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ABSTRACT

The initiation of enteroviral positive-strand RNA synthesis requires the presence of a functional ribonucleoprotein
complex containing a cloverleaf-like RNA secondary structure at the 5 9 end of the viral genome. Other components
of the ribonucleoprotein complex are the viral 3CD proteinase (the precursor protein of the 3C proteinase and the 3D
polymerase), the viral 3AB protein and the cellular poly(rC)-binding protein 2. For a molecular characterization of the
RNA-binding properties of the enteroviral proteinase, the 3C proteinase of coxsackievirus B3 (CVB3) was bacterially
expressed and purified. The recombinant protein is proteolytically active and forms a stable complex with in vitro-
transcribed cloverleaf RNA of CVB3. The formation of stable complexes is also demonstrated with cloverleaf RNA of
poliovirus (PV) 1, the first cloverleaf of bovine enterovirus (BEV) 1, and human rhinovirus (HRV) 2 but not with
cloverleaf RNA of HRV14 and the second cloverleaf of BEV1. The apparent dissociation constants of the protein:RNA
complexes range from approx. 1.7 to 4.6 mM. An electrophoretic mobility shift assay with subdomain D of the CVB3
cloverleaf demonstrates that this RNA is sufficient to bind the CVB3 3C proteinase. Binding assays using mutated
versions of CVB3 and HRV14 cloverleaf RNAs suggest that the presence of structural features rather than a defined
sequence motif of loop D are important for 3C proteinase–RNA interaction.

Keywords: CD spectroscopy; enterovirus replication; picornavirus; replication initiation; RNA secondary
structures

INTRODUCTION

The 59 nontranslated region (59 NTR) of enteroviruses
and rhinoviruses contains RNA elements that serve in
the initiation of cap-independent translation and in the
initiation of positive-strand RNA synthesis (Rueckert,
1995)+ For poliovirus type 1 (PV1), a cloverleaf-like sec-
ondary structure was recognized to be of considerable
importance for the latter process+ It is part of a ribonu-
cleoprotein (RNP) complex comprising viral and cellu-
lar proteins+ Formation of 3CD proteinase:cloverleaf
RNA complexes in vitro was first described by Andino
and coworkers (1990a)+ It was observed that the pre-
cursor protein 3CD proteinase (3CDpro) rather than 3C
proteinase (3Cpro) binds with high affinity to the positive-
strand RNA cloverleaf of poliovirus (Andino et al+, 1993;
Harris et al+, 1994)+ Further data support the hypoth-

esis that complex formation with 3AB (a membrane-
associated precursor of the VPg peptide) enhances the
affinity of 3CDpro to RNA (Xiang et al+, 1995)+ Another
protein shown to bind in vitro to this RNA is the cellular
poly(rC)-binding protein (PCBP) 2 (Andino et al+, 1993;
Gamarnik & Andino, 1997; Parsley et al+, 1997)+ How-
ever, its role in replication initiation is not yet clear and
there might be additional downstream elements of the
internal ribosomal entry site (IRES) that function in rep-
lication (Borman et al+, 1994)+

In analogy to the paradigmatic poliovirus, it was as-
sumed that interactions of the 3CDpro and cloverleaf
RNA are also essential for other entero- and rhinovi-
ruses, including coxsackievirus B3 (CVB3)+ For rhino-
virus 14 (HRV14), the interaction of 3Cpro and the
cloverleaf RNA was demonstrated (Leong et al+, 1993;
Walker et al+, 1995)+ In an in vivo approach, chimeric
virus constructs were used to demonstrate that the 59
cloverleaf and the IRES region are signal structures
that function in different viral backgrounds+ The viability
of virus chimeras with hybrid 59 NTRs indicates that the
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3CDpro :cloverleaf interaction is not species specific
(Johnson & Semler, 1988; Xiang et al+, 1995; Zell et al+,
1995, 1999; Todd et al+, 1997)+ This suggests that the
proteinase precursor may also recognize cloverleaf RNA
of other enterovirus species to initiate replication+ The
cloverleaf-like RNA secondary structure is highly con-
served among all enteroviruses and rhinoviruses with
the exception of the bovine enterovirus (BEV), which
has two cloverleaf-like RNA secondary structures sep-
arated from each other by a small stem-loop (Zell &
Stelzner, 1997)+ The 59 cloverleaf secondary structure
contains four subdomains joint by a four-way junction:
stem A and the stem-loop subdomains B, C, and D
(Fig+ 1A)+ The subdomain D is a stem-loop containing
an asymmetric bulge at its base; a symmetric bulge
bound by two base-paired stem regions; and an apical
loop, the D-loop+ The stem and bulge region of sub-
domain D is highly conserved in sequence, whereas
the D-loop is less conserved yet comprises, in most
cases, 4 nt (Fig+ 1B; Zell & Stelzner, 1997)+ Three nu-
cleotides are found in the D-loop of rhinovirus 14 and
five are found in the D-loop of the second cloverleaf of
BEV (Zell & Stelzner, 1997)+ In vitro data (Andino et al+,
1990a; Walker et al+, 1995) consistently point towards
subdomain D as the RNA ligand for 3Cpro or 3CDpro,
respectively+ The biological significance of this hypoth-
esis is supported by in vivo data of a suppressor mu-
tant (Andino et al+, 1990b) and by the viability of chimeric
viruses (Johnson & Semler, 1988; Xiang et al+, 1995;
Zell et al+, 1995, 1999; Todd et al+, 1997)+ However,
whereas in the case of PV1 it was concluded that the
D-loop is a major determinant of specific binding of
3CDpro, for HRV14, the notion was put forward that the
stem region of subdomain D harbors major determi-
nants of specific 3Cpro binding (Leong et al+, 1993;
Walker et al+, 1995)+ Considering the deleterious struc-
tural effects mutations could have upon either of these
regions on the overall structure of subdomain D, we
reasoned that it might be useful to address the specific
binding of 3Cpro to subdomain D in more detail+ To that
end, proteolytically active 3Cpro from CVB3 was recom-
binantly expressed, purified, and used for in vitro bind-
ing assays employing the 59 cloverleaves of several
entero- and rhinovirus species and mutants thereof+
Furthermore, the specificity of binding of 3Cpro to sub-
domain D was investigated+ The present experiments
indicate that it is the number of nucleotides rather than
a specific loop sequence in the D-loop that provides a
major determinant for specific 3Cpro binding+

