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The Nonstructural Protein 2C of a Picorna-Like Virus Displays
Nucleic Acid Helix Destabilizing Activity That Can Be Functionally
Separated from Its ATPase Activity
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Picorna-like viruses in the Picornavirales order are a large group of positive-strand RNA viruses that include numerous impor-
tant pathogens for plants, insects, and humans. In these viruses, nonstructural protein 2C is one of the most conserved proteins
and contains ATPase activity and putative RNA helicase activity. Here we expressed 2C protein of Ectropis obliqua picorna-like
virus (EoV; genus Iflavirus, family Iflaviridae, order Picornavirales) in a eukaryotic expression system and determined that EoV
2C displays ATP-independent nucleic acid helix destabilizing and strand annealing acceleration activity in a concentration-de-
pendent manner, indicating that this picornaviral 2C is more like an RNA chaperone than like the previously predicted RNA he-
licase. Our further characterization of EoV 2C revealed that divalent metal ions, such as Mg>* and Zn**, inhibit 2C-mediated
helix destabilization to different extents. Moreover, we determined that EoV 2C also contains ATPase activity like that of other
picornaviral 2C proteins and further assessed the functional relevance between its RNA chaperone-like and ATPase activities
using mutational analysis as well as their responses to Mg>*. Our data show that, when one of the two 2C activities was dramati-

cally inhibited or almost abolished, the other activity could remain intact, showing that the RNA chaperone-like and ATPase
activities of EoV 2C can be functionally separated. This report reveals that a picorna-like virus 2C protein displays RNA helix
destabilizing and strand annealing acceleration activity, which may be critical for picornaviral replication and pathogenesis, and
should foster our understanding of picorna-like viruses and viral RNA chaperones.

he picorna-like virus superfamily is a loosely defined group of

positive-strand RNA viruses that currently includes 14 fami-
lies of viruses and several unclassified genera and species (1).
Among them, five families of viruses (Picornaviridae, Iflaviridae,
Dicistroviridae, Marnaviridae, and Secoviridae) are classified into
the Picornavirales order. Picorna-like viruses in the Picornavirales
order include numerous important pathogens that are responsible
for diseases in humans, such as poliomyelitis (2), hand-foot-and-
mouth disease (3), hepatitis A (4), upper respiratory illness (5),
myocarditis (6), diseases in insects, such as sacbrood (7), and dis-
eases in plants, such as sharka (8). All of these viruses share several
common features. The viral genomes of the Picornavirales order
are characterized by a set of highly conserved genes, including an
RNA-dependent RNA polymerase (RARP) for viral RNA replica-
tion, a chymotrypsin-like 3C protease for proteolytic processing
of picornaviral polyproteins into separate proteins, and a putative
helicase (nonstructural protein 2C) (9-11).

Nonstructural protein 2C is one of the most conserved pro-
teins within the Picornavirales order and has long been predicted
to be a superfamily 3 (SF3) helicase on the basis of its conserved
SF3 signature A, B, and C motifs (12). In addition, like other
helicases, ATPase activities have been reported for 2C proteins in
Picornaviridae and are believed to provide the energy generated
from ATP hydrolysis for RNA helix unwinding (13, 14). Thus,
picornaviral 2C is often referred to as 2C*"*** in the literature (15,
16). In addition to its putative helicase activity, picornaviral 2C
proteins are also involved in RNA binding (17), membrane an-
choring (18, 19), intracellular membrane rearrangements (20),
encapsidation and viral morphogenesis (15, 16), and autophagy
inhibition (21). In recent years, because of their high conservation
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within Picornavirales and unambiguous importance for picorna-
viral life cycles, 2C proteins have attracted much attention as ideal
targets for developing antiviral drugs against picorna-like viruses
(22, 23).

