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ABSTRACT

The human rhinovirus (HRV) 3C and 2A proteases (3CP** and 2AP*, respectively) are critical in HRV infection, as they are re-
quired for viral polyprotein processing as well as proteolysing key host factors to facilitate virus replication. Early in infection,
3CP* is present as its precursor 3CD, which, although the mechanism of subcellular targeting is unknown, is found in the nu-
cleus as well as the cytoplasm. In this study, we use transfected and infected cell systems to show that 2AP™ activity is required

for 3CD nuclear localization. Using green fluorescent protein (GFP)-tagged forms of 3C

pro

, 3D, and mutant derivatives thereof,

we show that 3CP™ is located in the cytoplasm and the nucleus, whereas 3CD and 3D are localized predominantly in the cyto-
plasm, implying that 3D lacks nuclear targeting ability and that 3CP* activity within 3CD is not sufficient to allow the larger pro-
tein into the nucleus. Importantly, by coexpressing mCherry-2AP" fusion proteins, we demonstrate formally that 2AP™ activity
is required to allow HRV 3CD access to the nucleus. In contrast, mCherry-3CP* is insufficient to allow 3CD access to the nu-
cleus. Finally, we confirm the relevance of these results to HRV infection by demonstrating that nuclear localization of 3CD cor-
relates with 2AP* activity and not 3CP*° activity, which is observed only later in infection. The results thus define the temporal
activities of 2AP* and 3CD/3CP"° activities in HRV serotypel6 infection.

IMPORTANCE

The human rhinovirus genome encodes two proteases, 2A and 3C, as well as a precursor protease, 3CD. These proteases are es-
sential for efficient virus replication. The 3CD protein is found in the nucleus early during infection, though the mechanism of
subcellular localization is unknown. Here we show that 2A protease is required for this localization, the 3C protease activity of
3CD is not sufficient to allow 3CD entry into the nucleus, and 3D lacks nuclear targeting ability. This study demonstrates that
both 2A and 3C proteases are required for the correct localization of proteins during infection and defines the temporal regula-
tion of 2A and 3CD/3C protease activities during HRV16 infection.

Human rhinovirus (HRV), within the Picornaviridae family,
causes the majority of common cold episodes and contrib-
utes significantly to asthma exacerbations (1, 2). The positive-
sense RNA genome of HRV is translated as a single polyprotein
that is cotranslationally cleaved by the virally encoded proteases
2AP™ and 3CP™ (3). 2AP™ and 3CP™ also cleave several host pro-
teins, to effect disruption of host transcription and translation.
Host cell targets include poly(A)-binding protein (PABP) and
components of the eukaryotic initiation factor 4F complex
(eIF4F), such as eIF4G, which effect a considerable reduction in
cap-dependent translation (4, 5), the transcription factor OCT1,
which results in disruption of host RNA synthesis (6), and nuclear
pore complex (NPC) proteins (nucleoporins or Nups), which are
required for nucleocytoplasmic trafficking (6-8). Together, the
cleavage of these and other proteins (9) enables HRV to redirect
host cell machinery for viral processes as well as to interfere with
the ability of the host cell to respond to the infection, resulting in
efficient virus replication.

HRYV completes its life cycle within the cytoplasm of the host
cell, with viral replication mediated by the RNA-dependent RNA
polymerase, 3D, encoded in the HRV genome. Despite this abil-
ity to replicate in the cytoplasm, the HRV viral protease 3CP" and
its precursor 3CD are found within the nucleus during infection
(6, 10). While 3CP™ is small enough to diffuse across the nuclear
membrane, 3CD and 3DP” are too large to accumulate in the
nucleus in this way. Sequence analysis has predicted a nuclear
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localization signal (NLS) within the 3DP protein (6, 11), but the
role of this putative NLS in 3CD entry into the nucleus has not
been fully investigated.

Using transfected and HRV-infected cells, we show that the
activity of both 2AP™ and 3CP™ is required for 3CD entry into the
nucleus. Furthermore, the 3CP™ activity of 3CD is not sufficient to
enable 3CD entry into the nucleus. Finally, we use HRV serotype
16 (HRV16)-infected cells to demonstrate formally that the tim-
ing of 2AP™ activity (cleavage of Nup98) correlates with the nu-
clear localization of 3CD.

MATERIALS AND METHODS

Antibodies. The primary antibodies for the following proteins were used
for Western blot analysis: anti-a/B-tubulin (Cell Signaling Technology
catalog no. 2148, used at a 1:1,000 dilution), anti-mCherry (Abcam no.
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167453, used at 1:1,000), anti-green fluorescent protein (anti-GFP; Roche
no. 11-814 460 001, used at 1:1,000), anti-eIF4G (Santa Cruz no. 11373,
used at 1:1,000), anti-hnRNP-A1 (Santa Cruz no. 56700, used at 1:2,000),
anti-PABP (Cell Signaling Technology no. 4992, used at 1:1,000), anti-
lamin B1 (Invitrogen no. 33-2000, used at 1:1,000), anti-Nup153 (Abcam
no. 96462, used at 1:1,000), anti-Nup62 (Santa Cruz no. H122, used at
1:1,000), anti-6XHis (Sigma no. H1029, used at 1:2,000), and anti-VP2
(QED Bioscience no. 18758, used at 1:2,000). Antibodies to 3C protease
were kindly provided by S. Amineva (Madison, WI) (6) and used at a
1:1,000 dilution.