RESULTS

Bacterially expressed 3C pro of
CVB3 is proteolytically active

The 3Cpro of PV1 and HRV14 were previously shown
to have at least two functional activities: proteolysis of

viral and cellular proteins (for a review, see Ryan &
Flint, 1997) and binding of cloverleaf RNA (Andino et al+
1990a; Leong et al+, 1993)+ To investigate the RNA-
binding properties of the CVB3 3Cpro, the respective
viral gene region was cloned into the pET23a vector,
expressed in Escherichia coli and purified from bacte-
rial extracts (see Materials and Methods)+ Briefly, CVB3
3Cpro was purified in two steps by ion exchange and
gel filtration chromatography according to Nicklin et al+
(1988)+ The purified CVB3 3Cpro contained no visible
protein contaminants as judged from CBB-stained gels
(data not shown)+

Recently, human poly(A)-binding protein (PABP; 70+7
kDa, 636 amino acids) was shown to be a natural sub-
strate of the polioviral 3Cpro (Joachims et al+, 1999)+ To
assess the structural integrity of the recombinant puri-
fied 3Cpro, its proteolytic activity was tested biochemi-
cally+ PABP-containing bacterial extracts (Görlach et al+,
1994) were mixed with 10 mM purified 3Cpro and incu-
bated at 378C for 8 h according to a previously de-
scribed method (Nicklin et al+, 1988)+ Subsequent SDS
polyacrylamide (PAA) gel electrophoresis of the mix-
ture revealed a cleavage product of approximately
60 kDa (data not shown)+ This fragment corresponds to
a calculated 60+4 kDa cleavage product assuming pro-
teolysis at Q540-G541 of the human PABP+ The circular
dichroism (CD) spectrum obtained from the purified pro-
teinase is characteristic of a folded protein and very
similar to the reported spectrum for HRV14 3Cpro (Wang
& Johnson, 2001)+ Analysis of the CD spectrum gave
the secondary structure fraction as reported in Figure 2+

CVB3 3Cpro binds to enteroviral
and rhinoviral cloverleaf RNAs

In analogy to PV1 and HRV14, it is thought that pro-
teinases from other enteroviruses also bind to clover-
leaf RNA+The ability of purified recombinant CVB3 3Cpro

to form a RNP complex with 59-cloverleaf RNA was
examined by electrophoretic mobility shift assay (EMSA)
using in vitro-transcribed cloverleaf RNA from various
viruses (Fig+ 1A)+ Cloverleaf RNA (20 mM) was incu-
bated in the presence of increasing concentrations of
3Cpro+ The samples were separated on native 10% PAA
gels+ RNA was stained with ethidium bromide and vi-
sualized using UV light+ Figure 3A shows a typical re-
sult of this experiment+ Free CVB3 cloverleaf RNA
appears to exist in two conformations as judged from
the occurrence of two distinct bands in the absence of
proteinase in native PAA gels, whereas the RNA ap-
pears as a single band in PAA gels containing 8 M urea
(data not shown)+ The amount of the minor slow mi-
grating form (upper band) differs in various RNA prep-
arations (data not shown)+ In the presence of purified
3Cpro the major band of the free RNA disappears and
a band representing a slow migrating RNA:protein com-
plex is detected+ The presence of 3Cpro in this complex
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FIGURE 1. See caption on facing page.
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was subsequently ascertained using CBB staining
(Fig+ 3A)+

To demonstrate the formation of complexes between
CVB3 3Cpro and heterologous cloverleaf domains, the
cloverleaf RNAs of PV1,HRV2,HRV14, and BEV1 were
prepared and incubated with recombinant purified CVB3
3Cpro+ The EMSAs showed complex formation for PV1,
HRV2, and RNAs containing the first BEV1 cloverleaf
(Fig+ 3A)+ However, complex formation was not ob-
served for the HRV14 cloverleaf and the second clo-
verleaf of BEV1 (Fig+ 3B)+

Filter-binding assays were performed to determine
the affinity of the recombinant 3Cpro for the various
cloverleaf RNAs (Fig+ 4)+ Control experiments using
HRV14 cloverleaf and BEV1 cloverleaf 2 were included
showing binding curves typical for weak and unspecific
binding+ For the cloverleaves able to specifically bind
CVB 3Cpro, the apparent dissociation constants (Kd)
were determined as the proteinase concentrations at
which a 50% saturation of 32P-labeled cloverleaf RNA
binding was observed (see Materials and Methods)+
The apparent Kd (Kd,app) for the RNAs tested ranged
from 1+7 to 4+6 mM+

3Cpro specifically binds to
stem-loop D of the cloverleaf

In a previous study, the subdomain D of the cloverleaf
was suggested to interact with the PV1 3CDpro (Andino

et al+, 1990a, 1993)+Moreover,HRV14 3Cpro was shown
to interact with a RNA representing the HRV14 sub-
domain D (Walker et al+, 1995)+ To test whether the
CVB3 stem-loop D RNA is sufficient to bind CVB3 3Cpro,
two RNAs representing an extended stem-loop D (38 nt,
Fig+ 5A) and a shortened version (30 nt) were in vitro
transcribed and incubated with the recombinant pro-
teinase+ The EMSA showed complex formation for both
RNA molecules (Fig+ 5B)+ The Kd,app value of the ex-
tended version determined by filter binding assay was
4+6 mM, which is similar to the dissociation constant
obtained for the entire cloverleaf RNA (Fig+ 4)+ A frac-
tion of the complexes apparently dissociates during gel
analysis, leading to a smear that has a higher molec-
ular weight than the free RNA+ This partial dissociation
of the complex during the 18-h gel run is probably due
to the micromolar affinity of 3Cpro for stem-loop D+

To demonstrate the specificity of the stem-loop D:3Cpro

interaction, CVB3 3Cpro was incubated with stem-loop
B RNA+ In a parallel experiment, human PCBP2 was
incubated with stem-loop D RNA+ As shown in Fig-
ure 5B, 3Cpro but not PCBP2, interacts with stem-loop
D and PCBP 2 but not 3Cpro interacts with stem-loop B,
indicating that each protein specifically interacts with
its target RNA+

