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Abstract
VPgs are essential for replication of picornaviruses, which cause diseases such as poliomyelitis, foot
and mouth disease, and the common cold. VPg in infected cells is covalently linked to the 5' end of
the viral RNA, or, in a uridylylated form, free in the cytoplasm. We show here the first solution
structure for a picornaviral VPg, that of the 22-residue peptide from poliovirus serotype 1. VPg in
buffer is inherently flexible, but a single conformer was obtained by adding trimethylamine N-oxide
(TMAO). TMAO had only minor effects on the TOCSY spectrum. However, it increased the amount
of structured peptide, as indicated by more peaks in the NOESY spectrum and an up to 300% increase
in the ratio of normalized NOE crosspeak intensities to that in buffer. The data for VPg in TMAO
yielded a well defined structure bundle with 0.6Å RMSD (vs. 6.6 Å in buffer alone), with 10–30
unambiguous constraints per residue. The structure consists of a large loop region from residues 1–
14, from which the reactive tyrosinate projects outward, and a C-terminal helix from residues 18–21
that aligns the sidechains of conserved residues on one face. The structure has a stable docking
position at an area on the poliovirus polymerase crystal structure identified as a VPg binding site by
mutagenesis studies. Further, UTP and ATP dock in a base-specific manner to the reactive face of
VPg, held in place by residues conserved in all picornavirus VPgs.
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1. Introduction
"Viral proteins linked to the genome" (VPgs), first discovered attached to the genomic RNA
of poliovirus nearly three decades ago [1,23,28,38,54], are essential for virus growth and well
conserved in all picornaviruses, including those that cause poliomyelitis, hepatitis A, foot and
mouth disease and the common cold [10,20,29,45,51]. VPgs are linked to the 5’ terminal UMP
of the genomic RNAs via phosphodiester bonds to the hydroxyl group of Tyr3 [1,28,44]. Free
VPg peptides, uridylylated at the same reactive tyrosine residue (VPgpU or VPgpUpU), are
found in the cytoplasm of infected cells [37,59–61] [16,31] and serve as primers for viral
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replication. Functional studies of VPg mutants have shown that even residues quite distant in
the sequence from Tyr3, such as Pro14, Arg17 and Lys20, reduced viral replication and
uridylylation in the in vitro assay[35,36]. This indicated that the peptide must form a compact
structure to be uridylylated. Thus we undertook solution studies to determine structural features
that could account for the interaction of the VPg of poliovirus serotype 1 with the viral
polymerase.

Many peptides are flexible in solution, and thus determining their NMR structures is not
straightforward. Typical results for studies of unstabilized peptides show mostly random or
undetermined structure, especially in the N- and C-termini. Our initial results, using buffer
alone, showed that VPg was inherently flexible in low salt buffer at neutral pH. Addition of
TMAO, a solvent known to stabilize other proteins and peptides [5,47,53] [58] [26] [15,25]
[14] enabled us to determine a high resolution structure of the VPg peptide of poliovirus
serotype 1. The structure is maintained by residues conserved in picornavirus VPgs. Further,
by comparing the chemical shifts and peak intensities in the stabilizing solvent with those in
buffer alone, we were able to demonstrate that the solvent stabilized the major conformation
in buffer, and reduced internal flexibility by interactions with both the solvent and individual
sidechains.

Thanks to the resolution of the structure in the stabilizing solvent, we were able to determine
the relative position of sidechains of amino acids required for VPg activity and interaction with
the polymerase. Our results indicate that these aid in forming a compact structure, with residues
shown by mutagenesis studies to be essential for uridylylation and viral replication serving to
stabilize the position of the reactive tyrosine. Evidence for the biological significance of the
stabilized structure was obtained by molecular docking studies. UTP and ATP dock to the VPg
NMR structure in a base-specific manner, held in position by conserved residues that are
required for VPg activity. VPg itself docks near residues on the poliovirus polymerase that
were previously shown to interact with the peptide during uridylylation by mutagenesis studies
[3,31]. The structure will thus aid in elucidating the role of this essential peptide in picornavirus
replication.

