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Abstract 

Identification of EMCV Leader protein's cellular partners for 

inhibition of nucleocytoplasmic trafficking 

Jessica J. Ciomperlik 

Under the supervision of Professor Ann C. Palmenberg 

At the University of Wisconsin - Madison 

 

Nucleocytoplasmic trafficking is a frequent target of viral manipulation, particularly for RNA 

viruses. Inhibition of this cellular process constrains cellular defenses and protein production, 

and can release necessary replication-enhancing factors into the cytoplasm for viral use. 

Enteroviruses use viral proteases to excise nuclear pore proteins (Nups) and thus prevent 

macromolecules from translocating through the pores, but Cardioviruses direct cellular kinases 

to phosphorylate these Nups instead. The only necessary Cardiovirus protein required for this 

trafficking inhibition is the Leader (L) protein. Experiments presented herein determined which 

multiple trafficking pathways are inhibited, established cellular export proteins CRM1 and CAS 

as L-binding partners, and identified specific kinases used by L. 

While it was known that Nups 214, 153, and 62 become phosphorylated in Cardiovirus 

infections to prevent nucleocytoplasmic translocation, we demonstrate that Nup98 is an 

additional phosphorylation substrate for L-directed kinases, though Nup50 is not. Recombinant 

Nups and native cytosolic Nups (not inserted into nuclear pores) are not phosphorylatable, 

indicating a critical Nup localization aspect. The use of mCherry-tagged proteins containing 

nuclear localization signals (NLS) and an nuclear export signal (NES) indicated that all 

cardiovirus Ls are able to shut down 4 different nuclear import and export pathways, and in the 

case of Encephalomyocarditis virus (EMCV)  infection, this occurs as quickly as 3 hours post-

infection. 

Additional L binding partners from HeLa cytosol were identified by Orbi-trap mass 

spectrometry. Although L binds RanGTPase (Ran) in stoichiometric amounts, not enough of 
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this protein is bound to L at the time of trafficking shut down to be the sole binding partner for 

such an efficient inhibition, nor would Ran necessarily hold L at the pores. Cellular exportins 

CRM1 (exportin 1) and CAS (exportin 2) were demonstrated to be cellular binding partners of 

L. CRM1:L binding was independent of Ran and withstood up to 500 mM NaCl, indicating a 

strong interaction. Phosphorylation on Thr47 of L enhanced CRM1:L binding, and 

CRM1:L:Ran formed a high molecular weight complex in eluates from gel filtration 

chromatography, suggesting a trimeric complex. shRNA-mediated knockdown of CRM1 

decreased L-directed Nup phosphorylation to 11%, and EMCV replication to 30% of that seen 

of CRM1-expressing cells. CRM1 cargo-binding inhibitor Leptopmycin B was not sufficient to 

prevent association of CRM1:L and suggests that L binds to a separate region of CRM1. 

Moreover, inclusion of LMB in infections did not have any impact on Nup phosphorylation in an 

EMCV infection, suggesting that L’s activities might preclude the action of this drug inhibitor. 

Prior studies with chemical inhibitors by F. Porter in the Palmenberg lab narrowed the 

candidate pool of potential L-directed kinases to those in the MAPK family. In HeLa cells, 

siRNAs were used to knock down specific kinases prior to infection with EMCV. L-facilitated 

Nup phosphorylation was decreased with the knockdown of ERK1/2, p38α/β or RSK2/3. A 

cell-free system comprised of recombinant kinases, GST-L and fractionated nuclei was used to 

further demonstrate that these specific kinases were able to phosphorylate Nups in the 

presence of L, though not with either L or the recombinant kinases alone. Moreover, GST-

tagged cardiovirus Ls were able bind endogenous kinases present in HeLa cytosol, which 

confirmed an L:kinase association. 

Major findings of this thesis include determination of specific nucleocytoplasmic trafficking 

pathways inhibited during a cardiovirus infection, the association of L with exportins CRM1 and 

CAS, and identification of ERK2 and RSK2/3 as kinases used by L to phosphorylate Nups. 

The model suggested by this data and other recent studies follows that L binds to the viral 

protein 2A once released from the polyprotein, and travels to the nucleus via 2A's NLS. At the 

nucleus, L becomes phosphorylated, and 2A is supplanted by Ran and CRM1. This 

L:CRM1:Ran complex associates with ERK2 (or RSK2/3) to effect Nup phosphorylation and 
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preclude nucleocytoplasmic trafficking. These studies extend our knowledge of virus host 

interactions in the picornavirus field, and are important to parallel studies in cellular 

nucleocytoplasmic trafficking regulation. 
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Chapter 1: Introduction 

Picornavirus overview 

Picornaviruses are as the name suggests; tiny ("pico"), positive (messenger) sense RNA 

viruses, in the virus taxonomy order Picornavirales. The picornaviridae currently comprise 29 

genera with 50 species at present (http://www.picornaviridae.com/, Table 1.1). Several of those 

species are not yet assigned to a genus, and more picornaviruses are sure to be added with 

present sequencing technologies. The general guidelines for taxonomy of a picornaviridae 

genus are as follows, "(i) the leader, 2A, 2B and 3A polypeptides would normally be expected 

to be functionally homologous among members of a genus...; (ii) members of a genus should 

normally share a structurally homologous internal ribosomal entry site (IRES) (this rule may not 

apply if the first rule is true); and (iii) members of a genus should normally share 

phylogenetically related P1, P2, and P3 genome regions, each sharing >40%, >40%, and 50% 

amino acid identity, respectively" (1). The host range of Picornaviridae is staggering; these 

viruses infect mainly animals and birds, though picornaviruses which infect fish and insects 

(mainly the Dicistroviridae) have been described. 

Capsids, receptors, and attachment 

Picornaviruses are contained in non-enveloped virions composed of four proteins. These 

proteins make up roughly one third of the 5’ open reading frame (ORF) of the viral polyprotein, 

in the P1 region. Once the polyprotein is produced, VP1 must fold before the region is cleaved 

by virus protease 3C (or active precursor 3CD), to produce VP0, VP1, and VP3. 60 copies of 

each of these associate by their termini, forming pentamer structures. The pentamers ultimately 

assemble into a semi-spherical capsid ranging from 27- 30 nm in diameter; RNA is enclosed 

and VP0 auto-catalytically cleaves to form the (N-terminal) VP4 and (C-terminal) VP2. This final 
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Table 1.1: Picornaviridae 

Genus Species Number of 
type 

Aphthovirus Bovine rhinitis A virus 
Bovine Rhinitis B virus 
Equine rhinitis A virus 
Foot-and-mouth-disease virus 

2 
1 
1 
7 

Aquamavirus Aquamavirus A 1 
Avihepatovirus Avihepatovirus A 1 
Avisivirus Avisivirus A 1 
Cardiovirus Cardiovirus A (Encephalomyocarditis virus) 

Cardiovirus B (Theiler's murine encephalomyelitis virus, Saffold virus) 
Cardiovirus C 

2 
12 
2 

Cosavirus Cosavirus A 1 
Dicipivirus Cadicivirus A 1 
Enterovirus Enterovirus A 

Enterovirus B (Coxsackie B) 
Enterovirus C  (Poliovirus, Coxsackie A) 
Enterovirus D (Enterovirus-D68) 
Enterovirus E 
Enterovirus F 
Enterovirus G 
Enterovirus H 
Enterovirus J 
Rhinovirus A (Human rhinovirus A) 
Rhinovirus B (Human rhinovirus B) 
Rhinovirus C (Human rhinovirus C) 
unassigned 

25 
63 
23 
5 
4 
6 
11 
1 
6 
80 
32 
55 
3 

Erbovirus Erbovirus A 1 
Gallivirus Gallivirus A * 1* 
Hepatovirus Hepatovirus A 1 
Hunnivirus Hunnivirus A 1 
Kobuvirus Aichivirus A 

Aichivirus B 
Aichivirus C 

1 
2* 
1 

Kunsagivirus Kunsagivirus A 1 
Megrivirus Melegrivirus A* 1* 
Meschivirus Meschivirus A 1 
Mosavirus Mosavirus A 1 
Oscivirus Oschivirus A 1 
Parechovirus Parechovirus A 

Parechovirus B** 
16 
4** 

Pasivirus Pasivirus A 1 
Passerivirus Passerivirus A 1 
Rosavirus Rosavirus A 1 
Sakobuvirus Sakobuvirus A 1 
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Salivirus Salivirus A 1 
Sapelovirus Sapelovirus A 

Sapelovirus B 
Avian Sapelovirus** 

6 
3 
1 

Senecavirus Senecavirus A 1 
Sicinivirus Sicinivirus A 1 
Teschovirus Teschovirus A 1 
Tremovirus Tremovirus A 1 
Proposed new genera Limnipivirus 

Potamipivirus 
3 
1 

Unassigned 22 
Candidates Fish picorna-like viruses 

Amphibian picorna-like viruses 
Reptile picorna-like viruses 
Avian picorna-like viruses 
mammalian picorna-like viruses 

9? 
? 
3? 
6? 
3? 

Reference www.picornaviridae.com, accessed 7/1/2015. 
** indicates that more are currently being documented/added 
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step is known as maturation cleavage and it is thought to stabilize the structure (given that the 

VP0 intermediates are less resistant to ionic strength, detergents and heat). Maturation 

cleavage occurs in all of the picornaviruses except the kobuviruses and parechoviruses. 

Picornaviruses have "psuedo T3" icosahedron virion structures; the 60 trimers that make up the 

capsid are each split into smaller segments corresponding to VP2, VP1, or VP3. VP1 termini 

form pentamers, while VP2 and VP3 alternate around two- and three-fold axes. VP4 is located 

in the interior of the capsid, and becomes myristoylated on the N-terminus. The C-terminals of 

the other capsid proteins project from the outer surface, forming the variable chains that 

contribute to most of the antigenetic sites. Other notable features include a depression in the 

pentamer formed by VP1 around the 5-fold axis, called the canyon in rhinovirus (2), which 

serves as the receptor binding site (3). Other picornaviruses contain similar characteristics; in 

cardioviruses, there are in fact 5 separate depressions in the areas corresponding to the 

deepest canyon areas on rhinovirus capsids (4). It has also been shown that the bottom of the 

enterovirus canyon forms a hydrophobic pocket in which endogenous lipids referred to as 

‘pocket factors’ bind. Pocket factors are necessary for a conformational change associated with 

viral uncoating to release RNA. Some antivirals (like the WIN compounds) displace natural 

pocket factors for rhinoviruses, partially preventing binding of the receptor, and blocking 

conformation change (5). 

Specific cellular receptors vary between picornaviruses. This specificity usually determines each 

virus’ preferred tissue or cell type (6). Upon attachment, receptor-mediated endocytosis occurs 

(7, 8), and when inside the cell, the virus capsid undergoes a structural rearrangement 

(sometimes referred to as ‘uncoating’) to release the genome into the cytoplasm (9). 

Genomes and translation  

Enclosed within the virion is a tightly packed RNA genome with a highly conserved 

characteristic structure conserved among picornaviruses (Figure 1.1; Picornavirus genome 

organization).  It is a messenger (positive) sense RNA, covalently linked to a viral genome-
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Picornavirus Replication Overview

Figure 1.1 Picornavirus replication overview. Picornaviruses interact with specific cellular 
receptors that help define cellular trophism. Viral uncoating occurs upon entry into the 
cell, with release of positive sense RNAs. These are then translated using the viral IRES, 
yielding viral proteins whose functions include shut down of host defenses, inhibition of 
cellular mRNA translation, use as viral polymerases, and virion proteins. Replication likely 
occurs in virus-induced membrane-bound structures. Negative strands are produced for 
use as templates in positive strand synthesis. These positive sense RNAs are then 
packaged with a VPg protein in virions formed by 12 copies of viral capsid protein 
pentamers. These virions then undergo maturation cleavage.
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linked protein (VPg), and the genomic mRNA can be immediately translated into a single 

polyprotein upon release into the cytoplasm. An overview of the picornavirus replication cycle is 

found in Fig. 1.1. 

Picornavirus mRNA translation is cap-independent, reliant on a 5' structure called an internal 

ribosomal entry site (IRES) (10, 11). IRESes have subsequently been found in about 10% of 

cellular mRNAs (12), and allow binding of the ribosome. In picornaviruses, the IRES is about 

5% of the viral genome, and consists of a highly structured region featuring variously branched 

RNA stemloops of which there are 4 different types (I-IV) throughout Picornavirdae. Type I 

belongs to the enteroviruses, including rhinoviruses, poliovirus, and coxsackievirus B3. 

Enterovirus IRESes use key stems II-IV to recruit the 43S ribosomal subunit, and a variable 

length spacer section is found between the mapped IRES and the AUG start sequence. The 

cardioviruses, aphthovirus (foot-and-mouth disease virus, FMDV), erbovirus, kobuvirus, 

parechovirus, avihepatoviruses use a type II.). The type II IRES is better defined, with the 

regions referred to as H to M are necessary for binding of the 43S ribosomal subunit. This type 

of IRES is notable in that it retains function even when removed from the viral genome, and thus 

is frequently used in various recombinant protein systems to drive protein translation.  Type III 

IRES is used by Hepatitis A virus. This IRES type does not translate well in cell-free systems or 

cell culture, and subsequently little is known about particular elements. The type IV IRES is 

similar to that used by Hepatitis C Virus (HCV), a flavivirus. This IRES has two minimal 

structural elements (domains II and III). Generally, while some of the IRESes have long-

distance interactions with portions of the 5' UTR that contribute to folding, the basic structure of 

the type II IRES seems to fold independently of the rest of the genome, as established with the 

FMDV IRES. It has also been shown that the type II IRES, type IV IRES, and within the 3' UTR 

of some plant RNA viruses, that there may be internal sites that can act as a tRNA-like signal 

when cleaved by RNAse P ribozyme (1).  
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IRESes act as sites for binding of both the ribosomal subunit as well as various regulatory 

factors, with both enhancing and adverse effects. For instance, necessary initiation factors 

eIF4G, eIF4b and eIF3 bind near the 3' end of the type II IRES, and likewise eIF4G binds to 

domain V of the type I IRES; mutations to these IRES sites preclude eIF4G association and 

IRES activity. Cellular proteins called IRES trans-acting factors (ITAFs) have been implicated as 

mediating viral IRES activity. These usually act to stimulate IRES activity, though in two cases 

to repress or downregulate activity. Picornaviruses with type I, II and III IRESes require 

polypyrimidine tract-binding protein (PTB), probably to stabilize folding of the IRES into a 

conformation recognizable by the translational machinery, and La autoantigen by use of that 

same cohort of IRESes. The poly(rC)-binding protein 2 (PCB2) has also been implicated for use 

by type I and type III IRESes (and possibly by the type II group). Type I IRESes have been 

shown to use the upstream of N-ras protein (unr) and SRp20, and various type II IRESes use 

Ebp1/ITAF. There are numerous accounts of other ITAFs (reviewed in (1, 13)). For the most 

part, these ITAFs serve to help assemble the translational ribonucleic complex, though PTB and 

PCBP2 have been shown as substrates for viral proteases, which might modify them for 

picornavirus use. However, Gemin5 has been shown to downregulate the type II IRES. 

Ribosomal binding is further affected by the region between the IRES and the start codon, 

which contains different features between picornaviruses. This region is a 25 nucleotide stretch 

for the type II IRES group, and this distance is slightly longer for viruses in the type I IRES 

group. ATP and eIF4 are required for 43S complexes, likely to 'melt' the RNA structure and 

allow ribosome entry. For the start codon itself, most picornavirus genomes contain only one 

AUG, but bovine rhinovirus 2 and FMDV contain two in-frame start sites, the second of which 

(AUG2) is more commonly used and located in an A-rich, conserved stem loop region. Other 

type II IRESes have triplet out-of-frame AUGs, though the second of these (AUG10) is the 
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initiator triplet (14). The type IV IRES group has the AUG in the ribosomal entry site (reviewed in 

(1)). 

Polyprotein processing and protein function  

As the polyprotein is translated, it is processed in one of three ways that will be described in 

more detail below. The most common processing mechanism is by a viral protease that 

recognizes and cleaves the polyprotein at a specific amino acid motif. Another processing 

mechanism is ribosomal skipping, which occurs when a specific peptide in the nascent chain is 

not synthesized and yields a break in the polypeptide. A third processing method is the 

maturation step that occurs during viral RNA encapsidation, when the 1AB precursor is cleaved, 

though the mechanism behind this has not yet been determined in detail, and is not a step 

required by some picornaviruses. 

Picornaviruses encode between 11 and 14 proteins (Fig. 1.2, Polyprotein processing). There 

are no picornavirus subgenomic mRNAs, though one of the cardioviruses (Theiler's murine 

encephalitis virus, TMEV) may produce an N-terminal protein out-of-frame with the primary ORF 

(15). The picornavirus proteins can be organized into 3 basic groups; the N-terminal P1 region 

consists of capsid proteins (VP0, VP1 and VP3), and the P2 and P3 regions yield the 

processing proteins (3Cpro, and 3CDpro) and replication proteins (2B, 2C, 3A, 3B (VPg), 3C, 

and 3Dpol). Many genera also have additional proteins in the P1 and P2 groups. Seven of the 

twelve genera, including cardioviruses and aphthoviruses (FMDV), encode the small Leader (L) 

protein before the P1 region. L functions as a viral protease for the aphtho- and erboviruses, 

with other 'security protein' functions for the cardioviruses that will be discussed in greater detail 

in later portions of this thesis. The 2A protein has varying functions. In the entero- and 

sapeloviruses, 2A is a protease, and notated as 2Apro in these instances (Figure 1.2, 

Polyprotein processing). For the aphtho-, avihepato-, cardio-, cosa-, erbo, seneca- and 
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teschoviruses, 2A is an oligo-peptide responsible for ribosomal skipping (appearing as a longer 

protein in the cases of the cardioviruses), a parechovirus (Ljungan virus) and an avihepatovirus 

(duck hepatitis A virus). In the parecho- and hepatoviruses, 2A is not a protease nor causes the 

recoding ribosomal skipping translation event. 

The proteases described above contribute to a two-step processing pattern (reviewed in (1, 

16)). Once translated, a primary cis-acting processing event serves to release the viral 

proteases from the polyprotein, at sites denoted by an arrow in Figure 1.2. For many genera 

with a 2A-mediated translational recoding event, this event releases the N-terminal P1 

precursor. As a protease, 2A performs a cis-cleavage at its N-terminus. For the hepatoviruses, 

this precursor is released in a manner akin to the 3C protease’s action at the C-terminus of 2A 

(reviewed in (1)). For all picornaviruses, 3C also catalyzes a cleavage between itself and the C-

terminus of the 2C protein (Fig. 1. 2, indicated by an arrow). For those viruses in which L acts as 

protease, this cleaves between the C-terminal of L and the N-terminal of 1A. Once the primary 

processing step occurs, these precursors are then further processed into intermediate forms. 

Typically, a form of the 3Cprotease (3Cpro) then cleaves between 1B, 1C and 1D; for entero- 

and rhinoviruses, this is done by 3CDprotease (3CDpro), whereas aphthoviruses use 3CDpro 

(preferred) or 3Cpro, and cardioviruses and hepatoviruses can use either 3C- or 3CDpro. The 

P3 protein is usually processed by 2Aprotease (reviewed in (16)). 

The structure of the 3Cpro utilizes a chymotrypsin-like fold. Active sites for these proteases 

have been determined via comparison of known products; enteroviruses have the most 

conserved site preferences of cleavage between a glutamine and glycine amino acid motif. The 

2A protease of sapelo- and enteroviruses use a different sequence; for instance, Poliovirus 

cleaves between tyrosine and glycine (Y-G), but this is variable with other enteroviruses, 

tolerating (A/V/H/Y/T/I/L/F-G) (17, 18). These proteases function through an active site 
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containing a catalytic triad consisting of an amino acid like a histidine acting as a general 

acid/base proton transporter, an acidic residue acting to orient the histidine's imidazole ring, and 

a nucleophilic cysteine/sulfhydryl group or serine/hydroxyl group. Variation at the catalytic triad 

correlate to different substrate preferences. Rhinovirus 2Aproteases (2Apro) feature a zinc ion 

to stabilize the triad (19). Other picornaviruses, including cardio-, aphtho-, and enteroviruses 

use a 2A-directed ribosomal skipping mechanism, a cis-acting hydrolase element (CHYSEL) 

which recognizes a specific sequence (DxExNPGP) and effectively prevents a peptide bond 

formation due to a 'tight turn' constraint as the prolyl-tRNA leaves the ribosome exit tunnel (20). 

RNA replication 

 Once the polyprotein is processed, transcription can proceed. Viral genomes cannot be used 

simultaneously for translation and negative strand transcription.  A few studies have shown that 

when enough of the polyprotein builds up, elements like 3CD accumulate and alter the 

association of cellular factors that support replication, like the ITAF PCBP2, and subsequently 

stimulate replication (21, 22). Furthermore, replication occurs in the cytosol and there is 

evidence for the negative strand of the RNA being transcribed in viral protein-induced small 

membrane-bound structures. To induce these, the 2B protein forms complexes with itself and 

2C, shown to associate with membranes (23, 24). 2B additionally shuts down cellular secretory 

transport and induces membrane rearrangement (25, 26). Structures formed by these 

rearranged membranes are thought to offer some protection from detection of host innate 

defenses by sequestering viral replication. Viral protein 3D is a RNA-dependent RNA 

polymerase (27, 28), and negative sense RNA templates are made first to act as positive sense 

RNA templates (29). It has been found that there are 20-50 fold more positive sense RNAs than 

negative templates present during replication, but the mechanism driving this difference has not 

yet been determined (30, 31). The RNA genome has an associated VPg protein (viral protein 
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3B) covalently linked via the third amino acid at the N-terminus. This protein is uridylated, and 

serves as a primer for positive and negative strand transcription (32, 33). Uridylation is the post-

translational addition of uridine at the cis-replication element (CRE), a stem-loop structure in the 

protein coding region, usually at VP2. The CRE allows a nascent VPg to be uridylated by 3Dpol, 

which then acts as a primer for viral replication (34, 35). 

