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Abstract

Insertion of nucleotide sequences encoding “tags” that can be expressed in specific viral proteins
during an infection is a useful strategy for purifying viral proteins and their functional complexes
from infected cells and/or for visualizing the dynamics of their subcellular location over time. To
identify regions in the poliovirus polyprotein that could potentially accommodate insertion of tags,
transposon-mediated insertion mutagenesis was applied to the entire nonstructural protein-coding
region of the poliovirus genome, followed by selection of genomes capable of generating
infectious, viable viruses. This procedure allowed us to identify at least one site in each viral
nonstructural protein, except protein 2C, in which a minimum of five amino acids could be
inserted. The distribution of these sites is analyzed from the perspective of their protein structural
context and from the perspective of virus evolution.
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Introduction

The genome organization and the proteome of picornaviruses are defining characteristics of
the family (Gorbalenya and Lauber, 2010). All viral proteins are encoded by a single piece
of single-stranded RNA containing only one open reading frame in all but one species. The
resulting polyprotein is proteolytically processed through a sequential cascade of primary,
secondary and maturation cleavages to generate the full complement of structural and non-
structural precursor and mature proteins required for virus proliferation. Extensive sequence
data are available for many genera and species members, allowing comparative genomic
analyses and accurate gene maps. There still remains, however, a dearth of information
about the specific biochemical activities and roles contributed by the majority of viral non-
structural proteins during the replication process.
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To fill this gap will require detailed studies of purified viral proteins and viral complexes,
their interactions with both cellular and other viral components, and the dynamics of their
intracellular movements during the course of infection. Recent advances in protein
purification as well as intracellular localization by live cell imaging often rely on our ability
to “tag” the protein of interest. For the tagged proteins to function normally during infection,
the tag should be placed in the full-length infectious genome, since picornaviral proteins are
delivered to their replication sites as precursor forms and they often function only in cis,
replicating the RNA from which the polyprotein was translated (Egger et al., 2000).
However, identifying acceptable sites for insertion of sequences to generate tagged proteins
from the viral precursor polyprotein during infection can technically be very challenging.
Insertions may interfere with the folding of mature and precursor proteins or interprotein
interactions, including presentation of cleavage sites, resulting in non-viable virus progeny.
Rarely, sites in proteins that can accommodate small insertions compatible with viability of
the viruses harboring these mutations have been identified by mutagenesis (Bernstein and
Baltimore, 1988; Li and Baltimore, 1988). Finding these sites by trial and error, however, or
even with the aid of protein structural information, is often tedious, with uncertainty of
success. An alternative approach to this problem is to employ transposon-mediated insertion
mutagenesis to generate a library of viral genomes containing small insertions at random
sites throughout the coding sequence of interest. The library can be used subsequently to
select viable genomes (Atasheva et al., 2007; Frolov et al., 2009; Liu et al., 2006;
Moradpour et al., 2004). This approach has recently identified non-disruptable protein or
RNA domains that perform essential functions in the hepatitis C virus (Arumugaswami et
al., 2008) and potato X virus (Draghici et al., 2009) life cycles.

We employed this method to identify sites in poliovirus non-structural proteins that would
tolerate small insertions and generate viable viruses. The ability to select for a plaque-
forming phenotype among the large numbers of viral genomes harboring insertions is a
highly powerful selection technique. Our objective in the present study was to create a set of
viable viruses stably carrying insertions in each of the poliovirus non-structural proteins.
This set could provide a guide for creating viruses with internally tagged proteins that could
potentially be used to monitor sub-cellular localization and dynamics during infection, to
facilitate studies of the structure and composition of viral replication complexes, or to
identify interactions with binding partners of specific viral proteins in the infected cell. This
report summarizes and rationalizes the set of sites that accommodated small 5-amino acid
(aa) insertions that we identified within the poliovirus non-structural protein-coding region.
Detailed studies of viruses constructed by placing different tags in the identified sites in two
poliovirus proteins, 2A and 3A, have been published recently (Teterina et al., 2010) and in
preparation, respectively.