Nucleotides of the loop of subdomain D
are important for binding of 3C pro

As subdomain D is sufficient for specific binding of 3Cpro

to the cloverleaf, EMSAs with cloverleaf RNAs mutated
in this subdomain should answer the question whether
the loop region contains important elements for the
interaction with CVB3 3Cpro+ To examine this question,
three plasmids were constructed that allow the in vitro
transcription of mutated cloverleaf RNAs (Fig+ 6A): (1) a
CVB3 cloverleaf in which nt 64 of the D-loop was de-
leted (CACG r CAG, CVB3-D64); (2) a CVB3 clover-
leaf in which the loop region of the subdomain D was
replaced by the corresponding loop region of HRV14
(CACG r UAU, CVB3-HRV14loop); and (3) a mutated
HRV14 cloverleaf RNA with an insertion at nucleotide
position 60 within the D-loop (UAU r UAUG, HRV14-
Ins60)+ The EMSAs using recombinant CVB3 3Cpro

and the mutated cloverleaf RNAs revealed complex
formation in the case of the mutated HRV14 clover-
leaf RNA (HRV14-Ins60; Fig+ 6B) whereas the mutant

FIGURE 1. ( facing page) Comparison of enteroviral and rhinoviral cloverleaf RNAs+ A: The putative 59 cloverleaves of
CVB3, PV1, HRV2, HRV14, and the two cloverleaves of BEV1 are depicted+ The folding patterns and the sequences of the
cloverleaves are conserved+ B: Structure of the consensus stem-loop D based on a nucleotide alignment (data not shown)
of 60 enteroviral and rhinoviral sequences+ Numbers indicate the frequency of the respective nucleotide in percent+ For
some residues, the next frequent nucleotide is presented in parenthesis+ Note, that the loop sequence is significantly less
conserved than the stem+ The substitution of a G/C base pair by an A/U base pair (boxed) is characteristic for HRV-A
serotypes+Also, all rhinoviruses have an asymmetric bulge at the base of stem-loop D (HRV2 nt 49, HRV14 nt 45) consisting
of 1 nt instead of 2 as found in enteroviruses+

FIGURE 2. Molar ellipticity spectrum of recombinant 3Cpro from CVB3+
In the inset, the estimated percentages of secondary structure ele-
ments are shown in comparison to the corresponding percentages
obtained for the known structure of HRV14 3Cpro (Matthews et al+,
1999)+ Calculation of the secondary structure content was performed
as described in the text+
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CVB3 cloverleaves with a tri-loop (CVB3-D64; CVB3-
HRV14loop) did not bind 3Cpro+

CD spectroscopy of cloverleaf RNAs

From the data presented above and from earlier stud-
ies (Andino et al+, 1990b;Walker et al+, 1995) it is clear
that subdomain D is the major determinant for 3Cpro

binding to the 59 cloverleaf+ In addition, the present
experiments involving mutant forms of the CVB3 and
HRV14 cloverleaves suggest that it is not the sequence
of the D-loop but rather the presence of 4 instead of
3 nt within this loop that allows for a specific complex
formation+ This fact points to an important role of the
three-dimensional structure of the D-loop in the binding
process and suggests that the D-loop is only bound
when it can adopt a correct conformation+ In lack of a
known three-dimensional structure of subdomain D,CD
measurements on the cloverleaf RNAs of CVB3,CVB3-
D64, HRV14, and HRV14-Ins60 were undertaken to
test this hypothesis+ After insertion of a G residue into
the D-loop of the HRV14 cloverleaf, this RNA is recog-
nized by 3Cpro of CVB3+ The CD spectra of the two
cloverleaves are reported in Figure 7+ Remarkable dif-
ferences are observed in the 250–210 nm region+ In a

similar experiment, comparison of the wild-type CVB3
cloverleaf with the mutant cloverleaf obtained after elim-
ination of C64 from the D-loop also demonstrated CD
differences in the region 250–210 nm+ Although the
spectra of the wild-type CVB3 and the mutant CVB3
cloverleaves are obviously different from the corre-
sponding spectra of wild-type HRV14 and the mutant
HRV14 cloverleaves, the spectral difference between
the two CVB3 cloverleaf RNAs is remarkably similar to
the spectral difference between the two HRV14 clover-
leaves (inset of Fig+ 7)+

DISCUSSION

Interaction of recombinant CVB3 3C pro

and in vitro-transcribed cloverleaf
RNA is not species specific

The 3Cpro of enteroviruses and rhinoviruses and its
precursor proteins (3CDpro) are thought to be multi-
functional proteins+ Beside their proteolytic activity, they
specifically recognize the 59 cloverleaf of the viral
positive-strand RNA leading to the formation of a func-
tional RNP complex (Ryan & Flint, 1997)+ The biologi-

FIGURE 3. EMSAs of cloverleaf RNAs and recombinant 3Cpro+ A: RNAs (20 mM) representing the cloverleaves of CVB3,
PV1, HRV2, the first BEV1 cloverleaf (CL1), and both BEV1 cloverleaves (CL112) were incubated at room temperature for
15 min in the presence (160 mM) or absence (0 mM) of recombinant CVB3 3Cpro and applied to a native 10% PAA gel+ After
electrophoresis, RNA was stained with ethidium bromide (EtBr) and visualized using UV light+Arrows indicate free RNA and
the RNA:3Cpro complex+ To demonstrate the presence of protein in the complex with the CVB3 cloverleaf, the PAA gel was
also stained with Coomassie brilliant blue (CBB)+ B: Cloverleaf RNA (30 mM) of HRV14 and the second cloverleaf (CL2) of
BEV1 were incubated with 3Cpro+
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cal significance of this interaction was provided by the
observation that a 4-nt insertion of the PV1 D-loop is
suppressed by mutations of the 3Cpro-encoding gene
region (Andino et al+, 1990b)+ Among the many entero-
virus and rhinovirus serotypes, 3Cpro/3CDpro affinities
for their respective cloverleaf RNAs seem to differ in
vitro: whereas the polioviral 3CDpro (probably in com-
plex with viral 3AB; Xiang et al+, 1995) and not 3Cpro

binds to cloverleaf RNA (Andino et al+, 1990a), the 3Cpro

of HRV14 readily interacts with RNA (Leong et al+, 1993)+
In the distantly related hepatitis A virus (a hepatovirus),
both 3Cpro and 3CDpro bind with similar affinities to 59
RNA secondary structures (Kusov & Gauss-Müller,