Cell culture and infection. Ohio-HeLa cells (provided by Bo Lin,
Biota Holdings) and COS-7 cells (CRL-1651; American Type Culture
Collection) were grown in high-glucose Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% heat-inactivated fetal bovine se-
rum (FBS) and antibiotics (penicillin, streptomycin, neomycin; Gibco) at
37°C in a humidified atmosphere of 5% CO,. A recombinant HRV16
designed to express an HA-tagged 2AP™ was used for all infection exper-
iments (12). Viral stocks were prepared by infecting subconfluent
monolayers of Ohio-HeLa cells at a multiplicity of infection (MOI) of 1
by absorption for 1 h with occasional rocking, followed by replacement of
the medium with fresh DMEM supplemented with 2% FBS and antibiot-
ics. Once extensive cytopathic effects were observed, infected cultures
were frozen at —80°C to release the virus (13). Cultures were thawed,
vortexed, and clarified of cellular debris by centrifugation for 15 min at
3,500 rpm. Infectious virus was titrated on Ohio-HeLa cells by a standard
50% tissue culture infective dose (TCIDs,) protocol, and the titer was
calculated using the Spearman-Karber equation (14).

Western blot analysis. Overnight subconfluent cultures of Ohio-
HeLa cells with or without infection with HRV16 at an MOI of 1 were
collected for whole-cell lysates or cytoplasmic/nuclear protein extraction
at the specified time points. Cytoplasmic and nuclear protein extractions
were performed using the NE-PER kit according to the manufacturer’s
recommendations (ThermoFisher). Whole-cell lysates were collected at
the specified time points in RIPA buffer (150 mM NaCl, 1% Triton X-100,
0.1% SDS, 0.5% sodium deoxycholate, 50 mM Tris, pH 8) with protease
and phosphatase inhibitors (cOmplete, PhosSTOP; Roche) added.
Protein extracts were heated at 100°C for 5 min in Laemmli buffer (63
mM Tris-HCI, pH 6.8, 0.1% 2-mercaptoethanol, 0.0005% bromophe-
nol blue, 10% glycerol, 2% SDS) prior to SDS-PAGE. Whole-cell ly-
sates and subcellular fractions were subjected to SDS-PAGE using 10%
or 12.5% polyacrylamide gels, followed by protein transfer to nitrocel-
lulose membranes in Tris-glycine-ethanol buffer (25 mM Tris-HCI,
192 mM glycine, 20% ethanol) for 90 min at 400 mA. The blots were
stained with Ponceau S (Sigma) to confirm transfer and then blocked
for 1 h in 4% skim milk (Diploma) in phosphate-buffered saline (PBS)
(10 mM Na,HPO,, 1.7 mM KH,PO,, pH 7.2, 2.7 mM KCl, 137 mM
NacCl) prior to incubation with primary antibodies diluted in 1% skim
milk in PBS-T (PBS containing 0.1% Tween 20) overnight at 4°C with
rocking. After the blots were washed in PBS-T, they were incubated
with species-specific secondary antibodies conjugated to horseradish
peroxidase diluted at 1:5,000 in 1% skim milk in PBS-T, followed by
washing and detection of bound antibodies with enhanced chemilu-
minescence (ECL; PerkinElmer). Protein bands were detected using
the Licor Odyssey Fc, and captured digital images were analyzed using
ImageStudio software (Licor). Where required, blots were stripped to
remove bound antibodies (2% SDS, 62.5 mM Tris-HCl, pH 6.8, 114.4
mM B-mercaptoethanol) at 50°C for 10 min, followed by washing in
PBS-T, blocking in 4% skim milk in PBS, and reprobing using different
primary antibodies.

Plasmid constructs. The cloning of 3CP* into the Gateway-compat-
ible episomally replicating plasmid vector pEPI-DESTC for expression of
GFP-3CP™ in mammalian cells has been described previously (10). A
mutant form in which the active cysteine in 3CP'® was mutated to alanine
(C147A) was generated (GFP-3Cinac). The coding sequence for HRV16
3DP°!was amplified by PCR from the full-length HRV16 genome (15) and
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recombined into pDONR207 to generate a Gateway-compatible entry
clone, which was then recombined into pEPI-DESTC to encode GFP-
3DP? for mammalian cell expression. A form of 3CD that cannot be
autocleaved into the component 3CP™ and 3DP°! was generated (GFP-
3CDuc); in this construct, the 3CP™ cleavage site is modified such that the
P1 and P1' residues are mutated to alanine (Q183A/G184A). PCR-based
site-directed mutagenesis was subsequently performed to mutate the
lysine residues in the putative NLS in 3DP°! (6, 11), K22A/K24A, to
generate GFP-3CDucNLSm. An additional form of 3CD that cannot
be cleaved due to inactivation of the 3CP™ was also generated (GFP-
3CinacD). PCR-based site-directed mutagenesis was subsequently per-
formed to mutate the putative NLS in 3DP*' as described above to generate
GFP-3CinacD-NLSm. The structure and position of mutations for each
GFP-tagged protein are shown below (see Fig. 1A).