Results and Discussion

Generation of a 15-nt insertion mutant virus library

We utilized transposon-mediated insertion mutagenesis to introduce 15-nt insertions
randomly into three separate overlapping segments of the poliovirus genomic cDNA (see
Fig. 1). The P1 region encoding the viral structural proteins was excluded from this analysis,
since our focus was on non-structural proteins for which function information is lacking or
at best incomplete. For each segment of the PV genome the pool of mutagenized cDNA
fragments from each subclone was substituted for the corresponding segment of non-
mutagenized cDNA in plasmids encoding full-length PV cDNA to create a library of
mutagenized genomes. The majority of the inserted sequence was removed by restriction
enzyme digestion and re-ligation, leaving only 15 nts, five of which were duplicated from
the target DNA, coding for different amino acid sequences depending on the insertion
reading frame (e.g., see Fig. 2A). Viral RNAs were transcribed from the entire library
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represented by clones of PV cDNAs with insertions in one of three segments indicated in
Fig. 1 and used to transfect HeLa cells, which were then overlaid with agar and incubated to
allow plaques to develop from any viable viruses. The pools of transcripts displayed RNA
infectivities of 103 — 10* pfu/ug RNA for different transript pools, approximately 100 —
1000 times lower than wild-type RNA transcripts. This suggests that the majority of
insertions produced a lethal phenotype. Individual plaques that developed after transfection
were picked, viruses were propagated, and insertion sites in viable viruses that withstood
passaging were identified by cDNA sequencing. Many of the insertions were identified in
viruses isolated from more than one independently obtained virus plaque (see Fig. 2A),
suggesting that the library we analyzed was representative. However, it is possible that not
every potential location that could tolerate these insertions was identified in our screen.

Figure 1 shows the locations of the insertions in the non-structural region of the poliovirus
polyprotein encoded by viable insertion mutants that we isolated. In all cases, the entire P2
and P3 regions of each isolate were sequenced to identify the insertion site. For most of
these, we then introduced the identified insertions into a wild-type cDNA background to
ensure that no mutations elsewhere in the viral genomes had occurred. All such
reconstructed viruses manifested the same growth phenotypes as the initial isolates. For
those insertions that were not reconstructed (those in 3C and 3D), there remains a possibility
of an additional mutation in the 5" NTR or P1 region. At least one site that tolerated a 5-aa
insertion was identified for each viral protein except 2C. We found two sites in protein 2A;
one site in protein 2B; none in 2C; there were multiple sites clustered in a small region near
the N-terminus of 3A; two sites in 3B; multiple sites were clustered near the C-terminus of
3C, including a site at the junction of 3C and 3D; and two sites near either end of the linear
protein sequence were identified in 3D.

Growth properties of viruses carrying 15 nt insertions

Several viruses carrying a 15-nt insertion in the genome manifested reduced growth and
altered plaque morphology, although some appeared to grow as well as wild-type, as shown
in Fig. 2B. The virus isolates are designated by the name of the protein containing the
insertion followed by the number of the amino acid residue after which the five amino acids
were inserted. The nucleotide and deduced amino acid sequences of the regions containing
the insertions are shown in Fig. 2A. Insertions at different positions within the same protein
may affect growth differently (e.g., compare 3B-10 with 3B-17). Note that the mechanism of
transposon-mediated mutagenesis results in a duplication of five nucleotides derived from
the original gene sequence. Thus, since the nucleotide insertion reaction may occur in
different reading frames, insertions at the same amino acid position in the protein may
generate different amino acid insertion sequences, albeit of the same 5 aa length (e.g.,
compare 3C-183a and 3C-183b in Fig. 2A). Such pairs of viruses containing different 5 aa
insertions at the same position in the same protein also may display quite different plaque
sizes (e.g., compare 3D-53a with 3D-53b and 3C-179a and 3C-179b in Fig. 2B). We
consistently observed heterogeneity in plaque sizes, even among wild-type viruses (Fig. 2B).
Purification and amplification of viruses from small vs. large-size plaques generated by a
given mutant virus stock did not result in different insert sequences or stabilities.
Occasionally, an extremely poorly growing virus stock generated a rare large plaque (e.g.,
see 2B-23), which may indicate partial or complete deletion or mutation of the insertion
sequence, although this was not confirmed specifically for 2B-23.

Characteristics of tolerated insertion sites

In cases where protein structural information is available, the locations of insertions in
viable viruses could be mapped to external surface loops or flexible, non-structured regions
of the protein. Figure 3 shows the collection of PV proteins for which structures have been
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resolved either by x-ray crystallography or NMR, with the positions of the amino acids
preceding the 5-aa insertions present in viable viruses indicated in red. The structural
contexts of the identified insertion sites are described below for each protein.

2A—In the enterovirus genus, to which PV belongs, the 2A protein is a small cysteine
proteinase that catalyzes the cleavage of its own N —terminus in cis, thereby releasing the
capsid protein precursor from the remainder of the nascent polyprotein as the first step in the
processing cascade. 2A also cleaves a small number of cellular proteins whose activities
affect virus growth in a variety of ways, and has been implicated directly in the process of
viral RNA replication, independent of its protease functions (see (Teterin et al., 2010) and
refs therein). Two insertion sites were identified after selection for viable viruses, between
amino acid residues 50-51 or 144-145. The 5-aa insertions at either of these sites had little
effect on virus growth (Fig. 2B). The insertion at residue 50 is located in a loop region that
separates two domains of the protein (Fig. 3a); the 2A-144 insertion is located near the C-
terminal end of the protein in a region with apparently very little stable structure (Fig. 3a).
We have utilized these sites for placement of fluorescent proteins in protein 2A,; a detailed
study of those viruses has been presented previously (Teterina et al., 2010).

