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Abstract
Picornaviruses have a 22–24 amino acid peptide, VPg, bound covalently at the 5’ end of their RNA,
that is essential for replication. VPgs are uridylylated at a conserved Tyrosine to form VPgpU, the
primer of RNA synthesis by the viral polymerase. This first complete structure for any uridylylated
VPg, of poliovirus type 1 (PV1)-VPgpU, shows that conserved amino acids in VPg stabilize the
bound UMP, with the uridine atoms involved in base pairing and chain elongation projected outward.
Comparing this structure to PV1-VPg and partial structures of VPg/VPgpU from other picornaviruses
suggests that enteroviral polymerases require a more stable VPg structure than does the distantly
related aphthovirus, foot and mouth disease virus (FMDV). The glutamine residue at the C-terminus
of PV1-VPgpU lies in back of the uridine base and may stabilize its position during chain elongation
and/or contribute to base specificity. Under in vivo-like conditions with the authentic cre(2C) hairpin
RNA and Mg++, 5-methylUTP cannot compete with UTP for VPg uridylyation in an in vitro
uridylyation assay, but both nucleotides are equally incorporated by PV1-polymerase with Mn++ and
a poly-A RNA template. This indicates the 5 position is recognized under in vivo conditions. The
compact VPgpU structure docks within the active site cavity of the PV-polymerase, close to the
position seen for the fragment of FMDV-VPgpU with its polymerase. This structure could aid in
design of novel enterovirus inhibitors, and stabilization upon uridylylation may also be pertinent for
post-translational uridylylation reactions that underlie other biological processes.
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Introduction
Picornaviruses are non-enveloped, +−strand RNA viruses that include many virulent and easily
communicable human and animal pathogens. Although poliovirus (PV) has been nearly
eradicated by vaccine campaigns, pockets of infectious virus persist in certain parts of the
world. The World Health Organization has recently called for the development of new, safer
vaccines and drugs for the treatment of poliomyelitis (Global Polio Eradication Initiative).
Other enteroviruses also constitute public health problems, causing illnesses ranging from the
common cold (Rhinoviruses) to dilated cardiomyopathies leading to heart transplants
(primarily human enteroviruses such as Echovirus and Coxsackie virus B (CVB)[23,30]).
Picornaviruses spread rapidly, as outbreaks of hemorrhagic conjunctivitis caused by Coxsackie
virus A[24,40,51] or Foot and Mouth Disease (FMDV)[11] in farm animals have illustrated,
and there are few therapies.

One area that could be targeted for drug design is the unique priming mechanism used by
picornaviral polymerases. The 5’ end of the viral RNA is bound to a 22–24 residue peptide,
called VPg or 3B (the latter referring to its position in the P3 domain of the polyprotein)[32].
Free VPg and the primers of RNA synthesis, VPgpU or VPgpUpU (uridylyated at Tyr3) are
found in PV-infected cells[12]. Uridylylation of VPg occurs independently of priming and
initiation of RNA synthesis[44]. Mutations throughout VPg have been shown to prevent
uridylylation and/or, when inserted into the genomic RNA, virus growth [49].

However, a molecular model of how VPgpU primes RNA synthesis is lacking. There are partial
crystal structures of picornaviral VPgs complexed with their polymerases, one for the
aphthovirus FMDV[18] and more recently, for the enterovirus Coxsackie virus B3 (CVB3)
[25]. These differ from one another in both the structure of the VPg and its location on the
polymerase.

Considering the evolutionary distance between the aphtho- and enteroviruses, differences in
the structure and the mode of interaction of the VPgs with the RNA polymerases might be
anticipated. The genome of FMDV (8400nt, with a 1300 n 5’ noncoding region) is longer than
that of PV (7400 nt, 740 n in the 5’ noncoding region)[6]. The enteroviruses have a single copy
of VPg in their genome, while FMDV strains encode and express 3 distinct copies of VPg
(3B1, 3B2, 3B3), all of which can be found in vivo linked to viral RNA[29]; deletion of any
of the 3 reduces RNA replication[17]. The VPgs of FMDV are longer (23–24 aa compared to
22 for the enteroviruses) and their amino acid sequences are only identical at 3 positions to
those of the enteroviruses (Figure 1). In addition, the FMDV VPgs contain glutamic acid, which
is not found in enterovirus VPgs.