The coding sequence for HRV16 2A was amplified by PCR from the
full-length HRV16 genome (15), restriction enzyme digested, and in-
serted into the mCherry-Cl1 plasmid vector to encode mCherry-2A. An
inactive form of HRV16 2A was also generated; in this construct, the
active-site cysteine (Cys 106) (16) was mutated to alanine by site-directed
mutagenesis before insertion into plasmid mCherry-Cl, to encode
mCherry-2Ainac. Likewise, the coding sequence for HRV16 3C was am-
plified by PCR from the full-length HRV16 genome (15), restriction en-
zyme digested, and inserted into the mCherry-Cl vector to encode
mCherry-3C. An inactive form of HRV 3C was also generated; in this
construct, the active-site cysteine (Cys 147) (3) was mutated to alanine by
site-directed mutagenesis before insertion into plasmid mCherry-Cl, to
encode mCherry-3Cinac. The positions of the introduced mutations for
each mCherry-tagged protein are shown below (Fig. 3A).

The ¢cDNA clones for HRV16 2AP™ and 3CP"® for expression in Esch-
erichia coli were from Bioclone; the plasmids contained the protease cod-
ing sequence inserted into multicloning site of pET-28a for bacterial ex-
pression with a hexahistidine (6 XHis) fusion tag.

Expression of HRV16 proteases in E. coli. Protease expression was
induced in overnight cultures of E. coli using 1 mM isopropyl-p-p-thio-
galactopyranoside (IPTG) for 5 h at 37°C, followed by lysis of cells under
denaturing conditions (50 mM Tris-HCI pH 7.4, 500 mM NaCl, 5 mM
dithiothreitol [DTT], 6 M urea, 5 mM imidazole). Proteases were purified
by metal affinity chromatography (BioScale Mini Profinity IMAC col-
umns; Bio-Rad). Briefly, bound proteins were refolded on the column by
stepwise removal of urea and eluted under native conditions (50 mM
Tris-HCI, pH 7.4, 500 mM NaCl, 5 mM DTT, 500 mM imidazole). Eluted
proteins were dialyzed against buffer containing 50 mM Tris-HCI, pH 7.4,
1 mM EDTA, and 5mM DTT, followed by concentration using Microcon
YM-10 columns (Millipore); protein was stored at —20°C in 50% glyc-
erol. The expression and purification of 6 XHis-tagged proteases were
confirmed by SDS-PAGE of samples from bacterial cell lysate and each
step in the purification process, followed by staining with Coomassie bril-
liant blue.

Transfection. Overnight subconfluent monolayers of COS-7 cells cul-
tured on glass coverslips (Proscitech no. 1) were transfected with plasmid
DNA using Lipofectamine 2000 (Invitrogen) as recommended by the
manufacturer. pEPI-DESTC plasmids encoding various HRV16 proteins
were transfected into COS-7 cells, with pEPI-DESTC-GFP as a control.
Similarly, mCherry-C1 plasmids encoding 2AP™, 3CP™, or their protease-
inactive mutants were transfected into COS-7 cells, with mCherry-Cl asa
control. In certain experiments, mCherry-2A or mCherry-2Ainac was
cotransfected with either GFP-3CDuc-, GFP-3CinacD-, GFP-3CDucNLSm-,
GFP-3CinacDNLSm-, or GFP-3D-encoding pEPI-DESTC.

CLSM. At 18 h posttransfection (see above), cells were either lysed in
RIPA buffer and subjected to Western blot analysis to confirm protein
expression or fixed with 4% formaldehyde in PBS (17). Cells were incu-
bated with Hoechst 33342 (ThermoFisher Scientific) diluted in PBS for 10
min, washed twice in PBS, and mounted using Fluorescence mounting
medium (Dako). Digitized fluorescent cell images were collected using a
Nikon Ti Eclipse confocal laser-scanning microscope (CLSM) with a
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FIG 1 3Cin 3CD fusion proteins is proteolytically active. (A) Schematic showing the various GFP fusion protein constructs used in this study. (B) COS-7 cells were
transfected to express the indicated GFP fusion proteins and lysed in RIPA buffer containing protease and phosphatase inhibitors 18 h posttransfection (p.t.), and the
lysates were subjected to SDS-PAGE and Western blot analysis using the antibodies indicated on the left. The positions of molecular size markers are indicated on the right
in kilodaltons; cp, cleavage product of PABP. Empty and filled arrowheads denote GFP-3CDuc and -3D, respectively, with GFP-3C indicated by a filled arrow.

Nikon 60X/1.40 oil immersion lens (Plan Apo VC OFN25 DIC N2; opti-
cal section of 0.5 pm) and the NIS Elements AR software; data from four
individual scans were averaged to obtain the final images for each channel
(GFP, mCherry, and Hoechst). Digital images were analyzed as described
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previously (10, 18, 19), using Image]J software, to determine the fluores-
cence intensity above background (Fb) in the nucleus (Fn) compared to
that in the cytoplasm (Fc) and to determine the nuclear to cytoplasmic
fluorescence ratio (Fn/c).
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FIG 2 Uncleavable 3CD is unable to target GFP to the nucleus. (A) COS-7 cells were grown on coverslips and transfected to express GFP or the indicated
GFP fusion proteins. Cells were imaged by CLSM at 18 h p.t. (B) Images such as those in panel A were subjected to image analysis (see Materials and
Methods), where >30 cells for each sample were analyzed to determine Fn/c, the fluorescence in the nucleus relative to that in the cytoplasm. Results

shown represent the mean = standard error of the mean (SEM) (n = 30).

