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We have previously shown that the RNA polymerase 3Dpol of human rhinovirus 2 (HRV2) catalyzes the
covalent linkage of UMP to the terminal protein (VPg) using poly(A) as a template (K. Gerber, E. Wimmer,
and A. V. Paul, J. Virol. 75:10969–10978, 2001). The products of this in vitro reaction are VPgpU, VPgpUpU,
and VPg-poly(U), the 5� end of minus-strand RNA. In the present study we used an assay system developed for
poliovirus 3Dpol (A. V. Paul, E. Rieder, D. W. Kim, J. H. van Boom, and E. Wimmer, J. Virol. 74: 10359–10370,
2000) to search for a viral sequence or structure in HRV2 RNA that would provide specificity to this reaction.
We now show that a small hairpin in HRV2 RNA [cre(2A)], located in the coding sequence of 2Apro, serves as
the primary template for HRV2 3Dpol in the uridylylation of HRV2 VPg, yielding VPgpU and VPgpUpU. The
in vitro reaction is strongly stimulated by the addition of purified HRV2 3CDpro. Our analyses suggest that
HRV2 3Dpol uses a “slide-back” mechanism during synthesis of the VPg-linked precursors. The corresponding
cis- replicating RNA elements in the 2CATPase coding region of poliovirus type 1 Mahoney (I. Goodfellow, Y.
Chaudhry, A. Richardson, J. Meredith, J. W. Almond, W. Barclay, and D. J. Evans, J. Virol. 74:4590–4600, 2000) and
VP1 of HRV14 (K. L. McKnight and S. M. Lemon, RNA 4:1569–1584, 1998) can be functionally exchanged in the
assay with cre(2A) of HRV2. Mutations of either the first or the second A in the conserved A1A2A3CA sequence
in the loop of HRV2 cre(2A) abolished both viral growth and the RNA’s ability to serve as a template in the in vitro
VPg uridylylation reaction.

Human rhinoviruses (HRVs) comprise the largest genus
(Rhinovirus) in the Picornaviridae family of plus-strand RNA
viruses; the latter contain many different human and animal
pathogens (50). Rhinoviruses are divided into a major (about
90 serotypes) and a minor (10 serotypes, including HRV2)
group, depending on their binding to ICAM-1 (human inter-
cellular adhesion molecule 1) or to members of the LDLR
(low-density lipoprotein receptor) receptors, respec tively (25,
57). These viruses are the major causative agents of the com-
mon cold, for which there is no effective treatment (19, 49).
Development of vaccines has not been successful due to the
large number of serotypes and the poor cross-protection be-
tween the serotypes.

The RNA genome of picornaviruses, including that of HRV2
(7,151 nucleotide [nt]), contains a long 5� nontranslated region
(5� NTR), a single open reading frame, a short 3� NTR, and a
poly(A) tail (Fig. 1) (28, 55). The 5�-terminal UMP of the
RNA is linked in a phosphodiester bond to the O4-hydroxyl
group of a tyrosine in the terminal protein VPg (Fig. 1) (2, 31,
48). After entry into the host cell, the viral RNA functions as
mRNA directing the synthesis of a large polyprotein that con-
sists of one structural (P1) and two nonstructural (P2 and P3)
domains (Fig. 1) (28, 55). The polyprotein is proteolytically
cleaved into precursor and mature polypeptides by virus-en-

coded proteinases 2Apro, 3Cpro, and 3CDpro (reviewed in ref-
erence 22). RNA replication takes place in the cytoplasm of
the infected host cell on membranous vesicles (8, 29, 66), and
the enzyme primarily responsible for RNA synthesis is the viral
RNA-dependent RNA polymerase 3Dpol (15, 17, 29, 66). The
parental RNA is first transcribed into a minus strand, which in
turn is used as a template for the production of the progeny
plus strands. Finally, the progeny viral RNA is encapsidated
and released from the host cell.

Many details of picornaviral minus- and plus-strand RNA
replication remain unsolved, particularly those concerning the
functions of cis-replicating RNA elements (cre) (reviewed in
references 1 and 64). These include the 5� NTR, the 3� NTR
with the poly(A) tail, and RNA structures located within the
coding sequences of the genomes. Most of the information
available at this time has been derived from studies of polio-
virus, a member of the Enterovirus genus and a prototype of
Picornaviridae. The 5� NTR of entero- and rhinoviruses con-
tains three independent domains: the terminal protein VPg (2,
31), a cloverleaf-like structure containing about 100 nt, and the
large internal ribosomal entry site (IRES) (Fig. 1) (10, 27, 43,
46). In the case of poliovirus, the cloverleaf RNA forms a
complex with viral proteinase 3CDpro in the presence of either
3AB (23, 65) or the cellular protein PCBP2 (3, 4, 39). These
RNPs have been shown to play a role in plus-strand RNA
synthesis (3, 4, 23, 39, 65). The 3CDpro/PCBP2 complex has
recently been proposed to have an additional function in pro-
moting the switch from translation to replication (16). The
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primary function of the IRES is to control translation (10, 27,
43), but mutations in this structure also appear to have dele-
terious effects on RNA replication (11, 53).

The picornaviral 3� NTR consists of a structured heteropoly-
meric sequence followed by a poly(A) tail. Numerous bio-
chemical and genetic analyses (1, 34, 35, 44, 64) have demon-
strated the importance of the structure of this RNA element in
replication. The 3� NTR therefore was designated as the origin
of replication (oriR) for minus-strand RNA synthesis (44).
Subsequent studies, however, have been difficult to reconcile
with this hypothesis. It was observed that a chimeric poliovirus
containing the 3� NTR of HRV14 or coxsackievirus B4
(CBV4) replicated with nearly normal kinetics (47). In addi-
tion, it was found that not even the deletion of the entire
poliovirus type 1 Mahoney [PV1(M)] 3� NTR fully abolished
RNA replication (59).

Within the last few years a cis-replicating element was dis-
covered within the coding sequences of several picornaviruses.
First it was demonstrated that a small RNA hairpin in the
coding sequence of the HRV14 capsid protein VP1 is required
for minus-strand RNA synthesis (33). Similar elements were
later found in the VP2 coding sequences of mengovirus and
Theiler’s virus (32) and in the 2CATPase region of poliovirus
(18). The internally located cis-replicating elements of these
picornaviruses all consist of a simple hairpin structure with
widely different nucleotide sequences (18, 32, 33, 42, 45) except
for a conserved AAACA motif in the loop (42, 45).

The question of how picornaviral RNA synthesis is initiated
has been the subject of numerous studies during the past
three decades. The finding of VPg linked to the terminal UMP
of both plus and minus strands (37), and the discovery of
VPgpUpU in poliovirus-infected cells (12) led to the sugges-
tion that VPg serves as the primer for RNA synthesis (63). This
idea was supported by the finding that crude replication com-
plexes isolated from PV1(M) (58, 60) or encephalomyocarditis

virus (EMCV)-infected cells (62) could synthesize VPgpU and
VPgpUpU. Studies with poliovirus 3Dpol variants implicated
this protein as the enzyme responsible for the covalent linkage
of UMP to VPg (60). We have recently confirmed this proposal
by showing that PV1(M) 3Dpol is able to catalyze in vitro
the synthesis of VPgpU, VPgpUpU, and VPg-poly(U) on a
poly(A) template (41). At first glance this reaction appears to
represent the initiation of minus-strand synthesis, that is, the
synthesis of VPg-linked poly(U). However, the homopolymeric
template used in this reaction clearly does not contain the
specific RNA signals required by the viral RNA polymerase for
the recognition of its own RNA. In our search for an RNA
sequence or structure in poliovirus RNA that would provide
the RNA polymerase with a site of recognition, we have dis-
covered that the first two A’s in the A1A2A3CA sequence of
PV1(M) cre(2C) RNA, and not the poly(A) tail, serve as the
primary template for the synthesis of VPgpU and VPgpUpU
(42, 45).