Cardioviruses and the L protein 

There are three species of the cardiovirus genus, Cardiovirus A (formerly called 

Encephalomyocarditis virus, or EMCV), of which there are 2 serotypes (36). The Cardiovirus B 

species (formerly called Theilovirus), contains titular virus Theiler's murine encephalomyelitis 

virus (TMEV), Saffold virus 1-11 (SAFV-1/2/3/4/5/6/7/8/9/10/11) and Vilyuisk human 

encephalomyelitis virus (VHEV), both of which infect humans, Thera virus (found in rats), and 

Genet fecal theilovirus (37). The Cardiovirus C species is comprised of Boone's cardioviruses A 

and B, which were very recently isolated at the University of Missouri from Brown rats (rattus 

norvegicus) (Gohndrone, J.D. and Riley, L.K. Identification of a novel cardiovirus in laboratory 

rats. Unpublished). 

Early mentions of cardioviruses are twice found in the literature. These were isolated in 1939 as 

Columbia-SK, and in 1942 as 'MM' during attempts to adapt human poliovirus into monkeys by 

inoculation with the brain tissue from dead lab mice. The recovered neurological agent caused 

hind leg paralysis and death upon reinfection of mice, and was determined to be a non-

poliovirus viral agent. The first description of Cardiovirus A (EMCV) was isolated from the 

pleural fluids of a gibbon and a chimpanzee in Miami, who died from pulmonary edema and 

myocarditis. This unknown virus was later determined to be caused by a virus denoted 'EMC'. 

The EMCV strain Mengo virus was isolated from a captive rhesus monkey with paralyzed lower 
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limbs by researchers in the Mengo district of Uganda, and was found to have serological cross-

reactivity to the Columbia-SK, MM, and EMC viruses (38, 39). While EMCV is not described as 

a human pathogen, it can infect all mammals, and can cause economic losses in affected 

domesticated swine populations, captive primate colonies, and zoos (39). There is an effective 

vaccine consisting of a deletion mutant strain where the poly-C tract of Mengo has been 

truncated (40). EMCV, SAFV and TMEV share about 50% identity (reviewed in (38)), with the 

greatest divergence seen between the L and 2A proteins, which have been described as 

virulence factors or 'security proteins' (41). 

Cardiovirus replication cycle 

Cardioviruses use the sialoglycoprotein receptor Vascular Cell Adhesion Molecule 1 (VCAM-1) 

for targeting and entry into murine vascular endothelial cells as well as other 70 kDA 

sialoglycoproteins in HeLa and K562 cells (42, 43); there may be other saialglycoproteins that 

serve as the main receptor (followed by the usual receptor-mediated endocytosis). 

The cardiovirus capsid is 30 nm (4), containing a single-stranded RNA of 7.6 - 8 kb and an 

associated viral VPg protein. Cardiovirus genomes have a particularly long 5' untranslated 

region (UTR) featuring a 5’ proximal polyC tract. Depending on the strain, this region ranges 

from 60 residues (C44UC10, for Mengo, a strain of cardiovirus As) to 420 residues 

(C125UCUC3UC10, for EMCV-R). The cardiovirus B species members lack polyC regions. While 

the polyC tract is single-stranded, it is immediately followed by some structured psuedoknots, 

then the well conserved, highly structured type II IRES featuring 5 structural domains H-L 

(Figure 1.1. picornavirus genome). Translation produces the polyprotein, processed as 

delineated in the main picornavirus section (L-VP4231-2ABC-3ABCD, Figure 1.1. polyprotein 

processing). Specifically, cardioviruses are self-cleaved at the Asn-Pro-Gly-Pro (NPG[P]) 

sequence during translation (44) and a secondary processing step occurs via 3Cprotease at 
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usually Gly-Gly, Gln-Ser (though other sequences are also recognized). Polyprotein products 

P3, 3ABC, and 3CD are all active proteases. 

Cardiovirus viral proteins have functions conserved by all picornavirus. The P1 region is 

composed of four proteins, VP1, VP2, VP3, and VP4, of which 60 copies (12 of each) make up 

the capsid. The P2 region is processed into 2A, 2B, and 2C. EMCV 2A (17 kDA) has a putative 

nuclear localization sequence (NLS) and an eIF4E binding site (45). It is thought that 2A triggers 

the hypo-phosphorylation of protein 4E-BP1, and causes eIF4E sequestration (46).  Direct 

binding of eIF4E and 2A via amino acids 126-134 prevent eIF4E binding to eIF4G and hinder 

the initiation of cap-dependent translation. Additionally, 2A localizes to the nucleolus and 

interacts there with the 40S ribosomal subunit, possibly to induce a preference for EMCV's IRES 

(47). It is thought that immediately upon release from the polyprotein, 2A and Leader (L) protein 

associate and utilize 2A's NLS to traffic to the nuclear pore (48). Finally, when 115 amino acids 

are deleted from 2A, infected cells undergo apoptotic death with activation of caspase 3 (49), 

though this might also have something to do with L’s kinase-stimulating activities (50). The 

functions of viral protein 2B are not yet well described; it contains 2 or more hydrophobic 

regions, and while 2B decreases the calcium levels in the cell’s endoplasmic reticulum (ER), this 

effect does not extend to the Golgi. Protein 3B, also called VPg, serves as a primer for the 3D 

RNA-dependent RNA-polymerase in viral replication. Again, 3C serves as the viral protease. 

Cardiovirus L protein  

The functions of the Cardiovirus A virus EMCV Leader protein (EMCV L or LE) are the focus of 

this thesis. This protein is 67 amino acids with a PI of 3.7 for this species, and 71-76 amino 

acids in the Cardiovirus B species (Figure 1. 3, Cardiovirus Leaders). L has not yet been studied 

in any detail in the Cardiovirus C species. LE has two domains, an N-terminal novel zinc finger 

from amino acids 10-22 (51, 52), and a C-terminal acidic domain at amino acids 37-52. These 
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L structure from [64, 78]
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Figure 1.3 Cardiovirus Leader proteins (A) and structure with theilo domain model (B). Colors correspond
to domains between the amino acid sequences (A) and structure/model (B).
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two domains are necessary for its various anti-host functions. Additionally, there is a region 

between the zinc finger and the acidic domain, the ‘hinge’ region, at amino acids 35-44, which 

binds RanGTPase (53). In the Cardiovirus B group, a third domain consisting of a 

serine/threonine-rich region is referred to as the theilo domain, which proceeds the acidic 

domain (Fig. 1.3). TMEV strains BeAn and DA are known to cause persistent infections and 

chronic demyelinating disease in mice despite a strong, specific immune response (54, 55). 

Because of this, infections resulting from these strains are considered a model for multiple 

sclerosis. Early studies reported that TMEV L (or LT) prevented an interferon response in 

infected cells by blocking transcription (56),  as does EMCV/Mengo L, possibly by preventing 

activation of NF-ΚB by enhancing ferritin production (57).  L has also been shown to inhibit 

protein synthesis (58) and modulate IRES activity (59). While cardioviruses are infectious when 

L is deleted from the genome, resulting plaques are greatly reduced in size when compared to 

wildtype infections (52). Additionally, assays for translation of EMCV L-deletion mutants RNA 

transcripts decreased protein synthesis to 67%, while deletion templates lacking the L zinc 

finger region decreased viral protein synthesis to 79% and deleting the acidic region decreased 

viral protein expression to 71% (52). There are also early reports that cardiovirus L changes the 

nucleocytoplasmic distribution of various cellular proteins, including PTB and interferon 

regulatory factor 3 (60, 61). 

L proteins have phosphorylation sites. Phosphotyrosine antibodies detected a phosphor-site in 

the acidic domain (52), as well as phosphorylation of Threonine47 as necessary for anti-host 

functions (58). These phosphorylation events are sequential, and the responsible kinases have 

been determined for EMCV. First, Casein Kinase 2 has been shown to phosphorylate 

Threonine47 in vitro as well as by kinase inhibitor studies (62, 63), and then Spleen Tyrosine 

kinase phosphorylates Tyrosine41 (63). While LT and LS also become phosphorylated, the theilo 

domain insertion alters these phosphorylation sites. LT becomes phosphorylated on Serine57 
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within the Ser/Thr domain, and LS has a phospho-site at Threonine58 in the theilo domain, both 

of which can be phosphorylated by AMP-activated protein kinase (AMPK) (64). These sites are 

equivalent to the EMCV Thr47 phosphorylation site. 

Chimeric cardioviruses made by swapping the L proteins between species demonstrate that 

cardiovirus Ls can be functionally substituted, though this alters the kinetics of an infection (61) 

– Mengo L altered nucleocytoplasmic protein distribution more quickly than LT, but displayed a

decreased viral replication. This 'redistribution' of nucleocytoplasmic trafficking was later 

determined to be the inhibition of nucleocytoplasmic trafficking via phosphorylation of nuclear 

pore proteins (nucleoporins, or Nups). While other picornaviruses inhibit transport of factors 

through the nuclear pores (65-67), these viruses do so through a different mechanism: 

proteolytic release of Nups from the pores. For instance, rhinoviruses use the 2A protease to 

target amino acid motifs on Phe-Gly (FG) repeat Nups in a species-specific fashion (68, 69), 

preventing all active transport and promoting a release of various nuclear factors like ITAFS 

PTB and La autoantigen required for picornavirus replication. Cardioviruses also hinder 

nucleocytoplasmic trafficking, but the Nups remain inserted in native context of the pore ((70-

72), and Chapter 2 of this thesis). It has been shown that nuclear pore proteins (Nups) 62, 214, 

153 and now Nup98 become phosphorylated by LE ((73)  and Chapter 2), to prevent (either by 

charge or by sterics) binding of various karyopherins/transportins. Additionally, LT can direct 

Nup phosphorylation, as demonstrated for Nup98 (71). Active transport is inhibited, as 

illustrated by efflux of proteins tagged with a NLS but small enough for passive transport (70, 

74). This inhibition is caused by L alone, and requires a fully intact, phosphorylated L; mutations 

which remove the zinc finger domain (70), acidic domain (74), hinge region (53), or 

phosphorylation sites (63, 70) prevent L-directed Nup phosphorylation. L does not have any 

known enzymatic activity and acts through cellular kinases, specifically those in extracellular 

signal-related kinases (ERK)1/2 and p38 pathways ((74, 75) and Chapter 4), shown by 
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requirements of cytosolic factors as well as use of broad spectrum kinases inhibitors. 

Determining the exact parameters and kinases involved were a major aim of this work. 

LE localizes to the nuclear envelope (74), though TMEV L* might also localize to the 

mitochondrial membrane (76). Recent work shows that LE binds to the 2A protein with an 

equilibrium dissociation constant (KD) of 1.5 µM affinity (77). 2A has a pI of 9.67 and contains an 

NLS similar to that of used by importin 7 (45). It is hypothesized that soon after excision from 

the polyprotein, 2A and L associate and are transported to the nucleus, where they dissociate 

when L binds to other proteins like RanGTPase (Ran). The L:Ran association has a 1:1 

stoichiometry (74) with a very tight KD of approximately 3nM that is facilitated by the guanidine 

nucleotide exchange factor RCC1 (77). This interaction is through the 'hinge' region of L; 

mutations to LE sites K35, D37 and W40 decrease this interaction (53). L:Ran binding is not 

affected by the phosphorylation status of L (53).  However, at the time of nucleocytoplasmic 

trafficking inhibition, only very small amounts of L are produced. Ran is a very abundant cellular 

protein, and these small amounts of L are not capable of titrating out all usable Ran (53). The 

NMR crystal structure for L:Ran was solved recently, showing that L binds to Ran sans 

nucleotide, but locks Ran into a conformation similar to that of a Ran bound to GTP (78). This 

orientation allows for association of additional factors. As described in (78) and Chapter 3 of this 

thesis, Ran:L can bind the transportins CRM1 and CAS. The lack of nucleotide associated with 

Ran implies that this complex cannot be dissociated by common methods. 

Other activities associated with L contribute to its status as a 'security protein', or one used by 

the virus to interfere with host antiviral functions (79). Cardiovirus L proteins have been shown 

to prevent stress granule formation, which are cellular aggregates of stalled preinitiation 

complexes and mRNAs formed in stressed cells. Cells infected with L-deletion mutants form 

stress granules, but the L proteins of TMEV and Mengo inhibit these during wildtype infections, 

as well as in non-infected, chemically stressed cells (80). Moreover, TMEV L*, produced 
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through an alternative ORF, has been described as contributing to the establishment of 

persistent CNS infections(51, 81). L* has been shown to associate with the outer mitochondrial 

membrane, potentially targeted there by HSP70 (76), and upon infection of cells with cardiovirus 

L-deletion mutants, cytochrome C is released from the mitochondria, activating caspases and

effecting eventual apoptosis (79). 

Nucleocytoplasmic trafficking overview 

Nuclear pore architecture and trafficking  

This thesis focuses on inhibition of nucleocytoplasmic trafficking by a viral protein, and this 

activity is located at nuclear pores. There are approximately 2800 nuclear pores fenestrating 

each vertebrate nucleus (82). Each pore is an estimated 125 megaDaltons, with varying copies 

of about 30 nuclear pore proteins (nucleoporins or Nups), arranged in octagonal radial 

symmetry. The pores are organized into several main regions (Fig. 1.4); the fibril-like proteins 

that extend into the cytoplasm, the nuclear plug which serves as a channel of 30 nm in 

diameter and ~50 nm long through the envelope, and the nuclear basket that extends into the 

nucleus. There are also integral membrane Nups that anchor the pore in nuclear envelope (83). 

The structural/scaffolding Nups make up about half of the mass of each pore, and contribute to 

the shape and strength of the pores. These proteins typically have α-solenoid, β-propeller or a 

mixed N-terminal β-propeller, C-terminal α-solenoid protein structure (84), and share elements 

to those that comprise clathrin-coated vesicles (85). The cytoplasmic fibril Nups include Nup358 

and Nup214, and the nuclear basket Nups include Nup153 and Nup50. Nup98 has also been 

observed within both the basket and the nuclear plug. These external Nups serve as docking 

regions for cargos and their karyopherin transportin proteins. The Nups within the nuclear plug 
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Figure  1.4  Nuclear pore complex.  The nuclear pores are 125 MDa structures comprised of 
about 30 proteins arranged in octagonal symmetry around an inner channel (indicated by 
dotted line).  Nups extending into the cytoplasm include Nup358 and Nup214, and contain 
binding sites that serve as staging areas for karyopherin:cargo complexes entering and 
exiting the pores. The portion of the nuclear pore that sits in the nuclear envelope contains 
Nup62, Nup45, Nup58, and Nup54, found in multiple groups of these 4 proteins. These 
have primarily uncoiled secondary structure, and form a barrier that prevents di�usion of 
macromolecules larger than 40 kDa. This region also contains hydrophobic Nups that are 
inserted into the nuclear envelope to provide anchoring and structure. The nuclear basket 
is composed of Nup153 and Nup98, and extends into the nucleus to allow docking of 
complexes on the nuclear side of the pores. All Nups lining the inner channel contain 
FG-repeats, with which karypherins interact in a transient, ‘stepping stone’ like fashion  for 
active transport of macromolecules.
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are Nups 62, 58, 54, 45, and sometimes 98. These Nups are usually said to form sub-

groupings of one of each the main 4 proteins, and are generally an unfolded protein 

conformation. While the exact mechanism of cargo translocation remains undetermined, 

various Nups are associated with specific pathways determined by the traversing karyopherin 

(see table one, trafficking chapter). These pathways are either for import or export, and rely on 

transient interactions of the karyopherins/transportins with phenylalanine-glycine (Phe-Gly, or 

FG) repeats comprising motifs on the Nups lining the inner channel of the pores. These 

characteristic sequences are highly hydrophobic, may also consist of Gly-Leu-Phe-Gly (GLFG) 

or Phe-X-Phe-Gly (FXFG) repeats, and tend to be further modified with O-linked N-

acetylgucosamine (OGlcNAc). Glycosylation may serve as a binding site for lectins (86). The 

FG repeat proteins also contain coiled-coiled domains that provide protein-protein interactions 

that hold them within the central channel of the pore (84). 

Active (facilitated) transport is required for macromolecules too big to diffuse across the pores, 

generally considered to be molecules greater than 40 kDA. The lower threshold for active 

transport is around 5nm, or a sphere of about 30-40 kDa (87, 88). With pore flexibility, the upper 

limit for facilitated transport is 39 nm, or the size of ribosomal subunits and some viral capsids 

(89). There have been reports of even larger transported macromolecules, but these generally 

rearrange themselves to fit the dimensions of the pores, as demonstrated by mRNPs (90). 

Generally, macromolecules which require active transport either directly interact with the FG 

Nups themselves, or, more likely, use adaptor proteins that interact with the FG Nups instead.  

Proteins which act as adaptors, carrying cargos and interacting with FG-Nups, are karyopherins 

(Kaps, from karyo- 'kernal' + phero- 'in'), also called variously transportins, importins (specifically 

those which bear cargo into the nucleus) and exportins (specifically to those bearing cargos out 

of the nucleus). These proteins belong to the importin α/β protein family, and usually consist of 

about 20 HEAT domain repeats (from Huntington elongation factor 3, regulatory subunit A of 
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protein phosphatase A, and TOR1 (91)) arranged in a flexible helical structure (92, 93). This is 

illustrated in Fig. 1.5, a nucleocytoplasmic trafficking overview. Karyopherins generally function 

by recognizing and binding to specific amino acid motifs on their cargos, then binding to 

RanGTPase and translocating across the nuclear pore. RanGTPase is a binary 'switch', toggling 

between GTP- and GDP- bound forms. The predominant nucleotide bound to Ran varies due to 

localization: RanGTP is found primarily in the nucleus, and RanGDP is mainly in the cytoplasm. 

This distinction drives nucleocytoplasmic trafficking, as cargos exiting the nucleus typically 

require a RanGTP bound, and the complex dissociates on the cytoplasmic face upon hydrolysis 

of RanGTP into GDP by the activity of RanGTPase activating protein (RanGAP). Ran guanine 

nucleotide exchange factor RCC1 is found in the nucleus, and exchanges Ran GDP for GTP 

there (94). For the classical transport pathway, mediated by importins α/β, importin α binds to a 

cargo in the cytoplasm, associates with importin β and crosses into the nucleus. On the other 

side, RanGTP binds to the complex, dissociating the cargos and preventing reverse 

translocation. The RanGTP:importins then recycle back across the pore, where  RanGTP is 

hydrolyzed to GDP by RanGAP with the help of RanBP1 and BP2(Nup358) (95-97); the 

importins and cargo dissociate (98, 99). For export of cargos out of the nucleus, the exportin 

binds cargos and then RanGTP is preloaded, traverses the pore, and the hydrolysis of RanGTP 

dissociates the exportin complex (100, 101). Nuclear transport factor 2 (NTF2) binds to 

RanGDP to take it back into the nucleus, for the RCC1-mediated exchange of GDP for GTP. 

Karyopherins and translocation  

There are over 20 karyopherins in higher vertebrates (reviewed in (102)). These interact with 

their cargos via amino acid motifs as mentioned above; a nuclear localization signal (NLS) 

targets a macromolecule to the nucleus, and a nuclear export signal (NES) targets nuclear 

macromolecules to the cytoplasm. As outlined above, the most common import pathway is the 

classical pathway utilizing importins α and β, which recognizes mainly basic NLS typified by that 
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Figure 1.5 Nucleocytoplasmic tra�cking. For import (left panel), cytoplasmic cargos 
containing nuclear localization signal motifs (NLS) associate with appropriate importin 
karyopherins (for instance, with importin α/β), and these complexes then tra�c through 
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RanGDP is converted back to RanGTP in the presence of guaninine nucleotide exchange
factor RCC1 in the nucleus.For export out of the nucleus, a cargo containing a nuclear 
export signal (NES) motif associates with an approriate exportin karyopherin (CRM1, for 
instance) and RanGTP, which then interact with FG-repeats on Nups lining the inner pore 
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found on SV40's Large T antigen. The classical import pathway transports a broad spectrum of 

cargos, including core histones, HIV Rev and Tat, cyclin B, and histone H1, which it shares with 

importin 7 (as reviewed in (102)). Other notable importins include Transportin (1), which 

interacts with the M9 domain of hnRNPA1, and transports ribosomal proteins and mRNA 

binding proteins. Transportin SR1 and SR2 interact with the arginine-serine repeat domains of 

SR proteins, importing them into the nucleus. Importins 5 and 7 transport ribosomal proteins, 

core histones, and other basic proteins (103). The most versatile exportin is CRM1 (Exportin 1), 

which recognizes leucine-rich NESes on macromolecules in the nucleus, including HIV Rev 

protein, an adaptor for U snRNAs, the adaptor protein snurportin1 (104), and the 60S pre-

ribosomal proteins (reviewed extensively in (105)). Other exportins include CAS, which mainly 

recycles importin α back into the cytosol, exportin 5, which is responsible for tRNAs, dsRNA-

binding proteins, pre-miRNAs and 60S pre-ribosomal units (reviewed extensively in (105)). 

Some karyopherins are bi-directional, and these include importin 13, transporting histone fold 

heterodimers into the nucleus and eIF1a out into the cytoplasm (106), and exportin 4, which 

imports Sox2 and SRY, and exports eIF5A and Smad3 (reviewed in (105)). While the 

transportins listed above require Ran GTP/GPD gradients for directionality, there are also non-

Ran dependent (non-karyopherin) transportins, particularly TAP/NXF1-p15/NXT1, which exports 

the majority of mRNA to the cytoplasm (reviewed in (107)).  