2. Materials and Methods
2.1 VPg peptide and solution conditions

For NMR experiments, chemically synthesized VPg of poliovirus serotype 1 (a generous gift
from J. H. van Boom [11]) was dissolved to 3.7 mM (5 mg in 0.6 ml final volume) in 10 mM
Na phosphate pH 7.0–10%D20. Where indicated, a 4M solution of deuterated TMAO
(Cambridge Isotope Lab., DLM-4779), adjusted to pH 7 with HCl and 10 mM Na phosphate
and 10% D2O, was added to a final concentration of 1 M. A small amount of DSS (sodium
2,2-dimethyl-2-silapentane-5-sulfonate) in D2O was added as an internal reference. The
samples were centrifuged for 10 min in a desktop centrifuge at 10,000 x g before transferring
to an NMR tube. They were then degassed with N2 and topped with argon before closing.
Samples were stored at 4 ºC and the NMR spectra were collected at 10 ºC.

2. 2 Circular dichroism
The peptide was dissolved in buffer with or without TMAO added as described above to the
concentrations indicated in Figure 1. Spectra were measured at room temperature in an AVIV
spectrophotometer model 62DS[48].

2.3 NMR experiments
All spectra were recorded on Varian UnityPlus 600 MHz or 750 MHz spectrometers equipped
with Z-axis gradients. WET-NOESY [50]spectra were collected at 5 and 10 ºC, with 100 and
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200 ms mixing times, 7 kHz sweep widths, 1024 complex data points in f2, and 256 to 1024
complex points in f1. TOCSY spectra [41]were recorded at 10 ºC with 60 ms mixing times, 7
kHz sweep widths, and 1024 by 256 complex data points in f2 and f1, respectively. Spectra
were analyzed with FELIX (Accelrys) software. Chemical shift assignments were done
manually, using data from TOCSY, NOESY, and DQF-COSY [39]experiments.

2.4 Structure calculation with NOAH/DIAMOD
We used our program suite NOAH/DIAMOD[6,7,13,32,34,56] to automatically assign the
NOESY cross-peaks and calculate bundles of structures[13,57]. Previous studies demonstrate
that the 3D structures and automated assignments generated with these programs are in
excellent agreement with results from conventional manual assignments [33,56].

2.5 %NOE intensity
NOE peak intensities (from FELIX) that were clearly visible in both spectra (i.e., with and
without TMAO) were divided by the relevant diagonal crosspeak intensities to give %NOE
intensity. The ratio of the normalized intensity in TMAO to that in buffer was then calculated
to determine the effect of TMAO on NOE transfer efficiency. As peaks between the amide
protons were clearest in the buffer spectrum run on the 600 MHz spectrometer, this was used
for the comparisons in the first section of Table 1. For the bottom half of the table, peaks were
calculated using a NOESY spectrum in buffer collected on the 750 MHz spectrometer at 5°C.

2.6 Molecular docking
The ZDOCK program[9,30], which uses a fast Fourier transform method to evaluate possible
binding modes for a ligand on a given receptor protein, was used for all dockings. The ZDOCK
score for complexes contains terms for shape complementarity, desolvation energy, and the
electrostatic potentials of the molecular surfaces. Drawings were done with MOLMOL[21] or
(for Figure 5B) SwissPDBViewer. The poliovirus polymerase structure was taken from PDB
file 1RA6[52]. The ATP structure was taken from PDB file 1AOI. Several different UTP ligand
files were used for docking, either drawn with Chem3D (to control the protonation state) or
with structures taken from PDB files 1GX6 and 1UEI. Figure 5B shows the docking of a UTP
molecule with full protonation of the phosphate oxygens.

3. Results
3.1 CD and NMR spectra of VPg in different solvent environments

Initial CD results for a solution of chemically synthesized VPg of poliovirus serotype 1 (Figure
1) indicated the peptide was not in a well-defined conformation in phosphate buffered solution.
Adding 1M TMAO gave a spectrum suggesting an ordered conformation, with possibly some
helical content as indicated by a minimum at 207nM (Figure 1, bottom spectrum). The increase
in ordered structure was consistent with other reports that 1–3 M TMAO solution stabilized
the active conformation of enzymes and DNA binding factors [5,12]. The effect of 1M TMAO
on proton 2D NMR spectra of VPg was then tested. We first found that chemical shifts,
determined from TOCSY experiments, for most protons showed only a slight decrease, of
0.01–0.03 ppm, in the presence of TMAO when compared to buffer alone. Only a few chemical
shifts, such as that for Gly5-NH (7.27 vs 7.40 ppm), increased in the presence of TMAO. The
lack of significant change in the chemical shifts suggest is consistent with TMAO modifying
the population (or ensemble) of structures, rather than structurally altering the peptide.