In our accompanying paper we have described a reaction in
which purified HRV2 RNA polymerase 3Dpol catalyzes the
uridylylation of its cognate VPg on a poly(A) template (17).
Using poliovirus 3Dpol as a model system, we have now ex-
tended our studies with HRV2 3Dpol to include HRV2 VPg
uridylylation on HRV2-specific RNA templates. We have de-
veloped an assay with which we were able to identify a cis-
replicating element in the coding sequence of protein 2Apro of
HRV2. This small RNA hairpin functions as the template for
HRV2 3Dpol in the synthesis of VPgpU and VPgpUpU, and
the reaction is strongly stimulated by the addition of HRV2
protein 3CDpro. We provide evidence for the importance of
the first two A’s of the A1A2A3CA motif in the loop of the
cre(2A) RNA by correlating the growth properties of mutant
genomes in vivo with the ability of the cre element to function
as a template in the in vitro VPg uridylylation reaction.

FIG. 1. Structure of HRV2 genomic RNA. The single-stranded RNA genome of HRV2 is shown with the terminal protein VPg (3B) at the 5�
end of the 5� NTR. The 3� NTR is shown with the poly(A) tail. The 5� NTR consists of a cloverleaf and a large IRES element. The site of
attachment of the 5�-terminal UMP of the RNA to the tyrosine of HRV2 VPg is shown enlarged. The polyprotein contains structural (P1) and
nonstructural (P2 and P3) domains. Vertical lines within the polyprotein box represent proteinase cleavage sites. Processing of the P3 domain by
proteinase 3CDpro is shown enlarged. The location of the cis-replicating element (cre) in the 2Apro coding region is indicated.

10980 GERBER ET AL. J. VIROL.



MATERIALS AND METHODS

Construction of plasmids. pT7HRV2 (13), pT7HRV 14 (56), and pT7PV1(M)
(61) refer to the full-length plus-strand HRV2, HRV14, and PV1(M) cDNAs,
respectively. Mutated nucleotides in the oligonucleotide sequences are shown
underlined. Site-directed mutagenesis was carried out using the QuickChange
mutagenesis kit from Stratagene. Mutations and constructs were confirmed by
sequencing using the ABI Prism DNA sequencing kit.

(i) pProEX HTb/3CDpro (3Cpro C147A). The C147A mutation was introduced
into pT7HRV2 with primers 5�-CCAACTAAATCTGGTTACGCTGGAGGTG
TCTTATAC-3� (plus-strand sequence) and 5�-GTATAAGACACCTCCAGCG
TAACCAGATTTAGTTGG-3� (minus-strand sequence). The coding sequence
of HRV2 3CDpro (3Cpro C147A) was amplified from the mutagenized plasmid
pT7HRV2(3CproC147A) by PCR using primers 5�-CCGGATCCGGACCAGA
GGAGGAATTTG-3� (plus-strand sequence) and 5�-GGGCTCGAGTTAAAA
TTTTTCATACCACTC-3� (minus-strand sequence) and Pfu polymerase. The
resulting fragment was cut with BamHI and XhoI and ligated into the same sites
of pProEX HTb (Lifetech).

(ii) pProEX HTb/3CDpro(3Cpro C147A/R84S). Mutation R84S was introduced
into pProEX HTb/3CDpro(3CproC147A) by site-directed mutagenesis using
primers 5�-GAAATGAAAAATTTAGCGATATCAGGAGATATATACC-3�
(plus-strand sequence) and 5�-GGTATATATCTCCTGATATCGCTAAATTT
TTCATTTC-3� (minus-strand sequence).

(iii) pT7HRV2 cre(2A)(A1C). An A-to-C mutation (nt 3283) was introduced
into pT7HRV2 by site-directed mutagenesis using primers 5�-CATTTACCGA
ACCAACACTGTAGGTGATGATTACATTCCC-3� (plus-strand sequence)
and 5�-GGGAATGTAATCATCACCTACAGTGTTGGTTCGGTAAATG-3�
(minus-strand sequence). Plasmid pT7HRV2 (cre2A)(A1C) was cut with ApaI
and AgeI, and the resulting fragment was ligated into similarly restricted pT7HRV2.

(iv) pT7HRV2 cre (2A)(A2C). An A-to-C mutation (nt 3284) was introduced
into pT7HRV2 using primers 5�-CATTTACCGAACACACACTGTAGGTGA
TGATTACATTCCC-3� (plus-strand sequence) and 5�-GGGAATGTAATCAT
CACCTACAGTGTGTGTTCGGTAAATG-3� (minus-strand sequence). Plas-
mid pT7HRV2 cre(2A)(A2C) was cut with ApaI and AgeI, and the resulting
fragment was inserted into the ApaI/AgeI sites of pT7HRV2.

(v) pT7HRV2 VPg(Y3F). An A-to-T mutation (nt 5076) was introduced into
pT7HRV2 by site-directed mutagenesis using primers 5�-GCACATTACAGGG
ACCATTTTCAGGAGAACCAAAGCCC-3� (plus-strand sequence) and 5�-G

GGCTTTGGTTCTCCTGAAAATGGTCCCTGTAATGTGC-3� (minus-strand
sequence). Plasmid pT7HRV2 VPg(Y3F) was cut with NheI and SphI, and the
resulting fragment (1,541 nt) was ligated into similarly cut pT7HRV2.

RNA transcription. For the production of RNA transcripts in vitro, 1.5 �g of
wild-type (wt) or mutant full-length HRV2 cDNAs were linearized with the
selected restriction enzyme and transcribed with T7 RNA polymerase. HRV2
RNA, HRV14 RNA, and PV1(M) RNA refer to the RNA generated by in vitro
transcription of the corresponding cDNAs linearized at the end of the genome
and transcribed with T7 RNA polymerase.

Nested set of pT7HRV2 RNA templates. The pT7HRV2 cDNA was cut with
any one of the following enzymes: EcoRI (nt 743), BssHII (nt 1581), SpeI (nt
2435), NsiI (nt 2536), EcoNI (nt 2655), AgeI (nt 2760), PvuII (nt 3160), ApaI (nt
3454), BsmI (nt 4952), AflII (nt 6638), and KpnI (nt 7153). The resulting frag-
ments of different lengths, containing a T7 promoter at the 5� end, were used as
templates for RNA transcription by T7 RNA polymerase. The DNA template for
transcription of the pT7HRV2 sequence nt 3309 to 5187 was obtained through
amplification by PCR using primers 5�-GCGAAGCTTAATACGACTCACTAT
AGGGCCTCTTGTGATTGTACC-3� (plus-strand sequence with a T7 pro-
moter) and 5�-TGTAATAACACATGAG-3� (minus-strand sequence). The tem-
plate for transcription of the pT7HRV2 sequence nt 5118 to 7062 was obtained
through amplification by PCR using primers 5�-CCCGGCCTAATACGACTCA
CTATAGGG-3� (plus-strand sequence with a T7 promoter) and 5�-CCGAAT
TCTTAAAATTTTTCATACCACTC-3� (minus-strand sequence).

Predicted HRV2 RNA stem-loop structures containing an A1A2A3CA motif.
Using the RNA folding program of M. Zucker (http://bioinfo.math.rpi.edu
/�mfold/rna/), stable RNA stem-loop structures containing the A1A2A3CA mo-
tif in the loop region were selected from the HRV2 genome and amplified by
PCR using the primers shown in Table 1 (first nine rows).