2B—The enteroviral protein 2B (~100 aa) and its relatively stable precursor 2BC, have been
implicated in the remodeling of intracellular membranes to form the vesicle-like structures
that support viral RNA replication (Aldabe and Carrasco, 1995; Cho et al., 1994; Taylor and
Kirkegaard, 2007). The protein has been shown to bind membranes via an amphipathic helix
located near the N-terminus (aa residues 35-52 for PV), and may cause impairment of Golgi
trafficking and reduction in Ca++ levels by forming pores (Agirre et al., 2002; de Jong et al.,
2008).

The insertion site identified in this study was located between aa residues 23 and 24, and
therefore does not disrupt the essential amphipathic helix domain. No structural data are
available for the 2B protein; thus no impact of an insertion near the N-terminus and
upstream of the amphipathic helix can be predicted. Plaques formed by viruses harboring the
15 nt insertion are quite small, and the viruses were not further characterized.

3A—The 3A proteins from the different picornavirus genera display a high degree of
variability in size, sequence and function. They all contain at least one hydrophobic domain,
which apparently serves to anchor the protein and its precursors in the membrane structures
where viral RNA replication occurs. Expression of PV or CVB3 3A proteins alone causes
disruption of ER-to-Golgi secretory transport and disassembly of the Golgi complex
(Cornell et al., 2006; Doedens and Kirkegaard, 1995; Wessels et al., 2005), and 3A may
contribute to the membrane remodeling that generates the vesicle-like replication complex
scaffold (Suhy et al., 2000). Modulation of membrane transport or structure involves regions
near the N-terminus of 3A, which are group-specific among other picornaviral genera 3A
proteins. The enteroviral 3AB (or larger) precursor protein(s) appear to participate directly
in viral RNA synthesis reactions, perhaps as a donor of 3B (VPg) for RNA chain initiation
(Paul et al., 1998) or as a cofactor for 3Dpolymerase and/or 3CD functions (Lama et al.,
1994; Molla et al., 1994).

The structure of the soluble portion of the PV 3A protein, whose 24-aa hydrophobic C-
terminal domain was deleted, was determined by NMR (Strauss et al., 2003). This truncated
protein forms a symmetric dimer in solution with unstructured N- and C-termini (Fig. 3b).
Within this unstructured N-terminus, we found a series of five closely neighboring sites,
after aa residues 2, 6, 9, 10 or 11 (Fig. 3b), that tolerated small insertions to generate stable
viruses. We used these sites to place several different tags in the 3A protein, and detailed
descriptions of these viruses will be presented elsewhere (in preparation). A virus known as
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3A-2 harboring a single amino acid insertion at residue 15 in the 3A sequence was isolated
some years ago (Bernstein and Baltimore, 1988), and has been utilized subsequently by
several groups to study 3A function. We consider that insertion to have been placed in the
same generally unstructured region as the cluster identified in this study.

3B—The 3B polypeptide (also called VVPg) is covalently attached to the 5’ ends of viral
RNAs via a phosphodiester linkage between a conserved tyrosine residue (aa 3 of 3B) and
the -phosphate of the terminal uridylylate residue of the RNA. Both 3B and its precursor
3AB are also found free in the cytoplasm of infected cells. A di-uridylylated form of 3B
serves as primer to initiate synthesis of both positive and negative RNA strands (Takegami
et al., 1983). The poliovirus protein is small (22 residues), basic (pl around 10), with some
hydrophobic patches. Its structure has been determined by NMR (Schein et al., 2006):
although the peptide is relatively unstructured in aqueous buffer, a single conformer can be
obtained in the presence of trimethylamine N-oxide, which shows a large loop region from
residues 1-14 with the reactive tyrosine projecting outward, and a C-terminal helix
comprised of residues 18-21 that aligns residues of conserved amino acids on one face.

Two sites in 3B that tolerated 5-aa insertions were identified from the transposon screen --
between aa residues 10-11 and between 17-18. The latter formed larger plaques than the
former (Fig. 2B). These sites are located within the large, flexible loop and just at the start of
the terminal helical region, respectively (Fig. 3c).

3C—The 3C proteinases, either as mature proteins or within the context of larger precursors
such as 3CD, catalyze the majority of the cleavage events occurring during processing of the
viral polyprotein, and additionally target a specific set of cellular proteins that impact a
variety of host cell metabolic processes. Structures of 3C proteinases from a number of
picornavirus genera have been determined to atomic resolution (HAV (Allaire et al., 1994);
rhino (Matthews et al., 1994); polio (Mosimann et al., 1997); FMDV (Birtley et al., 2005).
They have chymotrypsin-like folds and catalytic triads, except for an active site cysteine in
place of serine and, in a subset of picornaviruses including enteroviruses, active site
glutamate instead of aspartate residues (Gorbalenya et al., 1989). The proteins additionally
manifest specific RNA binding activities at a site distinct from the proteinase catalytic site
(Seipelt et al., 1999).