1997)+ Nucleotide alignments of all available enterovi-
ral and rhinoviral sequences revealed a highly con-
served potential RNA secondary structure element+ In
this context, the second BEV cloverleaf is a special
case, as its nucleotide sequence—with the exception
of subdomain D—has no homology to the first clover-
leaf (Zell & Stelzner, 1997)+ The conservation of these
structures suggests that very similar interactions within
the RNP complex might occur in all of these viruses+
This view is supported by the viability of chimeric vi-
ruses with heterologous cloverleaves (Johnson & Sem-
ler, 1988; Zell et al+, 1995, 1999; Todd et al+, 1997;
Xiang et al+, 1995)+

FIGURE 4. Determination of the apparent dissociation constants (Kd,app) of various RNA:3Cpro complexes+ To determine the
Kd,app values, filter-binding assays were performed with 1+25 pmol 32P-labeled RNA and 10 nM–200 DM 3Cpro+ Binding
curves were derived fitting the data points from 10 nM up to 50 DM of 3Cpro+ For the estimation of the Kd,app, see Materials
and Methods+ BEV1 cloverleaf 2 and HRV14 cloverleaf are included as negative controls+
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The subdomain D, a region of the cloverleaf known
to be involved in the binding of 3CDpro in PV1 or 3Cpro

in HRV14 (Andino et al+, 1990b; Walker et al+, 1995),
contains a considerable number of nucleotide substi-
tutions within its apical loop, the D-loop+ A comparison
of 60 enteroviral and rhinoviral cloverleaf sequences
revealed 17 different D-loop sequences (Fig+ 1; data
not shown)+ Hence, the question arises whether the
conserved stem or the variable D-loop interacts with
the 3Cpro/3CDpro+ The conservation of the stem re-
gions in the subdomain D and the localization of the
most differences in the D-loop suggested a simple mech-
anism to achieve the specific recognition between the
RNA and the protein in the cloverleaf:3Cpro complex:
while the stem region provides the scaffold of the over-
all RNA structure, the specificity is due to the D-loop
sequence+ However, the interpretation of previous in
vivo and in vitro results led to the seemingly puzzling
notion that the stem region as well as the D-loop are
the (mutually exclusive) necessary and sufficient major
determinants for specific RNA binding by 3CDpro or
3Cpro, respectively+ In particular, in PV1, the D-loop
appeared to be the major determinant because an in-
sertion of an additional 4 nt in the D-loop was comple-
mented by mutations in the 3CDpro (Andino et al+,
1990b)+ In contrast, disrupting the stem region of HRV14
subdomain D precluded 3Cpro binding, whereas muta-

tions in the D-loop or the internal symmetric bulge,
respectively, did not significantly affect 3Cpro binding in
vitro (Walker et al+, 1995)+ Together, these data clearly
provided evidence for the important role of subdomain
D in specific binding of 3CDpro or 3Cpro, yet the under-
lying mechanism of specific RNA binding is not clear+
Hence, a more detailed study on the RNA-binding prop-
erties of 3Cpro should help to contribute to the solving
of that question+

The RNA-binding activity of the CVB3 3Cpro in the
presence of different enterovirus cloverleaves was ex-
amined+ The proteolytically active recombinant pro-
teinase binds to cloverleaf RNA of CVB3 (Fig+ 3A)+
Moreover, the binding of 3Cpro to both the extended
and the shortened version of subdomain D demon-
strates that this subdomain is sufficient for the inter-
action (Fig+ 5), just as in the case reported for HRV14
(Walker et al+, 1995)+ Interestingly, CVB3 3Cpro also
binds to the cloverleaves of PV1, HRV2, and BEV1
(Fig+ 3A)+ However, no binding was observed with clo-
verleaf RNA of HRV14 and the second cloverleaf of
BEV1 (Fig+ 3B)+ The recognition of some cloverleaves
with very different D-loop sequences by CVB3 3Cpro is
in close analogy to the recognition of different loop
mutants by HRV14 3Cpro (Walker et al+, 1995), implying
that the loop sequence itself is not related to the spec-
ificity of the process+ Finally, the absence of binding of

FIGURE 5. EMSA of stem-loops D and B RNAs and recombinant 3Cpro+ A: RNA molecules representing the extended or
shortened version of the CVB3 stem-loop D and the CVB3 stem-loop B+ The extended version of stem-loop D includes the
asymmetric bulge that is characteristic of all known cloverleaf structures+ Boxed nucleotides represent wild-type viral RNA
sequences+ Additional base pairs at the base of the stem-loops were introduced to achieve efficient T7 transcription and
cleavage at the 39 ends by a hammerhead ribozyme in cis+ B: Interaction of stem-loop D RNAs (50 mM) and stem-loop B
RNA (50 mM) with recombinant 3Cpro and PCBP2, respectively+ Arrows indicate free RNA and the RNA:3Cpro complexes+
Note that an additional, slowly migrating band of stem-loop D RNA induces a second RNP complex+ The amount of this band
varies in different RNA preparations+ p indicates a second RNA:protein complex+
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CVB3 3Cpro to CVB3-D64 clearly shows that the loop
region of subdomain D is an important element for com-
plex formation (Fig+ 6)+

The number of nucleotides of the
D-loop influences 3C pro binding by
changing the local RNA structure