Transfection and translation. RNA transfections were carried out by the
DEAE-dextran method as decribed previously (61) with the following excep-
tions. After transfection of HeLa H1 monolayers in 35-mm plates, cells were
incubated at 33.5°C in 1� Dulbecco’s modified Eagle medium (Gibco) contain-
ing 5% fetal bovine serum, 1� penicillin-streptomycin (Gibco), and 6 mM
MgCl2. Three days after transfection, the virus yield in each supernatant was
determined by a standard plaque assay (36) containing 6 mM MgCl2 and 5%
fetal bovine serum. Plates were incubated at 33.5°C for 3 days. Conditions for in
vitro translation have been described previously (36). All mutant RNAs, used for

TABLE 1. Oligonucleotide primers used for the construction of HRV2 RNA stem-loop structures containing an AAACA motif

No. Location (nt) Template Primer sequencea

1 2915–2955 pT7 HRV2 5�-CGG CCG TAA TAC GAC TCA CTA TAG GGG GAT CAA AAC TAT GGT ACA GC-3� (�)
5�-GGG GGA CCC CAT GTT ATT TGT G-3� (*)

2 2960–2998 pT7 HRV2 5�-CGG CCG TAA TAC GAC TCA CTA TAG GGG GTG CTC TAG GAT AGT AAC AGA G-3� (�)
5�-GGG GGT ACT TTA TGA ATG TG-3� (*)

3 3309–3382 pT7 HRV2 5�-GCG AAG CTT AAT ACG ACT CAC TAT AGG GCC TCT TGT GAT TGT ACC-3� (�)
5�-GCG CTG CAG GCT TGT AAC TGT AAT TGG G-3� (*)

4 3272–3298 pT7 HRV2 5�-CGG CCG TAA TAC GAC TCA CTA TAG GGA TTT ACC GAA CAA ACA C-3� (�)
5�-GGG ATC ACC TAC AGT GTT TG-3� (*)

5 3263–3310 pT7 HRV2 5�-CGG CCG TAA TAC GAC TCA CTA TAC GGG CCG ATT TAA TCA TTT ACC G-3� (�)
5�-GGG AAT GTA ATC ATC ACC-3� (*)

6 3257–3318 pT7 HRV2 5�-CGG CCG TAA TAC GAC TCA CTA TAC GGC CTC ATC AGA TTT AAT CAT TTA C-3� (�)
5�-CGG TCA CAA GAG GGA ATG TAA TC-3� (*)

7 3263–3310 pT7 HRV2 cre(2A) (A1C) Same as for no. 5

8 3263–3310 pT7 HRV2 cre(2A) (A2C) Same as for no. 5

9 5118–5187 pT7 HRV2 5�-CCC GGC CTA ATA CGA CTC ACT ATA GGG CCT GTA GTA ACA CAG GGA CC-3� (�)
5�-TGT AAT AAC ACA TGA G-3� (*)

10 2318–2414 pT7 HRV14 5�-GGG CCG GCT AAT ACG ACT CAC TAT AGG CAC TCA CTG AAG GCT TAG G-3� (�)
5�-GGG AAT TCA CGC GTG TGT GTT TTG GAC CAG ATG AG-3� (*)

11 4444–4504 pT7 PV1(M) 5�-GGG CCG GCT AAT ACG ACT CAC TAT AGG CTC GAG CTA ACT ATT AAC-3� (�)
5�-CCG AAT TCG CTA GCA AAC ATA CTG GTT C-3� (*)

a �, plus-strand sequence; *, minus-strand sequence. The T7 promoter site is shown in italics.
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transfections, were first translated to ensure the presence of an intact open
reading frame in the genomes (data not shown).

Peptides and proteins. (i) VPg peptides. Synthetic VPg peptides were a gen-
erous gift from J. H. van Boom (41, 42, 45).

(ii) HRV2 3Dpol. HRV2 3Dpol was expressed in Escherichia coli strain BL21
(DE3)pLysS from plasmid pT5T-HRV2 3D (17), which contains the wt 3D
coding sequences preceded by a methionine, and was purified as described
previously (40).

(iii) Control proteins. Control proteins for HRV2 3Dpol were purified like
HRV2 3Dpol, with the exception that the expression vector pT5T did not contain
the 3D coding sequences (17).

(iv) GST-HRV2 3Dpol. HRV2 3Dpol with an N-terminal glutathione S-trans-
ferase (GST) tag of 26 kDa was expressed in E. coli strain BL21(DE3)pLysS and
purified as described previously (17).

(v) His-HRV2 3CDpro(3Cpro C147A). In these studies we used 3CDpro with an
active-site mutation in 3Cpro(C174A) in order to prevent the autoprocessing of
the polypeptide. For the sake of simplicity in our discussion, we will call this form
of the protein simply 3CDpro. The protein was expressed in E. coli BL21
(DE3)pLysS cells from pProEx HTb/HRV2 3CDpro(3CproC147A) in 750 ml of
Luria broth with ampicillin at 20°C for 4 h in the presence of 0.02 mM isopropyl-
�-D-thiogalactopyranoside (IPTG). Cells were pelleted, resuspended in 40 ml of
buffer (50 mM Tris [pH 8.0], 100 mM NaCl, 10 mM dithiothreitol [DTT], 1 mM
EDTA, 5% glycerol), and lysed by sonication (with a Branson Sonifier). Cell
debris was pelleted, and the proteins from the supernatant were precipitated with
50% ammonium sulfate. The precipitate was resuspended in 3 ml of dialysis
buffer (50 mM Tris[pH 8.0], 30 mM NaCl, 1 mM DTT, 1 mM EDTA, 5%
glycerol) and was dialyzed against the same buffer at 4°C. The pellet of the
sonicated lysate was also resuspended in 3 ml of buffer (50 mM Tris [pH 8.0], 1
mM NaCl, 10 mM DTT, 1 mM EDTA, 5% glycerol, 1% Triton) and incubated
with rotation at 4°C for 30 min. The insoluble cell debris was pelleted, and the
supernatant was dialyzed in dialysis buffer. Then both of the dialyzed fractions
were dialyzed against binding buffer (20 mM Tris [pH 8.5] at 4°C, 100 mM KCl,
10 mM 2-mercaptoethanol, 10% glycerol, 10 mM imidazole, 0.5% Triton) for 7 h
at 4°C, filtered, and loaded together onto a Ni-nitrilotriacetic acid (NTA) aga-
rose column (Qiagen). The column was washed with 20 ml of binding buffer, and
the His-HRV2 3CDpro(3CproC147A) was eluted with 20 mM Tris (pH 8.5), 100
mM KCl, 10 mM 2-mercaptoethanol, 10% glycerol, and 100 mM imidazole in
500-�l fractions (4°C). The protein concentration was measured (Bio-Rad), and
the peak fractions were pooled and dialyzed against 500 ml of buffer (20 mM Tris
[pH 7.5], 10 mM NaCl, 2 mM DTT, 5% glycerol) at 4°C. The eluate was run on
a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE gel)
(10% polyacrylamide), and the location of the 70.6-kDa his-HRV2 3CDpro was
confirmed by Western blotting with an anti-his antibody (data not shown).

(vi) His-HRV2 3CDpro(3Cpro C147A/R84S). His-HRV2 3CDpro(3Cpro C147A/
R84S) was expressed and purified as described above for His-HRV2 3CDpro

(3CproC147A).
RNA-dependent RNA polymerase assays. (i) Assay A: HRV2 VPgpU(pU) syn-

thesis on a poly(A) template by HRV2 3Dpol. The assay was essentially the same
as that described previously (17). The standard reaction mixture (20 �l) for
HRV2 VPg uridylylation by HRV2 3Dpol contained 50 mM HEPES (pH 7.6), 0.2
mM manganese (II) acetate (MnAc2; Aldrich), 8% glycerol, 0.5 �g (0.35 �M) of
poly(A) RNA template (�200 nt) (Pharmacia), 2 �g of synthetic HRV2 VPg,
1 �g (1 �M) of purified HRV2 3Dpol, and 1 �Ci of [�-32P]UTP (0.017 �M; 3,000
Ci/mmol; Dupont, NEN). Samples were incubated for 1 h at 30°C, reactions were
stopped by addition of 5 �l of gel-loading buffer (Bio-Rad), and products were
analyzed on Tris–tricine–SDS-PAGE gels (Bio-Rad) with 13.5% polyacrylamide.
Gels were dried at 68°C for 2 h without fixing and were autoradiographed for 1 h
(Kodak Biomax MS film). Reaction products were quantitated with a Phosphor-
Imager (Molecular Dynamics, Storm 860) by measuring the amount of [�-32P]
UMP incorporated into VPgpU(pU) and VPg-poly(U) products. Data were
translated into counts per minute with the help of a radioactive marker. VPgpU
(pU) refers to the sum of VPgpU and VPgpUpU.