The carboxyl-end of the 183-residue 3C protein is a short three-residue helix followed by
three terminal residues that are flexible and disordered (Fig. 3d). Viable viruses with 15-nt
insertions at multiple positions within those terminal six residues were isolated, after
residues 179, 181, 182 or 183, the latter of which represents the C-terminus of the wt 3C
coding sequence and therefore serves as the 3C/3D processing site. Since the precursor 3CD
displays both proteinase and RNA binding activities, and since the domain structures of both
3C and 3D are relatively unchanged in the precursor (Marcotte et al., 2007), the C-terminal
3C residues serve as a linker to 3D and are tolerant to insertions (Fig. 3f). It was surprising
to us that insertions at the very end of 3C (e.g., isolates 3C-183a and b) apparently did not
interfere significantly with the cleavage site specificity or processing efficiency. The scissile
bond for 3C/3D cleavage is always Q/G in the PV polyprotein. Assuming that it remains so
for the 3C-183a or 3C-183b variants that we isolated, cleavage of 3CD in isolate 3C-183a
would generate a 3C protein with a 5-aa extension at its C-terminus (see Figs. 2A and 3f).
Cleavage of 3CD in isolate 3C-183b, however, could yield either a similar extended 3C
terminus (albeit with different amino acids), or a 3D protein with a 5-aa extension at its N-
terminus, since there are two potentially scissile Q/G sites generated by the 15-nt insertion in
3C-183b. If both Q/G sites were proteolytically cleaved, the 5-aa insert would be deleted,
leaving both 3C and 3D cleavage products with authentic termini; however, the uncleaved
3CD protein would contain the insertion (Fig. 2A). We believe it unlikely that an N-
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terminally extended 3D would function as an active polymerase, since the N-terminus of 3D
becomes buried in a pocket at the base of the fingers domain post-cleavage, causing changes
in molecular flexibility at the active site (Campagnola et al., 2008;Marcotte et al., 2007).
The scissile bonds utilized by these mutant viruses were not determined; however, the
differences in plaque size observed after placement of different insertions in the same
position might be related to differences in cleavage site or cleavage efficiency.

3D—FProtein 3D is an RNA-dependent RNA polymerase (RARP), the key subunit in the
replication complex that catalyzes the synthesis of plus- and minus-strand viral RNAs.
Given the importance of this enzyme to the unique replication mechanism of RNA viruses,
several RARPs have been subjected to intensive biochemical and molecular biological
investigation, and the three-dimensional structures of multiple enzymes from different
viruses have been solved by X-ray crystallography (see (Campagnola et al., 2008) and refs
therein).

Genomes carrying insertions at either of two different locations in the 3D protein were
isolated from plaque-forming viruses. Insertions were found after residue 53 (Fig. 3e),
within a disordered segment of the protein chain in a region with sequence conserved among
picornaviral 3D proteins but which has no apparent counterpart in other types of polymerase
enzymes. Within the palm domain wherein lies the catalytic site, 5-aa insertions were
identified after positions 362 and 364, in a short linker between two beta strands (Fig. 3e).
None of these insertions apparently caused significant disruption in the overall fold of the
protein. We did not find an insertion located in the surface-exposed loop (residues 257-263)
between two helices of the 3D structure. In this loop, the corresponding region in the
Coxsackie B3 virus 3D protein contains one amino acid more, and the rhinovirus 3D protein
contains one amino acid less, than the polio protein, from which it had been concluded that
some sequence/structure variation can be tolerated (Campagnola et al., 2008). However, of
11 isolates that were found to contain 5-aa inserts in 3D, only the two regions after residue
50 or near position 362 were isolated.