A comparison of the cloverleaf sequences of CVB3 and
HRV14 reveals substitutions at positions 51, 61, and
76 of the base-paired stem of subdomain D and a com-
pletely different loop region (see Fig+ 1A)+ EMSAs dem-
onstrate that complexes of cloverleaf RNAs and CVB3
3Cpro are formed with RNAs showing a tetra-loop in
subdomain D (CVB3, PV1, HRV2, first cloverleaf of
BEV1, HRV14-Ins60) but not RNAs with a tri-loop
(HRV14, CVB3-D64) or a penta-loop (second clover-
leaf of BEV1; see Figs+ 3 and 6)+ The existence of
some unrecognized cloverleaves means that the pro-
teinase does discriminate certain D subdomains from
others+ We found this discrimination to be dependent

on the loop+ The most striking evidence for this fact is
the impaired complex formation between CVB3 3Cpro

and CVB3-D64 or CVB3-HRV14loop (Fig+ 6)+ In these
cases, the one-base shortening of the loop, whether
the other three bases are preserved or not, has a strong
effect on the binding+ The effect of the D-loop length
prompts us to assume a major role for the D-loop struc-
ture instead of its sequence in the complex formation
process+ In particular, those loop sequences that im-
pair 3Cpro binding, that is, the two shortened sequences
(HRV14, CVB3-D64) and the longer penta-loop se-
quence (BEV1 cloverleaf 2), act possibly through mod-
ification of the local RNA structure that is recognized by
the protein+ This, of course, does not exclude that a
particular loop with five or even more nucleotides might
adopt a structure that can be recognized by 3Cpro+ As
a matter of fact, there is at least one example of mu-
tation of a RNA octa-loop into an tetra-loop not affect-
ing its binding by a protein, because the recognized
structure is preserved in both RNAs(Mirmira & Tinoco,
1996)+

FIGURE 6. Binding of the 3Cpro to the loop region of subdomain D+ A: RNA molecules representing (1) the mutated CVB3
cloverleaf with a deletion of nt 64 (CVB3-D64), (2) the mutated CVB3 cloverleaf with a HRV14 D-loop (CVB3-HRV14 loop),
and (3) the mutated HRV14 cloverleaf with an insertion at nucleotide position 60 (HRV14-Ins60)+ The mutated D-loops of
the CVB3 cloverleaves and the inserted nucleotide of the HRV14 cloverleaf RNA are boxed+ B: EMSAs of the mutated
cloverleaf RNAs (20 mM) and recombinant 3Cpro (160 mM)+ Left panel: No complex formation is observed with CVB3-D64
and CVB3-HRV14 loop RNA+ Right panel: Complex formation of a HRV14 cloverleaf RNA with an insertion at nucleotide
position 60+ p indicates free RNA with a second conformation; ** indicates a minor second RNA:protein complex+
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CD spectra reveal conformational changes
of mutant cloverleaf RNAs

According to the above described hypothesis, one would
expect that those stem-loops that are able to bind 3Cpro

differ significantly in structure with respect to binding-
impaired stem-loops+ Moreover, if 3Cpro binds a single
structure, one may assume that this structure is similar
in HRV14-Ins60 and CVB3 (the recognized clover-
leaves)+ To test these predictions, CD experiments on
wild-type HRV14, HRV14-Ins60, wild-type CVB3, and
CVB3-D64 were performed+As described in the Results
section, the CD spectra of the two HRV14 cloverleaves
(HRV14, HRV14-Ins60) and also the CD spectra of the
two CVB3 cloverleaves (CVB3,CVB3-D64) exhibit char-
acteristic differences+ In both cases, the observed dif-
ferences between the tri-loop and the tetra-loop versions
are not simply due to the addition of a new chromo-
phore (the hetero-aromatic rings of G60 or C64), because
a G should cause a positive increase at 214 nm and a
C should cause an even bigger positive increase at
260 nm (Sprecher & Johnson, 1977)+ Instead, a major

negative increase is always observed at 214 nm and
no important changes are observed at 260 nm (Fig+ 7,
inset)+ Moreover, the observed changes cannot be ex-
plained by the loss or the introduction of a GC base
pair, which would cause important changes at 202 nm,
nor are they consistent with the loss or the introduction
of a canonical AU base pair, which would cause similar
changes in the CD spectra (Johnson et al+, 1990)+ As a
consequence, the observed changes suggest the re-
organization of some noncanonical region of the struc-
ture, probably the D-loop, and should involve the
appearance and/or disappearance of noncanonical inter-
actions between bases in this region+ It is noteworthy
that the difference observed in the CD spectra of the
two CVB3 RNAs is remarkably similar to the CD differ-
ence between the two HRV14 RNAs, even if the in-
serted or deleted bases are different in the two cases+
This fact suggests that in HRV14 and CVB3 clover-
leaves, the absence of a single base in the loop (being
it a G or a C, respectively) causes, at a first approxi-
mation, similar structural changes, when going from a
tetra-loop cloverleaf (wild-type CVB3, HRV14-Ins60) to

FIGURE 7. CD spectroscopy+ CD spectra of wild-type HRV14 (thin continuous line), HRV14-Ins60 (thin dotted line), wild-
type CVB3 (bold dotted line), and CVB3-D64 (bold continuous line) cloverleaves+ Inset: Difference CD spectra between the
two CVB3 (bold line) and the two HRV14 (thin line) cloverleaves+ All CD spectra are reported as mean molar ellipticity per
residue+
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a tri-loop cloverleaf (CVB3-D64, wild-type HRV14)+
These changes take place regardless of the rest of the
cloverleaf or the sequence of the loop+

The observed differences in the CD spectra correlate
with the loss or gain of the ability to bind the CVB3
3Cpro+ This observation implies that the CVB3 protein-
ase recognizes a structure not adoptable by a D-loop
consisting of 3 nt only (Leong et al+, 1993;Walker et al+,
1995)+ In contrast, 3Cpro from HRV14 binds to a D-loop,
which contains 3 nt (Huang et al+, 2001)+

Specific binding and
low sequence conservation

The low significance of the D-loop sequence in the
binding process is mirrored by the lack of any consis-
tent pattern of conservation for three 3Cpro amino acids
(position 144 to 146) that were considered to be im-
portant for binding, that is, the complementation of a
D-loop mutant in vivo (Andino et al+, 1990b)+ As a mat-
ter of fact, if there is not a sequence-to-sequence code
recognition between a given subdomain D and its cog-
nate 3Cpro, then the recognition of a four-membered
loop is not necessarily correlated with the conservation
of those positions within 3Cpro+Moreover, a given 3Cpro

should be able to recognize the structure of a D-loop
whenever it can adopt a suitable conformation irrespec-
tive of its viral source+ Supporting this idea, our data
actually show that CVB3 3Cpro recognizes in vitro the
cloverleaves of CVB3, PV1, HRV2, and BEV1 (Fig+ 3),
whereas the respective cognate viral proteins are not
conserved in the three amino acid positions mentioned
above (Fig+ 8, upper panel)+ Importantly, this interpre-
tation is consistent with the observation of viable virus
chimeras (Johnson & Semler, 1988; Xiang et al+, 1995;
Zell et al+, 1995, 1999; Todd et al+, 1997)+