The assay with GST-HRV2 3Dpol was similar to that described above, except
that the standard reaction mixture contained 0.05 mM MnAc2.

Assay B: HRV2 VPgpU(pU) synthesis on viral RNA templates by HRV2 3Dpol

and GST-HRV2 3Dpol. The assay was similar to that described for HRV2
VPgpU(pU) synthesis on a poly(A) template (assay A), except that the standard
reaction mixture contained 0.5 �g of purified His-HRV2 3CDpro(C147A), 1 mM
magnesium acetate (MgAc) instead of MnAc2, and 0.5 �g of HRV2 RNA
template [full length or cre(2A)] or other viral RNA templates instead of
poly(A).

RESULTS

We have previously shown that both the RNA polymerase
3Dpol of PV1(M) and that of HRV2 catalyze in vitro the
uridylylation of their cognate VPgs and synthesis of VPg-
poly(U) on a poly(A) template (17, 41, 42): 3Dpol � VPg �
poly(A) � Mn2�(Mg2�) � UTP 3 VPgpU � VPgpUpU 3
VPg-poly(U). Recently we have developed a new and more
relevant assay for the uridylylation of PV1(M) VPg by PV1(M)
3Dpol in which the nonspecific poly(A) template is replaced
by transcripts of poliovirus RNA and Mg2� replaces Mn2� as
a cofactor (42): 3Dpol� VPg � PV1(M) RNA � 3CDpro �
Mg2� � UTP3VPgpU �VPgpUpU. This reaction is strongly
stimulated by addition of purified PV1(M) 3CDpro. To find out
whether HRV2 3Dpol also catalyzes the same kind of synthetic
reaction, we have tested the enzyme using its cognate RNA
and VPg as the template and substrate, respectively, and ana-
lyzed the effect of purified HRV2 3CDpro on the reaction.

Comparison of VPg uridylylation by HRV2 3Dpol on poly(A)
and HRV2 RNA templates. HRV2 3Dpol has only barely de-
tectable HRV2 VPg-uridylylating activity on a poly(A) tem-
plate with Mg2� as a cofactor, but it is highly active in the
presence of Mn2� (Fig. 2A; compare lanes 1 and 3). Purified
HRV2 3CDpro has no effect on these reactions in the presence
of either metal activators (Fig. 2A; compare lane 1 with lane 2
and lane 3 with lane 4). In contrast, when HRV2 RNA is used
as a template and Mg2� is used as a cofactor, there is a very
strong stimulation of the reaction by 3CDpro (Fig. 2A; compare
lanes 7 and 8), suggesting that under these conditions a viral
RNA sequence or structure is being recognized. To a lesser
extent the stimulatory effect of 3CDpro can also be seen when
the reaction mixture contains Mn2� (Fig. 2A; compare lanes
5 and 6). Since 3CDpro is the precursor of 3Dpol, we have
checked the possibility that this polypeptide also possesses
VPg-uridylylating activity. The data clearly indicate that no
products are formed when 3Dpol is omitted from the reaction
(Fig. 2B; compare lanes 3 and 5), suggesting that 3CDpro only
enhances the reaction catalyzed by 3Dpol. We cannot, however,
rule out the possibility that 3CDpro possesses activity that is
dependent on 3Dpol as a cofactor. A heat-denatured aliquot of
3CDpro (Fig. 2B; compare lanes 4 and 5) has no effect on the
reaction, an observation demonstrating that the protein itself is
the active component in the enzyme preparation. It should be
noted that a catalytically inactive 3CDpro(3Cpro [C147A]) was
used in all these experiments to prevent autoprocessing of this
precursor to 3Cpro and 3Dpol.

Numerous studies with poliovirus 3CDpro have shown that
its 3Cpro domain possesses both the proteinase and RNA bind-
ing functions of the polypeptide. Mutations in the RNA bind-
ing domain (R84S or I86A) of PV1(M) 3Cpro, which lead to a
nonviable phenotype, have no deleterious effect on polyprotein
processing (4, 9, 20). We have previously observed that the
R84S and I86A mutations in the 3Cpro domain of poliovirus
3CDpro interfered with its ability to stimulate the protein-
priming reaction (42). The 3Cpro polypeptides of poliovirus
and HRV2 share 35% amino acid identity (55), and they con-
tain a conserved arginine at position 84. Based on the assump-
tion that the RNA binding role of R84 is the same in the
3CDpro of HRV2 as in the 3CDpro of poliovirus, we have tested
the stimulatory effect of HRV2 3CDpro(3Cpro[C147A/R84S])
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on the uridylylation of HRV2 VPg. A comparison of the effects
of wt and mutant HRV2 3CDpro(3Cpro[C147A/R84S]) (Fig.
2B; compare lanes 5 and 7) indicates that the mutation in
3Cpro, predicted to abolish its RNA binding, also eliminates its
stimulatory effect. These results are in agreement with our
previous conclusion about poliovirus 3CDpro, namely, that the
RNA binding activity of this protein is essential for its function
in the protein-priming reaction (42).

Identification of HRV2 cre(2A). We have recently identified
an RNA stem-loop in the coding region of poliovirus 2CATPase

[cre(2C)] (18) as the primary template for the synthesis of
VPgpU(pU) by PV1(M) 3Dpol in the in vitro reaction (42).
This cis-replicating element, along with other recently identi-
fied RNA hairpins in the coding regions of picornaviruses (18,
32, 33, 42, 45), contains a conserved sequence of A1A2A3CA in
the loop (42, 45). We used two different approaches to locate
the corresponding element in the genome of HRV2. First, we
made a nested set of in vitro transcripts of HRV2 RNAs,
containing various 3�-terminal deletions. These were tested as
templates in the HRV2 VPg uridylylation reaction catalyzed by
HRV2 3Dpol in the presence of its cognate 3CDpro. As shown
in Fig. 3A, transcripts that contained 5�-terminal RNA up to
and including HRV2 capsid sequences had no template activ-
ities (Fig. 3A; compare lanes 1 to 7 with lanes 8 to 11). Simi-
larly, transcripts that contained sequences downstream from
the middle of 2Apro to the end of the 3Dpol coding sequences
were inactive as templates in the reaction (Fig. 3B; compare
lane 1 with lanes 3 and 4). These results suggested a location
for the template nucleotides in 2Apro between nt 3156 and
3309. In the second approach we used an RNA folding pro-
gram to search for stable stem-loop structures in HRV2 RNA
that contained the conserved A1A2A3CA sequence in the loop.
Transcripts of these predicted RNA hairpins were tested as
templates in the in vitro uridylylation assay using purified
HRV2 proteins 3Dpol, 3CDpro, and VPg. Of the five structures
selected, two were located in the VP1 domain, two in 2Apro,
and one in 3Cpro. None of these transcript RNAs (Fig. 4A,

lanes 1 to 3 and 9), except the hairpin in 2Apro, labeled HRV2
cre (2A) (Fig. 4A, lane 5), functioned as a template in the in
vitro reaction. Shorter (Fig. 4A, lane 4) or longer (Fig. 4A, lane
6) versions of the RNA element yielded reduced levels of
products compared to wt HRV2 cre (2A) (Fig. 4A, lane 5).

The HRV2 cre (2A) RNA forms a stable hairpin structure
consisting of about 47 nt (Fig. 4B). It contains the same con-
served A1A2A3CA sequence in the loop as the larger cis-
replicating elements of either PV1(M) or HRV14 (Fig. 4B)
(18, 33). Two HRVs that are closely related to HRV2, HRV1b
(26) and HRV16 (30), are predicted to contain a similar ele-
ment, at essentially the same location in their genomes (Fig.
4C). On the other hand, HRV89 (14), another relative of
HRV2, does not appear to possess a similar RNA structure at
or near this location (K. Gerber, E. Wimmer, and A. V. Paul,
unpublished data).