While VPgs have a flexible structure, the evidence summarized here suggests that enteroviral
polymerases require a more structured primer than FMDV. Previously, we determined the first
full-length structure of any picornavirus VPg, that of PV-1[55]. Here, we show the first full
length structure of a uridylylated VPg, of chemically synthesized PV1-VPgpU. The most
important experimental observations are that the conformation changed considerably upon
uridylylation, became more stable, and could fit within the active site of the polymerase near
the binding site of FMDV-VPgpU. This suggests that the role of VPgpU in initiating RNA
synthesis is to reduce the mobility of the 5’ terminal-UMP moiety. Binding of UTP by
positively charged amino acids and the C-terminal glutamine residue of VPg, which in the
structure of the VPgpU binds the back face of the uridine base, could play an important role
in base selectivity during priming. We show that under stringent in vitro assay conditions, 5-
Methyluridine-5'-triphosphate (5-meUTP; thymidine as a ribonucleotide) cannot compete with
UTP for uridylylation of VPg by the PV1-polymerase. Structural flexibility in the function of
these VPgs is also discussed.
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Materials and Methods
Synthetic PV1-VPgpU

(22 amino acids, uridylylated at the reactive Tyr3 (TYU3)) was prepared and purified
essentially as described[31] via Fmoc-based solid phase peptide synthesis on Tentagel S resin.
The uridylylated tyrosine residue was incorporated as a known pre-uridylylated Fmoc-amino
acid derivative and coupled as previously described.(See Supporting information for additional
details).

Sample preparation for NMR
Uridylylated PV1-VPgpU (3.7 mg) was dissolved in 0.5 ml water and extracted 3x with 1ml
volumes of Diethyl ether (to remove residual acid from the purification). The sample was
lyophilized and redissolved in 0.6 ml 10 mM sodium phosphate buffer pH 7.5; 0.06 ml of
D20 was added (final concentration was thus about 2 mM). This sample was used for initial
TOCSY and NOESY experiments, 1H-15N F1-coupled HSQC and natural abundance 1H-15N
HMQC-J. For experiments in D2O (NOESY and natural abundance 1H-13C HMQC), the
sample was lyophilized and re-dissolved in the original volume of 100% D2O.

NMR experiments
All spectra (TOCSY, NOESY, 1H-15N F1-coupled HSQC and natural abundance 1H-15N
HSQC-J and 1H-13C HMQC) were recorded on Varian NMR system 750 MHz spectrometer
equipped with Z-axis gradients. For water suppression, a water-flip-back principle [26,60]
together with WATERGATE using the 3–9–19 composite pulse train[57] was implemented.
During the NOE mixing time, the water magnetization goes immediately back to +z through
radiation dumping [60]. At the end of the mixing time, a water-selective EBURP pulse[22] is
applied to keep the water-magnetization at +z during the detection. The implementation of the
water-flip-back principle improves the sensitivity for amide protons cross peak detection. All
spectra were collected at 5°C. Data were processed with NMRPipe.

Chemical shift assignment
The 1H, 15N and 13C shifts were obtained from TOCSY (using NOESY connectivities to
resolve the redundant Ala(2), Asn (2), Lys (3), Pro(3), Thr (3), and Val (2)) residues. Additional
shifts, especially for the UMP and peptide side chains, were obtained from natural
abundance 1H-15N F1-coupled HSQC and natural abundance 1H-13CHMQC-J cross peak
data. 13C-HMQC cross peak data was especially useful for determining the chemical shift
assignment for UMP (base and ribose). The 15N and 13C chemical shift values for the uridine
were compared to average values for each position from the Biological Magnetic Resonance
Bank (BMRB).

Dihedral angle constraints
Coupling constants were calculated after [63], according to the equation: JHNHa = 0.5(Δv1/2)
− 0.5(Δv1/2(min)) + 4.0Hz for TOCSY data, where the smallest peak width at one half the
height (Δv1/2(min) for our data is 16 Hz.