Relationship of insertion site locations to virus evolution

Although the locations of tolerated insertion sites identified in this study correlated with
regions of apparent structural flexibility in the proteins, not all external surface loops or
unstructured regions were found to accept the transposon-mediated insertions. Such domains
may be structurally constrained due to their engagement in protein-protein or other inter-
molecular interactions that would preclude interruption by insertions. These considerations
prompted us to examine whether the identified insertion sites reflected regions of variability
that occurred during virus evolution. If this were the case, identification of regions of
dissimilarity (non-conservation) (Gorbalenya and Lauber, 2010) among the sequences of
proteins from closely related viruses may serve to predict where insertions might be
tolerated. To this end, we assessed the conservation of the non-structural proteins by
calculating the average similarity of each protein in a protein alignment and then plotted
positional conservation along the polyprotein alignment using a sliding window of 5 aa with
3-aa overlap (Fig. 4). We analyzed conservation at three different levels of virus
evolutionary diversity that are defined as species (Fig. 4A) and supraspecies (Fig. 4B) and
genus (Fig. 4C). PV belongs to the Human enterovirus C species formed by 14 serotypes
(HEV-C level). This species is one of 4 human enterovirus species that we treated as a
supraspecies cluster (HEV). They, together with 7 other species, form the enterovirus genus
(Entero). The average similarity of each non-structural protein was calculated for each of
these three levels (indicated by the dashed lines in Fig. 4 for each protein) and the positional
conservation was then plotted along the polyprotein alignment.
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Amino acid conservation varies not only among the individual viral proteins, but also locally
within protein sub-domains, resulting in alternating peaks and valleys in the conservation
plot of the P2-P3 part of the polyprotein alignment (Fig. 4). Sequences whose conservation
fall below the protein’s average (dashed lines) appear as downward spikes or valleys
(similarity scores lower than that indicated by the dashed line), whereas regions that are
more highly conserved than the average for the protein appear as spikes above the dashed
line. There is good correlation between peak distributions in the three plots, although their
precise positions and numbers vary. This variation is due to site- and branch-dependent
evolution in the members contributing to the three datasets of increasing sequence diversity
(Gorbalenya and Lauber, 2010) and unpublished data). Practically, access to all three rather
than a single plot allows for minimizing an effect of sequence sampling on the identification
of sites prone to mutation during natural evolution.

The insertion sites identified in this study are indicated on the conservation plots by gray
vertical bars in Fig. 4. The locations that accommodated insertions in viable viruses resided
at or very near valleys within sequences whose conservation fell below the protein’s average
(dashed lines) in one or more plots. Thus, insertions are tolerated at places that are prone to
mutation in poliovirus and closely related viruses in the course of their natural evolution
from common ancestors. We did not, however, find viable viruses with insertions located in
many regions that demonstrate high degrees of sequence variability. This could be due to
some non-randomness in the transposon insertion reaction, our failure to screen enough
viruses to find all possible acceptable sites, and/or structural constraints on the specific
sequences and their size that may be accommaodated in a given, albeit poorly-conserved,
region. These constraints could be host-dependent: selection for protein interactions with
host factors that vary among different virus hosts may impose specificity on precisely those
viral protein sequences that have diverged during evolution to enable infection of different
hosts.

These observations show that insertions are often tolerated at places that are prone to
mutation in PV and closely related viruses in the course of their natural evolution from
common ancestors. However due to other factors that grossly modulate the outcome of
insertion probing, this tendency alone is not sufficient to predict where markers, tags or
other practical insertions will be tolerated.

Failure to identify viruses with insertions in 2C or the 3'NTR

Our results of sequencing genomes from viruses that grew after transfection of cells with
RNAs containing transposon-mediated insertions in either the P2 or P3 region (see Fig. 1 for
mutagenized segments) yielded no insertion in the 2C coding regions or in the 3' NTR.
Previous work had resulted in the isolation of two mutant polioviruses containing either a 4-
aa insertion following residue 255 or a 6-aa insertion after residue 263, both in a region of
2C in between a SFIII helicase-like domain and a Zn —finger domain (Li and Baltimore,
1988). Although no 3-dimensional structure has been resolved for 2C to help assess the
structural context of these previously identified insertions, we did see multiple sites with
negative similarity scores near that region (Fig. 4), suggesting that sequence variability has
occurred during evolution. We did not attempt to reconstruct potential transposon-mediated
15-nt insertions in that region of 2C to determine their viabilities. The fact that insertion
sites identified in this study may not always correlate with those few reported previously
supports the notion that there are insertion- and site-specific constraints.

We also found no insertions in the 3'NTR, despite its sequence having been included in the
P3 segment mutagenesis screen (Fig. 1). A viable virus containing an 8-nt insertion was
described previously (Sarnow et al., 1986), approximately 50 nts upstream of the poly(A)
sequence, suggesting that at least some small insertions could be tolerated in this region.
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Since such insertions would not have been useful for potentially tagging viral proteins, we
did not pursue this analysis.