Surprisingly, the RNA polymerase of HRV2, in the presence
of its cognate 3CDpro and VPg, is able to use HRV14 cre (VP1)
with high efficiency, and to a lesser extent PV1(M) cre (2C) as
well, as a template for VPg uridylylation (Fig. 4A; compare
lane 5 with lanes 10 and 11). It is interesting that HRV14
cre(VP1) RNA (33) is also an excellent template for PV1(M)
3Dpol in the uridylylation of PV1(M) VPg (42).

Characterization of mutant HRV2 cre(2A) genomes. Our
previous studies have shown that the first two A’s in the con-
served A1A2 A3CA sequence of PV1(M) cre(2C) serve as a
template for the uridylylation of PV1(M) VPg in vitro (42, 45).
The same mutation of A to C at nt 3283 and 3284, respectively,
in full-length HRV2 RNA (Fig. 3A; compare lane 11 with
lanes 12 and 13) or in HRV2 cre(2A) RNA (Fig. 4A; compare
lane 5 with lanes 7 and 8) resulted in a failure of these RNAs
to function as templates for HRV2 3Dpol in the in vitro reac-
tion.

Characterization of the VPg uridylylation reaction on an
HRV2 cre(2A) template. The optimal reaction conditions for
uridylylation of HRV2 VPg on the HRV2 cre(2A) RNA are
similar to what was observed previously for the reaction that

FIG. 2. (A) Effect of 3CDpro on the uridylylation of VPg by HRV2 3Dpol with either Mn2� or Mg2� as a cofactor. The uridylylation of HRV2
VPg was measured by the standard assays for poly(A) or HRV2 RNA templates as described in Materials and Methods (assays A and B, re-
spectively), with either Mn2� or Mg2� as a cofactor. Where indicated, HRV2 3CDpro was added to the samples. (B) Effect of 3CDpro or mutant
3CDpro(3Cpro[R84S]) on the uridylylation of VPg by HRV2 3Dpol on a HRV2 RNA template. The uridylylation of HRV2 VPg was measured by
the standard assay as described in Materials and Methods (assay B). Where indicated, HRV2 3CDpro or 3CDpro(3Cpro[R84S]) was added to the
reaction mixtures in either an active or a heat-denatured (h.d.) form. Both HRV2 3CDpro and HRV2 3CDpro(3Cpro[R84S]) contained a C147A mu-
tation. Sample 3 contained 3CDpro, but 3Dpol was omitted. Both autoradiography of the reaction products and quantitation of the data are shown.
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used a poly(A) template (17), except for the cation and 3CDpro

requirement. As shown in Fig. 5B, the yield of products ob-
tained on a cre(2A) template is about the same with either a
Mg2� or a Mn2� cofactor (compare lanes 2 and 4), and both
reactions are strongly stimulated by 3CDpro (compare lane 1
with lane 2 and lane 3 with lane 4). The optimal concentration
of Mg2� is about 1 mM, under which condition VPg uridylyl-
ation on a poly(A) template is negligible (Fig. 5A). The other
parameters of the reaction, pH and temperature of incubation,
were found to be optimal at 7.0 to 7.6 (Fig. 5C) and 27 to 30°C
(Fig. 5D), respectively. HRV2 3CDpro is an essential compo-
nent of the reaction but by itself has no VPg-uridylylating
activity (Fig. 5E; compare lanes 5 and 3). The concentration
of 3CDpro was optimal at about 0.5 �M, corresponding to a
3CDpro-to-3Dpol molar ratio of about 0.5:1 (data not shown).
A mutation (R84S) in the putative RNA binding domain of
HRV2 3CDpro nearly completely eliminated its stimulatory
effect (Fig. 5E; compare lanes 5 and 7). Addition of a heat-
denatured aliquot of either wt or mutant (R84S) 3CDpro had
no stimulatory effect on the VPg uridylylation reaction (Fig.
5E; compare lane 5 with lanes 4 and 6).

Nucleotide specificity of the VPg uridylylation reaction by
HRV2 3Dpol on a HRV2 cre(2A) template. Since VPg is linked
to the 5�-terminal UMP in picornaviral RNAs, one would
expect that the RNA polymerase possesses a strict specificity
toward UTP in the nucleotidylylation reaction it catalyzes.
Based on the polarity of the plus-strand RNA sequence, it
would be expected that A2 in the conserved 5�-A1A2A3CA-3�

sequence in the loop of HRV2 cre(2A) is the template for the
addition of the first UMP to VPg. Surprisingly, with a mutant
C1A2A3CA sequence in the template, HRV2 3Dpol can use
only GTP (Fig. 6, lane 7) and not UTP (Fig. 6, lane 1) for
the nucleotidylylation of HRV2 VPg. The predicted product,
VPgpG, is not elongated into VPgpGpU in the presence of
unlabeled UTP (Fig. 6; compare lanes 7 and 10). The mutation
of A to C (A1C2A3CA) in the template RNA interferes both
with the uridylylation (Fig. 6, lane 2) and the guanylylation
(Fig. 6, lane 8) of VPg. These results suggest that A1 is the
template nucleotide for both VPgpU and VPgpUpU synthesis
and that the addition of the first nucleotide to VPg is not the
step that determines the specificity of the overall process (see
Discussion).

Comparison of VPg uridylylation by HRV2 3Dpol and GST-
HRV2 3Dpol. We have previously analyzed two different prep-
arations of the HRV2 RNA polymerase (17). The form used so
far in this work, HRV2 3Dpol, contains an N-terminal methi-
onine or perhaps a polypeptide from which this amino acid has
been in part removed. The second form of HRV2 3Dpol, pre-
viously analyzed, contains an N-terminal fusion of GST to the
3Dpol polypeptide (GST-HRV2 3Dpol). Of the two enzyme
preparations, the GST form is slightly more active than the
untagged enzyme in the uridylylation of HRV2 VPg on a
poly(A) template (Fig. 7; compare lanes 5 and 8). This is in
contrast to the results obtained when either HRV2 full-length
or cre (2A) RNAs are used as templates in the reaction. Now
the GST-tagged enzyme has much lower activity than HRV2

FIG. 3. (A) Nested set of HRV2 RNAs as templates for uridylylation of VPg by HRV2 3Dpol. Uridylylation of HRV2 VPg was measured by
the standard assay as described in Materials and Methods (assay B). The lengths of the HRV2 RNA templates used in the reactions were varied
as indicated at the top. At the bottom, the autoradiography of the reaction products is shown; above it, the quantitation of the data is displayed.
Lanes 1 to 10, nested set of HRV2 RNAs; lane 11, full-length HRV2 RNA; lanes 12 and 13, full-length HRV2 RNA cre(2A)(A1C) and (A2C)
with an A-to-C mutation at nt 3283 or 3284 in the conserved A1A2A3CA sequence of the cre, yielding C1A2A3CA (lane 12) and A1C2A3CA (lane
13), respectively; lane 14, full-length PV1(M) RNA. (B) Full-length and shortened viral RNAs as templates in HRV2 VPg uridylylation. Assay B
(Materials and Methods) was used to measure HRV2 VPgpU(pU) synthesis except that the RNA templates were varied. Lane 1, full-length HRV2
RNA; lane 2, full-length HRV14 RNA; lanes 3 and 4, HRV2 RNA fragments (nt 3309 to 5187 and nt 5118 to 7062, respectively). (C) Schematic
presentation of the HRV2 genome (nt 1 to 7151). Vertical bars indicate the 5�-terminal nucleotide of each segment.
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3Dpol (Fig. 7; compare lane 2 with lane 6 and lane 4 with lane
7). Whether the defect is related directly to the uridylylating
activity of the GST-tagged enzyme on cre (2A) or to a lack of
3CDpro stimulation of the reaction catalyzed by GST-HRV2
3Dpol (interference with the formation of a complex) is not yet
known. It should be noted that since the concentration of
HRV2 RNA is about 100-fold lower than that of HRV2 cre
(2A) RNA, the yields of products obtained with these two
templates are not directly comparable.