Angular constraints for secondary structure was done by assuming that all with JHNHa <5 Hz
would have α character, those >8.5 would have β-character [62] and appropriate constraints
derived. By these criteria, Y3-G5 had β character (J>8.5 Hz), and L6, K10, A19-Q22 were α
(so J<5); N12, T15, I16, R17, T18 were Intermediate/RC. (See Supplementary data table)
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Structure calculation with NOAH/DIAMOD
The NOAH/DIAMOD[46] suite was used to automatically assign the NOESY cross-peaks and
calculate bundles of structures[20,65]. At the start of each cycle after the first, a statistical
analysis was performed to test the consistency of the current assignments with the bundle of
structures. Based on this analysis assignments were kept or rejected. These cycles of
assignments, generation of structures and re-evaluation of the assignments was repeated until
the bundle of structures converged. Previous studies demonstrated that the 3D structures and
automated assignments generated with these programs are in excellent agreement with results
from conventional manual assignments [41,64]. To add coordinates for uridylylated Tyrosine
(TYU) to the DIAMOD library, atom entries for Tyr and UMP were combined, so that the
hydroxyl of the Tyr was replaced by that of the 5’ phosphate-OH of UMP. The resulting
phosphate ester bond was made rotatable, and the bonding distance at the junction was
corrected.

Molecular docking—The ZDOCK program[8,33] was used to dock VPgpU on the crystal
structure of the poliovirus polymerase (PDB file1RA6[61]). ZDOCK uses a fast Fourier
transform method to evaluate possible binding modes for a ligand on a given receptor protein.
The scoring algorithm takes into account shape complementarity, desolvation energy, and the
electrostatic potentials of the molecular surfaces.

VPg uridylylation assays
Assay 1 measures the synthesis of VPgpU and VPgpUpU on a poly(A) template [49]. The
reaction mixture (20 µl) contained 50 mM HEPES, pH 7.5, 8% glycerol, 0.5 µg of poly(A),
0.5 mM manganese(II) acetate, 1 µg of purified PV 3Dpol, 2 µg of synthetic VPg, 1 µCi
of 32P-UTP (3000 Ci/mmole), Perkin Elmer), and 10 µM unlabeled UTP. The reaction mixtures
were incubated at 34°C for 1 hr and the reaction was stopped by the addition of 5 µl of loading
buffer. The samples were analyzed by a Tris-Tricine SDS-polyacrylamide gel (13.5%
acrylamide) electrophoresis (Bio-Rad) and the uridylylated VPg products were quantitated
with a Phosphorimager (Storm 860; Molecular Dynamics).

Assay 2 is similar to Assay 1 except that the poly(A) template is replaced by 0.5 µg of cre(2C)
RNA template, 0.5 mM manganese (II) acetate is replaced by 3.5 mM magnesium acetate, and
0.5 µM purified PV 3CDpro is added to the reaction mixture.[48]. 5-Methyluridine-5'-
triphosphate (5me-UTP) was obtained from Trilink Biotechnologies.

Growth of poliovirus (PV1M) in the absence and presence of 5-methyluridine
HeLa R19 cells were grown in 35 mm dishes in Dulbecco's Modified Medium, supplemented
with 5% bovine calf serum, and were infected with PV1(Mahoney) at a multiplicity of 10 either
in the absence or presence of 5-methyluridine (1 µM to 1mM). When a cytopathic effect was
observed, the viral titers were determined by plaque assay.[39]

Structure deposition
The structure and related spectra have been deposited in the BMRB, #20110.

Results
Uridylylation stabilizes PV1-VPgpU

In contrast to the unmodified VPg, which required the addition of the stabilizing co-solvent
Trimethyl amine N-oxide (TMAO) to obtain sufficient NOE constraints(PDB file 2BBL)
[55], the 2D-NOESY spectrum of VPgpU in low molarity phosphate buffer at neutral pH
showed many medium and long range NOE cross-peaks (e.g., from the tyrosine ring δ and ε
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protons of TYU3 to many other side chains (Figure 2a)). These indicated stable interactions
between TYU3 and residues such as Leu6, Pro7, Asn8, Lys9, and Arg17 which are essential
for PV replication in vivo, and uridylylation in vitro. [59] Peptide chemical shifts, assignment
of which was aided by natural abundance 15N-HSQC (Figure 2b) and 13C-HMQC (Figure 2c)
were overall quite similar to those for VPg in buffer or in 1 M TMAO, with only a few showing
major differences (>0.15 ppm). These included (where the first number in parentheses is the
chemical shift in ppm for VPg in TMAO and the second number is for VPgpU in buffer): Tyr3
HE1 (6.72 to 7.06), Gly5-HN (7.4 to 8.03). Leu6 HN (8.09 to 8.22) and HB2(1.5 to 1.73), Lys
9 HN (8.18 to 8.33), Pro11 HA (4.309 to 4.125), Val13 HN (8.06 to 8.2), Thr15 (8.28 to 8.43),
Ile16 HN (8.2 to 8.35), Arg17 QH (6.7 to 6.9), Lys20 HN (8.3 to 8.49) and Gln22 HE21 (7.05
to 7.63). All the chemical shifts for VPgpU in buffer were closer to the values measured for
VPg in buffer than in 1M-TMAO. These differences in the chemical shifts correlate for the
most part with residues whose positions in the VPgpU structure differ from those for VPg, or
are found close to the UMP. Thanks to the natural abundance 3D spectra and the apparently
increased stability of the uridylylated peptide, even the more labile side chain protons could
be assigned for VPgpU. The only problems encountered were with the two alanines, which
were difficult to assign unambiguously as both showed some cross peaks with the Tyr3 residue
(see Figure 2a, top).