It is estimated that more than 60,000 macromolecules translocate through each pore per minute 

(82), with the total net traffic of a single vertebrate nucleus around 1 million macromolecules per 

second, totaling 4 x 1010 Da (108). Each transportin transiently associates with a particular 

subset of FG-repeat Nups, traversing the pore in a stepping stone-like fashion (reviewed in 

(107, 109)). It has been estimated, given the fact that there are 5-50 repeats present on each 

Nup, and about 200 FG-repeat Nups per pore, that there are more than 1000 binding sites per 

pore (83).The FG-repeat Nups are natively uncoiled, and form a selective barrier through which 
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the karyopherins must cross.  There are several theories of how this translocation occurs; the 

simplest models predict that the FG-repeat Nups act as a 'polymer brush', with diffusion driving 

translocations (110, 111). Other models describe a partial (112) or full (113) hydrogel matrix 

through which karyopherins 'melt' through by binding to FG-repeats, dissolving the crosslinks 

between the Nups and allowing karyopherins to cross. Recent studies measuring stiffness of the 

central plug Nups support the ‘full hydrogel matrix’ theory (114).  

Native Nup phosphorylation 

As previously mentioned, some Nups are post-translationally modified. These include the 

OGlyNac glycosylations, which may form additional binding sites for various proteins. During 

mitosis, some Nups become phosphorylated by the cyclin dependent kinases and others, and 

this causes their departure from the pores as demonstrated by cyclin dependent kinase 1 

(CDK1) and members of the NIMA-related kinase family, triggering Nup98’s exit the pore before 

mitosis (115). Other studies show that CKD1 causes deconstruction of the nuclear pores, and 

use of a broad spectrum phosphatase inhibitor okadaic acid prevented pores from forming 

(116). Another research group used this phosphatase inhibitor to induce nucleocytoplasmic 

trafficking inhibition for the classical NLS pathway, though not for the CRM1-mediated export 

pathway, implying a basal level of phosphorylation and turnover present in normal cells (117). 

Oxidation, heat and other stresses have been shown to activate some kinase pathways, 

particularly the mitogen activated protein kinase (MAPK) pathway and PI3 kinase pathways, 

which decreased interaction of Nups with the pores as well as cargos (118, 119). A 

phosphoproteomics study detected phosphorylation of Nup50 by ERK1/2, and this 

phosphorylation was shown to decrease that Nup's affinity for Importin β (120). There is clearly 

a level of kinase regulation for nucleocytoplasmic trafficking outside of mitosis, but this remains 

to be described.  

Kinases overview 
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Phosphorylation of nuclear pore proteins facilitated by cellular kinases is a major theme of this 

thesis. There are over 520 kinases in a mammalian cell (121). These proteins are enzymes that 

phosphorylate other proteins, usually on a specific amino acid. Kinases are commonly grouped 

by their phospho-acceptor, as either as serine/threonines or tyrosine kinases. While the exact 

substrate sites are fairly generic, kinases are more specifically targeted to a particular docking 

domain on their substrate proteins. An example of this is the DEJL domain, a motif of basic 

residues followed by a hydrophobic patch used by kinases in the MAPK family. Kinases 

themselves are frequently activated by phosphorylation, and arranged in phosphorylation 

cascades (Fig. 1.6) triggered by a cellular event (for instance, receptor binding) to culminate in 

amplification of this signal. The result is a cellular process, for instance activation of transcription 

factors to promote cellular growth or apoptosis. Inactivation occurs by removal of phosphate(s) 

from their active site(s) by phosphatases. Scaffolding proteins, which bind kinases in the 

inactive state, offer another level of regulation. In quiescent cells, most of the MAPK 

components are found in the cytoplasm. Most kinases belong to a particular 'cascade' defined 

by a set of three core kinases. For the purpose of this thesis, the MAPKs will be highlighted. 

These cascades have 3 core kinases; MAPK-activated protein kinases (MAPKAPs) are 

activated by MAPKs, which are activated by MAPK-kinases (MAPKKs), which are activated by 

MAPKK-kinases (MAPKKKs) (Fig. 1.6). Most of these kinases have multiple (closely related) 

isoforms that vary by localization, regulation, activation or other factors (122), and indeed, many 

of the kinases themselves contain similar domains (Fig. 1.7). 

There are several separate 'modules'/pathways or cascades belonging to the MAPK family. 

Briefly, the ERK module causes cellular growth and proliferation and is activated by mitogens, to 

result in mitosis. Inflammatory cytokines, environmental stress and pathogens activate the p38 

(so-called for the proteins’ size) pathway. The c-Jun N-terminal kinase (JNK) pathways are 

activated by cellular stress and cytokines, and can yield either cellular apoptosis or proliferation. 
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RSK1/2

RSK3

733-740 amino acids

PKC-like kinase
 domain

CaMK-like kinase
 domain

745 amino acids

MSK1/2 772-802 amino acids

MNK1/2 414-465 amino acids

ERK1/2

p38α/β/γ

MEK1/2

360-379 amino acids

360-364 amino acids

393-400 amino acids

activation site

NLS

ATP binding site

ERK docking domain

homodimer/substrate
 binding

phosphorylation

Kinase domains

Figure 1.7 Kinase domains. Many kinases belong to protein superfamilies that contain
similar domains. The above illustration outlines some of these domains and motifs found 
on kinases relevant to this thesis. References [123] and genecards.org
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Finally, the ERK5 pathway is not as well described nor as extensive, but it promotes cellular 

proliferation and survival. There are also three atypical pathways, the Nemo-like kinase (NLK) 

pathway, the ERK3/4 pathway, and ERK7(ERK8) pathway. 

ERK MAPK pathway 

The ERK1/2 pathway is mediated by Raf; the pathway is activated by platelet-derived growth 

factor (PDGF), epidermal growth factor (EGF), nerve growth factor (NGF), and in response to 

insulin, ligand for heterotrimeric G-protein coupled receptors (GPCR), microtubule 

disorganization, cytokines, and osmotic stress (123). Multiple kinases like protein kinase A 

(PKA), Akt (protein kinase B), PAK, Src, are specifically able to stimulate this pathway by 

phosphorylating Raf proteins (A-Raf, Raf-B, and Raf-1), the MAPKKK responsible for activation 

of MEK1/2. Atypcial among normally multi-activatable kinases, these are the only proteins to 

activate MEK1/2, which are the only kinase isoforms responsible for activating ERK1/2 

(reviewed in (124)). This level of specificity is at least partially attributable to specific binding 

sites, D docking domains, which bind these proteins to their cognate substrates (125). By this 

interaction, mitogen activated protein kinase kinase (MEK) 1/2 usually holds ERK1/2 in 

inactivated form at cellular membranes; once MEK1/2 is activated, it phosphorylates ERK1/2 on 

highly conserved tyrosine and threonine residues, spaced by a glutamic acid (TEY). There may 

also be a nuclear mechanism for ERK1/2 activation not fully attributable to MEK activation, 

which requires D-domain binding (126). ERK1/2 dissociates from MEK, then translocates to the 

nucleus via where it activates various transcription factors, including NF-AT, myocyte enhancer 

complex (MEF2), c-fos, c-myc and STAT3. It also activates the MAPKAPKS MNKs, MSKs, and 

RSKs.  In normal cells, ERK1/2 activation is required for cells to progress from G1 to the S-

phase in mitosis. ERK1/2 has been reported to contain a potential novel nuclear translocation 

sequence in the kinase domain which then interacts with transportin7 and traffics into the 

nucleus (127), as well as being reported to translocate into the nucleus without engaging any 
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karyopherins (128, 129). 

ERK1 (44 kDA, called MAPK3 and p44 in early studies) and ERK2 (42 kDA, called MAPK1 and 

p42 in early studies), share 85% homology, predominantly in substrate binding regions (130). 

While they are expressed in many cell types, ERK2 is the slightly more common species, 

particularly in immune cells. There are additional splice variants, for instance ERK1b, which are 

not well studied. To interact with MAPKAPKs, ERK1/2 recognize DEF (Docking site for ERK, 

FXFP) domains on substrates, characterized by the sequence Phe-xxx-Phe-Pro, though a Tyr 

can replace one of the Phe. These sites are within 6-20 amino acids upstream of the phospho-

acceptor serine or threonine. ERK1/2 is inactivated upon dephosphorylation of the TEY domain 

by dual specificity phophatases (DUSPs) 1, and 5-7 found in the nucleus. Protein phosphatase 

2a (PP2A) has been shown to remove phosphates from ERK1/2 and MEK1/2 activation loops 

(131) in the cytoplasm, and other MAPK phosphatases also inactivate ERK1/2 in the cytosol. 

Because of ERK1/2’s direct relevance in many cellular pathways, drug inhibitors have been 

determined. These act by binding to the kinase phospho-transfer domain of MEK1 and 1/2 

(PD98059 and UO126, respectively (132, 133)) identification of a novel inhibitor of mitogen-

activated protein kinase kinase), and thus prevent activation ERK1/2 and the remainder of the 

pathway.  Once inactivated, ERK1/2 has been shown to bind to MEK1/2, which then carries it 

out of the nucleus by the CRM1 pathway. A notable kinase substrate for ERK1/2 includes p90 

RSK1/2/3 (RSK1/2/3), which requires co-activation by phosphoinositide-dependent protein 

kinase 1 (PDK1). ERK1/2 has been shown to bind to RSK1/2/3, which upregulates stimulation 

by PDK1 sevenfold; this causes RSK1-3 to activate a broad range of targets to effect gene 

transcription, cell proliferation, growth and survival by phosphorylating substrates on amino acid 

sequences R/K-X-R-X-X-pS/T (134) (including c-Fos and eIF2 kinase; reviewed extensively in 

(123)). It has been shown that RSK3, a kinase downstream of ERK1/2, can bind to ERK2 in a 

prolonged fashion.   

30



p38 and JNK MAPK pathways 

The p38 pathway is activated by environmental stresses (119, 135)) and inflammatory 

cytokines, including hypoxia, isochemia, oxidative stress, UV irradiation, GPCRs, Rac, Cdc42, 

tumor necrosis factor alpha (TNFα) and interlukin 1 (IL-1), which cause activation of sundry 

MAPKKK p38 pathway proteins by recruiting activating factors TRAF adaptor proteins (123). 

MAPKKKs proteins, MEKKK-1, -2, -3, MLK2/3, ASK1, TAK1, and TAO1/2, stimulate MEK3, 

MEK6 and MEK4. MEK6 can activate all 4 isoforms of p38, while MEK3 has only been shown to 

phosphorylate α, β, and γ (136). Activation for p38 occurs on a threonine-glycine-tyrosine (TGY) 

activation loop. Prior to activation, MK2, MK3, and MK5 act as scaffolding proteins, holding 

inactivated p38 at the membranes in the cytoplasm. Once activated, p38 can translocate to the 

nucleus via to activate ATF1/2/6, Elk-1, GADD153, ETS1, MSK1/2, MEF2 and p53. In the 

cytoplasm, p38 activates MNK1/2, MK2/3, MAPKAPK2 MAPKAPK3, PRAK, Bax, and Tau. 

Isoforms p38α and β are expressed in a wide range of cell and tissue types, but p38γ and δ 

have more specific expression (genecards.org). 

The isoforms of p38 share some sequence identity; p38α (MAPK14, also called stress activated 

protein kinase 2a (SAPK2a)), p38β (SAPK2b, MAPK11), p38 γ (MAPK12, SAPK3, ERK6), p38 δ 

(MAPK13, SAPK4). Interestingly, p38α seems to be the primary form of p38 responsible for its 

role in inflammation (137). Occasionally, the p38 isoforms have opposite effects. For instance, 

p38 α stimulates c-Jun (JUN) phosphorylation and is inhibited by p38γ. In the nucleus, p38 is 

inactivated by DUSPs, and MAPKAPK2 has been shown to remove p38 from the nucleus. 

During the cell cycle, p38α has been shown to prevent cell cycle progression from G1 to S-

phase and G2-M in several ways, including downregulating the activity of CDKs (138); while 

there are a few instances where p38 isoforms promote cell proliferation, this pathway mainly 

has apoptotic effects. SB203580 and BIRB0796 are chemical inhibitors of the p38 pathway, and 
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these act as competitive inhibitors of ATP binding (either by direct competition as with 

SB203580 (139), or as indirect ATP binding inhibitor (140). 

The JNK pathway is also called the stress activated protein kinase (SAPK) pathway. There are 

three JNK isoforms (α, β and γ) which share 85% homology (reviewed in (123)). The MAPKKKs 

in this pathway include MEKK1-4, MLK1-3, Tpl-2, DLK, Ask1/2, TAK1, and Tao1/2, which 

activate MKK4 (SEK1) and MKK7. The activation loops on JNKs are a conserved threonine-

proline-tyrosine (TPY) motif, and once phosphorylated, JNKs have many cytoplasmic and 

nuclear substrates, including transcription factor c-Jun, which promotes cell proliferation. 

MAPK pathway overlaps 

Substantial crosstalk occurs between the MAPK pathways, illustrated by the somewhat 

labyrinthine figure models (Fig. 1.6). Regulation is one effect - for instance, p38 activates PP2a, 

which inactivates the ERK1/2 pathway (141). As evidenced above, many of the downstream 

kinases are shared between these pathways, likely due to conserved substrate docking and 

activation sites P-X-[S/T]-P, where the serine or threonine is the phospho-acceptor site; an 

example of this is MNK1/2 (activator of eIF4E), which is activated by both p38 and ERK1/2 

(142), and MSK1/2 (activator of nuclear targets), also a co-substrate for these two pathways 

(143). The effects of these common downstream targets are usually tempered by localization 

and downstream substrate availability.  

Native kinase regulation by nucleocytoplasmic trafficking 

Outside of the cardiovirus-directed Nup phosphorylation events mentioned in previous sections 

of this chapter, a few recent studies have implicated kinases in the regulation of 

nucleocytoplasmic trafficking (144). ERK1/2 have been shown to bind to Nup214 (128) and 

Nup153 (129). Nup153 was demonstrated to be a substrate for ERK1/2 in vitro (145).  Another 

substrate relevant to this thesis is Nup50. It was identified by a phosphoproteomics screen 
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and confirmed with in vitro studies  as a substrate of ERK-directed phosphorylation, which 

decreased that Nup's ability to bind to karyopherin B1 (120). Interestingly, Nup30 may also be 

phosphorylated by ERK1/2 and p38 (146). There are additional studies in which 

nucleocytoplasmic trafficking is impacted by phosphorylation. Oxidative stress stimulates the 

MEK-ERK and PI3-Akt pathways, Nup153 became phosphorylated and further glycosylated, 

and the import of classical NLS was inhibited, though specific kinases were not determined 

(135). Okadaic acid is phosphatase inhibitor of both PP2a and protein phosphatase 1 (PP1), 

and when it is incubated with cells, Nup153 becomes hyperphosphorylated ((135) and the 

appendix of this thesis). 

Model of L function

The model we present here (Figure 1.8) involves a L and 2A interaction after cleavage from the 

cardiovirus polyprotein, and trafficking of 2A:L to the nuclear pore by use of 2A’s putative NLS. 

Once at the pores, L becomes phosphorylated, first on Thr47 by Casein kinase 2, then on Y41 

by spleen tyrosine kinase, which strengthens L’s affinity for other binding partners CRM1 and 

Ran. The binding of these supplants 2A, which travels alone to the nucleolus. L:CRM1:Ran then 

interacts with MAPK kinases ERK1/2 and RSK2/3 (and possibly others) to phosphorylate 

appropriate substrates within Nups 62, 153, 214 and 98 to prevent their interaction with 

karyopherins and completely inhibit trafficking through the pores.  

Thesis Overview

The work in this thesis (1) establishes the extent of L-directed nucleocytoplasmic trafficking 

inhibition, (2) additional potential binding partners responsible for L’s activities at the nuclear 

pores, and (3) clearly defines the kinases responsible for this inhibition. The second chapter 
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resolves specific cellular pathways inhibited by cardioviruses, that L does not stimulate cytosolic 

kinases, that Nup98 (and not Nup50) becomes phosphorylated, and that the Nups themselves 

must be in the context of the native pore complex to become phosphorylated, suggesting that 

localization of Leader at the pores is required for trafficking inhibition. The third chapter 

establishes that Leader can bind to exportins CRM1 and CAS, forms a trimeric complex with 

Ran and CRM, and that knocking down CRM1 decreases L-directed Nup phosphorylation and 

viral replication. The fourth chapter focuses on siRNA studies and in vitro reconstitution assays 

to establish that kinases ERK1/2 and RSK2/3 (and to a lesser extent p38 α/β) can 

phosphorylate Nups in the presence of L. Collectively, these results present a model wherein 

L:CRM1:Ran:kinase complexes are tethered to the nuclear pore, phosphorylating Nups to inhibit 

nucleocytoplasmic trafficking. The data presented are important for not only for the picornavirus 

field, but also implicate MAPKs as potential regulators of nucleocytoplasmic trafficking. 
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Chapter 2: Three Cardiovirus Leader Proteins Equivalently Inhibit 

Four Different Nucleocytoplasmic Trafficking Pathways 

Published in (72), Virology, Volume 484:194-202. doi: 10.1016/j.virol.2015.06.004. (Epub ahead 

of print, June 2015) 

Figures 2.1E and 2.3 were performed by Holly Basta (Palmenberg Lab) 

Abstract 

Cardiovirus infections inhibit nucleocytoplasmic trafficking by Leader protein-induced 

phosphorylation of Phe/Gly-containing nucleoporins (Nups). Recombinant Leader from 

Encephalomyocarditis virus, Theiler’s murine encephalomyelitis virus and Saffold virus target 

the same subset of Nups, including Nup62 and Nup98, but not Nup50. Reporter cell lines with 

fluorescent mCherry markers for M9, RS and classical SV40 import pathways, as well as the 

CRM1-mediated export pathway, all responded to transfection with the full panel of Leader 

proteins, showing consequent cessation of path-specific active import/export. For this to 

happen, the Nups had to be presented in the context of intact nuclear pores and exposed to 

cytoplasmic extracts. The Leader phosphorylation cascade was not effective against 

recombinant Nup proteins. The findings support a model of Leader-dependent Nup 

phosphorylation with the purpose of disrupting Nup-transportin interactions.  

Introduction 

Cardioviruses, as members of the Picornaviridae family, are positive-sense, single-stranded 
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RNA viruses. Their preferred hosts are rodents, although some will readily infect other 

mammals. Of the three recognized species in this genus, two are represented by 

encephalomyocarditis virus (EMCV) and Theiler's murine encephalomyelitis virus (TMEV). 

Saffold virus (SafV), within the same Cardiovirus B species as TMEV, is one of the few 

members of this genus to infect humans (147). While cardioviruses have similar polyprotein 

organizations, each encodes a variable-length Leader (L) protein, none of which have homologs 

or analogs in other viruses or cells. Leader proteins are unique determinants of cardiovirus anti-

host activities. Although not kinases themselves, the Leaders induce intense hyper-

phosphorylation of certain Phe/Gly-containing nuclear pore proteins (Nups), including Nup62, 

Nup153 and Nup214 shortly after infection (71, 73). Phosphorylation of Nups within nuclear 

pore complexes (NPC) down-regulates active nuclear import by hindering importin association 

with the Nups (117, 120). This novel mechanism can be recapitulated by transfection of L-

encoding cDNAs into cells or by the addition of recombinant L protein into cell extracts 

containing nuclei as targets (63, 73). The in vitro assays directly mimic the trafficking inhibition 

observed by cardiovirus infection-directed Nup phosphorylation.  

The EMCV L (LE) is 67 amino acids (aa) long. The NMR solution structure for the closely related 

Mengo L (LM) shows an unusual N-proximal zinc-finger domain. The rest of the protein 

configures as random coil (78). Functionally, the LM coiled region has a C-proximal acid-rich 

domain and a central hinge segment which forms the primary induced-fit binding contacts with 

RanGTPase, a requisite partner in the anti-host activity (53, 64, 74). LE is shuttled to the nucleus 

after its polyprotein synthesis presumably by interactions with the viral 2A protein with which it 

can also interact (48). In the presence of guanine nucleotide exchange factor, RCC1, just inside 

the nuclear rim, LE then exchanges 2A for Ran (48). The LE interaction with this key trafficking 

regulator is very tight, with a measured KD of about 3 nM (77). Before, or shortly after this 

nuclear exchange, LE becomes phosphorylated at Thr47 and Tyr41, in steps which are obligate 
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for the consequent LE-dependent Nup phosphorylation activities (63). The NMR orientation of 

LM, when bound to Ran, shows the pairing forces Ran into an allosteric conformation which 

mimics the RanGTP-bound active state of this transport regulator. As such, Ran (with LM) 

becomes competent to bind exportins and their cargos for putative shuttling to the cytoplasm 

(78). It has been proposed that this complex (LM:Ran:exportin), formed in the nucleus, 

subsequently recruits activated kinase cargos, such as p38 and/or ERK1/2 (75), and the full 

unit, unable to dissociate because of the bound Leader, becomes trapped in the nuclear pore, 

where the kinases catalyze the cell-debilitating hyper-phosphorylation of Nup62, Nup153 and 

Nup214 (78).  

The L proteins of SafV (LS) and TMEV (LT) are similar in many respects. Cardiovirus B species 

Leaders are 4 (LS) to 9 (LT) aa longer than LE or LM, with the added length mostly evident as 

short contiguous insertions C-terminal to the Ran-contact hinge domain. Each also has an 

additional small relative deletion next to the N-terminal initiating Met. Like LM/LE, the TMEV and 

SafV proteins become dually phosphorylated in cells or in recombinant form, but at different 

sites (i.e. Ser57 and Thr58, respectively) and by different kinases (AMPK, not CK2) than the 

better studied EMCV systems (64). When recombinant LT or LS, are introduced into cells, even 

in the absence of infection, they can indeed induce Nup62 phosphorylation, the common assay 

for hyperphosphorylation (63).   

There are many elements of the L-directed Nup phosphorylation model that are not well 

understood. It is unknown, for example, if there are other Nup proteins which are targets (or 

non-targets) of the activated kinase complexes. The matrix protein of vesicular stomatitis virus 

(VSV) causes nucleocytoplasmic trafficking inhibition (148) by complexing with Nup98 and the 

exportin Rae1 (149). Similar to a phenotype described for TMEV infections, where Nup98 is 

also reported to be phosphorylated (63, 150), VSV inhibition of Nup98-dependent trafficking 
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stops the export of cellular mRNAs and prevents the transcription of interferon and chemokine 

products (70, 73, 151, 152). The full collection of Nup62, Nup98, Nup153 and Nup214 are also 

among the demonstrated substrates for human rhinovirus (RV) protease 2A. These cousins of 

the cardioviruses inactivate NPC import/export by multiple Nup cleavage reactions rather than 

by phosphorylation cascades (65, 68). The sequence differences in specific 2Apro which are 

characteristic of the multiple RV genotypes allow individual viruses to preferentially cleave 

selected cohorts of Nup substrate panels with different avidities and rates (68). Consequently, 

not all import/export pathways are equivalently disabled by every RV, allowing each 2Apro 

sequence to manifest as a strain-specific Nup degradation pattern (69).  