Placing useful tag sequences in identified insertion-tolerant sites

Useful tag sequences such as fluorescent proteins (FPs) or different epitope tags can be
substituted for the 5-aa transposon-mediated insertions used to identify the insertion-tolerant
sites. However, as both size and specific amino acid sequences can affect protein function
and virus growth, selection of tags that can replace the transposon insertion in each of the
identified sites remains highly empirical. For example, the sequences of a tetracysteine motif
that binds a fluorescent ligand or the significantly larger FPs, DsRed or GFP (25-30 kDa),
were accepted at either of the two insertion sites identified in PV protein 2A (~17 kDa),
although growth of PV2A50-FP was more impaired than PV2A144-FP (Teterina et al.,
2010). In protein 3A, a 9-aa HA epitope tag or a 12-aa tetracysteine motif sequence was well
tolerated in the N-terminal region; however, viruses encoding a similar size FLAG epitope
(8 aa) or c-myc epitope (10 aa) at the same position were recovered with significantly lower
efficiency (Teterina et al., in preparation). Viruses carrying a HA-epitope tag (8 aa) insertion
after residue 17 of protein 3B (Fig. 3c) displayed normal virus growth properties, while
placement of the c-myc epitope at the same site significantly reduced virus growth, and a
tetracysteine motif sequence (6 aa) at the same position rapidly deleted one amino acid. The
latter motif was also excluded from protein 2B, and only viruses with deletion of most of
this motif were recovered.

The biases against specific sequences in some but not all sites that readily accommodated
the 5-aa insertions left by the transposon mutagenesis reaction are not predictable. It is
highly likely that some sites that did not accept the transposon insertion might have accepted
an insertion of a different sequence or other properties. As a result, use of a different
transposon or introduction of a different sequence by another means might reveal additional
insertion-tolerant sites in a given genome region. For this reason, it is not possible to
consider a genome region “saturated” for insertion-tolerant sites, even if the region appears
saturated in a particular transposon screen, unless it has been screened with multiple
insertion sequence probes.

Using random transposon-mediated insertion mutagenesis, we have screened the non-
structural protein coding region of the poliovirus genome and selected for viable viruses that
contained 5-aa insertions. The locations of sites that tolerated these insertions were not
distributed evenly throughout the viral non-capsid polyprotein sequence, but rather tended to
cluster in about 9 regions. One or two regions that tolerated small insertions were identified
in each viral non-capsid protein except for 2C, for which we found no insertions in plaque-
forming viruses. The tolerated insertions were always located in external surface loops or
unstructured regions of the three-dimensional protein folds; however, not all such loops or
flexible peptide domains accepted insertions. Similarly, insertions were often tolerated at
places that are prone to mutation in PV and closely related viruses in the course of their
natural evolution from common ancestors. However, many more places of less-than-average
conservation did not accept insertions, indicating that this tendency alone is not sufficient to
predict where markers, tags or other practical insertions will be accepted for purposes of
imaging or biochemical analyses. Thus, structural considerations and analysis of
evolutionary conservation may be useful to decrease the genetic space to be explored by
experimental mutagenesis to identify potential sites for protein insertion. This combination
of knowledge-based and random probing approaches is likely to provide the most efficient
strategy for tagging picornaviral proteins in future efforts.
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Plasmid pPVM containing infectious full-length cDNA of PV1 with several unique
restriction sites introduced in the P2 region was a generous gift from A. Paul and E.
Wimmer, Stony Brook School of Medicine, NY. Plasmid pXpA (Herold and Andino, 2000)
containing full-length cDNA of PV1 was a gift from R. Andino, UCSF. Plasmid pXpA-X
was created from pXpA by introducing a single nucleotide change to create a unique Xhol
site at position 4242 in pXpA. The RNA genome with this point mutation showed infectivity
of ~10° pfu/ug, similar to that of wild-type PV RNA. In order to concentrate transposon
insertions in specific subregions of the viral polyprotein, we prepared several subclones on
which we performed mutagenesis reactions separately. A subclone pPVsub-P2 was
engineered by cloning the Nhel — Xho | fragment from pPVM (nts 2470 - 4433 in PVM
cDNA) into pSP-72 vector (Promega) digested with Xbal and Xhol. A subclone pPVsub-
P2/3 was generated by substituting the Nhel — Hindl11 fragment (nts 2470 - 6056 in PV
cDNA) from pXpA-X for the region between the Xbal and Hindlll sites of pGEM-3Zf(+)
(Promega). A subclone pPVsub-P3 was generated by insertion of the Bglll — EcoRl
fragment (nt 5601 through the poly(A) sequence) from pXpA between the Bglll and EcoRI
sites of the pSP-72 vector. Plasmids pPVsub-P2 and pPVsub-P2/3 were subjected to Tn7
transposon-mediated mutagenesis in vitro (GPS-LS Linker Scanning System, New England
Biolabs). This system allows essentially random and single hit insertion of a Tn7-based
transprimer into a plasmid of interest (Biery et al., 2000). A pGPS5 transprimer donor
plasmid and kanamycin selection were used for mutagenesis of pPVsub-P2, whereas pGPS4
and chloramphenicol selection were used for pSub-P2/P3. Standard DNA transposition
reactions (20 ul) contained 100 ng of plasmid DNA and were performed according to the
manufacturer’s protocol. A total of 4.8 x 10% or 5.1 x 10° bacterial colonies were obtained
from pPVsub-P2 or pPVsub-P2/P3 reactions, respectively. Mutant plasmids were isolated
from the pooled bacterial libraries. To remove the transposon DNA fragment, 7 ug of the
pooled mutant plasmids were subjected to Pmel digestion to remove the selective antibiotic
resistance gene, recircularized by ligation and used for bacterial transformation. This
resulted in pPVsub-P2-u and pPVSsub-P2/P3-p libraries of mutants with randomly inserted
15-nt sequence 5TGTTTAAAGANNNNN-3’, where N represents 5 nts duplicated from the
adjacent upstream target DNA. As insertion of this sequence in one reading frame generates
a termination codon, only insertions in two frames might be found in viable viruses. These
secondary libraries were also represented by ~8 x 104 and 5 x 10° clones, respectively.
Mutant plasmid DNAs were isolated from the pooled secondary libraries. Plasmid DNA
from the pPVsub-P2-p library was cut with SnaBl and Xhol and the 1479 bp fragment with
random insertions was ligated to pPVVM cut with the same enzymes. Similarly, plasmid
DNA from pPVsub-P2/P3 was cut with Xhol and Bglll and the 1359 bp fragment with
random insertions was ligated to pXpA-X vector cut with the same enzymes. Ligated DNA
was used for transformation to produce final libraries pPVM-puP2 or pXpA-uP2/P3
respectively. The final libraries generated after transfer of mutagenized sub-clones into
plasmids containing full-length PV cDNA were of the same complexity as the primary sub-
clone mutagenized libraries (5 x 104 and 5.2 x 10° clones, respectively).