We were also able to include some dihedral angle constraints that suggested that Y3-G5 had
β character (J>8.5 Hz), and L6, K10, A19-Q22 were α (so J<5); N12, T15, I16, R17, T18 were
Intermediate/RC. (See Supplementary data table). Although several calculations with differing
tolerances for the program variables converged (see supplementary data), the ensemble of
structures selected (“V29”, Figure 3A; summarized in Table 1) conformed to the most
constraints, had a very tight bundle, and agreed with hand assignments of the spectrum. The
V29 calculation used a chemical shift tolerance of 0.02 ppm, with a distance constraint
tolerance of 1.0 * d-RMSD (decreasing to 0.5 * d-RMSD in the later cycles); constraints
assigned to ambiguous peaks were rejected that were violated in more than 70% of the
generated structures (decreasing to >40% in later iterations). The average root mean square
deviation (RMSD) of the bundle is 0.38Å +− 0.11Å for backbone and 0.54Å +− 0.14Å for all
atoms.

Conserved residues position the bound UMP
The UMP lies across the front face, with residues that are conserved in the enterovirus VPgs
holding it in position for base pairing. For example, the conserved, positively charged
sidechains of Lys9, Arg17, and Lys 20 are all close to the phosphoester (Fig. 3B). The atoms
of the uridine involved in Watson-Crick pairing (O2, N3 and O4 atoms) are solvent exposed,
as is the 3’-OH of the ribose that will form the nucleotide-phosphate bond during RNA
elongation. The other side of the ring is close to the side chain of the terminal Gln22 residue
(Figure 3C), which also showed a large increase in its chemical shift when compared to the
free VPg. This interaction suggested that the peptide could position the uridine for base pairing.

Comparison of the VPgpU structure to the NMR and partial crystal structures of picornaviral
VPgs

The structures determined for picornavirus VPgs (Figure 4) show considerable variability. The
3D-structure of PV1-VPgpU shown here differs considerably from that of PV1-VPg (PDB file
2BBL). Upon uridylylation, the N- and C-termini of PV1-VPg move inward to surround the
TYU sidechain. The side chain of Tyr3 is on a different face. The most similar areas of the two
structure bundles are residues P7-R17; the mean structure of PV1-VPgpU in this area can be
overlaid with the bundle of structures of PV1-VPg with bb-RMSDs of < 3.22Å (Figure 2D).
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The middle 9 residues (P7-Thr15) of PV1 VPg and the partial structure of CVB3-VPg can be
overlaid with a backbone RMSD of 2.8Å (a similar overlay with PV1-VPgpU has an RMSD
of 3.8Å). The three proline residues are in very similar locations. The enterovirus VPg
structures cannot be superimposed in any meaningful way with the partial crystal structures of
FMDV-VPg (PDB file 2D7S) or VPgpU (PDB file 2F8E). As the partial structures of FMDV-
VPg and VPgpU are so similar (backbone RMSD of only 0.6Å), only the FMDV-VPgpU
structure is shown in Figure 4.

