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The 2C protein, which is an essential ATPase and one of the most conserved

proteins across the Picornaviridae family, is an emerging antiviral target for

which structural and functional characterization remain elusive. Based on a

distant relationship to helicases of small DNA viruses, piconavirus 2C proteins

have been predicted to unwind double-stranded RNAs. Here, a terminally

extended variant of the 2C protein from echovirus 30 has been studied by means

of enzymatic activity assays, transmission electron microscopy, atomic force

microscopy and dynamic light scattering. The transmission electron-microscopy

technique showed the existence of ring-shaped particles with �12 nm external

diameter. Image analysis revealed that these particles were hexameric and

resembled those formed by superfamily 3 DNA virus helicases.

1. Introduction

The large Picornaviridae family comprises non-enveloped viruses

with a single positive-stranded RNA genome (Semler & Wimmer,

2002; Racaniello, 2007). The genome is translated by a cap-

independent mechanism to produce a polyprotein that is

autoproteolytically processed to structural proteins, which form

virions, and nonstructural proteins, which mediate the virus life cycle.

Three highly conserved nonstructural proteins with enzymatic

activity, the 2C ATPase, the 3C protease and the 3D RNA-dependent

RNA polymerase, control different steps in virus replication and

constitute attractive targets for antiviral therapy. The 2C protein (330

amino acids) is a putative helicase that was predicted to include three

domains (Tolskaya et al., 1994), with the highly conserved ATPase

domain (Gorbalenya et al., 1990; Mirzayan & Wimmer, 1994; Klein et

al., 1999; Rodriguez & Carrasco, 1993; Pfister et al., 2000; Samuilova et

al., 2006) being flanked by two domains with RNA-binding activity

(Rodriguez & Carrasco, 1995). Helicases unwind double-stranded

DNA or RNA in reactions fuelled by ATP hydrolysis (Tuteja &

Tuteja, 2004a,b). Based on characteristic sequence conservation of

critically important residues, several superfamilies/families of heli-

cases have been identified (SF1–3; Gorbalenya & Koonin, 1993). The

2C proteins of picornaviruses and related proteins in other RNA

viruses belong to the so-called helicase superfamily 3 (SF3). Picor-

navirus helicases have no significant sequence similarity to any other

viral helicases from the other helicase superfamilies, except for very

short sequence stretches in an NTP-binding/hydrolysis site. Because

helicases generally need energy to unwind their nucleic acid

substrates, the NTP-binding/hydrolysis site is a part of the helicase

signature sequence. In the picornavirus 2C proteins, the helicase

signature includes three conserved sequence motifs: the ubiquitous

Walker A and B motifs mediating ATP binding (Walker et al., 1982)

and the SF3-specific motif C (Gorbalenya et al., 1990; Guenther et al.,

1997). SF3 also includes proven helicases encoded by small DNA

viruses which adopt a characteristic ring-shaped structure formed by

six monomers as described for the simian virus 40 large T antigen

(SV40 LTag; Li et al., 2003), the replication protein of adeno-asso-

ciated virus type 2 (AAV2 Rep40; James et al., 2003, 2004) and the

replication protein E1 of human papillomavirus serotype 18 (HPV18

RepE1; Abbate et al., 2004). Previous studies succeeded in expressing

and purifying the 2C protein carrying a large soluble N-terminal tag
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such as MBP (Rodriguez & Carrasco, 1993) or GST (Klein et al.,

1999; Pfister et al., 2000) or with no tag at all (Klein et al., 1999).

Recently, the poliovirus 2C domain in fusion with MBP was shown to

be organized as pentamers to octamers (Adams et al., 2009), while

negative-stain electron microscopy of foot and mouth disease virus

(FMDV) 2C–ATP–RNA complexes revealed hexameric ring struc-

tures (Sweeney et al., 2010).

Here, we report the study of a terminally extended variant of the

2C protein derived from echovirus 30 (EV-30) by means of enzymatic

activity assays, transmission electron microscopy (TEM), atomic

force microscopy (AFM) and dynamic light scattering (DLS). Using

TEM we show that among several other oligomerizations, the protein

adopts a hexameric ring-shaped structure which resembles the

hexameric organization of DNA virus helicases belonging to SF3.