Plasmid pPVsub-P3 was subjected to Mu transposon-mediated mutagenesis in vitro (MGS
kit, Finnzymes). A total of 5.8 x 10° clones were obtained and the mutant plasmids were
isolated from the pooled bacterial library as described above. The transposon DNA fragment
was removed by digestion of 5 ug of the pooled mutant plasmids with Notl restriction
enzyme. Plasmid DNA was recircularized and used to transform bacterial cells to produce a
library with random insertions of the 15-nt sequence 5'-TGCGGCCGCANNNNN-3" in
pPVsub-P3 plasmid. This sequence does not encode termination codons in any frame. This
secondary library was represented by 5.6 x 10° clones. Plasmid DNA isolated from the
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pooled library was digested with Bglll and EcoRI and the 1921 bp fragment with random
insertions was used to substitute for the corresponding fragment in pXpA. Transformation of
bacterial cells with the ligated product yielded the pXpA-uP3 library, represented by more
than 5.5 x 10° clones..

All libraries were created from independent transposon reactions at least two times.

Selection of viable viruses encoding 15-nt insertions

A total of 5 ug of pPVM-uP2, pXpA-uP2/P3 or pXpA-uP3 library DNASs were linearized by
digestion with EcoRI downstream of the PV poly(A) sequence and used for in vitro
transcription with T7 RNA polymerase. HeLa cell monolayers in six-well plates were
transfected in triplicate with serial dilutions of 3 pg RNA transcripts using Transit-mRNA
transfection kit (Mirus Bio) as described previously (Teterina et al., 2010). Two to 3 hours
after transfection the medium was replaced with DMEM containing 0.4% agarose and plates
were incubated at 37°C for 2, 3 or 4 days in order to allow recovery of viruses with different
growth properties. Individual viral plaques were selected and virus from each plague was
used to infect fresh HeLa monolayers in 35 mm plates to produce virus stocks. For each
library, ~50 independent virus stocks were analyzed.

Determination of insertion sites

Viral RNA isolation and reverse transcription were performed as described previously
(Teterina et al., 2010). The cDNAs were used as templates for PCR amplification using
Phusion High-Fidelity PCR kit (Finnzymes) and PV-specific primers to produce fragment
encoding the entire P2 and P3 regions. Purified 4060 bp PCR product was used for sequence
analysis using 16 PV-specific primers to resolve all non-structural protein coding sequences
and the 3" untranslated region. Some viruses lacking any insertions were also recovered,
presumably due to contamination during the library sub-cloning steps.

Datasets for analysis of variation during virus evolution

Three datasets representing different evolutionary scales were analyzed. The first dataset
includes 14 virus sequences all belonging to the picornavirus species Human enterovirus C -
one representative for each of the eleven Coxsackie A virus plus three poliovirus serotypes
were taken. The second dataset includes one representative for each of the four Human
enterovirus species. The third dataset includes one representative for each of the eleven
species of the genus Enterovirus. For each dataset a multiple amino acid alignment by
Muscle (Edgar, 2004) covering the non-structural proteins (P2+P3 region) was extracted
from a polyprotein alignment of all available enterovirus sequences that was prepared using
Viralis software platform ((Gorbalenya et al.); Gorbalenya, unpublished). Sequences with
the following Genbank/RefSeq accession numbers were used: HEV-C: AF499635-43,
AF546702, D90457, M12197, K01392, NC_002058 (PVM); HEV: AF119796, AY896766,
NC_001430, NC_002058; Entero: NC_009996, DQ473512, NC_001490, NC_003988,
NC_001859, NC_004441, AF119796, NC_010415, AY896766, NC_001430, NC_002058.