Furthermore, the discrimination between certain
D-loops by CVB3 3Cpro demonstrated here (Fig+ 3 and
Fig+ 8,middle panel) provides evidence that the KFRDI-
motif, which is identical in CVB3 and HRV14 protein-
ases, does not govern the specific recognition of the
D-loop, albeit it is important for RNA binding (Häm-
merle et al+, 1992; Andino et al+, 1993; Leong et al+,
1993; Walker et al+, 1995)+ Our model, that 3Cpro rec-
ognizes a structure rather than a sequence of the D-loop,
provides a rational for the RNA:3Cpro interaction as
observed here and by others (Andino et al+, 1990a;
Leong et al+, 1993; Walker et al+, 1995), including the
discrimination between stem-loops B and D (Fig+ 5)
and between the mutants of stem-loop D in the context
of the entire CVB3 cloverleaf (Fig+ 6)+ The observed
lack of species specificity does not pose a major ob-
stacle to rationalize the evolution of such a system+
A degree of specificity suffices that ensures that 3Cpro

or 3CDpro, respectively, can discriminate between its
cognate stem-loop D and other elements of the viral
RNA or cellular RNAs+ Yet, only a three-dimensional

structure determination of the entire subdomain D will
provide further insight into the basis of RNA–protein
interaction in the subdomain D:3Cpro complex+

MATERIALS AND METHODS

Plasmid construction, expression,
and purification of recombinant
coxsackievirus B3 proteinase 3C

For expression plasmid construction, cDNA of the 3Cpro

encoding genome region was amplified using the oligo-
nucleotides 3C-F and 3C-B-stop (see Table 1) and plasmid
pCVB3-M2 as template DNA (Lindberg et al+, 1992)+ The
PCR fragment corresponding to the reading frame of CVB3
3Cpro terminated by a stop codon was NdeI-XhoI digested
and ligated to the NdeI-XhoI fragment of expression plasmid
pET23a(1) (Novagen, Madison, Wisconsin) to yield plasmid
pET23a-3Cstop+ The structural intactness of this plasmid was
verified by DNA sequencing+ For expression, E. coli strain
BL21 (DE3) transformed with pET23a-3Cstop was grown at
37 8C+At 0+5 OD595, expression was induced by adding 0+5 mM
isopropyl-b-D-thiogalactopyranoside (IPTG)+After incubation
for 3 h at 37 8C, the cells were harvested, resuspended in
buffer A (40 mM Tris-HCl, pH 7+9, 100 mM NaCl, 15 mM
mercaptoethanol), and lysed with a french press (3 cycles at
1,000 psi)+ The lysate was clarified by centrifugation at 17,500
rpm (4 8C) for 20 min+ The 3Cpro was purified using a modified
procedure according to Nicklin and coworkers (1988)+ Briefly,
the 3Cpro-containing supernatant was precipitated by ammo-
nium sulfate (60% at 48C) and the pellet was resuspended in
buffer AB (30 mM Tris-HCl, pH 7+9, 50 mM NaCl, 50 mM KCl,
5 mM MgCl2, 0+5 mM EDTA, 15 mM mercaptoethanol)+ After
dialysis against buffer AB, the protein was applied to DEAE
sepharose in buffer B (20 mM Tris-HCl, pH 7+9, 100 mM KCl,
10 mM MgCl2, 1 mM EDTA, 15 mM mercaptoethanol) and
unbound fractions were collected, dialyzed against buffer C
(20 mM potassium acetate, pH 6+0, 100 mM KCl, 15 mM
mercaptoethanol) and loaded onto a sephacryl SH200 col-
umn in buffer C+ 3Cpro-containing unbound fractions were
pooled and concentrated in Centriprep/Centricon spin con-
centrators (Amicon) up to a concentration of 5 mg/mL to yield
highly purified 3Cpro+

Plasmid construction, expression,
and purification of recombinant
human poly(rC)-binding protein 2

The cDNA of the poly(rC)-binding protein (PCBP) 2 of pQE30
(gift of E+ Ehrenfeld, National Institutes of Health, Bethesda,
Maryland, USA; Blyn et al+, 1995) was cloned into the BamHI-
Pst I-digested pQE9 (Qiagen, Hilden, Germany) and se-
quenced to verify structural intactness+Growing E. coli JM109
transformed with pQE9-PCBP2 were induced with IPTG at
OD600 0+5 and harvested after 17 h of expression at ambient
temperature+ The his-tagged recombinant protein was puri-
fied using Ni-NTA agarose according to the manufacturer’s
description (Qiagen, Hilden, Germany)+
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Plasmid construction, in vitro transcription,
and purification of enteroviral and
rhinoviral cloverleaf RNAs

For cloning of enteroviral and rhinoviral cloverleaf-encoding
genome regions, DNA fragments from plasmids pCVB3-M2,
pPV16 (gift of E+ Wimmer, State University of New York at
Stony Brook, New York, USA), pGem-3Z-BEV1 (gift of E+
Hoey, Queen’s University, Belfast, United Kingdom), and

pHRV2 (gift of T+ Skern, University of Vienna, Austria) were
amplified using the oligonucleotides CVB-Eco,CVB-Bam, PV-
Eco, PV-Bam, BEV-CL1-Eco, BEV-CL1-Bam, BEV-CL2-Eco,
BEV-CL2-Bam,HRV2-Eco, and HRV2-Bam, respectively (see
Table 1)+ For cloning of the HRV14 cloverleaf, RNA from
HRV14-infected HeLa cells was reverse transcribed and the
cDNA was amplified using the oligonucleotides HRV14-Eco
and HRV14-Bam+ The oligonucleotide primers were designed
to fuse the T7 promoter 59 to the cloverleaf-encoding se-

