are
unlikely to be accepted at P1’ due to the proximity of the imida-
zole ring on His'® in 2AP™ (43). However, the small size of Ala
might allow it to be tolerated in place of Gly at the P1'-position
of an HRV2 2AP™ substrate. In support of this possibility,
Hellen et al. (36) showed that trans substrates with Ala at P1’
were still cleaved by poliovirus 2AP* with reasonable efficiency.
Our finding that mutation of either of these residues to Lys
resulted in distinct changes to the processing pattern indicates
that these sites are recognized by HRV2 2AP™ in vitro. Fur-
thermore, mutation of Ala'®® to Asp prevented cleavage at
this site in vivo, confirming that 2AP™ can utilize Ala in the
P1’-position.

Both poliovirus and rhinovirus infection resulted in a loss of
staining at the NPC with antibodies reactive with the N-termi-
nal FG-rich region of Nup62. In contrast, staining with a C-ter-
minal antibody was reduced in RV-infected cells but not in cells
infected with poliovirus. These results indicate that cleavage by

pro
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HRV 2AP™ induces the release of the entire Nup62 protein
from the NPC, whereas cleavage with PV 2AP™ appears to
selectively remove the N terminus of Nup62. In addition, these
results indicate that FG repeat domains found in Nupl53,
Nup214, and Nup358 are also released from the NPC of
infected cells. The FG repeats found in Nup62, Nup98, Nup153,
and several other NPC proteins are thought to be natively
unfolded and to provide docking sites for cargo-transport
receptor complexes in transit through the NPC while at the
same time serving as barriers against passive diffusion (3, 4, 44,
45). Patel et al. (4) found that removal of the FG repeats from
the yeast homologues of Nup98 and Nup153 resulted in an
increase in the permeability barrier of the NPC. Thus, the loss
of Nup62, Nup153, and Nup98 and perhaps other FG-contain-
ing Nups could explain the increased permeability of the
nuclear envelope that has been reported in infected cells (22).

Despite the specific cleavage of Nups in infected cells, NPCs
remain functional and can support certain trafficking pathways
(20, 21). This is perhaps not surprising, given that experiments
in Saccharomyces cerevisiae and Xenopous laevis have shown
that NPCs can still function even when a significant mass of the
FG repeats has been removed (46 —48). Further experiments
will be necessary to determine how extensively the NPC is mod-
ified in infected cells and what the consequences of these mod-
ifications are on NPC architecture and function.
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