Protein conservation

A measure of protein similarity was used to estimate conservation along the non-structural
part of the polyprotein. It is based on the Blosum62 amino acid substitution matrix
(Henikoff and Henikoff, 1994) and was calculated utilizing the R package Bio3D (Grant et
al., 2006). The similarity measure was compiled for the three datasets representing different
evolutionary scales and plotted along the alignments.
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Figure 1.

Schematic presentation of the steps involved in isolation of PVs with 15-nt insertions.
Insertion mutant libraries were generated in three PV sublcones shown with the positions of
the corresponding fragments within the PV genome. Each mutant full-length plasmid library
was transcribed in vitro and the pooled transcripts were used to transfect HelLa cells for
genetic selection. Viable viruses were isolated from individual plaques and their RNA
genomes were sequenced to determine the locations of the transposon-mediated insertions.
The locations of the 15-nt insertions identified from independent virus isolates are indicated

by the arrows at the bottom. The numbers indicate the amino acid residue of the
corresponding PV protein after which insertion occurred.
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Number of
isolates

1

10

Plagque-forming viruses containing 15-nt insertions. The insertions and corresponding
viruses are designated by the name of the protein containing the insertion and the number of
the amino acid residue after which 5 additional amino acids were inserted. Insertions after
the same amino acid that were encoded by15 nts inserted in different reading frames of the
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same or adjacent codons are named as “a” and “b” respectively. (A) Nucleotide and amino
acid sequences in viruses with 15-nt insertions. For each insertion, the nucleotide (upper
line) and the predicted amino acid (lower line) sequences are shown. The nucleotide
numbers at the start of each sequence refer to the nucleotide numbers in the Mahoney strain
of PV type 1 genome. The nucleotide sequences introduced by transposon insertion are in
bold italics. In each case, five nts that were duplicated from the viral genome during
transposon insertion are underlined, as are the five amino acid sequences introduced by the
insertion. For the C-terminal insertions in protein 3C, the (potential) 3C-3D cleavage site(s)
are indicated by arrowheads. The far right column indicates the number of independent
isolates of each mutant that was recovered. (B) Plaque phenotypes of viruses with 15-nt
insertions. Plaques were stained 48 h after infection with the indicated viruses. Virus plaque
phenotypes were analyzed in four separate experiments (a — d), and each included a parental
wild-type virus control for comparison. For panel (a), the parental wild-type virus was from
pPVM, which forms slightly smaller plaques than that from pXpA, used as the parent for
panels (b — d).
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Figure 3.

The structures of PV proteins displaying sites of the insertions of 5 amino acids. Amino acid
residues preceding the 5-aa insertions are indicated in red. Ribbon diagrams are shown of (a)
a putative model of PV 2A protein modeled using the I-TASSER server was used to predict
the PV 2A structure from the NMR-derived magnetic resonance structure of Coxsackievirus
B4 2A protein (PDB ID: 1Z8R) (Baxter et al., 2006); (b) the predicted homodimer formed
by the N-terminal soluble portion (60 amino acids) of PV protein 3A (PDB ID: 1NG7)
(Strauss et al., 2003); (c) peptide 3B (PDB ID: 2BBL) (Schein et al., 2006); (d) protein 3C
(PDB ID: 1L1N) lacking amino acids 180-182 at the C-terminus) (Mosimann et al., 1997);
(e) protein 3D (PDB ID:1RA6 (Thompson and Peersen, 2004); and (f) protein 3CD (PDB
ID: 21JD) (Marcotte et al., 2007). The structure analysis and graphics generation were done
using PyMOL Viewer .
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Conservation of the non-structural polyprotein part and location of P\VM insertions. A plot
of the conservation along the non-structural part of the polyprotein alignment is shown for
three evolutionary scales which include eleven Coxsackie A virus plus three poliovirus
serotypes forming the species Human enterovirus C (A), one representative for each of the
four Human enterovirus species (B) and one representative for each of the eleven species of

the genus Enterovirus (C). The normalized similarity measure was compiled under the

Blosum62 substitution matrix and smoothed using a sliding window with a size of 5 aa and
an overlap of 3 aa positions. The mean similarity of single protein alignments is indicated by
dashed horizontal lines and their positions are shown using rectangles and names on top.
Below, the positions of PVM insertions resulting in viable virus are indicated by vertical
bars. Neighboring insertions are grouped together and highlighted with grey background.

Each intersection of an insertion with a similarity distribution curve is magnified in a

respective inlet that zooms in on the intersection.
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