Glutamine22 interactions with the UMP
A crystal structure for a different enzyme, N-acetylglucosamine-1-phosphate uridyltransferase
(GlmU) in complex with UDP-N-acetylglucosamine, shows that the side chain of a conserved
Gln residue (that is essential for activity) forms hydrogen bonds to the uridine base[38].
Similarly, our VPgpU structure shows the side chain of Gln22 positioned on the “back side”
of the uridine base, i.e. forming hydrogen bonds at positions that are not involved in Watson-
Crick basepairing. This suggested that the Gln22 side chain might be important for stabilizing
UTP during uridylylation, or the bound UMP of VPgpU during priming. While the 5-position
of uracil, which is methylated in thymidine, is not involved in base pairing, an interaction with
the side chain of Gln22 could aid in determining the specificity of base addition. Sequence
analysis shows that in addition to the C-terminal Gln that characterizes all the enteroviral VPgs,
many picornaviral VPg’s also have Gln residues in the middle of the peptide. In the partial
structure of the FMDV-VPgpU, the glutamine residue at position 10 of FMDV-VPg is near
the bound UMP. However, unlike the C-terminal Gln22 in PV1-VPgpU, the Gln10 sidechain
in FMDV-VPgpU is turned away from the base (Figure 4 details). Our structure would suggest
that this sidechain stabilizes the reverse side of the uridine ring during base pairing, and then
moves out of position to facilitate other polymerase contacts during elongation. We previously
showed that deletions in the C-terminus diminished, but did not eliminate, uridylylation of
PV1-VPg in vitro[47]. While Gln22 is an essential amino acid for growth of PV1, the
importance of its interactions directly in priming by VPgpU is difficult to determine, as this
C-terminal residue is also essential for correct processing by the PV-proteinase 3CDpro. We
needed to demonstrate that the PV-polymerase indeed distinguished between bases with minor
changes in the base at the 5 or 6 positions, which are not involved in base pairing

Inhibition studies with 5-MeUTP
To determine whether bonds at the 5-position could affect base incorporation, we turned to
5meUTP, which could also be called ribo-TTP. Thymidine differs from uridine only in that it
is methylated at the 5 position of the base. Although this base could exist in nature, more
typically the 5-position of UMP is posttranscriptionally methylated, as for example in many
bacterial tRNAs[9,50]. There were however no reports of 5-meUMP (or ribosyl-TMP) in viral
RNA or whether 5-meUMP could inhibit PV growth. To test the specificity of the uridylyation
reaction, we determined whether 5meUTP would compete with labeled UTP for addition to
VPg in an in vitro assay. Using polyA RNA with a Mn2+ cofactor, conditions which “relax”
base incorporation specificity[3], 5meUTP competed quite efficiently and greatly reduced
labeled UMP incorporation into VPgpU (Figure 5, right). However, using the more stringent
assay, which better correlates with in vivo conditions, using the real viral template, cre(2C)
RNA and Mg2+,[42,48,66] a large (5–20x) excess of 5meUTP over UTP was required to
achieve 50% inhibition (Figure 5, left). This suggests that the C5-atom of the uridine base is
recognized during uridylylation in an in vivo-like situation, and thus the interaction we
observed with the glutamine side chain might indeed be important for this reaction. Had we
seen that the polymerase did not discriminate under either condition, we could have assumed
that the interaction was not important.
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We also examined the effect of 5-methyluridine, which can penetrate cells, on the growth of
PV1 in tissue culture. HeLa R19 cells were infected with PV1 in the presence of increasing
amount of 5-methyluridine (1 µM to 1 mM). Cytopathic effect was observed in all the treated
cells. The final virus titer, 1–2×109 plaque forming units/ml even at the highest level of 5-
methyluridine, showed no significant inhibition of virus yield.

Modeling the priming reaction: VPgpU docks near the active site residues of the polymerase
To model the interactions during priming, we docked VPgpU to the PV-polymerase crystal
structure[61]. All of the 10 best structures had ZDock scores greater than 50, and all placed
VPgpU into the active site of the polymerase. This was in marked contrast to the dockings with
the more elongated PV1-VPg structure, discussed previously[56]. The position of VPgpU in
the highest ranked complexes were at a significantly different position from that seen for non-
uridylylated VPg in the CVB3 complex (dotted ovals in Figure 6 mark this area in PV1- and
FMDV polymerases). As discussed previously[56], a similar docking with the non-uridylylated
structure of PV1-VPg did not enter the active site, but did have a stable binding site on the
PV1-3Dpol surface.