In vitro protease cleavage assay. Confluent monolayers of Ohio-
HelLa cells were lysed at 107 cells/ml in cold RIPA buffer in the absence of
protease inhibitors for 30 min on ice, with rocking, followed by centrifu-
gation at 13,300 rpm for 1 min to remove cell debris. Lysate equivalent to
1.5 X 10° cells was incubated with indicated volumes of purified recom-
binant HRV16 proteases at 30°C for 6 h prior to heating at 100°C for 5 min
in Laemmli buffer to stop the reaction (20), followed by Western blotting
as described above.

Statistical analysis. GraphPad Prism 6 was used for analyses, with a
two-tailed Mann-Whitney test to assess statistically significant differenc-
es; significance was accepted at a P of =<0.05.

RESULTS

Nuclear localization of noncleavable 3CD of HRV-infected cells
is not due to 3CP™ enzymatic activity or 3D NLS function. 3CD
and 3CP™ have been reported to localize in both the host cell
nucleus and cytoplasm early in HRV16 infection (6). To begin to
analyze the mechanism of 3CD nuclear localization within in-
fected cells, we generated a series of GFP fusion protein constructs
for mammalian cell expression (Fig. 1A) of 3CP™ (GFP-3C), 3CD
(GFP-3CDug, in which the 3CD cleavage site Q183/G184 residues
are replaced by alanines and hence unable to be cleaved by 3CP*°),
3CD with inactive 3CP™ (GFP-3CinacD, in which the 3CP™
active-site residue C147 is replaced by alanine), 3CD with the
alanine substitution mutation of the key residues (K22/K24)
within the 3D putative NLS (residues PXKTKLXPS*) (6, 11)
(GFP-3CDucNLSm, GFP-3CinacDNLSm), inactive 3CP™ (GFP-
3Cinac), and wild-type 3D (GFP-3D).

Initial experiments were performed to confirm fusion protein
integrity and 3CP™ activity in transfected cells. Whole-cell lysates
were analyzed by Western blotting for GFP, as well as cleavage of
PABP (Fig. 1B); although both 2AP™ and 3CP* are able to cleave
PABP in vitro (21), 3CP™ is believed to be the main protease re-
sponsible in infected cells (22). Anti-GFP antibodies confirmed
the correct size of each GFP fusion protein, while probing for
PABP revealed a clear cleavage product in lysates from cells ex-
pressing GFP-3C, GFP-3CDuc, and GFP-3CDucNLS but not in
those expressing GFP-3CinacD, GFP-3CinacD-NLSm, or GFP-
3D, as expected (Fig. 1B, compare lanes 1 to 3 with 4 to 6 in the
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upper PABP blot and lanes 2 and 3 with 4 to 6 in the lower PABP
blot). Cleavage of PABP by 3CD was less efficient than that by
3CP™ (Fig. 1B, compare the PABP cleavage product in the lane
labeled GFP-3C with that in the lane labeled GFP-3Cuc), consis-
tent with previous reports (23).

CLSM imaging of transfected cells showed active 3CP™ to be
both cytoplasmic and nuclear in a similar fashion to GFP alone
(Fig. 2A). In contrast, 3CD with or without mutations within the
predicted NLS or to inactivate 3C*™ (GFP-3CDuc, -3CDucN-
LSm, -3CinacD, and -3CinacD-NLSm) was exclusively cytoplas-
mic (Fig. 2A). GFP-3D, although predominantly cytoplasmic,
showed some slight localization to the nucleus. Image analysis (see
Materials and Methods) was applied to determine the extent of
nuclear accumulation in terms of the nuclear to cytoplasmic fluo-
rescence ratio (Fn/c); multiple transfected cells for each construct
were analyzed, with the results supporting the above observations
(Fig. 2B). All GFP fusion proteins, including 3D, showed an Fn/c
below 0.5, indicative of largely cytoplasmic localization, in con-
trast to an Fn/c of 1.2 for GFP alone, which is able to diffuse freely
and equilibrate in terms of concentration between the nucleus and
cytoplasm. GFP-3C, like GFP, showed an Fn/c of around 1.5, in-
dicative of its ability to enter the nucleus by passive diffusion due
to its size (ca. 48 kDa) being below the molecular size cutoff (50 to
60 kDa) for passive diffusion into the nucleus (24, 25). The results
indicate that 3CP™ activity of 3CDuc is not sufficient to allow
3CDuc into the nucleus and that 3DP*! itself is not intrinsically
able to localize strongly in the nucleus in the absence of other HRV
components.