With the cardioviruses, it isn’t known whether LE-directed Nup hyper-phosphorylation is aimed 

more generically at all transport pathways, or like the RV, is more selectively directed at only 

those import/export units which use particular subsets of Nups. Cardiovirus systems to test 

these parameters have typically linked traceable reporters (e.g. GFP) to peptide fragments (e.g. 

SV40) with non-specific nuclear import localization signals (NLS), or tried to follow common 

cellular mRNAs as the metric for nuclear egress (74). These previous experiments are less 

sensitive than the newer, path-specific assays recently described for the RV (69). Application of 

those new systems now provides clarification on the scope of LX disruption of trafficking 

pathways for the LE, LS and LT proteins, and as described here, show all 3 of these viruses act 

ubiquitously against 4 tested pathways, including a path dependent upon a nuclear export signal 

(NES) for protein egress. Moreover, observation of LX-dependent Nup phosphorylation becomes 

accelerated in cell-free systems by the presence of okadaic acid (OA), an inhibitor which 

prevents counterproductive phosphatase activities on both the susceptible Nups and on the 

required cellular kinases.  
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Results 

Nup98 and Nup50. 

Transfection of cells with LX-encoding cDNAs, followed by Western analyses is the standard 

assay for LX-dependent Nup phosphorylation (74). Some prior experiments also evaluated 

Westerns or γ32P incorporation after incubation of recombinant LX proteins with fractionated cell 

nuclei and cytosol (53). The size (67-72 aa) and charge (pI ~3) of LX proteins presents technical 

issues unless these segments are linked to fusion tags, such as GST or GFP (75). For LE, the 

observed Nup phosphorylation after cDNA transfection was comparably strong (63) whether the 

tag was N-terminal (e.g. GFP-LE), or C-terminal (e.g. LE-GST), as illustrated in Fig 2.1A. The 

common detection antibody (mAb414) recognizes multiple Phe/Gly-containing Nups, albeit with 

differing affinities. Typically, Nup62 modifications manifest on gels as a “smear” towards higher 

mobility when multiple phosphates are added sequentially. The change is distinctive whether LE 

is assayed after transfection of cDNA (e.g. Fig 2.1A), or as recombinant protein in cell-free 

extracts (e.g. Fig 2.1B). The same is true for Nup153 and Nup214 (73). Nup50 and Nup98, 

however, are only intermittently detectable with this mAb (e.g. Fig 2.1B). For these, evaluation 

of the LX-dependent changes required different reagents. Cytosol/nuclei mixtures similar to Fig 

2.1B, were labeled with γ32P-ATP, and then extracted with mAbs specific to Nup50 or Nup62. 

While Nup50 was observable by Western analysis (Fig 2.1B), the presence of GST-LE, did not 

direct detectable label incorporation (Fig 2.1C), nor did it shift in molecular weight. Nup62 on the 

other hand, was demonstrably labeled with 32P by the inclusion of GST-L (Fig 2.1D). Equivalent 

Nup98 reagents are not effective in similar immunoprecipitation experiments. For this 

evaluation, HeLa cells were transfected with cDNAs encoding LE-GST, LS-GST, LT-GST, and 

also with corresponding cognates encoding Cys-to-Ala LX-inactivating mutations (63). In every 

case when there was active LX protein, the Nup98 mAb detected the upward “smear” of LX-

dependent phosphorylation. The activities ranked as LE>LS>LT for these particular conditions. 
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Figure 2.1 Nup phosphorylation assays for Nup98 and Nup50. (A) HeLa cells were transfected with cDNAs 
encoding the indicated proteins. After 16 hrs, harvested lysates were probed in Western assays using 
mAb414 (Nup62) or α-tubulin (Tub). (B) Recombinant LE-GST or GST-LE proteins (5 µg) were incubated with
HeLa cytosol supplemented with isolated nuclei. After 45 min, the samples were fractionated, then probed 
by Western analyses as in A. (C) HeLa nuclei, cytosol and recombinant GST or GST-LE were incubated with 
γ-32P-ATP in the presence or absence of okadaic acid (OA). After incubation at 37oC for 45 minutes, proteins 
reactive with α-Nup50 were extracted and fractionated. Upper panel is an autoradiogram. Lower panel is a 
silver stain of the same materials. (D) Same as C, except immunoprecipitation was with α-Nup62. (E) Similar 
to A, unlabeled transfected lysates were fractionated, then probed in Western assays with α-Nup98. In panels 
A, B, E, the “relative P” is pixel count (TotalLab software) in the phosphorylated product, normalized to GFP-LE 
or GST-LE controls. For C, D, these values are the relative pixels in the labeled bands, normalized to the silver
stain signals. 
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Therefore, Nup98 but not Nup50, is a target of the LE-dependent phosphorylation cascades 

(Fig. 2.1E).  

Import/export Pathway Imaging 

During EMCV infections, LX cDNA transfections, or cell-free reactions with recombinant 

proteins, NPC active import/export is abrogated. Small proteins (<40 kD) and metabolites then 

diffuse across the NPC to equilibrium (73). Visualization of this process requires addition of 

fluorescent reporters linked to NLS sequences to record relative changes in nuclear/cytoplasmic 

cellular distribution. Recombinant GST-GFPNLS, for example, was previously tracked in digitonin-

treated HeLa cells to document GST-LE concentration and rate effects (73). HTNLS (Halotag), 

transfected as cDNA into cells, showed similar relocalization (70, 71, 73). In all these previous 

experiments however, the tested reporter-NLS was from SV40, which traffics via the importin 

α/β pathways and is responsive only to particular segments of the Nup cohort (Table 2.1) 

specific to that karyopherin passage through the NPC (153-155).   

The impact of LX on other characterized transport pathways was assessed with HeLa cell lines 

transduced with mCherry reporter genes (~30 kD) linked to additional NLS/NES segments (~15-

45 aa; (69)). After infection with vEC9 (3 hr), the cells and controls were fixed, stained with DAPI 

and imaged (Fig 2.2). Averaged pixel scans centered over the width of individual nuclei showed 

that the mCherry signals, compared to steady-state DAPI, diminished measurably after infection 

of cells, if the reporter was linked to the SV40 NLS, the M9 NLS (156), or the RS domain NLS 

from an SR protein, splicing factor 2 (157). Previous characterization of these cells with 

rhinovirus reagents confirmed the cell-wide stability of the total mCherry signal (69). The 

reporter signal redistributes out of nuclei during infection, but is not degraded. The fourth tested 

cell line expressed mCherry linked to the leucine-rich NES from PKI (158). This segment is 

sensitive to CRM1-mediated active nuclear egress. Here, the initial nuclear exclusion of the 

reporter was reversed after infection, allowing a stronger mCherry signal to accumulate in the 
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Figure 2.2 Tra�cking disruption by EMCV. Transduced HeLa cells expressing mCherry fusion proteins linked to NLS (SV40, 
M9 or RS) or NES (PKI) import/export sequences, were infected with vEC9 (MOI=15). At 3 hrs, the cells were �xed, stained 
with DAPI and imaged. For each condition, randomly selected individual cells (n=10) were scanned for pixel intensity 
(linear stretch of 80 pixels), centered on the DAPI signal. The values were averaged and plotted as the natural log of each 
signal for DAPI (blue solid line), and mCherry (dashed red line). The average standard deviation was 0.210 ln(x) 
(range: 0.124 to 0.274).
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nuclei relative to control cells. For each of these 4 lines, infection with vEC9 impacted the 

respective mCherry-labeled NPC transport pathway. Virus disruption of active transport into or 

out of the nuclei resulted in reporter redistribution by diffusion relative to the steady-state DAPI 

signals.  

The LE protein of intact vEC9 is the effector for the experimental set depicted in Fig 2.2. Cell 

visualization assays with the same mCherry cell lines were repeated after transfection with 

cDNAs encoding LE-GST, LT-GST or LS-GST. Again, averaged pixel scans centering on the 

nuclei illustrated the impact of LX on mCherry relocalization (Fig 2.3), this time in live, unfixed 

cells. Within these graphs, the solid lines now represent the mCherry profiles observed in 

control cells (i.e. equivalent to Fig 2.2, mock). Relative to this, expression of all three LX proteins 

mediated measurable reporter diffusion out of (NLS lines), or into (NES line) nuclei. Unlike the 

rhinovirus 2Apro which can discriminate these respective import/export systems according to 

virus genotype (69), the 3 cardiovirus LX proteins seemed equivalently adept at disrupting all 4 

tested transport pathways (Fig 2.3).   

Context for Nup Phosphorylation 

LX-dependent Nup phosphorylation assays typically present the substrates in the context of

intact NPC, either by testing within whole cells (transfection, infection), or by reconstituting 

isolated cytoplasm and nuclei in the presence of recombinant LX (73, 75). The current 

hypothesis predicts that Ran-bound LX, complexed with an exportin and activated kinase cargo, 

becomes trapped within an NPC, leading to Nup hyperphosphorylation (78). Recombinant GST-

Nup62 (68) and His-Nup98 (personal communications, K.E. Watters) have been demonstrated 

as native-like substrates for RV 2Apro. But when either protein was added to dounce-

homogenized HeLa cell whole-cell extracts, or to subcellular fractionated HeLa cytosol, GST-LE 

failed to induce detectable phosphorylation (Fig 2.4A,B). The whole-cell lysates and HeLa 

cytosol each contain endogenous Nups, either as precursors to nascent NPC assembly 
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Figure 2.3 Tra�cking disruption by cardiovirus cDNAs. Similar to Fig 2.2, transduced HeLa cells expressing mCherry fusion
proteins linked to the SV40 NLS (A), M9 NLS (B), RS NLS (C) or PKI NES (D) were transfected with cDNAs for LE-GST, LS-GST
or LT-GST. After 16 hrs, individual live cells (n=8) were imaged for mCherry pixel intensity (linear stretch of 80 pixels) 
centered on the nucleus. Mock cells (solid lines) were transfected with cDNA for GST alone. The average standard 
deviation was 0.1274 ln(x) (range: 0.64 to 0.244).
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(cytosol), or from the cell disruption (whole cell lysates). For Nup62 the native and recombinant 

forms are easy to distinguish by size (Fig 2.4B). For Nup98, the proteins co-migrate, but rNup98 

phosphorylation would still be evident by measuring the A/B area ratios on the Western blot as 

detected with the His-tag mAb (Fig 2.4A). Although all these samples also contain Ran, CRM1, 

and kinases, in the absence of intact nuclei, neither the recombinant nor the endogenous Nups 

became phosphorylated in an LE-dependent manner. It required the addition of intact nuclei 

back to these mixtures to see evidence of Nup phosphorylation. Even then, however, 

recombinant proteins were still not viable substrates. The Nup phosphorylation mechanism was 

capable of discriminating context and modified only the native Nups, presumably those 

presented by the nuclei NPC.  

Kinase Activation 

Inhibitor experiments have implicated mitogen-activated protein kinases (MAPK), particularly 

ERK1/2 and p38, as the probable pathways involved in Nup phosphorylation during EMCV 

infections or LE-dependent cDNA transfections ((75), Chapter 4). In intact cells, activation of 

both enzymes can be observed in the presence of LE, independent of the simultaneous 

activation of their upstream signaling cascades, including MEK1/2, MKK3, MKK6 and cRaf. The 

pathway activation points must then be at or near the effector enzymes themselves (75), 

potentially involving phosphatases rather than kinases as the regulatory mediators. This idea 

was tested with the reconstituted cytosol and nuclei mixes, supplemented with GST-LE (Fig 2.5). 

As described above, this experimental combination gives effective Nup hyperphosphorylation. 

Surprisingly though, only very weak signals were detected with mAbs specific to the 

phosphorylated effector kinases (Fig 2.5AB, GST-LE lanes). Reasoning that the activated 

kinases could be cycling, the protein phosphatase 1/2a  inhibitor, okadaic acid (OA) was added 

at a concentration that inhibits such enzymes (159). The OA increased the phosphorylated 

ERK1/2 and p38 signals by at least 10-20 fold, presumably by preventing dephosphorylation 
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within the MAPK pathways and allowing the intermediates to accumulate (160). In the absence 

of GST-LE, OA had only a modest effect on Nup62 phosphorylation in these reactions, as 

measured by autoradiography (Fig 2.1D, OA lane). It is known that some Nups, including p150 

in Drosophila cells, can become phosphorylated by CDK1 in the presence of OA (116), as are 

other non-specific Nups in mammalian cells (117). Nup50 contains a phosphatase-sensitive 

phosphorylation site (120). Indeed, in the cell-free reconstitution assays this observation was 

confirmed by low-level incorporation of γ32P into Nup50-specific material (Fig 2.1C) in the 

presence of OA.  

Discussion 

ERK1/2 and p38 have been implicated as effector kinases in LE-dependent Nup hyper-

phosphorylation ((75), Chapter 4). In phosphor-proteomics studies (120) Nup50 has been 

suggested as a potential substrate for ERK1/2, and it was therefore of interest to assay this 

protein’s putative alterations in the presence of LE. Although in the presence of the phosphatase 

inhibitor OA (without GST-LE), Nup50 did become labeled with γ32P, LE did not direct this event 

(Fig 2.1).  Under similar circumstances, in addition to the previously described phosphorylation 

of Nup62, Nup153 and Nup214, the phosphorylation of Nup98 was readily observed and 

dependent upon the presence of active LE, LT and/or LS sequences. The Nup phosphorylation 

within this cohort required the substrates to be presented in the context of intact nuclei, because 

when tested with parallel recombinant versions of Nup62 or Nup98 that do not become 

incorporated into nuclear pores, the LE-dependent mechanism only altered the native proteins 

(Fig 2.5). Though some substrate-altering aberration of the recombinant Nups cannot be entirely 

ruled out, proximity (possibly through trapping the LX:Ran complexes within the NPC) is the 

most likely explanation for this observed mechanistic preference. If captured within the NPC, 

limited catalytic amounts of the LX complexes might then direct massive hyperphosphorylation 

of the preferred substrates.  
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When rhinoviruses infect cells, the virus-encoded 2Apro cleave many of the same subset of NPC 

Nups affected by LX-dependent hyperphosphorylation (65, 68). As it is with the cardioviruses, 

the effect is down regulation of active nuclear import/export and redistribution of diffusible 

proteins throughout the cell. A special characteristic of the rhinovirus system, though, is that not 

all import/export pathways are affected equivalently. The genotype-specific sequences of 

individual 2Apro have different Nup cleavage preferences (68), and therefore, the order, rate and 

location of each NPC cleavage can be used by these viruses to regulate the specific activities of 

nucleocytoplasmic cargo exchange. This has been demonstrated for the SV40, M9 and RS 

NLS-dependent import pathways and the CRM1-dependent export pathway (69). The classical 

NLS (SV40) pathway uses karyopherins importin α/β to transport a broad range of cargos (161, 

162). After the cargo:karyopherin complex is formed, it traverses the NPC via transient 

interactions with preferred Phe/Gly sites on multiple Nups (see Table 2.1), including Nup62, 

Nup98, Nup153, Nup214 and Nup358 (163). The M9 nuclear localization signal is from the 

mRNA binding protein hnRNPA1. It is recognized by transportin1 (karyopherin B2 in yeast, 

reviewed in (92), which is also responsible for import of HIV-1 Rev into the nucleus. The RS 

sequence from splicing factor 2  is recognized by transportin 3, a member of the karyopherin β 

family, and mediates the transport of SR proteins containing Arg-Ser-rich domains (RS) involved 

in the regulation of pre-mRNA splicing (164, 165). The PKI nuclear export pathway uses CRM1 

(XPO1), a transportin which interacts with cargos or adaptors bearing leucine-rich motifs (101) 

such as the HIV-1 Rev protein, the protein kinase A inhibitor (PKI), 5S rRNAs, and U snRNAs  

(158, 166).  

It has been proposed that rhinoviruses, by subtly balancing the trafficking unique to these 

pathways, can tailor the cell’s cytokine responses to needs of each genotype (69). The 

cardiovirus LX activities, however, when tested with these same pathways (Fig 2.2, Fig 2.3) 

seemed to show an indiscriminant, brute force NPC attack mode. Although activated kinases 
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Table 2.1 Nups Associated with NPC Pathways 

NLS/NES Motif sequence Required Nups1 Karyopherin1 
Classical import pathway. 
NLS is from the SV40 large 
T-antigen protein

Nup62     Nup214  
Nup98     Nup358  
Nup153   

importin α/β 

M9-mediated  
import pathway. NLS is from 
the M9 domain of mRNA 
binding protein hnRNPA1 

Nup62 
Nup98 
Nup153 

transportin 1 

RS-mediated import 
pathway. NLS is from the RS 
domain of splicing factor 2, 
an SR (Arg/Ser-rich) protein. 

Nup98 
Nup153 

transportin 3 

Leucine-rich NES-mediated 
export pathway. NES is from 
the protein kinase A inhibitor 
(PKI) 

Nup62    Nup214 
Nup98    Nup358 
Nup153   

CRM1 

1 Nup and karyopherins assignments are reviewed in (107, 109) 
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frequently transit the NPC in their roles as transcription regulators (167), there are few reports of 

coincidental (or accidental?) Nup phosphorylation. In uninfected cells, some Nups do become 

partially phosphorylated during mitosis, contributing to the transient dissociation of the NPC, but 

the cardiovirus-fostered events are unique biological phenomena in the strength and extent of 

Nup targeting. Not only were all 4 tested import/export pathways compromised within 3 hr of 

vEC9 infection, but all 3 LX-GST proteins, LE, LT and LS, were equivalently effective against all of 

the pathways. Apparently, phosphorylation is a much less discerning method of NPC disruption 

than rhinoviruses’ incisive proteolytic cleavage. The monitored processes also included 

measurable disruption of karyopherin-mediated NPC cargo export (i.e. CRM1). Although not 

directly tested here, one might expect the β3 importin 5 pathway, responsible for the transport of 

various ribosomal proteins, to be additionally hindered by LX, as it requires the same subsets of 

altered Nups, including Nup62, Nup98, Nup153, and Nup214 (103, 168). Still, despite the 

obvious broad-based NPC changes brought about by hyper-phosphorylation, it was somewhat 

surprising to find a level of LE-dependent substrate selection within these pores. Nup50, which 

is not phosphorylated by LE, is also not implicated in any of the above transport pathways. This 

is despite observations that Nup50 can indeed, during normal cell cycling, be phosphorylated by 

ERK1/2 (120), one of the enzymes in the LE mechanism (75). The potent phosphatase 1 and 

phosphatase 2a inhibitor OA, increased the pools of activated kinases, including ERK1/2 in the 

cell extracts, and allowed Nup50 phosphorylation. Phosphatases generally serve custodial roles 

during certain normal cellular events. In particular, protein phosphatases 1 and 2a interfere with 

MAPK pathways and are responsible for reversing any cyclin dependent kinase conferred- Nup 

phosphorylations acquired during mitosis (116). Full reconstitution of NPC during cell cycling 

actually requires this type of phosphate curating, and these processes are therefore sensitive to 

OA (116).  
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Conclusions 

Here, we present data that Nup hyper-phosphorylation pathways by LE, LT and LS, all target 

Nup98, in addition to Nup62 (73). Nup50, on the other hand was not phosphorylated by 

recombinant LE protein, and by inference, during infection. Furthermore, LE-dependent Nup 

phosphorylation in cell-free assays requires the substrates to be presented in the context of full 

nuclear pores (i.e. intact nuclei), as supplemented with cytosol (74). When this happens, at least 

3 independent cellular importin pathways (importin α/β, transportin-1, transportin-3), and an 

exportin pathway (CRM1) become compromised, as monitored with cell lines transduced to 

express path-specific mCherry NLS/NES reporters.  

Materials and Methods 

HeLa Cell Lines. 

Suspension cultures were maintained in modified Eagle’s medium (37°C, 10% calf serum, 2% 

FBS, under 5% CO2). In addition to standard cells (ATCC CRL 1958), stable transduced cell 

lines carrying mCherry reporter genes linked to defined NLS/NES sequences have been 

described (69). Briefly, the SV40 large T antigen NLS, M9 NLS (156), the RS NLS from splicing 

factor 2 (157), or the leucine-rich NES from PKI (158) were engineered in-frame, C-terminal to 

an mCherry gene in the context of a retroviral vector plasmid encoding neomycin resistance 

(169). Murine leukemia virus (MLV) vectors were used in combination with these plasmids to 

create virus stocks harboring the respective genes. Infection of HeLa cells, genome integration 

and antibiotic selection gave cell lines with highly visible, constitutive expression of the mCherry 

derivatives. Before visualization, plated cells were rinsed with PBS (2x, 137 mM NaCl, 2.7 mM 

KCl, 10mM Na2HPO4, pH 7.4), treated overnight at 4oC with 4% paraformaldehyde, and then 

rinsed with PBS (3x) before the addition of DAPI (1ug/ml).  
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Cell Fractionation 

HeLa cytosol was isolated after swelling suspension cells in hypotonic buffer (0.75 Mg(OAc)2, 

0.15 mM EDTA, 1 mM PMSF, 0.01 mg/ml leupeptin, 20 mM pepstatin A, 3 mM DTT), followed 

by dounce homogenization and clarification (16,000×g, 20 min, 4oC). TB (1/10 volume, 10x at 

20 mM hepes pH 7.3, 2 mM Mg(OAc)2, 110 mM K(OAc), 1 mM EGTA) was added before 

storage at -80oC. Whole cell lysates were prepared similarly, by the addition of WCLB (50mM 

Tris pH7.4, 50 mM NaF, 5mM Na4O7P2, 1 mM EDTA, 1mM EGTA, 250mM mannitol, 1% triton 

x100; 1mM DTT, 1mM PMSF, 20 mM pepstatin A, and 1x protein phosphatase inhibitor cocktail 

3, Sigma Aldrich) to cells, followed by sonication (2x, 30 sec, 4oC) and clarification (16,000xg, 

10 min). The materials were aliquoted and snap-frozen before storage at -80oC.  Nuclei were 

isolated from suspension cells following treatment with digitonin and clarification to remove 

cytosol (170). Briefly, the cells were collected, washed (2x, PBS), then incubated (10 min, 4oC) 

in RSB (10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 2.5 mM MgCl) with digitonin (40ug/ml, Sigma 

Aldrich). The samples were clarified (2000xg, 8 min), and the pellets were rinsed with RSB, then 

TB (plus 1 mM DTT, 3x). Quantitation was with a hemocytometer after staining with tryphan 

blue.  