2. Materials and methods

2.1. Protein expression and purification

The EV-30 cDNA (strain 548-00-SE-M-E-30, isolated from the

stools of a patient with aseptic meningitis) was amplified and char-

acterized from viral RNA as described previously (Emonet et al.,

2007). One construct encompassed the entire 2C locus (329 amino

acids), while 15 other constructs encompassed the entire 2C locus

with variable extensions into the neighbouring 2B and/or 3A loci with

increments of five, ten and 15 amino acids (Fig. 1a). A sequence

coding for a six-histidine tag was introduced at the 50-end of the PCR

product inserted by recombination in pDEST14 using the Gateway

cloning protocol (Invitrogen). The expression plasmid was then

transformed in Rosetta pLysS Escherichia coli cells (Novagen) for

expression. Cells were grown in 2YT medium containing 100 mg ml�1

ampicillin and 34 mg ml�1 chloramphenicol at 310 K. Protein

expression was induced overnight at 290 K with 0.5 mM isopropyl

�-d-1-thiogalactopyranoside (IPTG). The cells were harvested by

centrifugation and resuspended in 50 ml lysis buffer (50 mM Tris,

300 mM NaCl, 10 mM imidazole, 5% glycerol, 0.1% Triton, 2 mM

EDTA pH 8) complemented with 0.25 mg l�1 lysozyme, Complete

EDTA-free protease-inhibitor cocktail (Roche), 10 mg ml�1 DNase I

and 20 mM MgSO4. The bacterial sample was sonicated and centri-

fuged at 25 000g for 30 min. The recombinant protein was purified

from the supernatant by immobilized metal-affinity chromatography

(IMAC) on a HisPrep column (GE Healthcare) and eluted with a

buffer consisting of 50 mM Tris, 300 mM NaCl, 500 mM imidazole pH

8. The eluted protein was purified by size-exclusion chromatography

(SEC) on a HiLoad 16/60 Superdex 200 column (GE Healthcare) in

10 mM Tris, 300 mM NaCl, 2 mM DTT pH 7.5. The main SEC peak

was collected and assessed for purity by SDS–PAGE (Fig. 1c). Finally,

the protein was concentrated to 2 mg ml�1 for enzymatic assays.

2.2. ATPase and helicase assays

ATPase reactions (50 ml) were performed in triplicate at 310 K in

the reaction buffer (50 mM Tris–HCl pH 7.5, 100 mM NaCl, 10 mM

MgCl2 and 0.1 mg ml�1 BSA) described previously for the 2C protein

of coxsackie B3 virus (De Palma et al., 2008). Reactions were stopped

by the addition of 2.5 ml 0.5 M EDTA. 20 ml aliquots of the reaction

mixture were withdrawn over time to measure the released inorganic

phosphate concentration using a previously described colorimetric

assay (Gawronski & Benson, 2004). The Henri–Michaelis–Menten

equation was used to determine Vm and Km for the the ATPase

Figure 1
Purification of EV-30 2B5-2C-3A15 and ATPase activity. (a) Schematic drawing of 16 investigated clones containing 2C. The corresponding names shown on the right side of
the diagram indicate the sizes of the peptides from 2B and/or 3A fused to 2C in a given construct. (b) Purification of EV-30 2B5-2C-3A15. Coomassie Blue-stained SDS–
PAGE gel of the fractions collected during the IMAC purification: MW, molecular-weight markers (labelled in kDa); T, total expression; S, soluble fraction; FT, flowthrough;
E, elution. (c) Collected fractions after gel filtration. (d) ATPase activity of EV-30 2B5-2C-3A15 at various ATP concentrations monitored by the release of inorganic
phosphate in the time-course experiment aiming to define Vi. The Japanese encephalitis virus 20-O-methyltransferase domain purified under the same conditions as EV-30
2B5-2C-3A15 was used as a negative control for ATPase activity (open circles)



activity. Assays at different protein concentrations as well as the time

course of the ATP hydrolysis revealed a specific phosphohydrolase

activity for which Vi could be defined at several ATP concentrations

(Fig. 1d). RNA and DNA unwinding was assessed following a

previously described protocol (Speroni et al., 2008).

2.3. DLS, AFM and TEM

DLS measurements were carried out using a Sematech SEM 633

light-scattering apparatus (Sematech, Nice, France) and a Spectra

Physics 2017 5 W argon-ion laser running at a power ranging from 50

to 500 mW, operating at 514 nm and processed through an RTG

correlator (Sematech, Nice, France). Prior to measurements, the

samples were filtered through a 0.5 mm Millex LCR single-use

membrane (Millipore) before being transferred into a 12 mm

diameter cylindrical glass cuvette with a flat bottom. The analysis

volume was about 300 ml for a protein concentration of 1 mg ml�1.

AFM measurements were performed with a Digital Nanoscope III

atomic force microscope equipped with a 12 mm scanner. Images

were collected with a typical scan rate of 1 Hz in the tapping mode

using oxide-sharpened Si3N4 cantilever tips (Nanoprobe). The

protein at concentrations ranging from 0.05 to 0.1 mg ml�1 was

adsorbed on glass plates previously chemically etched with NaOH

solution at 1 M for 1 min. TEM measurements were performed with

a 300 keV Hitachi HNAR 9000 electron microscope at a 50 000

magnification. The purified protein at a concentration of

0.05 mg ml�1 was adsorbed on carbon-coated copper grids that had

previously been charged in glow discharge and stained with 2%

ammonium molybdate. 1.5 mm2 grid regions were photographed onto

Kodak film (Electron SO-163) and scanned with a raster step of

2400 dpi (10.6 mm) at a resolution of 2.1 Å per pixel. The scanned

images were converted to eight-bit TIFF files for subsequent

processing by the EMAN v.1.9 program suite (Ludtke et al., 1999).