On the other hand, TMAO greatly enhanced the intensity and number of cross peaks in all areas
of the NOESY spectrum of VPg (Figure 2). Several peaks arising from interactions between
the exchangeable amide protons of neighboring residues seen in the spectrum in phosphate

Schein et al. Page 3

Peptides. Author manuscript; available in PMC 2007 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



buffer are much enhanced by the presence of TMAO (Fig.2a). As the expanded fingerprint
region of the spectrum shows (Figure 2b), while many peaks remain unchanged in both spectra,
TMAO increases the number of NOE peaks. These additional peaks are consistent with the
solvent stabilizing the position of the 3 prolines and interactions between the (non-exchanging)
proline Hδ protons and the amide protons from the previous residues. Interactions between
large sidechains are also stabilized. There is, for example, a small crosspeak, just visible in
Figure 2b, between the Gly5NH and the Tyr3BH, in the NOE spectrum in the presence of
TMAO.

3.2 The structure bundle in TMAO is better defined
Structures calculated by the NOAH-DIAMOD program from the NOESY spectrum in buffer
converged but the bundle was relatively undefined (Figure 3a). In contrast, structure
calculations from the sample in TMAO converged rapidly to a compact bundle (Figure 3b),
after about half of the NOESY peaks had been assigned unambiguously (Table 1 and
supplemental information). The primary secondary structure elements of VPg, a large loop
formed from residue 1–14, stabilized by the 3 conserved proline residues, and a helix from
residues 18–21, are present also in some of the conformations without TMAO (Figure 3a vs
3b). The RMSD of the structure bundle is reduced from 6.6 Å to ~ 0.6 Å in 1M TMAO. There
are about 10 unambiguous assignments per residue in the TMAO NOESY peaklist, with many
more constraints for key residues, such as Arg17 (more than 30; supplemental information and
Figure 3c). Figure 4 shows that hand-assigned long- and short-range interresidue peaks support
the presence of a helix at the C-terminus.

The difference between the structure bundles is due to the stabilization of the structure in
TMAO that allowed us to obtain sufficient constraints to fix the positions of the large
sidechains, and determine how they interact with one another to form a compact structure.

3.3 TMAO increases the amount of structured peptide
While it is understood that membrane and many viral proteins require a hydrophobic
environment to fold properly[55], the correct solution environment for maintaining the
structure of soluble peptides and proteins is less defined. Adding co-solvents that stabilize
proteins against aggregation and deactivation is often necessary to obtain the highly
concentrated solutions needed for structural studies[5,19,42,46,47,49,53]. Previous work has
shown that TMAO, unlike solvents such as Trifluoroethanol[8], does not particularly stabilize
any one secondary structure element, but does stabilize the active structures of enzymes and
DNA binding factors[26,53]. To quantify the position specific effect of TMAO on VPg
residues, we compared normalized peak intensities for many different types of proton-proton
interactions that were clearly visible in both spectra. To correct for a potential overall increase
in signal intensity due to reduced exchange with the solvent[12], peak intensities were
normalized by dividing by the diagonal peak intensity to obtain the %NOE. The % NOE's in
the spectrum with TMAO are as much as 300% greater than those in buffer alone (Table 2).
Because the concentration of the peptide is 33% lower in the TMAO sample, this increase in
peak intensities indicates that TMAO acts to restrict the internal movement of the peptide
residues, and increases the amount of structured VPg. Were TMAO's effect only to slow
hydrogen exchange rates, then the peaks resulting from NOE transfer would increase to the
same degree as the diagonal peak intensities.

Further, this enhanced NOE transfer rate was seen for peaks from protons throughout the
structure. The highest observed effects were on crosspeaks where both protons were
exchangeable (e.g., between backbone amides of neighboring residues). There was also a
significant increase in intensity of NOE peaks between inter-residue, non-exchangeable
sidechain and Cα protons in the fingerprint regions. While some intra-residue interactions
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between sidechain protons were relatively unaffected, especially for protons in the proline
sidechains (note the intensity decrease represents exactly that of the concentration), others
between protons at the end of large sidechains, such as Tyr3 and Ile16, with their Hα/Hβ
protons, were also enhanced by TMAO. Peaks between sidechains where both protons were
non-exchangeable were also enhanced, as for example between the V13 sidechain and P14.

3.4 Docking studies with the stabilized structure
VPg must interact productively with the poliovirus polymerase and nucleotides, particularly
UTP, to be uridylylated. Previous mutagenesis studies have indicated that VPg interacts with
the poliovirus polymerse (PV-3Dpol) at a cleft on the face opposite to the active site[31]. As
figure 5A shows, the VPg NMR structure has a low energy docking position near the
PV-3Dpol residues previously identified, namely Phe377, Arg379 and Glu382.