Transfection and Infections 

Eukaryotic expression plasmids for GST, GFP, GFP-LE, LE-GST, LT-GST (BeAn), and LS-GST 

(SafV-2) were as described (64, 75). The GST-LX panel also had matched cognates encoding 

corresponding, inactive LX sequences (C19A, or C11A).  Cells were transfected (3x105 cells per 

well, 1 ug cDNA) using lipofectamine (1 ul, Invitrogen) in Opti-MEM media (Invitrogen), and then 

incubated (37oC under 5% CO2). Infections with vEC9 (171) used an MOI=15, in PBS. At 

harvest, the wells were rinsed (2x, PBS) before 2x SDS buffer was added. Cell materials were 

collected and boiled (15 min) before fractionation by SDS-PAGE and protein detection in 

Western assays.  
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Microscopy.  

Cells (live or fixed with paraformaldehyde) were visualized with a Ti-E ECLIPSE inverted wide-

field microscope (Nikon Corporation). The images were collected using a CoolSnapHQ camera 

(Photometrics). Excitation/emission filter sets detected 460 nm (DAPI) and 632 nm (mCherry). 

Nikon NIS Elements software (version 4.30.01) was used to tabulate individual pixel intensities 

across an 80 pixel-window, centered on the nucleus, per cell. DAPI and mCherry data for a 

minimum of 10 live cells, or 8 fixed cells per experimental condition were collected. The values 

were compiled in Excel and averaged across the 80 pixel windows. To compare conditions with 

fixed cells, the averaged DAPI levels were normalized. The natural log of each point in the 

intensity profile was plotted. 

Recombinant Proteins 

Recombinant engineering, bacterial expression and protein isolation for GST and GST-LE have 

been described (74). The isolation of recombinant GST-Nup62 (human) is also described (68). 

Purified recombinant His-Nup98 (human) was a gift from Dr. Kelly Watters.   

Westerns and Antibodies 

Samples were boiled with SDS buffer before the proteins were resolved by SDS-PAGE, and 

transferred to polyvinylidene difluororide membranes (Immobilon-P, Millipore). The membranes 

were blocked (30 min) in TBST (20 mM Tris, pH 7.6, 150 mM NaCl, 0.5% Tween 20) with 10% 

dry milk as described (73). For Western assays, the membranes were incubated with a primary 

antibody (in TBST, 1% dry milk, overnight, 4oC), before rinsing (3x, TBST), and addition of a 

secondary antibody (1 hr, 20oC). After additional rinses (3x, TBST), the membranes were 

developed according to manufacturers’ specifications for enhanced chemiluminescence (Pierce, 

GE Lifesciences). Antibodies included: α-Nup98 (goat mAb, IgG, Sigma, 1:10000), α−FG-repeat 

Nups (murine mAb414, IgG, Covance, 1:2000), α-Nup62 (murine Ab, IgG, BD Transduction 
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Laboratories, 1:2000), α-tubulin (murine Ab, IgG, Sigma, 1:10000), α-Nup50 (goat Ab, Abcam, 

1:2000), α-GST (murine mAb, IgG, Novagen, 1:10000), α-His (6x His, murine Ab, Abcam, 

1:2000), α-P-p38 (activated, phospho-Thr180/Tyr182; rabbit Ab, IgG, Cell Signaling 

Technology, 1:3000), α−p38 (unactivated, rabbit Ab, IgG, Cell Signaling Technology, 1:3000), 

α-P-ERK1/2 (activated, phospho-Thr202/Tyr204 ERK 1/2; rabbit Ab, IgG, Cell Signaling 

Technology, 1:2000), α-ERK1/2 (unactivated, ERK1/2, rabbit Ab, IgG, Upstate, Millipore, 

1:5000), α-mouse (secondary Ab, IgG, Sigma Aldrich, 1:8000), α-rabbit (secondary Ab, IgG, 

Promega, 1:8000) α-goat (secondary Ab, IgG, Sigma, 1:8000). 

Nup50 and Nup62 Immunoprecipitation 

HeLa nuclei (106 cell equivalents) and fractionated cytosol (3x105 cell equivalents) were 

combined with γ-32P-ATP (10 µCi). Recombinant GST or GST- LE (2 µg), were added. Some 

samples were supplemented with okadaic acid (250 nM). Reactions were incubated at 37oC for 

45 min before the addition of RIPA (300 µl/sample, 50 mM Tris, pH 7.4, 150 mM NaCl, 0.1 % 

SDS, 1% Triton x100, 0.5% Na deoxycholate, 1mM PMSF, 20 mM pepstatin A, and protein 

phosphatase inhibitor cocktail 3, Sigma Aldrich) and sonication. Protein G-conjugated beads (10 

µl, G.E. Lifesciences) were added. Incubation was for 1 hr before the beads were removed by 

centrifugation. Fresh protein-G beads conjugated to α-Nup50 or α-Nup62 (saturated) were 

incubated with agitation (4oC, 3 hr) and then collected. After extensive washing (6x, PBS with 

0.02% triton), samples were denatured with SDS buffer, boiled and fractionated by SDS-PAGE. 

Protein bands were detected by silver-staining and autoradiography, with densitometry 

performed using a Typhoon imager (GE Healthcare).  
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Chapter 3: Cardiovirus Leader proteins bind exportins: implications 

for virus replication and nucleocytoplasmic trafficking inhibition 

Figure 3.2B was performed by Holly Basta (Palmenberg Lab) 

Abstract 

Cardiovirus Leader proteins (LX) inhibit cellular nucleocytoplasmic trafficking by directing host 

kinases to phosphorylate Phe/Gly-containing nuclear pore proteins (Nups). Resolution of the 

Mengovirus LM structure bound to RanGTPase, a trafficking regulator, led to suggestions that 

these complexes must interact further with specific exportins (karyopherins), which in turn 

mediate the kinase selection. Pull-down experiments, recombinant protein complex 

reconstitution, and shRNA knockdowns now confirm that CRM1 and CAS exportins can form 

direct, stable dimeric complexes with Encephalomyocarditis virus LE, and also larger complexes 

with LE:Ran. Similar activities could be demonstrated for recombinant LS and LT from 

Theiloviruses. When mutations were introduced to alter the LE zinc finger domain, acidic 

domain, or dual phosphorylation sites, there was a reduced exportin selection. These regions 

are not directly involved in Ran interactions, so the Ran and CRM1 binding sites on LE must be 

non-overlapping. The involvement of exportins in this mechanism is very important to both viral 

replication and the inhibition of trafficking by LX.  

Introduction 

Vertebrate nuclei have double-layered membranes studded with an estimated 2800 channels 

called nuclear pore complexes (NPC). Each pore is comprised of about 30 nucleoporin proteins 
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(Nups) arranged with octagonal symmetry (107). Many of these Nups, especially those lining 

the central channel, are hydrophobic, displaying characteristic Phe/Gly-repeat units which serve 

as a physical barrier to casual diffusion of molecules >40 kDa.  Larger macromolecules cannot, 

by themselves, navigate the disordered, hydrophobic Nup tangle that constitutes the central 

channel. Instead, directionally targeted cargos display short nuclear localization signals (NLS) or 

nuclear export signals (NES) that are recognized and bound by karyopherin receptors (importins 

or exportins) traveling in the required direction. The cargo/receptor selection process is 

regulated by a RanGTPase-moderated energy gradient, which determines the active, or inactive 

status of the various karyopherins (172).   

There are multiple virus types which usurp these transport pathways to enhance their own 

replication or prevent activation of innate responses. Cardioviruses in the Picornaviridae family 

use the unique strategy of induced hyper-phosphorylation directed at multiple Phe/Gly (FG) 

Nups, to bring about a rapid, virtually complete inhibition of cellular import/export processes 

((74), Chapter 2). The effect is toxic to cells, but allows these cytoplasmic viruses to replicate 

with apparent impunity. Encephalomyocarditis virus (EMCV), Mengovirus, Theiler’s murine 

encephalyomyelitis virus (TMEV) and Saffold virus (SafV) are characteristic isolates which have 

been studied for these activities (64, 73).  

Each cardiovirus encodes a small, highly-charged Leader protein (LX, 67-76 amino acids) at the 

N-terminus its polyprotein, which when introduced into cells, is sufficient  to recapitulate the 

entire Nup hyper-phosphorylation phenomenon (74). Solution structures of the Mengo protein 

(LM) show a CHCC amino-proximal zinc finger domain as the dominant motif in an otherwise 

flexible conformation (78, 173). A central “hinge” region and C-proximal acidic region assume 

more defined induced-fit conformations only when LM interacts with RanGTPase, a strong (3 

nM) preferred binding target when tested with recombinant proteins, or as detected with native 

proteins within the infected cells’ nuclear rims (74, 77, 78). The complex locks Ran into an 
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irreversible “active” structure, nearly identical (~1.6 Å RMSD) to nucleotide-bound RanGTP. In 

uninfected cells, this conformer of Ran would normally chaperone interactions between export 

karyopherins and their cargos, and then participate in shuttling these complexes through the 

NPC from nucleus to cytoplasm. But since neither Ran nor LX is a kinase, it is clear that neither 

can be directly responsible for catalyzing infection-dependent Nup phosphorylation. Instead, it 

has been proposed that LM:Ran complexes serve to nucleate subsequent (irreversible?) 

reactions with exportins, which in turn then carry the culpable activated kinase cargos directly to 

Nup targets (78). In recent  support of this model, recombinant LE-GST (EMCV), when reacted 

with HeLa cytosol was shown to pulldown immunologically detectable amounts of CRM1 

(chromosomal maintenance 1 protein, XPO1) and CAS (cellular apoptosis susceptibility protein, 

XPO2) exportins (78). The responsible kinases, as implicated with parallel inhibition studies 

(Chapter 4), are known to include MAP pathway agents, ERK1 and p38 (75). Presumably, these 

enzymes, for which the activated forms have dominant nuclear localizations (123), are 

somehow preferentially selected for Nup phosphorylation activities, by the LX:Ran:exportin 

complexes.  

Other than the LX:Ran interactions, though, few of these steps have been broadly explored 

experimentally. Moreover, complicating the overall picture is an additional mechanistic 

requirement for duel LX phosphorylation. Ran interactions with LM do not require these 

modifications, but exportin extraction by recombinant LX (78), and ultimately Nup 

phosphorylation (63, 64), are sensitive to the motif phospho-status. Cardiovirus LX proteins vary 

somewhat in the sequence and lengths of their hinge and acidic regions, and it is within this 

context that the required phosphorylation residues occur. We now report new results showing 

direct, reciprocal binding interactions between native and recombinant LX proteins with cellular 

and recombinant variants of the exportins CRM1 and CAS.  My findings refine the existing 

mechanistic model, and moreover suggest that these specific interactions may be mediated by 
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the LX zinc finger, acidic domains and phosphorylation sites, which do not directly participate in 

Ran binding.  

Results 

Screen for LE binding partners. 

RanGTPase, as a binding partner for GST-LE, was previously identified by reciprocal pull-down 

activities and confirmed with Western analyses using anticipated reactive antibodies (74, 78). 

Related experiments suggest the phosphorylation status of LE was a key determinant for 

additional relevant interactions, particularly with exportins (78).  As a broader screen for 

dominant cytosolic partners, HeLa lysates were pre-cleared with glutathione beads and then 

reacted with GST-LE in the presence of additional ATP. These conditions allow efficient dual 

phosphorylation of LE (63) while reducing background binding by non-specific proteins. After 

SDS-PAGE fractionation, 7 prominent band regions (Fig. 3.1) were excised, pooled, digested 

with trypsin and submitted for orbi-trap mass spectrometry. Table 3.1 summarizes the strongest 

sequence hits as defined by positive identification of at least 30 unique peptides each. The list 

includes exportin 1 (CRM1) and exportin 2 (CAS), the nuclear transport-associated 

karyopherins which had been modeled previously with probable LE:Ran interactions (78). The 

sizes of these proteins, 123 kDa and 110 kDa, respectively, are consistent with the principal 

band 2 included in mass spec analysis, pool A. Therefore, LE, as it is phosphorylated in this 

cytoplasmic context, does indeed react strongly with exportins.  Interestingly, 6 of the 9 

strongest hits (Cover %) found in both pools identified several other proteins with structurally 

analogous HEAT repeat motifs, similar to those characteristic of the exportins, perhaps 

indicating a topological class of preferred contact interactions with LE.  

LE association with exportins. 
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Figure 3.1.  Cytosol selection by GST-LE for Mass Spec. HeLa cytosol proteins (prey) reactive with GST-LE (bait) were collected, 
gel fractionated and visualized with silver stain. Bands of interest (1-7) were excised, pooled (A or B), digested with trypsin, and 
analyzed by orbi-trap mass spectroscopy for protein identity. kDa indicates the MW of proteins in a parallel marker lane. 
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Table 3.1. Proteins identified by mass spectroscopy 

Pool 
A 

Protein Name BHeat 
repeat 

GenBank 
(ID) 

cSize 
(kDa) 

DFrags 
(#) 

ECover 
(%) 

A DNA-dependent protein kinase 
catalytic subunit Yes P78527 460 127 39 

A E3 ubiquitin-protein ligase UBR5 No O95071 309 35 20 
A Translational activator GCN1 Yes Q92616 234 85 41 
A CAD protein No P27708 242 52 34 

B Proteasome-associated protein 
ECM29 homolog Yes Q5VYK3 204 53 38 

B Ras GTPase-activating-like protein 
IQGAP1 No P46940 189 30 26 

B Bifunctional aminoacyl-tRNA 
synthetase No P07814 171 33 31 

B Mitocondrial leucine-rich PPR 
motif-containing protein No P42704 158 48 48 

B Condensin complex subunit 1 Yes Q15021 157 39 40 

B Isoleucyl-tRNA synthetase, 
cytoplasmic No P41252 144 30 31 

B DNA-directed RNA polymerase II 
subunit RPB2 No P30876 134 32 40 

B DNA polymerase delta catalytic 
subunit No P28340 124 33 42 

A Exportin-1 (CRM1) Yes O14980 123 37 50 
A Exportin-2 (CAS) Yes P55060 110 43 57 
B Protein KIAA1967 No Q8N163 103 33 50 
A Alpha-actinin-4 No O43707 105 44 61 

A Heat shock cognate 71 kDa 
protein No P11142 71 31 55 

AFigure 1 gel bands 1,2,6,7 were pool A, bands 3,4,5 were pool B 
B protein has HEAT repeats (Huntington elongation factor 3, regulatory subunit A of protein 
phosphatase A, and TOR1), consisting of pairs of anti-parallel helices arranged in a consecutive 
parallel stack (Groves and Barford, 1999 Curr Opin Struct Biol, 9:383-389)  
C As per genecard.org 
D Number of peptide fragments by mass spec, identifying this protein 
E Sum of peptide fragment coverage of full protein sequence 
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Mutational mapping (53), as well as determination of the solution structure of LM bound to 

RanGTPase (78) explored sequence contributions from the central hinge region (aa 35-40), the 

zinc finger (aa 14-20), the acidic domain (aa 37-59) and phosphorylation sites (Tyr41, Thr47) as 

important to the observation of LX-dependent Nup phosphorylation. However, Cys19Ala (zinc 

finger), 4D4A (acidic domain) and Tyr41Ala/Thr47Ala phosphorylation changes did not 

significantly affect LE:Ran interactions with endogenous or  recombinant proteins because those 

contacts are mediated primarily by the LX hinge region (53). With regard to exportins though, a 

subset panel of GST-LE proteins with same sequence changes (3D3A not 4D4A) were less 

efficient than unmodified protein (wt) at associating with endogenous CRM1 and CAS from 

HeLa cell lysates (Fig. 3.2A). Relative to the acidic domain deletion (∆A) negative control, which 

misfolds the remainder of the protein (53), all 4 tested substitutions in the other crucial Nup 

phosphorylation areas reduced exportin extraction by 50-90%. Exportin extraction was not 

unique to the LE sequences. Equivalent experiments with LS (Saf) and LT (TMEV) recombinant 

proteins showed these materials too, reacted (Fig. 3.2B). In a reciprocal challenge, antibodies to 

CRM1, when attached to beads, similarly bound both intended target (native CRM1) and (wt) 

GST-LE spiked into the lysates (Fig. 3.2C). Again, the most efficient conditions for these mutual 

pulldowns required the full, unmutated (wt) LE sequence.  

Direct interaction with CRM1. 

HeLa lysates contain endogenous RanGTPase. Moreover, these systems will efficiently 

phosphorylate any added cardiovirus Leader (LX) proteins with intact sequences. With 

recombinant GST-LE, the phosphorylation status can be controlled by sequential addition of the 

relevant kinases. Syk activity at Tyr41 requires pre-phosphorylation with AmpK or CK2 at Thr47 

(63, 64). GST-LE (singly phosphorylated on Thr47) extracted purified recombinant CRM1 

(rCRM1) from reactions that contained 300 or 500 mM salt, indicating tight association (Fig. 

3.3A).  Surprisingly, the presence or absence of recombinant Ran (rRan) did not seem to have 
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Figure 3.2. GST-tagged L pulldowns for exportins. Bait proteins, GST-LE and related mutant derivatives (A) as well as GST-LS
and GST-LT (B), were incubated with HeLa cytosol.  (*) Indicates LE-GST derived proteins were used, instead. After glutathione
sepharose bead extractions, Western analyses were used to determine the amount of bound CRM1 and CAS, relative to the 
wt samples (% intensity). (C) GST-LE  and mutant derivatives (prey) were mixed with HeLa cytosol (+ ATP) then incubated 
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were detected by Western analyses. In these blots, the VH and VL coupling antibody proteins were also reactive with the 
secondary antibodies. 
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an effect on rCRM1 pulldown, and Ran itself was also extracted whenever present. These 

experiments were carried out at stoichiometry, so it isn’t clear whether the GST-LE was 

partitioning between its potential partners or facilitating an inclusive complex. In either case, as 

previously reported with native CRM1/CAS from cell lysates (78), the relative extraction 

efficiency was sensitive to the phosphorylation status of LE (Fig. 3.3B). With or without rRan, 1 

or preferably 2 pre-phosphorylation GST-LE events, reproducibly (n=5) gave 50-70% stronger 

rCRM1 signals per unit of GST (LE).  

CRM1:L:Ran Complex formation. 

When the Fig. 3.3A experiment was repeated with stepwise addition of the components, again, 

GST-LE (1 added phosphate) extracted rCRM1 regardless of whether rRan (+RCC1) was added 

before (“a”), or after (“b”) as the tertiary component. As a preliminary estimate of whether these 

3 known proteins could collectively interact in vitro, dual phosphorylated GST-LE, rRan and 

rCRM1 were mixed, incubated and then fractionated over a Superdex 200 column. The 

absorbance values (Fig. 3.4B) and parallel silver-stained gels (Fig. 3.4C) placed about 20% of 

the signals from all 3 proteins within early eluates, near the trailing edge of the void volume 

(fractions 35-40). There were additional strong peaks consistent with GST-LE:rCRM1 complexes 

(fractions 67-75) and also monomers of rRan (fractions 85-90). It can’t be excluded that some 

material at the front edge of the late-eluting peak also contains some Leader complexes (GST-

LE:rRan?), although these amounts were below the limits detectable by silver-stain. The central 

fractions show conclusively that rCRM1 (120 kDa) and phosphorylated GST-LE (35 kDa) do 

readily interact in apparent 1:1 stoichiometry. Similar to the pulldown experiments (Fig. 3.3B), 

parallel chromatographs confirmed that the intensity of this peak and the observation of 

complexes near the void volume, were dependent on the phosphorylation status GST-LE (not 

shown).  

shRNA knockdown of CRM1. 
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Figure 3.3. Recombinant CRM1 and Ran selection by GST-LE with varying salt or phosphorylation. (A) GST-LE reacted
 with CK2 (adds 1 phosphate) was incubated with stoichiometric amounts of rCRM1 and rRan (+RCC1) at 300 mM or 
500 mM NaCl. After glutathione bead extraction, bound proteins were visualized by Western analyses. (B) Similar to 
A, with no added NaCl, GST-LE without no phosphates (0), 1 added phosphate (1, CK2) or 2 added phosphates (2, 
CK2 plus Syk) was mixed with combinations of rCRM1, rRan and RCC1.  Glutathione bead-extracted proteins were 
visualized by Western analyses. The bands were quanti�ed by densitometry. For each lane, the ratio of CRM1 to GST 
signal was normalized to the 0 phosphate,  no rRan sample (100). This full experiment was carried out 5 times, and 
the averaged values per sample type are indicated. 
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Ultimately, Nup phosphorylation itself is the test for mechanistic involvement in LX-dependent 

activities. CRM1 is an essential protein with multiple cellular roles (174), especially during 

mitosis, and CRM1 functions are not entirely compensated by alternative exportins like CAS 

(reviewed in (175)). HeLa cells transduced with an shRNA against CRM1 can survive about a 

week after doxycycline induction. Under such experimental conditions, within the first 2 days, 

~60% of the protein was turned over (Fig. 3.5A). By day 3, this value increased to ~80%. 