Both HRV 16 2AP* and 3CP*° are required to facilitate 3CD
entry into cell nuclei. Since uncleavable GFP-3CD is largely un-
able to enter the nucleus in transfected cells (Fig. 2) but is found in
the nucleus at early time points during infection (6), we hypoth-
esized that 2AP™ activity may be required to enable nuclear local-
ization of 3CD. To test this, we generated a series of mCherry
fusion protein constructs for mammalian cell expression (Fig.
3A) of 2AP™ (mCherry-2A), inactive 2AP™ (mCherry-2Ainac,
in which the active-site residue C106 is replaced with alanine),
3CP*® (mCherry-3C), and inactive 3CP™ (mCherry-3Cinac; see
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FIG 3 Proteolytic activity of various mCherry-2A and -3C fusion constructs.
(A) Schematic showing the various mCherry fusion protein constructs used in
this study. (B) COS-7 cells were transfected to express the indicated mCherry
fusion proteins and lysed in RIPA buffer containing protease and phosphatase
inhibitors 18 h p.t., and the lysates were subjected to SDS-PAGE and Western
blot analysis with the antibodies shown on the left. The positions of molecular
mass markers are indicated on the right in kilodaltons; cp, cleavage product.
Empty and filled arrowheads denote mCherry-2A and -3C, respectively. (C)
COS-7 cells were grown on coverslips and transfected to express mCherry or
the indicated mCherry fusion proteins and imaged by CLSM 18 h later.

above for GFP-3Cinac). Initial experiments were performed to
assess fusion protein integrity and 2AP™/3CP™ activity in trans-
fected cells. Whole-cell lysates were analyzed by Western blotting
for mCherry, cleavage of eIF4G, a known target of 2AP™, and
PABP, aknown target of 3CP*° (Fig. 3B). Anti-mCherry antibodies
confirmed the correct size of each mCherry fusion protein; the
expression levels of mCherry-3C, -3Cinac, and -2Ainac were sim-
ilar but higher than that of mCherry-2A, in line with observations
in other studies, which have attributed the lower levels to the
2AP™-mediated inhibition of cap-dependent translation (26), in-
cluding that of mCherry-2A. Probing for eIF4G revealed a clear
cleavage product only in lysates from cells expressing mCherry-2A
(Fig. 3B, eIF4G blot, lane 1), and PABP staining revealed a clear
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cleavage product only in lysates from cells expressing mCherry-3C
(PABP blot, lane 3), as expected. mCherry-2A and -2Ainac were
present in both the nucleus and cytoplasm, showing clearly that
2AP™ activity is not required for 2AP" nuclear localization (Fig.
3C), which presumably occurs through passive diffusion, as ob-
served for mCherry-3C and mCherry-3Cinac (Fig. 3C).

The various mCherry-2A/3C and GFP-3CD/3D fusion con-
structs were cotransfected, and CLSM was performed to deter-
mine the subcellular localization of each fusion protein (Fig. 4).
There was no difference in subcellular localization of any of
mCherry-2A, -2Ainac, -3C, or -3Cinac in cells coexpressing
mCherry and GFP fusion proteins compared to those in which
each was expressed alone (compare the localization of each fusion
protein in the first column in Fig. 4A to E with those in Fig. 3C).
Figure 4A shows the cytoplasmic location of GFP-3CDuc when
expressed alone (row 1) or in the presence of mCherry-2Ainac,
-3C, or -3Cinac (rows 2, 4, and 5); in the presence of mCherry-2A
(row 3), in contrast, GFP-3CDuc clearly localizes in the nucleus as
well as the cytoplasm, suggesting that nuclear entry of 3CD can be
facilitated by active HRV 2AP™.

Analogously, GFP-3CDuc with a mutated NLS (GFP-
3CDucNLSm), in the presence of mCherry-2A but not mCherry-
2Ainac, -3C, or -3Cinac, localized in the nucleus as well as the
cytoplasm (Fig. 4B). To test the requirement for 3CP*° activity for
nuclear localization of GFP-3CDuc, the proteolytically inactive
form of 3CD (GFP-3CinacD) was coexpressed with mCherry-
2Ainac, -2A, -3Cinac, or -3C (Fig. 4C). The results show that
mCherry-2AP™ activity is insufficient to enable 3CD access to the
nucleus, as none of the coexpression combinations resulted in
nuclear accumulation of GFP-3CinacD. Similar results were ob-
served for cotransfections of GFP-3CDucNLSm (Fig. 4D) and
GFP-3D (Fig. 4E).

Quantitative analysis to determine the Fn/c ratios for the re-
spective GFP fusion proteins (Fig. 5) confirmed that uncleavable
GFP-3CDuc can access only the nucleus when active 2AP* and
3CP™ are both present.

Nuclear 3CD in HRV16 infection coincides with 2AP™ activ-
ity. To confirm that HRV16 2AP™ is required for the nuclear lo-
calization of 3CD during infection, we infected Ohio-HeLa cells
with HRV16. As the events that determine localization of 3CD
appear to occur early in infection, we collected cytoplasmic and
nuclear proteins at 2 to 6 h postinfection (h p.i.); mock-infected
cells were collected at 6 h p.i. (Fig. 6). Cellular proteins were ana-
lyzed by Western blotting for 3C proteins, eIF4G cleavage prod-
ucts, hnRNP-A1, PABP, and Nup153, with tubulin and lamin as
cytoplasmic and nuclear loading controls, respectively. Low levels
of 3CP™ were observed exclusively in the cytoplasm at 3 h p.i,,
simultaneous with the observation of 3CD in both the cytoplasm
and nucleus. Depending on the amount of total lysate loaded per
lane and exposure time for image capture, we can routinely detect
3CD around 3 and 6 h p.i. (19). These results suggest that nuclear
entry of 3CD likely precedes the generation of significant levels of
3CP™ activity in the cell. By 4 h p.i., significant amounts of 3CP™°
and 3CD are observed in both the cytoplasmic and nuclear frac-
tions. 2AP™ activity is observed 2 to 3 h p.i,, as indicated by the
presence of elF4G cleavage products (compare with results for
full-length eIF4G). This activity coincides with the presence of
3CD in the nucleus at 3 h p.i., confirming the findings from our
transfection experiments indicating that 2AP™ activity is required
for GFP-3CDuc entry into the nucleus. The effect of 2AP™ on
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FIG 5 2AP™ and 3CP™ activity is required for 3CD entry into the nucleus based on quantitative imaging. (A to E) Image analysis was performed on cells such as
those shown in Fig. 4A to E, respectively, to determine the Fn/c ratios; results represent the mean * SEM (n = 30). *, P < 0.0001.