FIGURE 8. Cloverleaf RNA:proteinase interactions+ Upper panel: It is generally accepted that in enteroviruses and rhino-
viruses RNA:protein interactions of 3CDpro and cloverleaf RNA give rise to a functional replication initiation complex in vivo
although this was only shown for poliovirus+ For rhinovirus, a cloverleaf RNA:3Cpro complex was demonstrated in vitro+ It is
also supposed that the conserved sequence KFRDI (not shown) and the amino acids 144–146 of the PV1 3Cpro moiety (as
indicated) are involved in binding to the loop region of subdomain D+ These three amino acids are not conserved among
the entero- and rhinoviruses+ Middle panel: In vitro, CVB3 3Cpro interacts with several cloverleaf RNAs presenting a
tetra-loop in subdomain D+ The cloverleaf of HRV14 and the second cloverleaf of BEV1 are not bound+ The loop sequence
appears to have no influence on binding affinity+ Lower panel: The presence of a tetra-loop in subdomain D of HRV14-Ins60
rather than a conserved nucleotide sequence of the remaining cloverleaf is an important determinant for stable complex
formation in vitro+
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quence+ All PCR fragments were digested with EcoRI and
BamHI and ligated into the EcoRI-BamHI sites of pUC19+
The plasmid constructs were sequenced to verify the intact-
ness of nucleotide sequences+ For in vitro transcription, ap-
proximately 100 mg BamHI-linearized template DNA (200 nM)
were incubated for 3–6 h at 37 8C with 70 mg T7 polymerase
in a volume of 1 mL transcription buffer (200 mM Tris-Glu,
20 mM DTT, 2 mM spermidine, 25 mM magnesium acetate,
and 6 mM of each rNTP, pH 8+1; Grüne et al+, 1996)+ Four to
six micrograms of RNA were separated from template DNA
on 15% PAA urea (7 M) gels and electroeluted using a S&S
BIOTRAP according to the manufacturer’s instructions (Schlei-
cher and Schuell, Dassel, Germany)+

For the preparation of mutated cloverleaf RNAs, plasmids
pUC19-CVB3-D64,pUC19-CVB3-CL-HRV14loop,and pUC19-
HRV14-CL-Ins60 were constructed using PCR mutagenesis+
For this purpose, the oligonucleotide primer pairs CVB-Eco

and CVB-Kpn-D64, CVB-Eco and Rsa-HRV-1, Rsa-HRV-2
and reverse sequencing (rev+ seq+) primer, HRV14-Eco and
Kpn-HRV-1, Kpn-HRV-2 and rev+ seq+ primer (Table 1), were
used to generate mutated PCR fragments that were digested
with the appropriate enzymes and ligated into the pUC19
polylinker+ Mutated cloverleaf RNAs were transcribed and
purified as described above+

Plasmid construction, in vitro transcription,
and purification of stem-loop D and
stem-loop B RNA

For cloning of extended and shortened stem-loop D RNAs of
CVB3, the respective DNAs were amplified using the oligo-
nucleotides STLD-HH-F, STLD-HH-R, STLD-S1-HH-F, and
STLD-S1-HH-R as PCR primers and the oligonucleotides

TABLE 1 + Oligonucleotides+

Primer designation Sequence

3C-Fa 59-GGAGATATACATATGGGCCCTGCCTTTGAGTTCGCCGTC-39
3C-B-stopb 59-CATCGGCTCGAGCTATTGCTCATCATTGAAGTAGTGTTTGAGGAG-39

CVB-Ecoc 59-GATCTAGAATTCTAATACGACTCACTATAGGTTAAAACAGCCTGTGGGTTG-39
CVB-Bamd 59-GATCTAGGATTCAGTTGGGGGAGGGGGTATA-39

Rsa-HRV-1e 59-GATCTAGTACAATATACCAGAGTGCTAGCGCCCAAT-39
Rsa-HRV-2e 59-ATCACGGTACCTTTGTGCGCC-39

CVB-Kpn-D64f 59-GATCTAGGTACCTGATACCAGAGTGCTAGCGCCCAAT-39

PV-Ecoc 59-GATCTAGAATTCTAATACGACTCACTATAGGTTAAAACAGCTCTGGGGTTGTAC-39
PV-Bamd 59-GATCTAGGATTCTAAAACAGGCGTACAAGGGTAC-39

BEV-CL1-Ecoc 59-GATCTAGAATTCTAATACGACTCACTATAGGTTAAAACAGCCTGGGGGTTGTACC-39
BEV-CL1-Bamd 59-GATCTAGGATTCAAAACAGGCGTACAAAGGTTCTAACG-39

BEV-CL2-Ecoc 59-GATCTAGAATTCTAATACGACTCACTATAGGCTCTGCCAATGTGGGGAGTAG-39
BEV-CL2-Bamd 59-GATCTAGGATCCCTCATACCAATCCGTAGAAGG-39

HRV2-Ecoc 59-GATCTAGAATTCTAATACGACTCACTATAGGTTAAAACTGGATCCAGGTTGTTCC-39
HRV2-Bamd 59-GATCTAGGATCCTAAAACTGGCGTACAAAGTTACCGTAA-39

HRV14-Ecoc 59-GATCTAGAATTCTAATACGACTCACTATAGGTTAAAACAGCGGATGGGTATCCCA-39
HRV14-Bamd 59-GATCTAGGATCCGAAACAGGCGTACAAAGGTACATAGT-39

Kpn-HRV-1f 59-GATCTAGGTACCATAGTACCAGAGTACTACACCCAA-39
Kpn-HRV-2f 59-TACTATGGTACCTTTGTACGCC-39

STLD-HH-Fc 59-CCGGAATTCTAATACGACTCACTATAGGCCTAGCACTCTGGTATCACGGTACCTTTGTGC-3
STLD-HH-Rd 59-CGCGGATCCTTTGTGCGGTTTCGTCCTCACGGACTCATCAGG-39
STLD-HH-T 59-CTCTGGTATCACGGTACCTTTGTGCGGTCGGTCCTGATGAGTCCGTGAGGACG-39

STLD-S1-HH-Fc 59-CCGGAATTCTAATACGACTCACTATAGGCACTCTGGTATCACGGTACCTTTGTGTCG-39
STLD-S1-HH-Rd 59-CGCGGATCCTTTGTGTTTCGTCCTCACGGACTCATCAGGACGG-39
STLD-S1-HH-T 59-GTATCACGGTACCTTTGTGTCGACGGATGTGCTTTCCGTCCTGATGAGTCCGTGAGG-39