Induction alone did not cause Nup phosphorylation, but if the cells were also infected with vEC9, 

the diagnostic upward smear of Nup62 became readily apparent. If the infection were delayed, 

however, until 2, 3 or 4 days post-knockdown (PK) there was correspondingly lower levels of 

Nup62 phosphorylation and the virus replicated more poorly. This was evidenced both by the 

lower levels (normalized to tubulin per sample) of viral polymerase proteins 3D and 3CD (Fig. 

3.5A) and by 5-fold reductions in progeny titer, as determined by plaque assay (Fig. 3.5C). 

Clearly, vEC9 was disadvantaged in cells with reduced levels of CRM1. This phenomenon is 

attributable to the LX mechanism, because when shRNA-induced cells were transfected (4 days 

PK) with cDNAs for the LE, LT or LS proteins, Nup62 phosphorylation was once more directly 

decreased (Fig. 3.5B).  

CRM1 inhibition. 

Leptomycin B (LMB) is a well-studied fungal antibiotic (176) which alkylates most iterations of 

eukaryotic CRM1 proteins. It binds covalently to Cys528, effectively blocking the interaction with 

potential cargo nuclear export signals (NES) that would normally intercalate into a cleft between 

HEAT repeats H11 and H12 (177). Essentially, LMB is a diagnostic for CRM1 partners which 

use this canonical binding site. When added to the GST-LE pull-down assays (Fig. 3.6A), the 

recombinant proteins (singly phosphorylated GST-LE) behaved the same as they did in Fig. 

3.3A, binding to CRM1 independently of Ran. None of the rRan and rCRM1 pulldowns were 

obviously altered by the presence of this drug. Infected cells, monitored for Nup62 
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Figure 3.5. CRM1 shRNA knockdown.  (A) Plated HeLa cells transduced with an shRNA against human CRM1 were treated
with doxycycline. After 0-4 days post-knockdown (PK) the cells were infected with vEC9 (MOI of 10). Lysates harvested 4
hr later were fractionated for Western analyses. Band intensities for 4 separate experiments, normalized to day 0 values
and to the tubulin loading controls, are indicated. (B) Similar cells with (+) and without (-) induction were transfected 
(4 days PK) with LX-GST cDNAs. Harvest was at 16 hr post-transfection. Nup62 phosphorylation was determined as in 
A (n=2). (C) Infected cell lysates from A, after 0 days (-) and 4 days (+) PK were titered on normal HeLa cells. Plaque 
formation was evaluated after 28 hr. Observed titers (PFU/ml) are averaged from (n=3) replicate plates (SD, 0.02-0.28).

69



- +   -    +   -    -   + -    -   + -    -   + -

rRan+RCC1
rCRM1

LMB
 αCRM1

αGST

αRan

- Nup62

αtubulin

% intensity

A.

B.
LMB
MeOH

(-)

(+)

C.

3 126
117

100
133

101
100

109
95 100

113
101

2 100

+       +        +      +     +       +      +     +       +
-          -         +      +      -          -      +     +       +
- +         -       +      -         +      -      +        -

-          -          -        -       -          -        -       -       + GST
GST-LE+       +        +      +      +       +      +     +       -

MOI vEC9

αNup

-    -    -    -   +    -   -    +    -   -    +    -   -   +

1 1 1 5 5 5 10 10 10 20 20 20

bait

prey

7.0x108

7.6x108LM
B

n=3
observed
PFU/ml

0 0

Figure 3.6. Impact of CRM1 inhibition by Leptomycin B on L. (A)  LMB (4 nM) was pre-incubated with rCRM1 
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phosphorylation over a range of vEC9 MOI, gave similar results (Fig. 3.6B); the presence of the 

drug was essentially ineffective. Such cells gave equivalent progeny titers regardless of whether 

LMB was added (Fig. 3.6C).  The GST-LE recognition of CRM1 must be independent of this 

usual binding site.  

Discussion 

In cells or recombinant assays, cardiovirus Leader proteins react tightly with RanGTPase, 

forcing this nuclear trafficking regulator into a conformation indistinguishable from the “active” 

GTP-bound format required for subsequent exportin binding (78). Formation of this complex is 

absolutely required as a preliminary step of virus-induced Nup hyper-phosphorylation, the 

ultimate cause of nucleocytoplasmic trafficking inhibition by these viruses (73). Resolution of the 

LM:Ran structure confirmed the central hinge region of LM (e.g. Trp40), tucked under the C-tail of 

Ran, forms the key interaction domain. The LM zinc finger (e.g. C19), phosphorylation sites (Y41, 

T47), and the majority of C-proximal acidic domain (e.g. Asp48, Asp51, Asp52), do not contribute to 

these contacts, even though each of these regions has proven essential to LX-dependent Nup 

phosphorylation (53, 74). The resolved structure further predicts a model whereby these non-

Ran binding segments might instead mediate subsequent interactions with the karyopherin 

class of exportins (e.g. CRM1, CAS), which require exactly this GTP-like Ran conformation for 

nuclear egress (78). Validation of this idea, that LX and exportins can directly interact, was the 

rationale for the experiments described here. 

Native cardiovirus LX proteins are refractive to Western analyses and antibody induction 

because of their small size and high charge. Nonetheless, recombinant GST-tagged LX 

materials recapitulate most of the protein phenotypes in cells and extracts and are typically used 

to explore these mechanisms (48, 53, 73). With both native (HeLa cytosol) and recombinant 

(rCRM1) sources, reciprocal pulldown experiments indicated strong, salt-resistant direct 

interactions between 3 different cardiovirus (GST-)LX sequences and CRM1/CAS (Fig. 3.2, Fig. 
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3.3). Mass spec analyses showed these particular exportins, as well as other structurally 

analogous proteins with characteristic HEAT-repeat folds, were among the dominant GST-LE 

binding partners extracted from HeLa cytosol (Table 3.1). Ran would not have been expected 

as an partner here, because its efficient interaction with LE requires the catalytic presence of 

nuclear bound guanine exchange factor, RCC1, to facilitate essential conformational morphs 

(77). 

Once identified, as the majority example exportin, CRM1 was then examined further, both as 

native and recombinant protein and singly or in combination with rRan, for GST-LE binding. 

Neither cellular protein was found to block the other’s extraction, nor was extraction of either or 

both, apparently sensitive to the sequence of addition (Fig. 3.3, Fig. 3.4, Fig. 3.6). Such results 

were not entirely surprising, because the structure model predicts that the LM zinc finger, acidic 

domain and phosphorylation sites, which do not make Ran contacts, are exactly the segments 

which should mediate putative exportin contacts (78). In other words, the binding domains are 

non-overlapping. In support of this idea, mutations in GST-LE affecting all 3 of the predicted 

contact regions significantly diminished the extraction of native and recombinant CRM1 (Fig 

3.2A). The reduced affinity was particularly apparent when the LE phosphorylation sites (Tyr41, 

Thr47) were mutated, or when recombinant GST-LE was restricted in its phosphorylation status. 

Dual phosphorylated GST-LE, reacted with rCRM1, fractionated by gel filtration at the size 

expected for a stoichiometric complex. An additional finding in favor of the current model is that 

LE interaction with CRM1 apparently did not involve the NES cargo recognition site (HEAT 

repeats H11 and H12) inhibited by LMB. Within fully assembled CRM1:LE:Ran complexes, the 

Nup phosphorylation kinases (activated ERK and p38) would presumably need to bind here as 

preferred export cargos (78).  

Clearly, exportins, particularly CRM1 and CAS are strong viable partners for LX.  An inducible 

CRM1 knockout cell line was created to link these requirements for CRM1 to EMCV replication. 

72



As was shown previously for the Ran mechanistic requirement (74), Nup62 phosphorylation and 

viral fecundity, as measured by 3D/3CD synthesis and by progeny titers, were strongly 

dependent upon the pool of native CRM1. This CRM1 dependency was also true when induced 

cells were transfected with cDNAs from any 3 cardiovirus LX proteins, indicating a common 

requirement for CRM1, if not other analogous exportins, in the collective Nup phosphorylation 

pathways. 

The current mechanism for LX-dependent Nup hyper-phosphorylation predicts that within the 

nuclear rim, LX:Ran complexes select exportins carrying activated kinases such as ERK1 and 

p38, and it is this multiplex which tethers within the nuclear pores and phosphorylates the Nups 

((78) and Chapter 4). Interestingly, we could not define with the current reactions a required 

sequence of addition for rRan and rCRM1 to a mutual GST-LE complex. Both proteins appeared 

to interact with LE independently, especially if LE was properly phosphorylated. Near the void 

volume of the fractionation column, though, about 20% of the added mass eluted with signals 

from all 3 proteins. Whether these are the expected trimers, or other high-mass complexes is 

not clear at present. Three additional unexpected findings from this experiment, the significant 

peak of free Ran, the dominance of GST-LE:rCRM1, and the lack of rRan:rCRM1 complexes,  

suggest that we don’t yet understand all of the parameters for interplay among these proteins. In 

cells, especially within the context of nuclear pores, the cooperative, active formats of LE, Ran 

and CRM1 (or CAS) are sure to be influenced by the local environment, especially the GNP 

nucleotide gradient and perhaps other cellular (catalytic?) proteins.  

In cell-free reactions, a catalytic amount of RCC1 significantly accelerates binding saturation 

(77), locking LE and Ran into (virtually) in-dissociable complexes which mimic the topology of 

RanGTP even in the absence of any nucleotide (78). The same RanGTP format is required for 

Ran:CRM1 (or CAS) interactions (178). From our experiments, it is now clear that GST-LE, 

preferably with at least 1 phosphate attached, can interact strongly and independently with both 
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rRan and rCRM1 (or CAS). Void-volume complexes were observed with all three proteins, but 

we don’t yet know how to drive these assemblages to saturation. Possibly, the RCC1-

dependent Ran morphing, an aid for good GST-LE interactions, works contrary to simultaneous 

rRan:rCRM1 binding, by stripping all endogenous nucleotides from the added Ran. This 

situation would explain the observed pool of free Ran, unable to dislodge GST-LE which is 

already tied up in rCRM1 complexes. It would also explain the lack of an observable of 

rRan:rCRM1 peak, independent of the presence of GST-LE, as this should have been a strong 

native interaction, and indeed a driving force in normal nuclear trafficking. If true, then within the 

context of real nuclear pores, the innate nucleotide gradient could play a significant role in 

ternary complex assembly efficiency. 

Materials and Methods 

Recombinant proteins. 

Plasmids encoding GST- LE, GST-LEΔA, GST-LEW40A, and related derivatives are described 

(53, 77, 173), as are analogous LX-GST proteins from Saffold 2 and Theiler’s virus (BeAn), LS-

GST, LT-GST, LE-GST and LE-GST Thr41Ala/Tyr47Ala (64, 72). LE-GST 3D3A was made similarly 

by introducing point mutations to alter the 3 codons for Asp48, Asp51 and Asp52 to Ala. For 

recombinant proteins, these cDNAs were transformed into BL21 E. coli. The cells were 

incubated in media (0.5% glucose, 20uM ZnCl2, 50 mg/mL ampicillin, 30oC, 3 hr) before 

induction with IPTG (1 mM) and harvest (6 hr). Cells were re-suspended in GST buffer (50 mM 

Tris pH 7.4, 125 mM NaCl, 20 uM ZnCl2, 1mM PMSF, 0.2 mM DTT, 0.5 mg/ml lysozyme), then 

sonicated. Debris was removed by centrifugation (20,000 x g, 45 min). The proteins were 

collected with GSTrap HP columns (GE Healthcare Bio-sciences, Pittsburgh PA) into modified 

GST buffer (10 mM glutathione disulfide, 50 mM Tris, pH 8.0). Protein fractions were dialyzed 

into buffer QA (10mM Bis-Tris Propane, 50mM NaCl, 2 mM DTT, pH 7.4), then applied to a 

Macro-Prep High Q anion exchange column (BioRad, Hercules, CA). The fractions were eluted 
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(buffer QA, 1M NaCl) before dialysis (25 mM hepes, 150 mM KCl, 2 mM DTT, pH 7.3), and 

assay for concentration and purity. A cDNA construct encoding amino-terminal, His-tagged 

murine CRM1 (rCRM1) was a kind gift from Dr. Dirk Görlich. Bacterial induction and protein 

isolation was as described (178) Recombinant His-tagged human RanGTPase (rRan)  and 

GST-RCC1 (human) were also prepared as described (53, 77). All recombinant proteins were 

snap frozen in liquid nitrogen and then stored at -80oC as single-experiment aliquots. Casein 

kinase 2 (CK2, phosphorylated, recombinant, New England Biolabs) and spleen tyrosine kinase 

(Syk, activated, recombinant, SignalChem) were used singly or doubly phosphorylate 

recombinant GST-LE at concentrations of 5 U/µg and 0.5 ng/µg, respectively as described (63).  

Cell lysates. 

HeLa cells (ATCC CRL-1958) were grown in suspension (modified Eagle's medium, 10% calf 

serum, 5% CO2, 37oC). Lysates were prepared after collecting the cells with centrifugation (500 

x g), washing the pellets (PBS), and resuspension (2x volume) in hypotonic buffer (0.75mM 

MgAc, 0.15 mM EGTA, 1mM PMSF, 0.01 mg/ml luepeptin, 20 µM pepstatinA, 3mM DTT). After 

a brief incubation (10 min, 0oC) the samples were homogenized (dounce) or sonicated (2 x 30 

sec, 0oC) before clarification (10 min, 16,000 g). The soluble fraction was supplemented with 

1/10th volume 10 x TB (200 mM HEPES pH 7.3, 10mM EGTA, 20 mM MgAc, 110 mM KAc), 

before aliquots were snap frozen and stored at -80oC. Before use in pull-down experiments, the 

lysates were pre-reacted with glutathione sepharose beads and then re-clarified (as below).  

Protein extraction. 

GST tagged LE and mutant derivatives (bait, generally 2 µg) was incubated (37oC, 45 min) with 

HeLa lysate (prey, 40 µl) before dilution (RIPA buffer, 50 mM Tris, 150 mM NaCl, 0.1% SDS, 

0.5% Na deoxycholate, 1% IGEPAL, pH 7.6), addition of glutathione sepharose beads 

(generally 2 µl per sample, GE Healthcare Bio-sciences) and agitation (3 hr, 4oC). When the 

75



pulldown prey was a recombinant protein, bait and prey were mixed stoichiometrically, diluted 

(to 100µl, with TB, 200 mM HEPES pH 7.3, 1mM EGTA, 2mM MgAc, 110 mM KAc, 2 mM DTT), 

before bead addition as above. Both types of samples were then further diluted (2x) with binding 

buffer (50mM HEPES, pH 7.4, 150 mM NaCl, 0.5% IGEPAL), and mixed end-over-end (1 hr, 

22oC). For immunoprecipitation (IP), protein-G sepharose beads were conjugated to antibodies 

(bait, e.g. α-CRM1, 0.6 µl per 10µl beads, overnight, 4oC) before being rinsed, (1 x PBS, 0.02% 

Triton X-100), added to samples (prey, cytosol or recombinant protein, 10µl/sample) and 

incubated (with rocking, 3 hr, 4oC). After pulldown or IP, the beads were rinsed (6x, 500µl PBS, 

triton X-100, then 2x 120 mM Tris, pH 6.8, 10% glycerol w/v 2% SDS w/v, 200 mM DTT, 0.2% 

bromophenol blue) before the samples were denatured in a boiling water bath (10 min).   

Mass spectroscopy. 

Protein bands extracted by GST-LE pulldown, were fractionated by SDS-PAGE and visualized 

by Coomassie staining before excision and digestion with trypsin according to protocols 

recommended UW-Madison Biotechnology Center. Briefly, gel samples were treated with ACN 

(200 µL, mM NH4HCO3, 50% acetonitrile, 45 min), and then dehydrated (100% ACN, 5 min) 

under vacuum. The samples were resuspended (40 µl, 40 mM NH4CHO3, 10% ACN) in the 

presence of trypsin gold (Promega, 20 µg/ml, plus 0.025% Protease Max surfactant, 1 hr, 27oC). 

Subsequently, ACN was added (200 µl, 40mM NH4CHO3, 10% ACN) followed by incubation 

(overnight, 25oC) and re-extraction (2x, 60 min, 50 µl 50% ACN, 5% triflouroacetic acid). 

Resultant peptides from select bands (see Table 3.1) were pooled, dehydrated (2 hr under 

vacuum) before purification and concentration via Ziptips (Millipore). The pool A and pool B 

samples were submitted for orbi-trap mass spectroscopy at the UW-Madison Biotechnology 

Center. 
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Western analyses. 

Prepared samples were resolved by SDS-PAGE. The proteins were electro-transferred to 

polyvinylidene difluoride membranes (Immobilon-P, Millipore). The membranes were blocked (1 

hr, 10% NFD milk in TBST: 20 mM Tris pH 7.6, 150 mM NaCl, 0.5% Tween20) then incubated 

with a primary antibody (1% NFD milk in TBST, overnight, 4oC) before washing (3 x TBST) and 

reaction with an appropriate secondary antibody (1 hr, 20oC). Antibodies included: αNup 

(murine mAb414, IgG, Covance, 1:2000), αtubulin (murine Ab, IgG, Sigma, 1:10,000), αGST 

(murine mAb, IgG, Novagen, 1:10,000), αCRM1 (rabbit Ab, IgG, Abcam, 1:2000), αCAS (goat 

Ab, IgG, Santa Cruz Biotechnology; 1:1000), αRan (goat Ab, IgG, Santa Cruz Biotechnology; 

1:1000), αmouse (secondary Ab, IgG, Sigma Aldrich, 1:8000), αrabbit (secondary Ab, IgG, 

Promega, 1:8000), αgoat (secondary Ab, IgG, Sigma, 1:8,000). For band visualization, the 

membranes were rinsed (3x, TBST), incubated (1 min) with enhanced chemiluminescence 

substrate (GE healthcare) and then exposed to film. Densitometry analyses were as previously 

described (63).  

Gel filtration 

A HiLoad Superdex 200 16/600 chromatography column (GE Lifesciences) was calibrated with 

a commercial kit (Sigma-Aldrich MWGF1000-1kt) according to manufacturer’s instructions. 

Recombinant protein combinations were incubated (37oC, 45 min), filtered (0.2 micron 

membrane) and volume adjusted (to 1 ml) before injection into the equilibrated column (50 mM 

HEPES, pH 7.4, 150 mM NaCl). After fractionation (0.2 ml/min, 4oC) the collected samples (1 

ml) were assayed by SDS-PAGE, with silver stain, or Western techniques.

Cell procedures 
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HeLa cells plated to confluence, were infected with vEC9 (52) at an MOI of 1-20. At 3-6 hours 

post-infection (37oC, 5% CO2) the cells were rinsed (2x, PBS) and collected into SDS buffer for 

protein analyses, or alternatively, subject to freeze-thaw (3x), lysate clarification and assays for 

plaque-forming units (52). Transfection assays used GST-LE cDNA (2.6 µg per 106 cells in 

Lipofectamine 2000 (Life Technologies, Grand Island, NY). After incubation (18 hr, 37oC, 5% 

CO2) the cells were rinsed (2x, PBS) and harvested in SDS buffer. Leptomycin B (LMB, Sigma 

Aldrich, St. Louis, MO), was added as required (to 4 nM), by pretreating cells or buffers for 1 hr. 

This concentration was then maintained throughout the experiment. A CRM1 knockout HeLa 

cell line was generated with the TRIPZ inducible lentiviral shRNA system (GE Dharmacon, 

shRNA V2THS-172053) according to manufacturer instructions with the help of Laraine Zimdars 

and Nate Sherer. The line was maintained under selection with puromycin. Plated cells were 

induced with doxycycline (0.25 nM, Sigma Aldrich). The media was refreshed daily (1-4 days) 

as required by the experiment.  
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Chapter 4: ECMV L directs ERK2 to inhibit nucleocytoplasmic 

trafficking 

Abstract 

Unlike enteroviruses which proteolytically remove Nups from the nuclear pores to inhibit 

nucleocytoplasmic trafficking, cardioviruses like Encephalomyocarditis virus (EMCV) direct 

cellular kinases to phosphorylate this same cohort of Nups solely through the activities of the 

viral Leader protein (L) (reviewed in (13)). Previous studies have narrowed the range of 

responsible kinases to the MAPK p38 and ERK pathways, but did not decisively identify which 

kinases were those directed by Leader (75). Here we present data that siRNAs against ERK2, 

p38α/β and RSK2/3 can decrease L-directed Nup phosphorylation. Furthermore, GST-L can 

associate with these kinases from HeLa cytosol. Using isolated HeLa nuclei, we reconstituted a 

Nup phosphorylation event through inclusion of L and recombinant ERK2, RSK3, and p38α, but 

not other kinases nor L alone. Because L is likely commandeering a endogenous regulatory 

pathway, these findings have implications for kinase regulation of nucleocytoplasmic trafficking 

in addition to cardiovirus infections. 

Background 

Many RNA viruses inhibit nucleocytoplasmic trafficking to prevent interferon responses and 

enhance available pools of necessary cellular factors, including ribosomes and essential nuclear 

factors like PTB and La auto antigen (13), for virus replication and translation. Venezuelan 

equine encephalitis virus and Vesicular stomatitis virus shut down nucleocytoplasmic trafficking 

by binding to cellular factors and blocking the nuclear pores (179, 180). Enteroviruses, including 

poliovirus and rhinovirus, selectively proteolyze nuclear pore proteins (Nups) necessary for 

nucleocytoplasmic translocation, out of the pores to effectively prevent this trafficking (65, 66, 
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69, 181, 182). As has been previously documented for Encephalomyocarditis virus (EMCV), 

cardioviruses direct cellular kinases to phosphorylate the same subset of Nups targeted by 

enteroviruses (64, 72, 75). These Nups remain at the pores, though active transport is shut 

down, yielding a general efflux of nuclear factors smaller than 40 kDA out into the cytoplasm, 

and preventing cellular interferon response (70, 71, 152, 183). 