nuclear pore integrity is revealed by analysis of hnRNP-A1, a pre-
dominantly nuclear protein that shows significant levels of cyto-
plasmic accumulation from 5 to 6 h p.i. Since we previously
showed that the movement of hnRNP-A1 into the cytoplasm is
not due to 3CP™ activity, as shown in ectopic expression experi-
ments (19), we can infer that the effect in HRV-infected cells is due
to 2AP™. The levels of PABP, a cytoplasmic protein required for
cap-dependent translation that is cleaved by 3CP™, are constant
until 6 h p.i; these results agree with those for whole-cell lysates
from later times p.i. (Fig. 7), consistent with significant 3CP"* ac-
tivity at this time. We previously showed that Nup153 degradation
is likely due to 3CP™ activity (19); the results here support this idea
in that cleavage of nuclear Nup153 is not observed until 6 h p.i.
and occurs after 3CD nuclear entry and movement of hnRNP-A1
to the cytoplasm. Finally, 2AP™ activity in the cytoplasm would
appear to be maximal at 4 to 5 h p.i., as suggested by the pres-
ence of significant levels of eIF4G cleavage products at this
time. Nup62 cleavage is observed only later in infection (from
6 h p.i. onwards), paralleling cleavage results for Nup153. To-
gether, these data strongly implicate 2AP™ as a necessary mediator
of 3CD nuclear entry in infected cells and also as the initial effector

of the disruption of nuclear pore function/nuclear transport ob-
served in HRV-infected cells.

To assess potential intrinsic differences in the protease abilities
of 2AP™ and 3CP™, cleavage of PABP and eIF4G, respectively, was
examined by adding bacterially expressed 2AP"® and 3CP™ to HeLa
cell lysates (prepared in the absence of protease inhibitors); in this
in vitro system, substrate accessibility, clearly important in in-
fected cells, is not a factor. Some cleavage of both target proteins is
evident in the lysates as a result of endogenous protease activity
without the addition of exogenous HRV protease (Fig. 8), but it is
clear that HRV proteases greatly enhance cleavage of PABP and
elF4G in a dose-dependent fashion. 2AP™ and 3CP™ appear to
show comparable effects at comparable concentrations, with both
proteases cleaving their substrates within a defined period (Fig. 8,
compare lane 3 in the two blots with respect to protease levels and
loss of full-length substrate), implying very similar intrinsic pro-
teolytic activities in this system with unlimited access to target
substrates. The clear implication is that the differential kinetics of
cleavage of cellular factors observed in HRV-infected cells is not a
function of differences in intrinsic protease activity per se but
rather is multifactorial, with key factors including substrate acces-

FIG 4 Active HRV16 2AP™ and 3CP™ are required for 3CD entry into the nucleus. (A) COS-7 cells grown on coverslips were transfected to express GFP-3CDuc
in the absence or presence of the indicated mCherry fusion proteins. CLSM imaging was performed 18 h p.t. Representative images are shown: central images
depict localization of GFP-3CDuc (green channel), while the images on the left depict localization of mCherry fusion proteins as labeled (red channel), with the
merged image on the right. (B) COS-7 cells grown on coverslips were transfected to express GFP-3CDucNLSm or cotransfected to express GFP-3CDucNLSm and
mCherry fusion proteins, as described for panel A. (C) COS-7 cells grown on coverslips were transfected to express GFP-3CinacD or cotransfected to express
GFP-3CinacD and mCherry fusion proteins, as described for panel A. (D) COS-7 cells grown on coverslips were transfected to express GFP-3CinacD-NLSm or
cotransfected to express GFP-3CinacD-NLSm and mCherry fusion proteins, as described for panel A. (E) COS-7 cells grown on coverslips were transfected to
express GFP-3D or cotransfected to express GFP-3D and mCherry fusion proteins, as described for panel A.
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lysates were subjected to SDS-PAGE and Western blot analysis. The specificity of
the antibodies and bands corresponding to 3C and 3CD are indicated on the left.
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sibility in the host cell context, polymorphisms in viral proteases,
degree of colocalization of viral proteases and cellular protein sub-
strates, and structural and contextual orientation of cleavage sites
in proteins.
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FIG 7 2AP™ activity occurs early in infection, while 3CP™ activity occurs later
during infection. Ohio-HeLa cells were infected without (mock) or with
HRV16 (MOI of 1), and cells were lysed using RIPA buffer containing protease
and phosphatase inhibitors at the time points shown. Cell lysates were sub-
jected to SDS-PAGE and Western blot analysis. cp, cleavage product.
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FIG 8 Comparable intrinsic activities of recombinant HRV16 2AP™ and
3CP™. The indicated volumes of purified recombinant 2AP* or 3CP™ were
incubated with HeLa cell lysate (prepared in the absence of protease inhibitors
as described in Materials and Methods) for 6 h at 30°C. The reaction was
stopped by heating in Laemmli buffer at 100°C, and samples were analyzed by
Western blotting. The antibodies used are indicated on the left of each blot;
molecular size markers are shown on the right of each blot. fl, full length; cp,
cleavage product.