CVB3-B-HH-Fc 59-CCGAATTCTAATACGACTCACTATAGGCCTGGGTTGATCCCACCCACAGGTC-39
CVB3-B-HH-Rd 59-CGCGGATCCCCACAGGTTTCGTCCTCACGGACTCATCAGG-39
CVB3-B-HH-T 59-CCTGGGTTGATCCCACCCACAGGTCGACGGATGTGCTTTCCGTCCTGATGAGTCCGTGAGGACG-39

Rev+ seq+ primer 59-AGCGGATAACAATTTCACACAGGA-39

aPrinted in bold and underlined: NdeI restriction site; printed in italics: start codon+
bPrinted in bold and underlined: XhoI restriction site; printed in italics: stop codon+
cPrinted in bold and underlined: EcoRI restriction site; printed in bold and italics: T7 promoter+
dPrinted in bold and underlined: BamHI restriction site+
ePrinted in bold and underlined: RsaI restriction site+
f Printed in bold and underlined: KpnI restriction site+
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STLD-HH-T and STLD-S1-HH-T as templates, respectively
(see Table 1)+ Stem-loop B of the CVB3 cloverleaf was cloned
using the oligonucleotides CVB3-B-HH-F,CVB3-B-HH-R, and
the template CVB3-B-HH-T+ The PCR fragments were di-
gested with EcoRI and BamHI and ligated into a EcoRI-
BamHI fragment of pUC19+ All plasmid constructs were
sequenced to verify correct nucleotide sequences+ In vitro
transcription was performed as described above+ Primers and
templates for the PCR were designed to include a hammer-
head ribozyme activity into the in vitro transcribed RNA to
ensure homogeneous 39 ends of the stem-loop RNAs after
self-cleavage (Stoldt et al+, 1998)+ After in vitro transcription
and autocatalytic cleavage, the RNA molecules representing
stem-loop D RNA and stem-loop B RNA, respectively, were
separated and electroeluted from 10% PAA urea gels+

Proteinase activity assay

Proteolytic activity was assayed (according to Nicklin et al+,
1988) using PABP as substrate (Joachims et al+, 1999)+ Bac-
terial expression of this protein was previously described
(Görlach et al+, 1994)+Crude extracts of PABP-overexpressing
bacteria were incubated in the presence or absence of puri-
fied 3Cpro (10 mM) for 8 h at 37 8C and analyzed with
SDS-PAGE+

Electrophoretic mobility shift assay

Purified in vitro-transcribed RNA (20 or 50 mM in buffer C)
and 3Cpro and/or human PCBP2 at increasing final concen-
trations of 20–350 mM, as given in the corresponding figure
legends, were mixed and incubated in a volume of 20 mL
buffer C for 15 min at room temperature to allow for complex
formation+ Subsequently, the mixtures were applied to a na-
tive 10% preparative PAA gel+ Gel electrophoresis was run at
room temperature up to 24 h+After electrophoresis, RNA was
stained with ethidium bromide and visualized by UV light+ To
visualize the protein component of the complex, PAA gels
were stained subsequently with Coomassie brilliant blue (CBB)
R250+

Filter-binding assay

Twenty-microliter aliquots containing 1+25 pmol 32P-labeled
RNA and increasing amounts (0+2 pmol–4 nmol) of 3Cpro

(10 nM–200 mM) in buffer C were incubated for 15 min at
room temperature and subsequently spotted onto MF nitro-
cellulose filters (Millipore GmbH, Eschborn, Germany)+ Fil-
ters were washed with 5 mL ice-cold buffer C and dried+
Radioactivity of filter-bound RNA was determined directly in a
liquid scintillation counter+ For each protein concentration,
three to six filters were prepared+ Background radioactivity
was derived from assays not containing proteinase+ The
amount of radioactive RNA retained by the filter was plotted
as fraction of RNA bound at saturation against protein con-
centration+ Binding curves were derived by fitting the data
points using the “CurveExpert” version 1+34 software (Daniel
Hyams, Starkville, Mississippi)+ The Kd,app was derived di-
rectly from the binding curves as the concentration of protein
required for 50% saturation of binding (Kelly et al+, 1976)+

Circular dichroism spectroscopy

All CD spectra were recorded by a Jasco J710 spectropolar-
imeter equipped with a Neslab RT111 thermal controller unit+
For CVB3 3Cpro, a CD spectrum was collected at 25 8C in the
range of 260–190 nm using a cylindrical quartz cuvette with
1-cm path length (Jasco)+A scan speed of 20 nm/min, a band
width of 1 nm, and a resolution of 1 nm were used+ Protein
concentration was 0+885 mM as determined spectrophoto-
metrically+ The sample was dissolved in 5 mM natrium ace-
tate buffer, pH 6+8+

For RNA, CD spectra were collected at 20 8C in the range
of 360–200 nm using a cylindrical quartz cuvette with 0+1-cm
path length (Jasco)+A scan speed of 20 nm/min, a band width
of 1 nm, a resolution of 1 nm, and three accumulations for
each sample were used+ RNA sample concentrations were
2+57, 1+32, 7+21, and 5 mM for the cloverleaves of HRV14,
HRV14-Ins60, CVB3, and CVB3-D64, respectively, as deter-
mined spectrophotometrically+ All samples were dissolved in
a 20-mM potassium phosphate buffer, pH 6+8+

Deconvolution of the CVB3 3C pro

CD spectrum

The obtained CVB3 3Cpro CD spectrum was subjected to a
deconvolution procedure to have an estimate of the second-
ary structure elements of the protein+ The spectrum was de-
convoluted via the neural network approach described by
Böhm (1992) using the “simple” protein spectra database (13
proteins) and adding to that the spectrum reported by Wang
and Johnson (2001) for HRV14 3Cpro+ The neural network
was trained in the 200–260 nm interval [due to the limited
spectral window used by Wang and Johnson (2001) to record
their spectrum] using the default parameters (learning rate 5
0+015, momentum 5 0+015) until the rms 3 100 was below
0+086+ The average error on untrained recall was 1+03%; the
average error on trained recall was 1+47%+
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