In addition, it is known that the potyvirus VPg, which is a much larger protein than the VPg
of picornaviruses, can bind to nucleotides, and that this activity is required for its uridylyation
[40]. We thus determined low energy docking sites for both UTP and ATP on our stabilized
structure of PV-VPg. Both of these nucleotides docked to the VPg NMR structure, in a base
specific manner (Figure 5B). That is, conserved VPg residues interacted with both the base
and the phosphate groups of UTP, while stable contacts with ATP were primarily to the
phosphate oxygen atoms. The exact position of UTP varied to some extent with the protonation
state. The docking shown (for UTP with the phosphate oxygens protonated) is one in which
Tyr3 hydroxyl lies closest to the α-phosphate position. A possible mechanism for uridylylation
of VPg, in which the 5' end of an RNA molecule aids in positioning the nucleotide, is discussed
in detail elsewhere (Schein et al., 2006, Proteins, in press).

4. Discussion
Flexible peptides present a problem for structure determination. Either one finds many possible
structures, such as the bundle shown in Figure 3a, or one can fix the conformation, by
crystallizing the peptide or by adding stabilizing solvents. In the first case, a peptide model
structure, supported by a few constraints common to most conformations, is often shown. It
may be argued that none of these approaches presents a satisfactory picture of the biological
situation, where other proteins, small molecules and cofactors provide interactions that induce
a specific fold. Further, a flexible structure may be needed for modifications [17], such as the
uridylylation reaction that VPg undergoes to perform its biological functions

We have thus chosen to show both the structures of VPg in buffer and in TMAO (Figure 3),
to emphasize that while the structure in TMAO is consistent with mutational and docking data
(Figure 5), additional conformations are possible depending on solution conditions. Other
studies have shown that high concentrations of TMAO can replace one partner in protein
complexes[24,25] and stabilize the active conformation of enzymes[2]. The comparison of the
spectra (Table 2 and Figure 2) shows that TMAO enhances NOE cross peak intensity and
lowers the internal motion of VPg. Explanations for how TMAO can stabilize proteins include
that it reduces proton exchange with the solvent, and raises the barrier for interconversion of
dynamic folding intermediates that might be more prone to aggregation than the native state
[4,18]. At high concentrations, the amphipathic structure of TMAO, clear from figure 1, could
mimic the reactive groups available in the protein rich environment of the cytosol. We also
note that most of the sidechains of VPg, particularly the 3 prolines, one tyrosine, 3 lysines, and
one arginine residue would be expected to interact favorably with TMAO according to
measurements of their transfer free energy[2].
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4.1 Conserved residues interact with the reactive Tyrosine in the structure
The structure in TMAO is consistent with experimental data and molecular docking studies.
The residues conserved in VPgs of picornaviruses (Table 3) are all on the same face of the
structure as Tyr3, the residue that is attached through its phenolic moiety to the 5' end of the
viral RNA (or to UMP in free VPgpU). In addition to the N-terminal Gly and C-terminal Gln
of VPg, conserved residues (in PV-VPg numbering) include Gly5, Lys 9 and 10, Pro14 and
Arg17; Lys 20 is conserved in the enteroviruses. Mutating any of these positions reduced or
prevented the growth of the poliovirus in HeLa cells or yielded quasi-infectious virus (i.e., the
progeny virus reverted to wild type) [22,23,27,36,43]. Most of these conserved residues, as
Figure 5B shows, could aid in forming a surface suitable for binding nucleotides near the
reactive tyrosinate side chain. Mutating Arg17, which in our structure interacts with nearly
every other residue in the C-terminal half of the peptide (Figure 3c), completely eliminated
VPg activity. Pro14, which lies at the turning point between the two major secondary structure
areas, cannot be mutated without reducing the functionality of VPg. Mutating other conserved
residues inhibits interaction of VPg with the polymerase and can alter structure as well. For
example, two mutants of PV-VPg, Gly5Pro and Thr3Tyr4 (where the positions of the Thr and
Tyr residues are switched) completely eliminate uridylylation and reduce its interaction with
the polymerase[36]. Both of these mutants have considerably different TOCSY spectra from
the wild type, as indicated by a decrease in the chemical shift of the Tyr3 amide (data not
shown). In contrast, adding TMAO to the wild type PV-VPg had a much smaller effect on the
TOCSY spectrum, and the relative position of the Tyr3 chemical shifts was not altered.