DISCUSSION

This study demonstrates that HRV 2AP™ activity, in conjunction
with the 3CP™ activity of the 3CD precursor protein, is required to
enable 3CD entry into the nucleus of HRV-infected cells. Impor-
tantly, our study also delineates the likely temporal course of
events in HRV16 infection, with 2AP™ action preceding 3CP™ ac-
tion. The presence of 3CD in the nuclei of infected cells has been
noted for a number of picornaviruses (6, 27, 28), but the mecha-
nism by which this large protein enters the nucleus has been un-
clear. Together with other recent studies (29-31), the results here
suggest that a unique mechanism regulates nuclear localization of
picornavirus 3CD/3D, with protease activity being key. When put
into the context of the current knowledge of picornaviral protease
cleavage of NPC proteins, our data strongly suggest that cleavage
of distinct Nups by 2AP™ and 3CP™ in a temporally regulated
fashion is required to effect the disruption of nucleocytoplasmic
trafficking, in part to enable nuclear localization of the large 3CD
protein, which cannot otherwise easily access the host nucleus.
Our transfection studies demonstrate that uncleavable GFP-
3CD, independent of mutation of the predicted NLS, is largely
unable to enter the nucleus when expressed on its own. Proteo-
Iytically inactive GFP-3CinacD (with an intact cleavage site be-
tween 3C and 3D) is also cytoplasmic, indicating that there is no
cryptic sequence within the cleavage site between 3C and 3D that
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by eIF4G cleavage. By 3 h p.i., 3D and 3CD are present in both the cytoplasm and nucleus, whereas 3CP* is observed only in the cytoplasm and cleavage of Nup98
by 2AP™ is evident, although which specific 3C/3CD protease activity is responsible at this stage is not clear (denoted by a question mark). Since 3CD cannot target
efficiently to the nucleus without disruption to nuclear entry points (cleavage of NPC proteins or disruption to other nucleocytoplasmic trafficking proteins), this
can be speculated to have occurred by this time. By 4 h p.i., 3CD is seen in the cytoplasm and nucleus, and 2AP™ activity against elF4G is maximal. By 6 to 7 h p.i,
breakdown (indicated by broken lines) of the nuclear pore complex (NPC) is clearly evident, as indicated by the relocalization of hnRNP-A1 to the cytoplasm;
both 3CD and 3CP™ are present in the nucleus and cytoplasm. By 8 to 9 h p.i., 3CD/3CP" activity is maximal (as indicated by the loss of full-length PABP and
Nup153), as is the effect of 2AP™ activity on the NPC, with extensive cleavage of Nup62. 2AP* and 3CP" are observed in the cytoplasm and the nucleus, 3DPOl s
present mostly in the cytoplasm, and 3CD is mostly processed to 3CP™ and 3DP°". The figure summarizes data for cellular proteins that have been studied to date,
but it can be assumed that various other host cell factors will also be impacted as a result of the effect of HRV proteases on the host cell NPC/nucleocytoplasmic

trafficking. NE, nuclear envelope.

contributes to nuclear targeting. This makes it unlikely that cyto-
plasmic localization of uncleavable GFP-3CD is due to inactiva-
tion of such a sequence, with no evidence for aggregated protein in
transfected cells for either protein; the retention of 3CP™ activity
by GFP-3CD clearly implies correct folding (Fig. 1). An NLS-like
sequence within HRV16 3D (PXKTKLXPS?’) similar to sequences
from yeast ribosomal proteins was previously predicted by Ami-
neva et al. (6) based on in silico analysis/sequence comparison
(and which is similar to the NLS motif of foot-and-mouth disease
virus [FMDV] 3DP°! [32]), but mutational analysis had not been
previously applied to test NLS functionality and the possibility
that HRV protease activity might contribute to nuclear localiza-
tion had not been assessed. Our data here clearly indicate that
mutagenesis of this sequence does not appear to impact nuclear
localization of HRV16 3CD under the conditions tested, while
GFP-3D itself, although localizing to a slightly greater extent in the
nucleus than GFP-3CD (P = 0.03), is predominantly cytoplasmic,
completely in line with previous studies for enterovirus 71 (where
overexpression can lead to weak nuclear localization in trans-
fected cells) (33) and poliovirus 3DP°! (29). Enterovirus 71 and
poliovirus 3DP°' are known to associate with splicing factor Prp8
in the nucleus, leading to inhibition of pre-mRNA splicing, result-
ingin a decrease in mRNA and accumulation of pre-mRNA inter-
mediates (33). Results for FMDV also suggest an important role
for 3DP°' nuclear localization in virus infection, whereby NLS mu-
tations that inhibit it result in attenuated FMDYV infection (28),
although alink to splicing factor interaction has not been assessed.
Although no nuclear function has as yet been assigned to HRV
3DP°! it seems likely that it plays roles similar to those of the
proteins from these other viruses.