Comparison of wt and mutant VPg peptides as substrates
for uridylylation by HRV2 3Dpol. Using mutant synthetic PV1
(M) VPg peptides as substrates for HRV2 3Dpol, we have
previously shown that several amino acids are essential for the
peptide’s ability to function in a reaction with a poly(A) tem-
plate (17). In the present study we characterized the VPg spec-
ificity of the uridylylation reaction catalyzed by HRV 2 3Dpol

on the cre(2A) template (Fig. 4B) in the presence of HRV2
3CDpro. As expected, no uridylylated products are formed in
the absence of the VPg substrate (Fig. 8A; compare lanes 1
and 2). The enzyme is able to utilize as substrates, in addition
to its own VPg, the terminal peptides of other picornaviruses
such as HRV89, PV1(M), and, to a lesser extent, HRV14 (Fig.
8A; compare lane 2 with lanes 4, 5, and 3, respectively). It is
not surprising that HRV89 VPg is an excellent substrate for
the HRV2 enzyme, since the two VPgs have the same length
(21 amino acids) and have nearly identical amino acid se-
quences (Fig. 8B) (14). However, PV1(M) VPg was not ex-
pected to be such a good substrate for uridylylation by HRV2
3Dpol, since this peptide is 22 residues long, and of these it
shares only 8 amino acids (G1, Y3, G5, P7, K10, P14, R17, and
Q22) with HRV2 VPg (Fig. 8B) (28, 55). The VPg of HRV14
(Fig. 8B) (56), the least active of the viral VPgs tested, is 24
amino acids long, and 13 of these are identical with those of
HRV2 (55).

The fact that PV1(M) VPg works very well as a substrate for

HRV2 3Dpol has enabled us to use mutant PV1(M) peptides to
determine those amino acids that are essential for the function
of VPg function in vitro. Among the mutant VPgs (Fig. 8A),
those containing the Y3F (lane 13), Y3T T4Y (lane 14), G5P
(lane 11), and R17E (lane 6) changes were found to have less
than 10% of the template activity of the wt peptide (Fig. 8A,
lane 2, and 8B). It is interesting that Y3, G5, and R17 are fully
conserved among the different picornavirus VPgs (see above).
Surprisingly, the substrate activity of some of the mutant PV1
(M) VPg peptides for HRV2 3Dpol was higher than that of
HRV2 VPg. This group includes the P7A and N8A mutant
peptides (Fig. 8A; compare lane 2 with lanes 7 and 10, respec-
tively). Essentially all of the results described here with the

FIG. 4. (A) Different HRV2 RNA stem-loop structures, containing
the wt or mutant A1A2A3CA sequence motif, as templates for uridyl-
ylation of HRV2 VPg by HRV2 3Dpol. With the help of the computer
based RNA folding program of Zucker (http://bioinfo.math.rpi.edu
/�mfold/rna/), stable RNA stem-loop structures with the sequence
A1A2A3CA in the loop region were selected from the HRV2 RNA
genome. Transcripts of these RNAs were made and used as templates
for the uridylylation of HRV2 VPg by HRV2 3Dpol in the presence of
HRV2 3CDpro, as described in Materials and Methods (assay B). A
schematic drawing of the stem-loop structures with the A1A2A3CA se-
quence and the neighboring nucleotides is shown. The autoradiograph
shows results for HRV2 RNA stem-loop structures located in the cod-
ing region of VP1 (nt 2915 to 2955 [lane 1] and nt 2960 to 2998 [lane
2]), 2Apro (nt 3309 to 3382 [lane 3]), and 3Cpro (nt 5118 to 5187 [lane
9]); full-length HRV2 cre(2A) (nt 3263 to 3310) (lane 5) and HRV2
cre(2A) with different stem lengths (nt 3272 to 3298 [lane 4] and nt
3257 to 3318 [lane 6]); HRV2 cre(2A) with mutations in the conserved
A1A2A3CA sequence, yielding C1A2A3CA (lane 7) and A1C2A3CA
(lane 8); HRV14 cre(VP1) (nt 2318 to 2414) (lane 10); and PV1(M)
cre(2C) (nt 4444 to 4504) (lane 11). Quantitation of the data is dis-
played above the autoradiograph. (B) Predicted secondary structure of
the proposed HRV2 cre(2A) compared to the HRV14 cre(VP1) and
PV1(M) cre(2C) RNAs. Sequences conserved among known picorna-
virus cis-replicating elements are shown in boldface. Also see Adden-
dum in Proof. (C) Relationship of HRV2, HRV1b, and HRV16 as
indicated by a comparison of the cre(2A) domain. The sequence of 48 nt
in the cre(2A) domain of HRV2 (55) is compared to similar sequences
in the genomes of HRV1b (26) and HRV16 (30). Nucleotide numbers
given on the right indicate the locations of the predicted HRV1b and
HRV16 cre(2A) structures in the viral genomes. Predicted conserved
motifs are boxed.
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PV1(M) VPg peptides are in good agreement with those ob-
served by using poly(A) as a template with either HRV2 3Dpol

(17) or PV1(M) 3Dpol (A. V. Paul, J. Peters, and E. Wimmer,
unpublished data).

It has previously been shown that the migration of the uri-
dylylated form of PV1(M) or EMCV VPg (2 kDa) in SDS-
polyacrylamide gels is highly aberrant and resembles that of a
7- to 12-kDa peptide (31, 48, 58, 62). The same appears to be
true for the migration of the other uridylylated viral VPg’s or
mutant PV(M) VPg peptides. As shown in Fig. 8A, the shorter
HRV2 and HRV89 peptides (21 amino acids) migrate even
more slowly than PV1(M) VPg (22 amino acids) or HRV14
VPg (24 amino acids) (compare lanes 2 and 4 with lanes 3 and
5). A change of 1 or 2 amino acids (R17E, K9A K10A, G5P)
in PV1(M) VPg is sufficient to cause a visible upward shift in
the location of the mutant VPgpU bands (Fig. 8A; compare
lane 5 with lanes 6, 8, and 11). The reason for the aberrant
migration patterns of these peptides is not known.

Effects of mutations in HRV2 VPg and in cre(2A) RNA on
the viability of HRV2. Our experiments have shown that the
uridylylation of HRV2 VPg by HRV2 3Dpol in vitro is totally
dependent on the presence of a Y3 in VPg and on the integrity
of the first two A’s of the A1A2A3CA sequence in the loop of
the cre(2A) RNA. To correlate our in vitro data with virus
viability, we have examined the effect of the Y3F change in
VPg, and of the A1C and A2C mutations in cre(2A) RNA, on
the ability of HRV2 to replicate (Fig. 9). Transfection of HeLa
H1 cell monolayers with RNA transcripts derived from wt
HRV2 cDNA gave complete cytopathic effect (CPE) within 3
days (Fig. 9, well 2). In contrast, there was no CPE following
transfections with RNA transcripts derived from the mutant
plasmids (Fig. 9, wells 3 to 5), just as with mock-transfected
cells (Fig. 9, well 1). Supernatants recovered after 3 days were
used to reinfect fresh HeLa cell monolayers in five consecutive
passages. Cells infected with the wt gave CPE within 3 days,

FIG. 5. Optimal reaction conditions for VPg uridylylation by
HRV2 3Dpol on an HRV2 cre(2A) template. Uridylylation of HRV2
VPg was measured as described in Materials and Methods (assay B),
except as indicated. (A) Optimal MgAc2 concentration. The concen-
tration of MgAc2 in the reaction mixtures was varied as indicated. The
template was either poly(A) or HRV2 cre(2A). (B) Effect of 3CDpro on
uridylylation of VPg by 3Dpol with either Mn2� or Mg2� as a cofactor.
Reaction mixtures contained either Mn2� or Mg2�, and HRV2 3CDpro

was added where indicated. (C) Optimal pH. The pH of the HEPES
buffers was varied as indicated. (D) Optimal temperature. The incu-
bation temperature was varied as indicated. (E) Effect of 3CDpro on
uridylylation of VPg by 3Dpol on the HRV2 cre(2A) template. Lane
5, complete reaction mixture with HRV2 3Dpol and 3CDpro; lane 1, no
3CDpro and no 3Dpol; lane 2, no 3CDpro; lane 3, no 3Dpol; lane 4, heat-
denatured (h.d.) 3CDpro; lane 6, heat-denatured 3CDpro(3Cpro[R84S]);
lane 7, 3CDpro(3Cpro[R84S]). Both HRV2 3CDpro and HRV2 3CDpro

(3Cpro[R84S]) contained a 3Cpro[C147A] mutation. In each panel
quantitation of the data is displayed above an autoradiograph of the
reaction products.