There are 2800 nuclear pores studding each vertebrate nuclei, each consisting of a 125 MDa 

structure. These structures are comprised of multiple copies of about 30 different proteins 

arranged in 8-fold symmetry, anchored in place by Nups with hydrophobic regions that insert 

into the nuclear envelope (82). Each nuclear pore has three distinct regions: the cytoplasmic 

fibrils, the nuclear plug, and the nuclear basket. The cytoplasmic tendrils include Nups 214 and 

358 (also called RanBP2), extending into cytoplasm and serving as a docking region for cargos 

and transportins (also called karyopherins, and importins or exportins pending specific function). 

The nuclear plug sits in the nuclear envelope to act as a selective barrier comprised of Nups 

(including Nup62) containing phenylalanine-glycine (FG) -repeats, most of which are natively 

unfolded. The nuclear basket region includes Nups 153 and 98 and extends into the nucleus, 

serving as transportin binding and cargo docking domains akin to the cytoplasmic Nups. 

Cargos larger than 40kDa require active transport, facilitated by the importins and exportins, 

and maintained by a RanGTP/GDP gradient (reviewed in (83)). There are about 20 identified 

human transportins, and these each take a distinct path through the pores by transiently binding 

to a particular subset of FG-repeat Nups. It has been shown that phosphorylation within the FG-

repeats of Nups prevents transportin binding and can hinder nucleocytoplasmic trafficking (120). 

Cardioviruses take advantage of phosphorylation-based trafficking inhibition strictly through the 

activities of the anti-host protein Leader (L) (70, 73).  

At 67-76 amino acids and PIs of about 3, the Leader (L) proteins of cardioviruses are small, 

highly charged, and linked to a number of activities. It is the sole viral protein necessary to 
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hinder nucleocytoplasmic transport ((70, 71, 74), Chapter 2). TMEV L has been shown 

responsible for shutting down interferon production and linked to prevention of stress granule 

prevention (80, 152, 183). Cells infected with an L-deficient EMCV produce very small plaques 

(52). L has been shown to localize to the nuclear pore via immunofluorescence using anti-L 

antibodies 5 hours post-infection of cells with vEC9 (74). Presumably by binding to viral protein 

2A following polyprotein processing, L and 2A are targeted to the nuclear pores by the activity of 

2A's nuclear localization motif. L also binds to RanGTPase in a nucleotide-free format with an 

affinity of 3 nm KD (77) through the interaction of its hinge region (53). L becomes 

phosphorylated sequentially, first on Threonine 47 by Casein kinase 2, and then on Tyrosine 41 

by Spleen tyrosine kinase (63). These phosphorylation events are necessary for L's actuation of 

Nup phosphorylation (63), but not for binding of Ran (53). Instead, phosphorylation has been 

shown to increase L's affinity for the exportin proteins CRM1 and CAS. Additionally, CRM1, L 

and Ran can form a high molecular weight complex (Chapter 3). CRM1 knockdown decreases 

L-directed Nup phosphorylation to less than 20% as well as decreasing virus replication

(Chapter 3). The model proposes that this complex, localized to the pores by CRM1, picks up a 

cellular kinase partner (which then phosphorylates nucleoporins). Because Ran is nucleotide-

free, the complex cannot be dissociated by normal GTP-to-GDP hydrolysis fostered by 

RanGAP. Kinases act enzymatically, and this complex would be highly effective at 

phosphorylating FG-containing Nups and shutting down nucleocytoplasmic trafficking. 

There are over 518 predicted human kinases (121). While the exact L-directed Nup-

phosphorylating kinase is unknown, studies have been performed using drug inhibitors to further 

narrow this range to those in the Mitogen-acting-protein-kinase (MAPK) family, with the most 

effective drugs including those targeting the p38 and ERK1/2 pathway (75). The p38 pathway is 

mainly activated by cellular stress to promote apoptosis, and also offers some negative 

regulation of other kinases by stimulating PP2a, a phosphatase responsible for inactivating 
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pathways promoting cell growth. The ERK1/2 pathway is activated by growth factors and others, 

and generally promotes cell proliferation. There are several downstream kinases shared 

between these two pathways (reviewed in (123)). For these 'shared' substrates, activities vary 

upon localization and compartmentalization, but include stimulation of various downstream 

kinases and nuclear transcription factors. The use of chemical inhibitors can have off-target 

effects (184), and inhibiting these kinases also prevents activation of kinases downstream, 

including MNK1/2, MSK1/2, RSK1/2/3, and many others.  

In a normal cell cycle, Nups occasionally become phosphorylated. This is usually performed 

before mitosis by cyclin dependent kinases, causing the Nups to exit the interior of the pores 

and subsequent disassembly of the pores (185). Other studies, including proteomic studies to 

determine targets for ERK1/2 (120), involving cellular stress (119, 135), and studies using PP1 

and PP2a phosphatase inhibitor Okadaic acid (OA), have demonstrated that these Nups can 

become phosphorylated (116). In these instances, transportins can no longer bind to these 

Nups, presumably precluding their translocation (120). Clearly, there must be a link between 

nucleocytoplasmic trafficking and kinase regulation, but details of these events remain 

undetermined. The results presented in this paper clarify specific cellular kinases used by L to 

phosphorylate Nups and thusly prevent cargo translocation. As such, these kinases may 

present common regulators of trafficking pathways that have been pirated for viral use. 

Here we present data that ablation of ERK1/2, P38α/β, and RSK2/3 by use of siRNAs 

specifically decreased L-directed Nup phosphorylation in EMCV-infected cells, while other 

kinase siRNAs have no impact or enhanced Nup phosphorylation. A GST-tagged L can pull 

these kinases out of HeLa lysates, indicating an interaction. Additionally, we have reconstituted 

an L-dependent Nup phosphorylation event in isolated, sucrose-purified HeLa nuclei with 

recombinant forms of these kinases. These data suggest that these are the kinases used by 
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EMCV L during infections, and likely indicate kinases that may regulate nucleocytoplasmic 

trafficking pathways. 

Materials and Methods 

siRNA knockdowns 

Suspension cultures of HeLa cells (ATCC CRL 1958) were maintained in modified Eagle’s 

medium (37oC, 10% calf serum, 2% FBS, under 5% CO2).  Cells were plated at 0.4 x 105 and 

allowed to attach overnight at 37oC. Pooled siGENOME Human SMARTpool siRNAs or 

siGENOME non-targeting siRNA #2 (Table 4.1; Dharmacon Inc, Thermo Fisher Scientific 

Biosciences) were transfected into cells at 25 nM in Dharmafect1 transfection reagent and Opti-

MEM media (Life Technologies) as per manufacturer recommendations, and incubated for 48 

hours to target kinases of interest. Cells were then infected with vEC9 (171) at an MOI of 15 for 

4 hours at 37oC. Cells were harvested in 2x SDS buffer, boiled (15 minutes) before resolving on 

SDS-PAGE. Kinase knockdown was determined by immunoblot analysis, as was Nup62 

phosphorylation, and all Nup phosphorylation values were normalized to tubulin levels using 

densitometry (63, 72).  

Kinase pulldowns 

Methods for recombinant engineering, bacterial expression and protein isolation of GST and 

GST-LE, and Lx-GST have been described (64, 74). HeLa suspension cells were swollen in 

hypotonic buffer (0.75 Mg(OAc)2, 0.15 mM EDTA, 1 mM PMSF, 0.01 mg/ml leupeptin, 20 mM 

pepstatin A, 3 mM DTT), followed by dounce homogenization and clarification (16,000×G, 20 

min, 4oC) to isolate cytosol. Before storage at -80oC, TB (1/10 volume, 10x at 20 mM Hepes pH 

7.3, 2 mM Mg(OAc)2, 110 mM K(OAc), 1 mM EGTA) was added. Pulldowns proceeded as 

previously documented (Chapter 3); cytosol was precleared with 1/10 volume GST-Beads, end-

over-end mixing for 1 hour at 4oC, and the beads were removed by centrifugation at 500xG. 
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Table 4.1 siRNAs used. siGENOME Human siRNAs, SMARTpool (Dharmacon, 
Inc/ThermoScientific, Lafayette, CO) 

Protein target Gene (NCBI accession number) 
ERK1 MAPK3 (5595) 
ERK2 MAPK1 (5594) 
MEK1 MAP2K1 (5604) 
MEK2 MAP2K2 (5605) 
MSK1 RPS6KA5 (9252) 
MSK2 RPS6KA4 (8986) 
P38α MAPK14 (1432) 
P38β MAPK11 (5600) 
MNK1 MKNK1 (8569) 
MNK2 MKNK2 (2872) 
Non-targeting siRNA #2 
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Recombinant L (2µg) was added to cytosol with ATP, incubated at 37oC for 45 minutes, mixing 

every 8 minutes, and GST buffer (50mM Hepes, 150 mM NaCl) was added with 10 µl of GST 

beads before incubating with agitation for one hour at room temperature. Beads were rinsed 6x 

with GST buffer and boiled 5 minutes with 2xSDS Buffer before resolving with SDS-PAGE. Gels 

were transferred to polyvinylidene difluoride membranes (Immobilon-P, Millipore), and proteins 

were blocked for 30 minutes at room temperature in 10% dry milk in TBST (20 mM Tris, pH 7.6, 

150 mM NaCl, 0.5% Tween 20). Primary antibodies were incubated overnight at 4oC with 1% 

dry milk in TBST, rinsed 3x with TBST, and then the membranes were incubated for 1 hour with 

secondary antibody at room temperature. Following 3x rinsing with TBST, proteins were 

visualized with enhanced chemiluminescence (Pierce, GE Lifesciences) according to 

manufacturers' directions. Antibodies included: α−FG-repeat Nups (murine mAb414, IgG, 

Covance, 1:2000), α-Nup62 (murine Ab, IgG, BD Transduction Laboratories, 1:2000), α-tubulin 

(murine Ab, IgG, Sigma, 1:10,000), α–GST (murine mAb, IgG, Novagen, 1:10,000), α−p38α 

(rabbit Ab, IgG, Cell Signaling Technology, 1:3000), α−p38β (rabbit Ab, IgG, Cell Signaling 

Technology, 1:3000), α–ERK1/2 (unactivated, ERK1/2, rabbit Ab, IgG, Upstate, Millipore, 

1:5000), α−MSK1 (rabbit Ab, IgG, Cell Signaling Technology, 1:3000),  α−MSK2 (rabbit Ab, IgG, 

Cell Signaling Technology, 1:3000), α−MNK1 (rabbit Ab, IgG, Cell Signaling Technology, 

1:3000), α−MEK1 (rabbit Ab, IgG, Cell Signaling Technology, 1:3000), α−MEK2 (rabbit Ab, IgG, 

Cell Signaling Technology, 1:3000), α−RSK1 (p90 RSK1 , rabbit Ab, IgG, Cell Signaling 

Technology, 1:3000), α−RSK2 (p90 RSK2, rabbit Ab, IgG, Cell Signaling Technology, 1:3000), 

α−RSK3 (p90 RSK3, rabbit Ab, IgG, Cell Signaling Technology, 1:3000), α−MNK2 (rabbit Ab, 

IgG, Abcam, 1:500), α-mouse (secondary Ab, IgG, Sigma Aldrich, 1:8000), α-rabbit (secondary 

Ab, IgG, Promega, 1:8000). 

Recombinant kinases and isolated nuclei assays 
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Commercially available active kinases included ERK2 (New England Biolabs), RSK3 (Signal 

Biochem), CK2 (Signal Biochem). MEK4 and p38 constructs were kind gifts of Melanie Cobb, 

and purified as described (Khokhlatchev et al, 1997). In brief, these constructs were co-

transformed with plasmids for constitutively active forms of their respective upstream kinases 

(MEKK-C or MEK4) into E. coli BL21 cells, grown in 1L cultures, pelleted and sonicated with 

Hepes-based buffer. Lysates were clarified by centrifugation (20,000xG, 45 min, 4oC), the 

supernatant filtered through a 0.45 µm filter, and applied to a His-Trap column. The column was 

rinsed thoroughly, and recombinant kinases were eluted with a buffer. The resultant protein was 

dialyzed into a storage buffer, quantitated, and checked for activity using phosphorylation 

specific antibodies (Cell Signaling). 

For sucrose-purified isolated nuclei, HeLa suspension cells were incubated on ice for 30 

minutes with subcel buffer (10 mM Tris pH 7.4, 2 mM MgCl2, 2mM DTT, 1mM PMSF), dounce 

homogenized for 100 strokes, and spun down at 10,000xG for 10 minutes at 4oC. Nuclei were 

rinsed with 0.35 M sucrose buffer (0.35 M sucrose, 10 mM Tris pH 7.4, 2 mM MgCl2, 2mM DTT, 

1mM PMSF), then resuspended in that .35 M sucrose buffer and layered over a 0.88M sucrose 

buffer cushion (0.88 M Sucrose, 10 mM Tris pH 7.4, 2 mM MgCl2). Following centrifugation at 

10,000xG for 10 minutes, nuclei that had migrated through the cushion were rinsed, counted 

with a hemocytometer and stored at 4oC for no more than 24 hours. 

 These nuclei were combined with γ-32P-ATP (10 µCi), recombinant GST/GST-L, kinases and 

buffer, or HeLa cytosol as a positive control for L-directed native kinases. After incubation at 

37oC for 45 minutes, these nuclei were lysed by 2x30 sec sonication in 1xRIPA buffer (300 

µl/sample of 50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% SDS, 1% Triton x 100, 0.5% Na 

Deoxycholate, 1mM PMSF, 20 mM pepstatin A, 1x protein phosphatase inhibitor cocktail 3 

(Sigma Aldrich)), then precleared with 10µg protein G sepharose beads (G.E. Lifesciences), 

agitated at 4oC for 1 hour. The beads were removed by centrifugation, and the supernatants 
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were incubated at 4oC for 2.5 hours with protein G sepharose beads pre-bound to mab414 

antibodies (saturated, Covance), to isolate Nup62 and other FG-containing Nups. These were 

resolved by SDS-PAGE, fixed by silverstain, and exposed to a phosphor-screen. Radioactivity 

was detected with a Typhoon imager, and densitometry was determined via TotalLab software 

(Newcastle upon Tyne, England). To determine the appropriate amount of recombinant kinase 

to use in these preps, titrations were performed to find a signal that was similar to one see with 

endogenous kinases using isolated nuclei and GST-L (data not shown). 

Results 

siRNA knockdowns and infections 

As noted above, a previous study (75) showed that the L-directed Nup-phosphorylating kinases  

belongs to a downstream MAP kinase in the p38 and ERK1/2 families, as inhibitors against 

preceding kinases for these had no effect. To target specific kinases with less toxicity, we used 

siRNAs against to various isoforms of these kinases and others downstream, ultimately 

knocking down 13 kinases both singly and in combination (Table 4.1 and Fig. 4.1c). After 

infecting these kinase-knockdown cells, we assayed knockdown efficiency and Nup62 

phosphorylation by westerns, specifically looking at which kinase knockdowns had the greatest 

effect on L-directed Nup62 phosphorylation. Nup62 phosphorylation was the most impacted by 

the knockdown of ERK1 (40%), ERK2 (14%), ERK1/2 in combination (15%), and RSK2 (76%) 

and 3 (67%) singly, though Nup phosphorylation was not decreased when RSK1/2/3 kinases 

were knocked down in combination (Fig. 4.1b,c). The knockdown of p38α/β in combination 

decreased Nup62 phosphorylation to 54%, though this effect was not observed when the p38 α/

β kinase isoforms were targeted individually. When ERK1/2 and p38 α/β were knocked down in 

unison, Nup62 phosphorylation was decreased to 65% less than levels seen with non-targeting 

siRNAs. The knockdown of MEK1/2 increased L-directed Nup62 phosphorylation (up to 
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Figure 4.1 siRNAs were used to knockdown kinases, then cells were infected with EMCV at 
an MOI of 15 for 3.5 hours. Westerns were used to confirm kinase knockdown and determine 
Nup62 phosphorylation levels as depicted for ERK1/2  and p38α/β siRNAs (A) and RSK1/2/3 
siRNAs (B). TotalLab Software was used to perform densiomentry. Phosphorylation levels
following knockdown of each kinase was graphed in (C ) for an ‘n’ of 3+ samples. 
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190% with MEK1/2 knocked down in combination), and while slightly less, the knockdown of 

MNK1/2 increased Nup62 phosphorylation (160%) in combination. Particular kinases with the 

greatest impact on Nup phosphorylation were the focus of the next verification assays. 

GST-L pulldowns 

To determine if these kinases could be part of the L:CRM1:Ran complexes which we 

hypothesize form at nuclei during infections (Chapter 3, and (78)), we performed pulldowns with 

GST-tagged L proteins. These constructs retain full ability to direct Nup phosphorylation, as 

extensively documented (64, 72, 74), and provide highly effective tools for in vitro assays. L-

GST from EMCV, SAFV, and TMEV were added to whole cell lysates (WCL), pulldowns were 

performed, and co-binding endogenous kinase partners were determined by western analysis. 

We find that GST-L from EMCV is capable of pulling down ERK1 and 2, as well as RSK1 and 

some p38 α (Fig. 4.2). Despite inducing similar levels of Nup-phosphorylation, LX-GST pulls 

down less kinase binding partners (for all tested cardiovirus Ls), and this may be attributed this 

to the c-terminal GST tag occluding the acidic domain. This domain has been predicted with in 

silico modeling to extend from the CRM1:L:Ran complex (78), and be the portion with which L 

interacts with kinases. 

Reconstitution assays with isolated nuclei 

To confirm which kinases were responsible for L-directed Nup62 phosphorylation, we developed 

an in vitro assay in which subcellular fractionation followed by sucrose cushion purification was 

used to isolate HeLa nuclei. Notably, these nuclei do not contain high amounts of kinases, but 

do contain some CRM1 and RanGTPase (Fig. 4.3). GST-L itself becomes phosphorylated when 

incubated with these isolated nuclei in buffer (Fig. 4.3). This is important to note, as L 

phosphorylation is required for L-directed Nup phosphorylation (63). 
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Isolated nuclei, GST or GST-L and active recombinant kinases or cytosol (as a positive control 

containing active native kinases) were incubated at 37oC for 45 minutes with γ-32P-ATP. 

Following this incubation, samples were sonicated to break up to pores, Nup62 was 

immunoprecipitated from these samples, resolved by SDS-PAGE, and exposed to phosphor-

screen to determine L-directed Nup62 phosphorylation. We find that singly, ERK2, RSK3 and 

p38α recapitulated Nup62 phosphorylation, but only with the inclusion of GST-L (Fig. 4.4). Other 

kinases were not able to detectably phosphorylate Nup62 at all, even with the inclusion of GST-

L.  Because RSK has been shown interact with TMEV L (186), we assayed whether other 

cardiovirus Ls could direct Nup phosphorylation under these assay conditions. While TMEV L 

was able to use endogenous kinases present in the cytosol positive control to phosphorylate 

Nup62, phosphorylation using recombinant RSK3 was undetectable. SafV was unable to direct 

Nup phosphorylation using recombinant or endogenous kinases in these assays. 

Discussion 

In these studies, we confirm that recombinant ERK1/2 and RSK3 phosphorylated Nup62 in the 

presence of cardiovirus L in a cell-free system (Fig. 4.4). A previous paper (75) showed that 

using chemical inhibitors, inhibition of p38 and ERK1/2 decreased L-directed Nup62 

phosphorylation, which might suggest that either those kinases themselves, or a kinase 

stimulated by both of those pathways, or a co-target of the drugs used, like ERK5 (184), is 

responsible for this phosphorylation and subsequent nucleocytoplasmic trafficking inhibition. 

Our use of siRNAs for discrete kinase isoforms more finely tuned this kinase search, as 

isoforms vary by localization and sometimes function (reviewed in Chapter 1). These results 

depict that upon the knockdown of both ERK 1 and 2 isoforms, the phosphorylation of Nup62 is 

decreased in EMCV-infected cells (Fig. 4.1a,c), though not completely abolished. Knockdown of 

p38 α/β did not impact L-directed Nup62 phosphorylation to the same extent, despite early 

studies suggesting that the simultaneous knockdown of these kinases would further decrease 
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Figure 4.4 Recombint kinases and isolated nuclei assay: Nuclei were isolate by subcellular fractionation 
then further purified with a sucrose cushion. 105 nuclei were combined with GST or GST-LX as indicated 
with γ-32P-ATP and the indicated recombinant kinase: rERK2 (A), rp38α (B), rMEK4 (C), rCK2 and rSYK
(D), or rRSK3 (E), or HeLa cytosol for 45 minutes at 370C. Samples were sonicated with 1xRIPA, 
precleared with protein G sepharose beads, and supernatants were subjected to immunoprecipitation 
for FG-containing Nups (Nup62 and Nup50). These samples were boiled and resolved by SDS-PAGE, 
silverstained, and the gel was exposed to a phosphor-screen.  
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Nup62 phosphorylation (75). Many of the downstream kinases common to both of these 

pathways (MSK1/2, MNK1/2, etc.) did not show any impact on L-directed Nup-phosphorylation. 

Moreover, when other kinases were knocked down, this actually caused increased Nup62 

phosphorylation during infections (Fig. 4.1c). For MEK1/2, we theorize that because these 

kinases are involved in the downregulation of ERK1/2, as a cytosolic scaffold for ERK1/2 

sequestration (125), their knockdown actually allowed more ERK/2 to remain activated in this 

system. Additionally, previous studies have established that knocking down one portion of a 

kinase pathway increases activity of the remaining portions as a feedback loop. Due to 

functional redundancy, this particularly applies to isoforms, and may be why we see better 

decrease in Nup phosphorylation when multiple isoforms for p38 are targeted. While we cannot 

rule out that there may be additional kinases able to phosphorylate Nup62 in a cardiovirus 

infection, the 85% decrease in Nup62 phosphorylation with ERK2 siRNAs is a very solid 

demonstration that this is the responsible kinase. 

To serve as a supplement to and confirmation of the primary siRNA results, we sought to 

recapitulate a Nup62 phosphorylation event using MAPK-free isolated nuclei, buffer, and 

recombinant GST-L and kinases, with γ-32P gamma- ATP as an indicator (Fig. 4.4), and show 

that these kinases are necessary and sufficient to induce Nup phosphorylation. Importantly, 

isolated nuclei have been fractionated from unstimulated cells, which do not contain substantial 

amounts of activated MAPKs (Fig. 4.3), as the trafficking of activated MAPK kinases into the 

nucleus is a well-documented response to cellular stimuli predicating proliferation or apoptosis. 