Comparing one of the dockings for PV1-VPgpU (Fig. 6, left) with the position of FMDV-
VPgpU in the co-crystal structure with its polymerase[18] (Fig. 6, right), indicates both
approach the active site from the front. However, the UMP in the FMDV structure is much
closer to the active site residues that mediate metal and incoming nucleotide binding.

Discussion
The structure we determined for the PV1-VPgpU (Figure 2–Figure 4, Table 1) gives tantalizing
evidence of how structural flexibility can aid in initiating RNA synthesis by the RNA-
polymerase. Comparing PV1-VPgpU with partial structures of other VPgs (Figure 4) indicates
the enterovirus VPg’s are more compact, and may have a different mode of interaction with
their polymerases. We determined that PV1-3DPol can distinguish between UTP and 5meUTP,
which would suggest a role for residues of VPg, including Gln22 in selectivity (Figure 3D and
Figure 5). Finally, we found that the full structure of PV1-VPgpU has a stable docking site
within the active site cleft of PV1-3DPol, consistent with a “front-loading” VPgpU priming
position[2,18] (Figure 6).

The docked structure may represent an intermediate stage in the priming reaction. In later
stages, VPgpU may reconfigure and the UMP could rotate into the position seen for the FMDV-
VPgpU. The change in configuration could be driven by binding of the metal ions around the
reactive phosphate, to allow addition of another nucleotide to the bound UMP. As to the
differences seen in the structures, it is significant that FMDV polymerase accepts more
diversity in the sequences of VPg (Fig. 1) than that of PV1 does and uridylylates PV1-VPg
nearly as well as it does all three of its own genomic VPgs. PV1-polymerase cannot uridylylate
any of the FMDV-VPgs.[43] Consistent with the variety of sequences it can accept, the
structural comparison suggests that the FMDV polymerase requires a less structured VPg than
that does PV1 RNA polymerase.

Differences between FMDV and enteroviruses structures
Although PV is considered the prototype picornavirus, there are profound differences between
PV and other enteroviruses compared to the aphthoviruses represented by FMDV. These
differences extend to VPg sequence and structure and perhaps to the mechanism of
uridylylation or even priming. The enterovirus structures (CVB3 partial and both NMR
structures for PV1) are more structured and compact than those for FMDV (Figure 4). We saw
changes in the solution structures of PV1-VPg before and after uridylylation, whereas the
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partial structures of FMDV-VPg and FMDV-VPgpU were very similar (bbRMSD ∼ 0.6A),
and unfolded, with no discernable secondary structure elements. FMDV-VPg, even before
uridylyation, was located in the active site of the of the FMDV polymerase. In contrast, the
CVB3-VPg binding site seen in the crystal structure of the complex is identical to that
previously predicted for PV1-VPg based on mutagenesis data[35] and docking of the NMR
structure on the PV1-polymerase structure[56]. This binding site for VPg in PV1-polymerase
(dotted ovals in Figure 5) differs greatly in sequence (FMDV:389HFHMDYG395 vs.
PV1:377FFRADEK383; residues directly implicated in VPg binding are bold) and structure
from that in FMDV polymerase [25].

Sequence heterogeneity in this area is not surprising: the two RNA polymerases share many
motifs and a similar 3D-structure, but are only 29% identical[19]. Divergent VPg sequences
(Fig. 1) and structures (Fig. 4) also correspond to differences in the viral RNA template used
for uridylylation. While PV uses a stem loop [(cre(2C)] located in the 2C coding region[48],
the FMDV cre with the same function is located in the 5'NTR[37] and has a different consensus
sequence than that of enteroviruses[44]. PV-polymerase can use poly-A RNA as a template
for uridylylation in the presence of Mn2+, while FMDV-polymerase cannot[7] (however, as
Figure 5 shows, PV1 polymerase using this type of reaction is error prone). FMDV replicates
its RNA at a different site within the cytoplasm than PV, as suggested by its insensitivity to
Brefeldin A, a drug that modifies cellular membranes and inhibits PV replication[14,45].
Finally, the cis-acting elements required for RNA replication are very different at the 5'-terminii
of the PV and FMDV genomes. The 5'-end of PV RNA forms a cloverleaf like structure while
that of FMDV RNA forms a large hairpin, called the S structure [1,10].