For both viruses and host cells, most RNA molecules require
proper tertiary structures/folding for their functions. However,
the self-folding of RNA molecules is a challenging process, since
RNAs can easily become trapped in inactive intermediate struc-
tures that are thermodynamically stable (kinetic trap), resulting in
only a fraction of RNAs reaching their native and functional con-
formation (24, 25). In response, cells or viruses encode a variety of
RNA remodeling proteins that help RNA overcome the thermo-
dynamic barriers of kinetically trapped RNAs for refolding (24—
26). RNA remodeling proteins generally include RNA helicases,
RNA chaperones, and RNA annealers (25, 27). RNA helicases are
highly similar to DNA helicases, contain ATPase activity, and use
the energy provided by ATP hydrolysis to melt base pairs. They are
thought to be involved in most ATP-dependent rearrangements
of structured RNA molecules and are classified into six superfami-
lies based on their conserved common motifs (28). RNA chaper-
ones are a heterogeneous group of proteins that do not share con-
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sensus sequences or motifs but are able to destabilize RNA helixes/
duplexes and promote the formation of more globally stable
structures by facilitating the escape of misfolded RNAs from ki-
netic traps. Since many RNA chaperones also show helix destabi-
lizing and annealing acceleration activity with respect to DNA
molecules in vitro, these proteins are also often referred to as nu-
cleic acid chaperones. RNA chaperones do not require ATP hy-
drolysis or ATP binding for their activities (25, 27). RNA anneal-
ers are the proteins that accelerate annealing of cRNA strands, and
their activities are also ATP independent. Actually, the distinction
between RNA chaperones and RNA annealers is blurred, since
many RNA chaperones also exhibit annealing activity, and some
previously defined RNA annealers are often reported in the liter-
ature as RNA chaperones (25, 27,29-31). It has been reported that
many RNA viruses encode their own RNA helicases and/or chap-
erones (12, 26), whereas some RNA viruses also take advantage of
host RNA helicases or chaperones (26, 32, 33). For Picornavirales,
it has been reported that poliovirus 3AB displays in vitro nucleic
acid chaperone activity (34, 35) and that host RNA helicase A
(RHA) is required for the replication of foot-and-mouth disease
virus (FMDV) (31, 32). On the other hand, despite the medical
and economic importance of picornaviruses and picorna-like vi-
ruses, as well as the potential importance of RNA remodeling for
RNA viruses (26), the RNA remodeling activity of picornaviral 2C
protein remains putative and has never been formally determined
(22, 36, 37). This obvious gap has hindered our understanding of
this large group of important viruses.

The Iflaviridae family is a newly classified member of the Picor-
navirales order (http://www.ictvonline.org/virusTaxonomy.asp
?version=2009) and currently includes the sole genus Iflavirus
(38, 39). Based on its viral structure and genome organization,
Iflaviridae is the family closest to Picornaviridae within Picornavi-
rales, as the two families share features of N-terminal structural
proteins and the conserved C-terminal nonstructural 2C**-
3CP-3DP! module (9). Ectropis obliqua picorna-like virus (EoV)
was initially identified by our group in 2000 and was classified as a
member of Iflaviridae in 2010 (39, 40). It can cause lethal granu-
losis in the tea looper (Ectropis obliqua), which is an important
agricultural pest for tea cultivation. Thus far, the RNA genome of
EoV has been completely sequenced (40), and the internal ribo-
some entry site, RARP, and 3C protease of EoV have been studied
(41-44). In addition to EoV, Iflaviridae comprises other insect
picorna-like viruses, including infectious flacherie virus (IFV) of
the silkworm, sacbrood virus (SBV) of the honeybee, deformed
wing virus (DWYV), Perina nuda virus (PnV), and Varroa destruc-
tor virus-1 (VDV-1), as well as some tentative members (38, 39).
So far, the iflavirus 2C proteins have not been described in terms
of their putative helicase or RNA remodeling activities or their
ATPase activities.

In this study, we expressed the 2C domain of EoV polyprotein
in a eukaryotic expression system and determined that EoV 2C
protein displays nonspecific nucleic acid helix destabilizing and
annealing acceleration activities in an ATP-independent manner,
indicating that this picornaviral 2C is more like an RNA chaper-
one than like the previously predicted RNA helicase. Our further
characterization of EoV 2C revealed that divalent metal ions, such
as Mg®" and Zn*", inhibit 2C-mediated helix destabilization to
different extents. Moreover, we determined that EoV 2C also con-
tains ATPase activity similar to that of other picornaviral 2C pro-
teins, and we further examined the functional relevance between
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TABLE 1 List of primers®

Primer Sequence (5'-3")

Hel-F GAATTCACTTTCGCCAAAGGTGAAGAC (EcoRI)

Hel-R GTCGACTTAACCCGTGGGTGC (Sall)

NS3-F GGATCCCCGGTGCTCTGCCCTAGGGGCCACG
(BamHI)

NS3-R AAGCTTTTAATTGGTAATAGGGCCCAAACGGT
(HindIII)