In this system, GST, GST-L and the recombinant kinases do not cause Nup62 phosphorylation 

without both the presence of rkinase and L. GST-L and ERK2 in combination, or GST-L and 

RSK3 in combination, were able to phosphorylate Nup62. Other kinases, including MEK4, 

another MAPK, were not able to do phosphorylate Nup62 with or without GST-L (Fig. 4.4). 

These nuclei contain sufficient quantities of Ran and CRM1 for L interaction (Fig. 4.3b). The 
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phosphorylation of GST-L is necessary for Nup phosphorylation (63), likely to enhance binding 

of L to CRM1 and possibly to the kinases (Chapter 3) and we find that GST-L can be 

phosphorylated in these isolated nuclei reactions (Fig. 4.3a). Cytosol served as a positive 

control, with endogenous kinases (presumably ERK1/2) acting as they do in the context of intact 

cells (Fig. 4.4). Interestingly, we note that while TMEV L has been shown to interact with RSK3 

(186), it does not stimulate nearly the same amount of Nup62 phosphorylation compared to 

equal amounts of EMCV L.  

Endogenous kinases from whole cell lysates, including ERK1/2 and RSK3, can bind to GST-L 

(Fig. 4.2). Additional experiments were unable to confirm this result with recombinant kinases 

due to technical difficulties involving recombinant protein tags, though ERK2 does not seem to 

bind directly to L (data not shown). The binding of endogenous kinases to GST-L fits our model 

based on previous data ((78), Chapter 3), wherein GST-L sits between CRM1 and a nucleotide-

free RanGTPase, with the L acidic domain extending out into the cargo-binding region of CRM1. 

Little is known about nuclear pore complex regulation by post-translational modification. There 

are cell cycle dependent Nup phosphorylation events that cause exit of the Nups from pores, to 

eventuate nucleus deconstruction during mitosis (185, 187, 188). Others have shown that 

phosphorylation of nuclear pores can occur upon treatment of cells with a phosphatase inhibitor 

(116), and that some Nups can serve as a substrates for ERK1/2 (120); it is likely that 

cardioviruses are corrupting yet-undescribed native regulation pathways. While cardioviruses 

might just be taking advantage of activated kinases which traffic through the nuclear pores 

(discussed with appendix Fig. 3), the phosphorylation sites on the Nups themselves support a 

model in which Nup phosphorylation is a normal but not-yet-well described regulatory pathway. 

Our data demonstrate that ERK2 is certainly a kinase used by L during infections to 

phosphorylate Nups. Isoforms ERK1 and ERK2 have the same substrate target domain and 

equivalently phosphorylate substrates in vitro, but ERK2 is the more prevalent form in different 
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cell types, and in vivo documented targets vary (reviewed in (189)). They have been shown to 

travel into the nucleus to activate various transcription factors. However, re-localization has 

been reported to traffic directly into the nucleus sans transportins (128, 129, 190) as well as 

through interactions with transportin 7 (127), or by possibly another method. To exit the nucleus, 

ERK1/2 is inactivated by MEK1/2, which draws it out of the nucleus and re-sequesters it onto 

membranes in the cytosolic space (191). The isoforms of ERK may also form homodimers (192, 

193), and these may have higher activity than single kinases (reviewed in (189)).  

It is worthwhile to note that MAPK kinases belong to the same family, and share homology and 

domains ((123) and Fig. 1.7) that may be co-opted for L's activities. Because our results with 

siRNAs against p38 do not decrease L-directed Nup phosphorylation to the same level as that 

of ERK, p38 is likely a secondary kinase partner of L. A recent report using TMEV L (50) 

suggests that the activation of the p38 pathway may instead have more involvement in L's anti-

apoptotic roles than Nup phosphorylation. In that, p38 then goes on to activate p53, which alters 

downstream events to end up with release of pro-apoptotic proteins like Bax and resultant 

apoptosis (50). The idea of ERK as EMCV L's primary kinase partner may also explain the 

results seen for RSK2/3; ERK1/2 also binds to and activates the RSK kinases (194), along with 

3'-phosphoinositide-dependent kinase 1, though they have different phosphorylation sites (195). 

This interaction between ERK1/2 and RSK1/2/3 may act synergistically as part of an L-

containing complex that we hypothesize forms at nuclear pores ((78) and Chapter 3). As 

nucleocytoplasmic trafficking regulation by kinases becomes better understood, it will be 

interesting to note these kinases' interactions and activities in native functions. 

The model suggested by prior studies ((78) and Chapter 3) is that cardiovirus L interacts with 

transportin CRM1 and RanGTPase in an indissociable unit, holding it at the nuclear pores to 

interact with kinases and cause Nup phosphorylation (Fig. 1.8). Our data presented here using 

both siRNA knockdown assays and in vitro reconstitution assays indicate that the primary 
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kinase used by L is ERK1/2, though other kinases like RSK2/3 may also be involved perhaps 

due to their native affinities/associations. 
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Chapter 5: Conclusions and Future Directions

Chapter Highlights 

Chapter 1: Introduction 

Chapter 2: Three Cardiovirus Leader Proteins Equivalently Inhibit Four Different 

Nucleocytoplasmic Trafficking Pathways 

 All cardioviruses additionally phosphorylate Nup98, but not Nup50.

 Four nucleocytoplasmic trafficking pathways are inhibited by cardiovirus L

proteins.

 Nups must be in a nuclear pore for cardiovirus L-directed phosphorylation

 L does not cause activation of kinases present in the cytosol alone

Chapter 3: Cardiovirus Leader proteins bind exportins: implications for virus replication 

and nucleocytoplasmic trafficking inhibition 

 Cardiovirus L interacts with exportins CRM1 and CAS

 Phosphorylation of LThr47 enhances CRM1:L affinity, and this binding can

withstand high concentrations of salt

 Ran and CRM1 are not required for the binding of the other to L

 CRM1:L:Ran form trimeric complexes

 Knockdown of CRM1 decreases EMCV replication as well as L-directed Nup

phosphorylation
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Chapter 4: ECMV L directs ERK2 to inhibit nucleocytoplasmic trafficking 

 L directs ERK1/2, RSK2/3 and to lesser extents p38α/β to phosphorylate nups,

but not other kinases

 L becomes phosphorylated with only contents of nucleus in addition to kinases

found in cytosol

 Quiescent nuclei contain CRM1 and RanGTPase, and can phosphorylate L

 Cardiovirus L can also pull ERK and RSK kinases out of cytosol, along with

CRM1 and Ran

Summary and Future Directions 

Nucleocytoplasmic transport is a vital cellular process: export of mRNAs regulate cellular 

activities, import of various machinery and signaling factors for cellular proliferation and 

defense. As such, inhibition of this transport is a frequent target for viral control of the cell, to 

prevent the host from mounting a response locally (reviewed in (196)). It also frees up cellular 

translation and replication factors for use by RNA viruses, which replicate in the cytoplasm (1). 

While other viruses block the nuclear pores using viral proteins in association with cellular 

factors (Vesicular stomatitis virus and Venezuelan equine encephalitis virus), and clip nups from 

the pores to prevent transport (enteroviruses), cardioviruses phosphorylate these same proteins 

by the sole activities of their Leader (L) protein, harnessing cellular kinases for this post-

translational modification. Phosphorylation leaves nups at the pores, but prevents trafficking 

and provides a general efflux of cellular nuclear factors to enhance viral replication (70, 71, 74). 

Data presented in Chapter 2 of this thesis demonstrated that all cardiovirus Ls shut down at 

least four nucleocytoplasmic trafficking pathways, preventing both import and export through the 

pores. While it has been known that TMEV phosphorylates Nup98 (152), EMCV L 
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phosphorylates Nups 62, 153 and 214, Chapter 2 also demonstrates that Nup98 is 

phosphorylated and Nup50 is not, suggesting some level of selection by the L-directed kinases. 

Experiments additionally indicate a localization requirement for nup phosphorylation. Nups (both 

recombinant and endogenous) not in the context of the pore do not become phosphorylated, 

and L itself does not activate kinases in the cytosol. This implies that L must be held at the 

nuclear pores, in agreement with prior microscopy showing L at the nuclear envelope (74). 

L binds to RanGTPase, but there is not enough L made at the time that trafficking is shut down 

to fully saturate all Ran and prevent its activities. Additionally, Ran itself may not be adequate to 

target L to the nuclear pores for interaction with kinases. To further identify cellular binding 

partners who might target L to the pores, experiments presented in Chapter 3 included 

pulldowns of GST-L in HeLa cytosol, and subsequent identification of cellular binding partners 

by Orbi-trap Mass Spectrometry. Results acknowledged the nuclear exportins CRM1 and CAS 

as potential binding partners. Further experiments confirmed that GST-L does indeed interact 

with these exportins, and focused on CRM1 because it is a very broad range exportin (reviewed 

in (105)). L phosphorylation is not necessary for L:Ran binding (53), but enhances L's affinity for 

CRM1; doubly phosphorylated L binds 1.7 times more CRM1 than the unphosphorylated form. 

A CRM1:L:Ran complex can be eluted from a S200 gel filtration column, indicating that these 

three proteins are able to form a trimeric complex. Knocking down CRM1 by shRNAs decreases 

L-directed Nup phosphorylation to 11% and EMCV replication to 30% (Chapter 3). Because a

Ran in this CRM1:L:Ran complex does not contain a nucleotide in the binding pocket, the 

complex is indissociable by typical Ran GTP-to-GDP hydrolysis (78). 

Previous studies used drug inhibitors to narrow down the range of culpable L-directed kinases 

to those in the MAPK pathways (75). Chapter 4 identified exactly which of these pathway's 

kinases is being used by L to phosphorylate nups. For this, siRNAs were used to knockdown 

individual kinase isoforms singly and in combination. ERK2 and RSK2/3 knockdown decreased 
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L-directed Nup phosphorylation, as did knockdown of ERK1/2 plus p38α/β in combination.

Further GST-L pulldowns indicate that these kinases associate with EMCV L (presumably fully 

phosphorylated, bound to endogenous CRM1 and Ran) in HeLa cytosol. To fully confirm these 

results, these recombinant kinases can be used to phosphorylate isolated nuclei (lacking 

activated kinases), though only upon the addition of L.  Curiously, other cardiovirus Ls were 

tested for their ability to direct recombinant kinases for the phosphorylation of Nups, but none 

were as successful as EMCV L. This finding is consistent with previously published literature; 

EMCV shows the greatest activity in a study when compared to other cardioviruses in early 

cardiovirus- directed Nup phosphorylation studies done in transfected HeLa cells (64). 

Experiments in Chapter 4 demonstrated that L is able to interact with kinases, though this may 

not be a direct association. CRM1 likely holds this complex at the pores, and the enzymatic 

function of kinases allows these highly active proteins then phosphorylate Nup substrates (i.e., 

the FG-repeats of Nups 214, 153, 98, and 62). It is likely that L is converting standard pathways 

wherein kinases are regulating nucleocytoplasmic trafficking. There are hints of these pathways 

in various literature, but these native regulatory pathways remain to be described in any detail. 

Chapter 4 identifies potential kinases for those impending studies. 

Because science tends to yield more questions, there are a few possible directions for future 

work. Based on the reconstitution assays in Chapter 4, it would be really interesting to see if the 

recombinant kinases add comparable quantities of phosphates to the nups when compared to 

endogenous cytosolic kinases. This could easily be done using the isolated nuclei system 

outlined in Chapter 4 and 2D gel electrophoresis.  

As alluded above, it is highly likely that L is using native kinase-based nucleocytoplasmic 

trafficking regulation pathways. Because phosphorylation events on nups are rarely detected as 

evidenced by their paucity in published studies, phosphatases likely play a role. Early 

collaborations with the Xing Lab (University of Wisconsin – Madison) indicate that L itself does 
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not interact directly with PP2a, but we see an activation of kinase pathways during infection 

(75). This might partially be explained by the trapping of activated kinases in the pores; nuclear 

kinases may be unactivatable (this occurs by sequestering inactivated kinases in cytosolic 

membranes). As such, their downstream substrates would also remain active. However, there 

are nuclear phosphatases (DUSPs) that typically downregulate nuclear kinases. The activation 

state of these phosphatases remains to be established, as does any impact of Leader on native 

DUSP cycles.  

Further facets of L's activities to explore include its exact location at the pores.  The data 

presented in Chapter 3 and previous studies (77) suggest that Ran and L bind in the nucleus, 

given the catalytic effect of RCC1 and known localization of that protein. However, the 

cytoplasmic fibril Nups would provide a highly mobile tether for the CRM1:L:Ran:kinase 

complex, and these are long/flexible enough to reach the entire pore, as well as neighboring 

pores, for Nup phosphorylation. However, current technologies (lack of good antibodies and 

sufficiently sensitive detection techniques) prohibit these experiments at present, despite 

multiple attempts. Determining the exact localization would shed light on the possible order of 

complex assembly and mechanism. 

Chapter 4 makes a very convincing basis for kinase partners of L, but we cannot completely 

preclude identification of all responsible kinases. MAPK kinases are strikingly similar in both 

structure and redundant functions (Figs. 1.6 and 1.7), and it is likely that there are other kinases 

that can phosphorylate Nups. Their trafficking through the pores also remains to be specifically 

established - current literature defines at least 3 ways that ERKs translocate into and out of the 

nucleus, with 2 separate ways described for p38 isoforms (reviewed in (123)). It will be 

interesting to see what future kinase studies determine for the trafficking of MAPKs, their 

interactions, and their substrate specificities. Again, the findings presented in that chapter hold 
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implications for virology as well as cancer research and nucleocytoplasmic trafficking/greater 

biology. 

Taken as a whole, this thesis provides many of the details toward deciphering L's activities at 

the nuclear pores. In our current model (Chapter 1, Fig. 1.8), L associates with 2A and utilizes 

2A's NLS to effectively traffic to the nuclear pore. At the pore, L becomes phosphorylated, and 

subsequently Ran and CRM1 associate, displacing 2A. The structure models show L acting as 

a sort of 'molecular glue', creating an indissociable CRM1:L:Ran complex, with the zinc finger of 

L extending into CRM1's cargo domain (78). Cellular kinases then associate, and are used to 

phosphorylate Nups and inhibit nucleocytoplasmic trafficking. Nucleocytoplasmic trafficking 

inhibition prevents cells from mounting an innate immune response, and from signaling 

neighboring cells. Moreover, an efflux of (nuclear) cellular factors necessary for viral replication 

can relocalize to the cytoplasm, allowing for a productive infection. 
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Appendix: Additional Experiments 

Appendix Figure 1 was published in (63), Journal of Virology. 88:2219-2226. (2014) Basta, H. 

A., V. R. Bacot(78)-Davis, J. J. Ciomperlik, and A. C. Palmenberg. 2014. Encephalomyocarditis 

virus Leader is phosphorylated by CK2 and Syk as a requirement for subsequent 

phosphorylation of cellular nucleoporins. 

Appendix Figure 2 was published in (78), Proceedings of the National Academy of Sciences, 

111:15792-15797. (2014) Bacot-Davis, V. R., J. J. Ciomperlik, C. C. Cornilescu, H. A. Basta, 

and A. C. Palmenberg. 2014. Solution structures of Mengovirus leader protein, its 

phosphorylated derivatives, and in complex with RanGTPase. This experiment was designed by 

J.C. and H.B., performed by H.B, and analyzed by J.C.

Cardiovirus Leader (L) proteins were predicted to contain at least one (and possibly more) 

phosphorylation sites ((52, 57, 150)) and mutation to at least one of these sites at Thr47 was 

shown to disrupt L's nucleocytoplasmic trafficking activities (70). Experiments were undertaken 

to determine the exact location of those phosphorylation sites, possible kinases responsible for 

this event, and the impact of L phosphorylation on Nuclear pore protein (Nup) phosphorylation/ 

nucleocytoplasmic trafficking (63). Phospho-antibodies were used to determine that L contained 

a phospho-tyrosine site in addition to a phosphor-threonine site, and this was confirmed by 
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generation of phospho-deficient mutants at both sites, and testing of these with γ-32P-ATP and 

cytosol (Basta et al). Online post-translational modification prediction software (NetPhos2.0, 

Phosphomotif (197), and Phosida Gnad (198)) was used to identify potential kinases. One of 

these potential kinases included Casein kinase 2 (CK2), against which drug inhibitors can be 

used; these include TBCA [(E)-3-(2,3,4,5-tetrabromophenyl) acrylic acid] (Calbiochem, used at 

10 μM) or TBB (4,5,6,7-tetrabromo-2-azabenzimidazole) (Calbiochem, used at 50 μM). As 

illustrated in Appendix Figure 1, incubation of LE-GST with γ-32P-ATP in either HeLa cytosol 

(Appendix Figure 1a) or recombinant CK2 (Appendix Figure 1b) in the presence of these 

inhibitors decreased L phosphorylation by 40-60%. Other experiments determined that L 

phosphorylation is sequential, and that Thr47 must be phosphorylated before phosphorylation of 

Tyr41 by Spleen tyrosine kinase. To confirm that L phosphorylation is important to direct Nup 

phosphorylation, plated HeLa cells were pretreated with both CK2 inhibitors for an hour, then 

infected at an MOI of 30. Westerns were used to determine Nup62 phosphorylation. With the 

inclusion of CK2 inhibitors, Nup62 phosphorylation decreased to 16% (with TBB, Appendix 

Figure 1c). CK2 is not one of the kinases responsible for Nup phosphorylation itself (Figure 

4.4D), and from this data and data presented in Chapter 3, we concluded that L phosphorylation 

is required for Nup phosphorylation and subsequent nucleocytoplasmic trafficking inhibition.  

Appendix Figure 2, a collaboration with Holly Basta, shows that phosphorylation-deficient 

mutants of L do not bind exportins CRM1 and CAS to the s ame level as wild type L. This figure 

was presented in conjunction with the solved crystal structure of L:Ran in (78). As demonstrated 

in this figure and Chapter 3, phosphorylation on L's Thr47 enhances binding of both CRM1 and 

CAS. Additionally, a CRM1:L:Ran structure was modeled for (78), indicating that the acidic 

domain of L likely sits between CRM1 and Ran, with the zinc finger region extending into the 

cargo binding site of CRM1. 
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Appendix Figure 1 Leader phosphorylation inhibitors e�ects. Recombinant LE-GST was incubated with HeLa cytosol 
(A) or recombinant Casein Kinase 2 (B) with or without Casein kinase 2 inibitors  in the presence of γ-32P-ATP 
(37oC for 45 min) and pulled down with Glutathione sepharose beads. Proteins were resolved with SDS-PAGE and
silverstained, then exposed to phosphor-screen to determine phosphorylation state of L. To determine how L
phosphorylation a�ected Nup phosphorylation, plated HeLa cells were treated with TBCA or TBB as indiciated for
1 hr at 37oC, then infected with vEC9 at an MOI of 30 as indicated.  4 hours post-infection, cells were harvested, and
Nup phosphorylation state was determined by western. All quatitation was done with TotalLab (Sigma Aldrich).
Casein kinase inhibitors TBCA and TBB were used at 10µM and 50 µM, respectively.
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Appendix Figure 2 Exportin pulldown from HeLa cytosol. Recombinant GST, LE-GST, LE-GST phosphorylation de�cient mutants
were incubated with HeLa cytosol for 45 minutes at 37oC, then pulled down with glutathione sepharose beads. Westerns were
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Okadaic acid (OA), a phosphatase inhibitor for protein phosphatase 2a (PP2a) and protein 

phosphatase 1 (PP1) (159), was used as a control in Chapter 2 of this thesis to stimulate 

kinases by inactivating correlated phosphatases. The use of OA in another nucleocytoplasmic 

trafficking study indicated that it inhibits the classical nuclear import (importin α/β) and 

transportin pathways, though not the CRM1 export pathway, attributed to phosphorylation of the 

"nuclear transport machinery...  most likely a component of the nuclear pore complex" (117). 

Evinced in Appendix Figure 3, incubation of OA with subcellular fractionated HeLa nuclei and L 

produces a minor phosphorylation of Nup62, at 29% of the Nup62 phosphorylation compared to 

that directed by GST-L (100%). The L-directed greater Nup phosphorylation event likely 

explains why more pathways, including CRM1, are inhibited in cardiovirus infections. However, 

the combination of GST-L and OA in nuclei/cytoplasm assays produces a synergistic 

phosphorylation of Nup62, increasing to 3.5 times that of GST-L alone. There are several 

possible interpretations of this data. Figure 2.5 demonstrated that L alone does not stimulate 

cytosolic kinases, but OA does. It may be that L utilizes whatever pool of activated kinases are 

present in the cell for Nup phosphorylation, and that inclusion of OA very effectively deepens 

that pool, producing more activated kinases upon which L can act. Alternately, it may be that the 

inclusion of OA prevents the turnover any phosphorylation events (either of the Nups, or of L 

itself, or both) before they can be detected by our standard assays. These interpretations are 

also not mutually exclusive. A further suggestion drawn from this figure (and supported by the 

kinase binding partners of L, Chapter 4) is that L is not somehow inhibiting PP2a or PP1 to 

activate MAPKs, or combining OA and L would either decrease or not affect Nup62 

phosphorylation. Future experiments are necessary to confirm the activation state of 

phosphatases during infection. 
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Appendix Figure 3 E�ects of phosphatase inhibitor Okadaic acid and GST-LE on Nup phosphorylation. GST, GST-LE,
Okadaic Acid (OA, 250 nM), OA plus GST-LE, or carrier DMSO were added as indicated to subcellular fractionated HeLa
cytosol and 103 digitonin-isolated nuclei, incubated at 37oC for 45 minutes, and the phosphorylation of Nup62 was
analyzed by wetern phospho-shift (C). Nup62 phosphorylation was quantitated by pixel count and normalized to tublin
loading control using TotalLab software.
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