One should thus not assume that the overall similarity of the polymerase structures indicate
identical VPgpU dependent mechanisms for both genera, although the docking in Figure 6
does suggest that they are similar. The calicivirus polymerases also have many conserved
sequence elements in common with those of picornaviruses[21] (see also Fig. 2 in [19]), but
they use completely different primers, also called VPgs, that are between120–135 amino acids
long [5,36]. Our task is to discern what the picornavirus VPg-dependent mechanisms may have
in common, that may help to shed light on these more distantly related reactions.

Changes in the structure of VPg upon uridylylation permit it to enter the active site and prime
RNA synthesis

An inherently flexible (“disordered”[52,53]) structure may be required for the activity of all
VPgs. One might also speculate that the VPg-polymerase interactions are semi-stable and
transient, with VPg changing its conformation according to the demands of uridylylation and
during extension of the RNA. Too stable an interaction of VPg with the polymerase could slow
RNA replication. We previously suggested a mechanism in which the presumed precursor of
VPg, the 3AB protein, would bind at the position shown by the oval in Fig. 6, right[56] that
had been previously identified by mutagenesis studies[34] and now confirmed by the CVB3
structure of the complex[25]. VPg would be cleaved off and uridylylated. The change in
conformation would allow VPgpU to release from the polymerase, and leave the replication
complex or enter the active site and prime RNA synthesis[56]. We initially hypothesized that
uridylylation would cause the molecule to be less structured, more like that of FMDV-VPg
before and after uridylylation [18], especially as VPgs show characteristics of disordered
proteins[28,52,53]. However, after uridylylation, PV1-VPgpU becomes more compact. This
compact structure could then dock within the active site of the polymerase (Fig. 6, left). The
comparison in Figure 6 suggests that PV1 and FMDV could have a similar priming mechanism,
even if they differ in the binding site for initial uridylylation. Atomic details of the exact priming
reaction will require a crystal structure of a complex consisting of at least 4 different molecules:
VPgpU, the viral polymerase(s), the correct RNA (which is different in PV1 and FMDV, as
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noted above), and incoming nucleotide (s). Efforts are underway in several labs to obtain such
complexes in sufficiently high resolution.