The particles were picked manually using the BOXER routine;

correction of the transfer function (CTF) was performed with the
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Figure 2
(a) Typical TEM image (600 � 500 nm, 300 keV, �50 000) of small and intermediate-sized particles; the particles labelled A, B and C have diameters of 10, 30 and 40 nm,
respectively. (b) Ring-shaped particles with a typical external diameter of 12 nm. The upper right inset of the figure shows an average image of these particles calculated with
no symmetry constraints imposed, showing evidence of hexameric organization. (c) 900 � 900 nm AFM image of particles with dimensions ranging from 40 to 100 nm. (d)
Measured horizontal dimension for the particles labelled A–E along the white line shown in Fig. 2(c).



CTFIT routine, while alignment and averaging of the particle images

were performed with the CLASSALIGN2 routine.

3. Results and discussion

Of the 16 EV30 2C protein constructs (Fig. 1a) only four, 2B5-

2C-3A5, 2B5-2C-3A10, 2B5-2C-3A15 and 2B15-2C-3A10, yielded

soluble protein. Finally, only the 2B5-2C-3A15 protein (referred to as

2C in the following for simplicity) remained stable in solution after

IMAC (Fig. 1b). During SEC the protein eluted as a heterogeneous

population which was assessed for ATPase and helicase activity. For

the ATPase activity we found a Vm value of 5.8� 0.9 mM min�1 and a

Km value of 0.81 � 0.18 mM, which were similar to those previously

reported for poliovirus 2C (Pfister et al., 2000). Likewise, no helicase

activity was detected on either DNA or RNA substrates.

The TEM, AFM and DLS techniques showed a high heterogeneity

of the samples and in particular the presence of large aggregates.

Quantitative characterization of the samples by means of DLS turned

out to be impossible owing to the fact that the scattered intensity

(which is proportional to the square of the mass) from large heavy

particles masked the contribution of lighter oligomers. TEM and

AFM measurements confirmed that the largest amount of the protein

forms aggregates with dimensions ranging from 10 to 200 nm. The

same aggregation trend was observed for samples processed by TEM

or AFM either immediately after purification as well as after 1–2

weeks of storage at 277 K. Fig. 2(a) illustrates a typical TEM image of

small and intermediate-sized particles such as the particles labelled

A, B and C, which present diameters of 10, 30 and 40 nm, respec-

tively. Fig. 2(c) demonstrates an AFM image of a population of

particles with dimensions ranging from 40 to 100 nm. Fig. 2(d) shows

the measured dimensions for the particles labelled A–E along the

white line shown in Fig. 2(c). Larger aggregates with dimensions up to

200 nm were also observed with both the AFM and TEM techniques.

Among the particles observed by TEM, we were able to isolate

repeatedly observed ring-shaped particles with an external diameter

of 12 � 1 nm and an inner diameter of 4 � 0.5 nm such as those

presented in Fig. 2(b). The ring-shaped particle yield was significantly

higher in the presence of ADP. Indeed, two sets of samples (30 TEM

photographs each) either exposed or not exposed to 3 mM ADP were

studied by TEM. We collected 1200 particles for the former and 180

particles for the latter. The particles considered in the following

discussion correspond to the samples exposed to 3 mM ADP.

The upper left inset of Fig. 2(b) illustrates an average image of the

observed ring-shaped particles calculated with no symmetry con-

straints imposed. The average image was calculated as follows. The

particle images were first aligned to a common reference. Averaging

of the aligned images generated a new reference that was used for a

new iteration of alignment. Each iteration generates a class average

that is more consistent with the data. After each iteration, each

aligned image is compared with the class average from the previous

iteration. If the quality of the match is worse than a certain threshold

value the image is discarded. The average image shown in Fig. 2(b)

was calculated after eight iterations using a threshold of one standard

deviation. According to this method 288 images of the 1200 initially

collected were discarded, while the remaining 912 match the average

image (mean value) within one standard deviation. The average

image shows a hexameric organization. We stress that the observed

hexamer particles represent only a minority of the deposited mole-

cules, while their relative fraction may not be reliably estimated

without knowing the grid retention constants for aggregates, mono-

mers and oligomers. A precise quantification of the ratio of hexamer

particles in the absence and in the presence of ADP was not possible

by SEC as these particles remained rare in both cases. However, a

rough estimation of the relative quantity of these hexamer particles

can be deduced from SEC, in which a broad mass distribution was

detected between 200 and 500 kDa. The latter has been numerically

fitted considering four Gaussian functions of the same linewidth

corresponding to sixfold, eightfold, ninefold and tenfold oligomers.

According to this fit, hexamers may represent less than 2% of the

total oligomer population.

4. Conclusions

In conclusion, we have studied an extended derivative of EV-30 2C

which was found to be active as an ATPase but inactive as a helicase.

DLS as well as SEC measurements showed a high tendency to

aggregation, but failed to quantitatively characterize the state of the

samples. In contrast, TEM and AFM measurements were able to

distinguish aggregated particles with dimensions ranging from 10 to

200 nm. TEM images revealed that among other oligomeric forms the

protein can adopt a hexameric form reminiscent of that of distantly

related viral DNA helicases belonging to SF3, such as SV40 LTag

(Li et al., 2003), AAV2 Rep40 (James et al., 2003, 2004) and HPV18

RepE1 (Abbate et al., 2004).
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