FIG. 6. Nucleotidylylation of VPg by HRV2 3Dpol on HRV2
cre(2A) templates in the presence of either [�-32P]UTP (lanes 1 to 6)
or [�-32P]GTP (lanes 7 to 12). Standard assay conditions for HRV2
VPg uridylylation (assay B) were used (see Materials and Methods),
except that the nucleoside triphosphates and templates were varied as
indicated at the top of the figure. Lanes 4 to 6, unlabeled GTP (10 �M)
added; lanes 10 to 12, unlabeled UTP (10 �M) added. Three differ-
ent RNA templates were used: wt HRV2 cre(2A) with the sequence
A1A2A3CA (lanes 3, 6, 9, and 12); HRV2 cre(2A)(A1C) with an A-
to-C mutation at position 1, resulting in C1A2A3CA (lanes 1, 4, 7, and
10); and HRV2 cre(2A)(A2C) with an A-to-C mutation at position 2,
resulting in A1C2A3CA (lanes 2, 5, 8, and 11). Quantitation of the data
is displayed above an autoradiograph of the reaction products.
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but no CPE was observed with supernatants derived from the
mutant viruses. These results strongly suggest that the lethal
phenotypes of HRV2 (VPgY3F), HRV2 cre(2A)(A1C), and
HRV2 cre(2A)(A2C) relate to a defect in the synthesis of
HRV2 VPgpU(pU). The inability of the HRV2 cre(2A)(A1C)
RNA to yield virus cannot be due to a defect in 2Apro function,
since this mutation does not lead to an amino acid change in
the polyprotein. In this respect no firm conclusions can be
drawn about the HRV2 cre(2A)(A2C) mutant RNA, in which
2Apro contains an asparagine-to-histidine change.

DISCUSSION

The primary aim of the experiments reported in this paper
was to determine whether a conserved mechanism exists for
the initiation of minus-strand RNA synthesis among members
of different genera within the Picornaviridae virus family. Since
most of our knowledge about this important event in genome
replication has been derived from poliovirus, a member of the
genus Enterovirus, we have selected HRV2, a member of the
genus Rhinovirus, as the subject of this study. In our accompa-
nying paper we describe a simple in vitro assay to measure the
uridylylation of HRV2 VPg and VPg-poly(U) synthesis on a
poly(A) template by HRV2 3Dpol (17). Using PV1(M) as a
model system (42), we have now developed an improved assay
for HRV2 VPg uridylylation by HRV2 3Dpol. This assay has
allowed us to search for a cis-replicating element in HRV2
RNA required for the protein-priming reaction. The new assay
provides specificity to the reaction by use of HRV2 3CDpro and
full-length HRV2 RNA or cre(2A) RNA, instead of poly(A),
as a template for 3Dpol. In addition, Mg2� is now used as a
cofactor for the polymerase instead of Mn2�. This is an im-
portant change because use of Mn2� has the disadvantage of
relaxing the specificity of polymerases for their templates and
substrates (5) (Paul, Peters, and Wimmer, unpublished). The

exact role of 3CDpro in the reaction is not yet known, but it is
presumed to enhance the binding of VPg/3Dpol to the tem-
plate. This might occur by 3CDpro binding to and stabilizing
the structure of the cre RNA or by 3CDpro forming a complex
with the other proteins and assisting in their binding to the
element.

We have previously described a comparison of two different
preparations of HRV2 3Dpol, with either a methionine or GST
fused to the N terminus of the polypeptide, both in the oligo-
nucleotide elongation reaction and in VPg-poly(U) synthesis
on a poly(A) template (17). Surprisingly, the two versions of
the enzyme had similar activities in these synthetic reactions,
although the bulky N-terminal tag was expected to interfere
with polymerase functions. Based on the amino acid sequence
similarity of HRV2 3Dpol and PV1(M) 3Dpol (54), the two
polypeptides would be expected to have similar structures.
X-ray crystallographic analyses of PV1(M) 3Dpol by Hansen
et al. (21) and recent studies by Hobson et al. (24) suggest that
the N-terminal segment of one 3Dpol molecule directly inter-
acts with the thumb subdomain of another polymerase mole-
cule. This prediction seemed supported by the finding that
mutations in the N-terminal domain of PV1(M) 3Dpol or the
deletion of the first 6 N-terminal amino acids of the polypep-
tide abolished the enzyme’s elongation activity (21, 24). The
observation that the N-terminal GST tag has a deleterious
effect on the VPg-uridylylating activity of HRV2 3Dpol on its
cognate cis-replicating element could be considered to be con-
sistent with such a model. It is not clear, though, why the GST

FIG. 7. Comparison of the VPg-uridylylating activities of GST-
HRV2 3Dpol (lanes 1 to 5) and HRV2 3Dpol (lanes 6 to 8) on different
RNA templates. Standard assays for HRV2 VPg uridylylation (Assays
A or B) were used as described in Materials and Methods, but the
RNA templates were varied as follows: HRV2 RNA (lanes 1, 2, and 6);
HRV2 cre(2A) (lanes 3, 4, and 7); and poly(A) (lanes 5 and 8). HRV2
3CDpro was added to samples 2 and 4 to 8. Quantitation of the data is
displayed above an autoradiograph of the reaction products.

FIG. 8. (A) Comparison of various wt and poliovirus mutant VPg’s
as substrates for uridylylation by HRV2 3Dpol. The standard assay was
used for VPg uridylylation (assay B) (see Materials and Methods)
except that the synthetic VPg peptide was varied as indicated at the top
of the panel. An autoradiograph of the reaction products is shown. (B)
The incorporation of [�-32P]UMP into products was quantitated and is
shown as relative activity. The amino acid sequences of the wt and
mutant VPgs are given. The mutant VPg’s are derived from wt PV1
(M) VPg (mutations shown in boldface).
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tag on HRV2 3Dpol does not significantly reduce VPg uridyl-
ylation on a poly(A) template and does not interfere at all with
elongation. One possible explanation of these results is that the
GST tag does not interfere with the covalent linkage of UMP
to VPg per se but rather with an essential 3Dpol-3CDpro inter-
action required only for the reaction on the cre(2A) RNA. In
any event, it would be fascinating to solve the crystal structure
of the GST-tagged 3Dpol and to learn about the position of the
enzyme’s N-terminal sequence.

cis-replicating elements located at different sites in the open
reading frames of picornaviral genomes have been described
for viruses of the genera Rhinovirus, Enterovirus, and Cardio-
virus. All of the elements characterized thus far [HRV14
cre(VP1), poliovirus cre(2C), Theiler’s murine encephalomy-
elitis virus cre(VP2), and Mengovirus cre(VP2)] consist of an
RNA hairpin with widely varying RNA sequences (18, 32, 33,
42, 45) except for a conserved motif (A1A2A3CA) in the loop
(42, 45). Mutational analyses of the structures previously iden-
tified led to the conclusion that sequences in the loop and top
of the stem are required for their function (18, 32, 33, 45). For
HRV14 and PV3, these elements have been directly shown to
be involved in minus-strand RNA synthesis (18, 33). The first
step in minus-strand synthesis is the uridylylation of VPg, yield-
ing VPgpU (41). Using genetic and biochemical analyses, we
have recently identified the first two A’s in the A1A2A3CA
sequence of PV1(M) cre(2C) as the primary template for the in
vitro synthesis of VPgpU and VPgpUpU (42, 45).