What is clear from the present study is that 3CP™ activity in the
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3CD context can result in nuclear localization of 3CP™, helping
explain the observations of Amineva et al. (6) and others who used
cleavable 3CD constructs in their experimental system. It should
be stressed that our approaches do not enable us to exclude the
possibility that under certain conditions (e.g., posttranslational
modification, etc. [see references 34 and 35]), the NLS may con-
tribute to HRV 3CD nuclear localization. Interestingly, a recent
study (31) showed increased nuclear localization of coxsackievi-
rus B3 (CVB3) enhanced GFP (EGFP)-tagged 3DP°! above that of
EGFP alone, even though no NLS-like sequence can be identified
within the CVB3 3DP° amino acid sequence, while the nuclear
localization of EMDV 3DP°! (28), in contrast to HRV and polio-
virus proteins, appears to be dependent on an N-terminal se-
quence (MRKTKLAPT?*) based on mutagenic analysis (28).
Clearly, observations with respect to one genus within the Picor-
naviridae family cannot be assumed to hold true for other genera
and, indeed, for serotypes within the same species (16, 36).
GFP-3CD is cytoplasmic when coexpressed with mCherry-
2Ainac, -3C, or -3Cinac but can enter the nucleus when coex-
pressed with active mCherry-2A. Furthermore, the largely cyto-
plasmic localization of GFP-3CinacD, with or without a mutant
NLS, and GFP-3D, even when cotransfected with mCherry-2A or
-3C, indicates that the activity of both 3CP™ and 2AP™ is required
for 3CD nuclear entry, consistent with previous observations for
ectopically expressed poliovirus 3CD, which depends on 2AP™
activity as well as the 3DP°' NLS (KKKRD'?) (27). Clearly, as
alluded to above, virus-specific mechanisms are likely to modulate
nuclear localization of 3CD/3D in the picornavirus family, but an
important role for protease activity is emerging, as confirmed in
the present study. The specific substrates that need to be cleaved
by 2AP™ and 3CP™ to enable HRV 3CD/3D nuclear localization
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are as yet unclear. However, current literature suggests that cleav-
age of distinct Nups may be involved (Fig. 6; and see below).

Our infected-cell studies clearly show that 2AP™ action in the
cytoplasm precedes 3CP™ action early in infection (2 to 3 h p.i.),
with the appearance of 3CD in the nucleus importantly coinciding
with the 2AP™ activity. Figure 9 summarizes our results into a
timeline of 2AP™ and 3CP™ activity during HRV16 infection and
the subcellular localization of the different forms of 3C, making
clear the relative timing of 2AP™ activity, 3CD and 3CP"® nuclear
access, and ultimately NPC breakdown/leakage to the cytoplasm
of nuclear proteins such as hnRNP Al. It also incorporates our
previous observations with respect to 3CP™ and 2AP™ targets
(Nup153 and Nup62/Nup98, respectively) (37). 3CP™ activity
leads to the redistribution of nucleolin from nucleus to cytoplasm
but does not affect localization of hnRNP proteins, implying that
complete disruption of nucleocytoplasmic transport as observed
in HRV16-infected cells (at 7 to 9 h p.i.) additionally requires
2AP™, Importantly, we have shown that cleavage of Nup98 occurs
early (3 h p.i.) in infected cells (37); Nup98 shuttles between the
nucleus and cytoplasm and is associated with both the cytoplasmic
filaments and the nuclear fibrils of the nuclear pore and, hence, is
accessible to the cytoplasmic 2AP™. Importantly, 2AP"*-mediated
cleavage of Nup62 and 3CP"°-mediated cleavage of Nup153 are
detected later in infection (6 h or later p.i.), indicating that access
to specific substrates (Nup62 lines the inner channel and Nup153
is in the inner ring of NPC) is a key factor in infected cells. Our in
vitro protease assays highlight this; PABP and eIF4G are cleaved,
respectively, by 3CP™ and 2AP™ with similar efficiencies under in
vitro conditions where accessibility is not hindered, in contrast to
the situation in infected cells, where eIF4G cleavage is evident
from 2 h p.i. while PABP cleavage is only observed later in infec-
tion, correlating with its postulated role in the switch from trans-
lation to virus replication. The picornaviral polysome must be
cleared of initiating or recycling ribosomes before RNA replica-
tion can begin, and cleavage of PABP by poliovirus 3CP*™ leads to
reduced viral as well as cellular translation (22, 38, 39). How PABP
cleavage is temporally regulated in virus-infected cells is not clear.

In conclusion, the present study establishes that nuclear local-
ization of 3CD that occurs early in HRV16 infection is facilitated
by the action of 2AP* on the host cell NPC, to render it “leaky,” in
concert with 3CP™ activity (in the context of 3CD). The cellular
substrates of 3CP™ that are key to 3CD nuclear access and critical
targets of 3CD/3D functions in the nucleus remain open questions
that are the focus of future studies in this laboratory, along with
their importance in the virus life cycle.
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