Molecular docking studies (Figure 5A) also indicate that the lowest target function structure
in TMAO docks efficiently to the previously determined interaction site for VPg on the
polyvirus polymerase[31]. Docking studies with UTP or ATP also indicated that the reactive
face of VPg forms a potential binding surface for nucleotides (Figure 5B). These results are
consistent with a mechanism in which VPg plays a role in its own uridylyation, which need
not occur within the active site of the polymerase. (Schein et al., Proteins, 2006, in press).

4.2 In conclusion, this first structure of VPg, a peptide essential for picornavirus replication,
indicates that residues conserved throughout its sequence contribute to the overall structure.
The use of TMAO was critical for determining a highly-refined VPg structure; the similarity
of the TOCSY spectra in the two solvent conditions indicated that TMAO stabilized a major
configuration of VPg in buffer. TMAO increased the amount of structured peptide, as indicated
by the enhanced NOE transfer efficiency (% NOE) as well as the number of peaks visible in
NOESY spectra of the peptide. The structure docked efficiently to a predetermined binding
site on the PV-polymerase, and the reactive face provides a surface that could play a role in
binding of nucleotides. This structure of VPg in solution paves the way for further structural
studies with mutants and peptidomimetics, to better understand the interactions of VPg with
the poliovirus polymerase.
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Figure 1.
Circular dichroism spectra of chemically synthesized VPg of poliovirus serotype 1 in two
solvent conditions. In 10 mM Na phosphate buffer, pH 7 at a concentration of 0.04 mM (top
line), the peptide shows little evidence of stable secondary structure. The spectrum of a ~0.2
mM solution in 1M TMAO (bottom line) indicates the peptide is ordered. The minimum at
207 nm and the trough between 220–230 nm suggests a combination of secondary structure
elements, with some helical content.
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Figure 2.
TMAO stabilizes structure based interactions between residues, as indicated by the enhanced
size and number of peaks in NOESY spectra. a) The amide proton interaction regions (N-N)
of NOESY spectra in buffer without (left) and with 1M TMAO (right) are shown. The presence
of several peaks in both spectra (arrows) indicate TMAO stabilizes a peptide configuration that
is already present, but at a lower concentration, in buffer not containing TMAO. b) Fingerprint
region of NOESY spectra in buffer without (left) and with (right) TMAO. Note: Interresidue
crosspeaks clearly visible in the TMAO spectrum (such as between backbone amides and the
3 prolines, Gly5, the Hβ of the reactive tyrosine, and the Hɛ of Arg 17) are seen only at very
low contour level in the buffered sample. Thus the buffer spectrum pictures were made at a
lower contour level (higher sensitivity but more background peaks) than those for TMAO, to
better highlight peaks common to both spectra. Background peaks can be distinguished by their
low intensity, repeating patterns and their lack of correlation with any of the chemical shifts
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for the peptide protons. Table 2 gives a more exact quantitation of the intensity difference
between peaks common to the two spectra.
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Figure 3.
Comparison of the structures calculated for PV-VPg in buffer (a) and in the presence of 1 M
TMAO (b) The top 10 structures in buffer alone show much more conformational flexibility,
both in the backbone and in the position of the conserved side chains. c) Inter-residue
constraints (automatically assigned) used in determining the VPg structure in TMAO.
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Figure 4.
Inter-residue NOE connectivities support the helix at the C-terminus of the structure shown in
Figure 3b. (Peaks were hand assigned, from the NOE spectrum in 1M TMAO, described in
Figure 2).
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Figure 5.
Results of docking studies with the stabilized VPg structure. A) The stabilized VPg structure
docks near amino acids known to be in the interaction site (Glu382, red, Arg379 blue, Phe377
gray[31]) on the surface of the poliovirus 3Dpol . The polymerase is shown in surface
representation and other nearby acidic residues (Glu369, Asp358, red) are highlighted and
labeled. The VPg is in ribbon format, with Tyr3 space filling and colored gold, and the
positively charged conserved sidechains (Lys 9,10, 20 and Arg17) shown in neon and colored
turquoise. B) Possible binding modes for UTP (top) and ATP on VPg. The VPg structure is
shown in ribbon format with the side chains (in neon) differentially colored, and the nucleotides
are in CPK format. Consistent with the net positive charge of the adenine base, interactions of
ATP with VPg are primarily through its triphosphate tail. The negatively charged uridine base
has many interactions with the VPg sidechains, particularly to the Lys9 and the amides of the
asparagines residues, in addition to interactions between the phosphate groups and Lys20. As
the top dockings varied somewhat in the exact positioning of the nucleotides, the complexes
selected for this figure have a short distance between the α-phosphate of the docked nucleotide
and the Tyr3-OH group. This was complex 5 for UTP (Z-dock score18.7) and complex 2 for
ATP (Zdock score 38.41).
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Table 1
NMR and refinement statistics for the structure of PV-VPg in 1M TMAO.