The new assay system we developed for HRV2 VPg uridyl-
ylation by HRV2 3Dpol offered a simple way to search for a
cis-replicating element in the nucleotide sequence of HRV2
RNA that possesses the same function as the PV1(M) cre(2C)
element (18, 42, 45). Using a nested set of 3�-terminal dele-
tions of HRV2 RNA as templates for HRV2 3Dpol, we have
shown that an essential RNA element is located upstream of
the middle of 2Apro coding sequences. This was confirmed by
the finding that sequences downstream from the center of
2Apro are not required for VPg uridylylation. Finally, with the
aid of computer-based prediction of RNA folding, we have
located several stable RNA hairpins with an A1A2A3CA se-
quence in the loop in the coding sequences of HRV2 RNA. Of
these only one was found to function as a template for 3Dpol in
the in vitro VPg uridylylation reaction. This small hairpin,
containing only 47 nt, is located in the 5�-terminal half of the
2Apro sequence. Interestingly, two other closely related rhino-

viruses, HRV1b (26) and HRV16 (30), but not HRV89 (14),
are predicted to contain similar stable stem-loops in 2Apro at
essentially the same positions as in HRV2 (Fig. 4C). The pre-
dicted sequence (A1A2G3CA) in the loop of HRV16 differs
by 1 nucleotide from the A1A2A3CA motif of the HRV2 and
HRV1b hairpins. The G at position 3 of the A1A2G3CA
motif resembles that predicted for an enterovirus, BEV1
(A1A2G3AA) (18).

We selected the first two A residues of the A1A2A3CA motif
in HRVcre(2A) for mutation. The effect on VPg uridylylation
of an A-to-C change in either of these two nucleotides corre-
lated well with the replication phenotypes of the mutant viral
genomes. These mutations totally abolished both viral growth
and the template activity of the cre(2A) RNAs in the in vitro
VPg uridylylation reaction. The lethal phenotype of the A1C
mutation can be directly linked to a defect in VPg uridylylation
rather than to an altered function of 2Apro, since the mutation
did not introduce an amino acid change in the polypeptide. We
cannot be equally certain that the effect of the A2C change on
the growth phenotype is purely due to a defect in the protein-
priming reaction. This mutation introduced an asparagine-to-
histidine change, and its effect on 2Apro function(s) is not yet
known.

Our previous studies suggested the possibility that the syn-
thesis of VPgpU(pU) on the PV1(M) cre(2C) template by PV1
(M) 3Dpol might occur by a “slide-back” mechanism (45). Such
a mechanism has been described for the nucleotidylylation
reactions catalyzed by the DNA polymerases of phages �29
and PRD1 and adenovirus (reviewed in reference 51). Because
of the polarity of the conserved 5�-A1A2A3CA-3� sequence, A2

would be expected to serve as a template for the synthesis of
VPgpU, followed by the addition of the second UMP on the A1

template nucleotide. According to the slide-back mechanism,
the addition of the first UMP to VPg would occur on the A1

template nucleotide, followed by a translocation of VPgpU to
A2. The second UMP would then be again transcribed from
A1. Our experiments that were designed to test the nucleotide
specificity of HRV2 3Dpol in VPg uridylylation strongly favor
such a slide-back mechanism. Using mutated cre(2A) RNAs
(A1C and A2C) as templates for HRV2 3Dpol, we show that
A1, and not A2, of the conserved motif, directs the linkage of
the first UMP to VPg. Surprisingly, HRV2 3Dpol does not
posses stringent specificity toward the NMP it links to VPg in
vitro. This is shown by the fact that it is able to covalently link

FIG. 9. Plaque assays of wt and mutant HRV2 RNAs. HeLa H1 monolayers were transfected with transcripts derived from wt and mutant
pT7HRV2 DNA, and the virus yield of each lysate (500 �l) was measured by a plaque assay as described in Materials and Methods. Well 1,
mock-transfected; well 2, wt HRV2 RNA; well 3, HRV2 cre(2A)(A1C) RNA; well 4, HRV2 cre(2A)(A2C) RNA; well 5, HRV2 VPg(Y3F) RNA.
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GMP to VPg when provided with GTP and a C1A2A3CA
mutant template. However, only the C1A2A3CA and not an A1

C2A3CA sequence serves as a template for 3Dpol for the syn-
thesis of VPgpG. This precursor cannot be elongated to
VPgpGpU in the presence of UTP, presumably because the
mismatched nucleotides prevent slide-back. The finding that
the C1A2A3CA sequence does not support the synthesis of
VPgpU with UTP further confirms that the attachment of the
first UMP to VPg is templated by the A1 nucleotide. Although
A2 is not used as a template nucleotide for the synthesis of
either VPgpU or VPgpUpU, it appears to be the nucleotide
that provides specificity to the overall process of VPgpUpU
synthesis. This might be achieved in two ways. First, A2 appears
be essential either for the specific recognition of the RNA
element by the viral proteins or for the formation of the initial
ribonucleoprotein complex. These possibilities are suggested
by the finding that only negligible amounts of VPgpU are
formed in the presence of UTP on an A1C2A3CA mutant tem-
plate. The second function of A2 is predicted to be the specific
binding of VPgpU by hydrogen bonding with A2 during the
slide-back step.

The amino acid sequences of PV1(M) and HRV2 3Dpol

share 56% identity (54). This evolutionary relationship is re-
flected in their nearly identical in vitro synthetic activities.
These include elongation of an oligonucleotide primer on an
RNA template, the uridylylation of VPg on a poly(A) tem-
plate, followed by VPg-poly(U) synthesis, and finally the syn-
thesis of VPgpU and VPgpUpU on their cognate cis-replicat-
ing elements in the presence of 3CDpro. Both of these RNA
polymerases lack the ability in vitro to use VPgpUpU, made on
their cognate cre RNAs, as primers for minus-strand synthesis
(data not shown). These precursors are expected to be trans-
located to the 3� end of the poly(A) tail prior to elongation. At
this time we do not yet know whether it is the translocation
step or the elongation reaction itself that is inefficient under
our in vitro assay conditions. The translocation step, for exam-
ple, might be blocked because the mutant 3CDpro(C147A)
used in our assay is unable to undergo autoprocessing, possibly
a prerequisite for the release of VPgpUpU from the cre RNA.
Since translation and replication are coupled (38), our failure
to achieve elongation of VPgpUpU might be due to the fact
that the RNA element has to be located on the same genome
from which 3Dpol, VPg, and/or 3CDpro were translated.

Our model for PV1(M) or HRV2 RNA synthesis, discussed
above, is based primarily on that used by the reverse transcrip-
tase of hepatitis B virus (HBV RT) (52). Both the picornaviral
RNA polymerases and HBV RT catalyze the covalent linkage
of a nucleotide to a protein using an internal RNA hairpin as
their template in the reaction. The substrate for nucleotidyly-
lation by PV1(M) and HRV2 3Dpol is the terminal protein
VPg; that for nucleotidylylation by HBV RT is its own poly-
peptide. It has been directly shown that HBV RT, covalently
linked to a short oligonucleotide, is transferred to near the 3�
end of the RNA, where it serves as a primer for cDNA syn-
thesis (52). For optimal cDNA synthesis the HBV polymerase
recruits a chaperone complex with several proteins (52). The
possibility that picornaviral minus-strand RNA synthesis also
requires additional viral or cellular factors has been suggested
by Barton and Flanegan (6, 7) on the basis of their studies of
the in vitro translation replication system that synthesizes via-

ble poliovirus (36). Their results suggest that the guanidine-
sensitive ATPase activity of protein 2CATPase and a soluble
HeLa cell factor are required for minus-strand RNA synthesis
(6, 7). Our in vitro assay of VPg uridylylation offers a useful
system to search for additional viral or cellular factors that
might be required for the initiation of minus-strand RNA syn-
thesis of HRV2 and of other picornaviruses.
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ADDENDUM IN PROOF

Genetic experiments carried out by S. Lemon and colleagues
have indicated that the essential motif in the loop of HRV14
cre(VP1) is AAACG. These results were confirmed by bio-
chemical studies (Y. Yang, A. V. Paul, E. Wimmer, and S.
Lemon, unpublished results).
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