In the meantime, this structure could be a starting point for designing mutations of VPg or
mimetics of VPgpU that could interfere either with the uridylylation or priming steps, perhaps
using a consensus approach[15,16] to account for variability in the sequences of related
enteroviruses. At least one mutant of PV1-VPg mutant can inhibit uridylylation in vitro (our
unpublished data), and others have shown that VPg mutations can slow or eliminate PV
replication in trans[13]. In conclusion, our structure for PV1-VPgpU suggests that its major
role is to stabilize the bound UMP moiety to make initialization of RNA synthesis more
efficient (and selective). Our findings also show that the PV1-polymerase distinguishes UTP
from 5meUTP during uridylylation. The PV1-VPgpU can be a basis to design unique inhibitors
that target the priming mechanism essential for replication, which could be novel therapies for
human enteroviral infections. Perhaps of equal significance, VPgpU’s structural change upon
nucleotidylation may help elucidate the consequences of other biologically important uridyl-
transferase reactions, including cell wall synthesis in both G- and G+ bacteria [4], in RNA
regulation[54], in “RNA editing” by terminal uridyltransferases (Tutases) and, in a process
known primarily in trympanosomes, inserting U within existing mRNA sequences[27,58].
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Alignment of the sequence of PV-1 VPg (used in this study) with VPgs from other
enteroviruses
Coxsackie viruses A24 and B3, and the three VPgs of FMDV. The areas of the VPg visible in
the crystal structures of CVB3 and FMDV-VPg1 (illustrated in Figure 4) in complex with their
polymerases are underlined.
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Figure 2. Images from spectra used for assignment
A. section of the NOESY spectrum, showing NOE cross peaks from the aromatic (δ and ε)
protons of the uridylylated Tyr3 side chain (TYU3) to the rest of the peptide. A hand assignment
is shown for the more obvious peaks. The position of crosspeaks to the side chain amines of
ASN8 and ASN12 are also indicated. B. Natural abundance 15N-HSQC spectrum, showing the
assignments for the sidechains (SC) of Asn8, Asn12, and Q22 and the backbone amide
assignments (found for all except G1 and A2). C. The well resolved natural abundance 13C-
HMQC spectra was particularly useful for refining the assignment of the sidechain and UMP
atoms (labels).
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Figure 3. Structure of PV1-VPgpU
A) Bundle of the 10 top NMR structures for VPgpU; the TYU sidechain is green. B) Space
filling depiction of the top structure, showing how two conserved positively charged residues
residues Lys 9 and Lys 20 (violet)surround the TYU sidechain, which is colored according to
atom type (Red:O, Blue: N, Black:C, Khaki: P, and gray:H), with atoms important for base-
pairing and chain elongation labeled. C) Ribbon diagram showing distances < 4Å (purple lines)
between sidechains from the rest of the VPg peptide to the TYU sidechain. The backbone is
turquoise, the sidechains of Arg 17 and Lys 20 are blue, Lys 9 is orange and that of Gln22 is
gold; the other sidechains are shown in light gray. The orientation of this figure is tilted slightly
from that of PV1-VPgpU in Figure 3. D) overlay of the middle 9 residues of the solution
structures of PV1-VPg (PDB file 2BBL; maroon), PV1-VPgpU (blue, current study), and the
9 residues visible in the structure of CVB3-VPg complexed with its polymerase[25] (gold).
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Figure 4.
Side by side comparison of PV1-VPg and PV1-VPgpU solution NMR structures with the
partial crystal structures of CVB3 VPg (residues 7–15) and FMDV- VPgpU (residues 1–15).
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Figure 5. 5-MeUTP does not inhibit VPg uridylylation in vitro when normal viral growth conditions
are mimicked
Increasing amounts of cold 5-MeUTP, at the concentrations shown, were added to VPg
uridylylation reactions with a constant amount (10 µM) of labeled UTP. The reaction was either
specific, with the cre(2C) RNA (the hairpin loop that is the template in the viral RNA) with
Mg2+ (left) or non-viral specific with a poly(A) template and Mn2+ (right). Activity is
calculated relative to the amount of UTP incorporated in the absence of 5-MeUTP.
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Figure 6. Docking places PV1-VPgpU into the active site of PV1-polymerase
but further from the nucleotide/ metal binding site (green residues in the polymerases) than
FMDV-VPgpU is in a crystal structure with its polymerase. Left: A docked complex (Zdock
score >50) of PV1-VPgpU (space filling, colored as in Figure 3B) with a crystal structure of
PV1-Pol3D (PDB file 1RA6). Right: For comparison, a snapshot is shown of the position of
the N-terminal 15 amino acids of FMDV-VPgpU (see Figure 3) in a crystal structure of its
complex with the FMDV polymerase (PDB file 2F8E) [18]. Note the O4 of the Uridine base
is in a different position relative to the active site residues of the polymerase in the docked
complex, The polymerases are shown in ribbon format in a similar orientation, with the side
chains of the three residues conserved in the active sites of all polymerases, that mediate metal
ion binding (PV1: D328,D329 or for FMDV, D338,D339) and incoming base stabilization
(Y326, for FMDV Y336)) colored green. Sidechains on the polymerase are labeled in the one
letter code, those of VPgpU are three letter code.
A dotted oval on each polymerase structure marks the area of the possible binding site for VPg
on PV1-pol3D[56] (equivalent to that seen in the crystal structure of CVB3 complex[25]). Note
that the corresponding area, also circled by an oval, on the FMDV polymerase (right) differs
in sequence and secondary structure.
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Table 1

Summary of structure calculation for VPgpU

Total NOE (before diagonalization) 578

Total number of distance constraints 284

  Intra-residue 139

  Inter-residue 145

  Sequential (|i - j| = 1) 78

  Medium-range (|i - j| < 5) 32

  Long-range (|i - j| > = 5) 35

Total dihedral angle restraints (phi) 11

Violations (mean and S.D.) of distance constraints (0.18 ± 0.23) Å

Violations (mean and S.D.) of dihedral angle constraints (3.97 ± 5.65)°

Maximum deviations from idealized bond lengths 0.027 Å

Maximum deviations from idealized bond angles 5.0°

Pairwise RMSDa for heavy atoms (mean and S.D.) (0.54 ± 0.14) Å

Pairwise RMSDa for backbone atoms (mean and S.D.) (0.38 ± 0.11) Å

a
Pairwise RMSD was calculated for the 10 best structures.
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