Protein

NMR distance & dihedral constraints
Distance constraints 266
   Total NOE 471
   Intra-residue 127
   Inter-residue 139
      Sequential (|i−j| = 1) 79
      Medium-range (|i−j| < 4) 240
      Long-range (|i−j| >= 5) 26
      Intermolecular ---
   Hydrogen bonds 0
Total dihedral angle restraints 10
   phi 5
   psi 5
Structure Statistics
Violations (mean and s.d.)
   Distance constraints (Å) 0.041±0.108
   Dihedral angle constraints (º) 1.34±3.51
   Max. dihedral angle violation (º) 15.1
   Max. distance constraint violation (Å) 0.66
Deviations from idealized geometry
   Bond lengths (Å) 0.011
   Bond angles (º) 1.9
   Impropers (º) ---
Average pairwise r.m.s.d.* (Å)
   Heavy 0.93 ± 0.21
   Backbone 0.57 ± 0.19

*
Pairwise r.m.s.d. was calculated among 10 refined structures.
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Table 2
The ratio of NOE crosspeak intensities to that of the diagonal peaks is enhanced by the presence of 1M TMAO.
This indicates that the co-solvent increases the amount of structured peptide, and has other effects besides
decreasing the exchange rate with the solvent.

Crosspeak assignment % intensity Buffer % intensity TMAO Increase in NOE transfer
in TMAO

Between exchangeable protons:
N12-NH/V13-NH 1.7 3.5 2.06
R17-NH/ I16-NH 0.61 1.5 2.45
R17-NH/T18-NH 0.5 1.7 3.4
N8-NH/ K9-NH 0.46 1.1 2.4
K10-NH K9-NH 0.85 2.6 3.05
L6-NH G5NH 0.43 1.4 3.25
Q22-NH/ V21NH 0.46 .79 1.72
N12HD1 N12HD2 11.6 27.8 2.4
N8HD1 N8HD2 13.2 30.4 2.3
Intra- and inter-sidechain (nonexchanging protons):
Y3HA toHB3 2.3 3.88 1.68
L6 HG toHD 5.0 5.5 1.09
P7 HA/HB 9.28 6.96 .75
P7 HA/HG1 1.03 1.51 1.46
P7 HA/HG2 2.6 1.88 0.72
N8 HA to HB 1.0 1.34 1.34
V13 HB/HG 2.7 4.1 1.54
K9 HB2/HB3 15. 19.3 1.28
K10 HA/HG 1.46 1.47 1.01
K10 HA/P11HD 11.4 14.6 1.48
K10 HA/P11 HB 1.15 1.65 1.43
V13HA/P14HB2 4.0 6.4 1.6
V13HA/P14HG2 2.4 4.8 2.0
I16 HB/HG1 2.5 2.64 1.06
I16 HB/HG2 5.35 5.36 1.00
I16HG1/HD 2.8 4.3 1.55
R17HG2/V21HG 0.69 1.1 1.59
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Table 3
Picornavirus VPgs have conserved sequence features. Bold capital letters: essential for poliovirus replication
according to mutagenesis studies[36].

Poliovirus GAYTGL-PNkkPnVPTiRtAKVQ
Coxsackievirus B3 GAYTGv-PNqkPrVPTlRqAKVQ
Enterovirus consensus: GaYtGl-pnxkpkvPtlRqakvQ
Foot and mouth disease-1 GPYAGPLERQKPLKVRAKLPQQE
Foot and mouth disease-3 GPYEGPVKKPVALKVKAKNLIVTE
Hepatitis A GVYHGV-TKPKQVIKLDADPVE
Human Rhinovirus 2 GPYSGE-PKPKTKIPERRVVtQ
Human Rhinovirus 14 GPYSGnpPhnKlKaPtlRpVVvQ
Human Rhinovirus 89 GPYSGE-PKPKsRaPERRVVaQ
Rhinovirus consensus: GPYSGE-PKPKtkvPERrVVaQ

Peptides. Author manuscript; available in PMC 2007 July 1.