GI1557A-F* GTATGGACACTCAgcgTGTGGAAAG

G1557A-R* CACAcgcTGAGTGTCCATACACCC

GK1559AA-F* CTCAGGGTGTgcagcgTCACATGTTTG

GK1559AA-R* GTGAcgctgcACACCCTGAGTGTCC

H1562A-F* GGAAAGTCAgcaGTTTGTGACAATG

H1562A-R* CACAAACtgcTGACTTTCCACACCC

QI1599A-F* CACAGGAgcgAAATTAATATCGTGGC

Q1599A-R* GATATTAATTTcgcTCCTGTGTAACC

D1606A-F* CGTGGCAAgccTTTGCGAAAATAAC

D1606A-R* CGCAAAggcTTGCCACGATATTAAT

K1642A-F* GAAGATgcaAGGAAAATAGCGGATG

K1642A-R* CTATTTTCCTtgcATCTTCTAAAGC

@ Underlined characters indicate restriction endonuclease sites, and the types are shown
in parentheses. Primers designated with an asterisk were designed for overlapping PCR.
Nucleotides substituted for mutagenesis are shown with lowercase characters.

its RNA chaperone-like and ATPase activities. Using a mutational
approach, we showed that when one of the two 2C activities was
dramatically inhibited by point mutation, the other activity re-
mained intact, showing that the RNA chaperone and ATPase ac-
tivities of EoV 2C can be functionally separated. Our report is the
first to show that a picorna-like virus 2C protein displays an RNA
chaperone-like activity.

MATERIALS AND METHODS

Construction of recombinant baculoviruses. Standard procedures were
used for extraction of viral genome RNA and reverse transcription-PCR
(40). A cDNA fragment of the putative EoV helicase domain (amino acids
[aa] 1374 to 1789 of polyprotein open reading frame [ORF]) of hepatitis C
virus (HCV) NS3 protein was inserted into the vector pFastBacHTA-
MBP. Briefly, pFastBacHTA-MBP vector originated from the vector
pFastBacHTA (Invitrogen, Carlsbad, CA), into which the maltose-bind-
ing protein (MBP) was N-terminally fused by our laboratory as previously
described (45-48). Mutations were generated as described previously
(44). Briefly, point mutations were introduced into the corresponding
templates via PCR-mediated mutagenesis with appropriate primers con-
taining the desired nucleotide changes. The primers used in this study are
shown in Table 1. The resulting plasmids were subjected to the Bac-to-Bac
baculovirus expression system to express the fusion proteins with an MBP
tag at the N terminus of the EoV helicase domain (MBP-2C).

Expression and purification of recombinant proteins. The expres-
sion and purification of MBP alone, MBP-NS3, and MBP-2C and its de-
rivates were performed as previously described (47). Briefly, the recom-
binant proteins were purified from Sf9 cells 3 days after infection. After
being resuspended, cells were lysed via sonication and then debris was
removed by centrifugation for 30 min at 11,000 X g. The protein in the
supernatant was purified using amylose affinity chromatography (New
England BioLabs, Ipswich, MA) according to the manufacturer’s protocol
and then concentrated using Amicon Ultra-15 filters (Millipore,
Schwalbach, Germany). All proteins were quantified by the Bradford
method and stored at —70°C in aliquots.

Western blot analysis. Western blot assays were performed as de-
scribed previously (44). The anti-MBP polyclonal antibody was pur-
chased from New England BioLabs and used at a dilution of 1:10,000.
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TABLE 2 List of oligonucleotides

Oligonucleotide ~ Sequence (5'-3")"

RNA1 GUGUAGUAAUCGUCCAU

RNA2 AGUUUAAAACGCACGAGACACAAUGGACGAUUA
CUACACCAACAGAUCAAUUGAGCAAUCCG

RNA3 AUGGACGAUUACUACACCAACAGAUCAAUUGAG
CAAUCCG

RNA3-2 AUGGACGAUUACUACACCAA

RNA3-3 AUGGACGAUUACUACACCAACAGA

RNA3-4 AUGGACGAUUACUACACCAACAGAUCAAU

RNA3-5 AUGGACGAUUACUACACCAACAGAUCAAUUGAGC

RNA3-6 AUGGACGAUUACUACACCAACAGAUCAAUUGA
GCAAU

RNA4 AGUUUAAAACGCACGAGACACAAUGGACGAUU
ACUACAC

RNA5 AUGGACGAUUACUACAC

RNA6 CAUUAUCGGAUAGUGGAACCUAGCUUCGACUA
UCGGAUAAUC

RNA7 UUUUUUUUUUUUUUUUUUUUGAUUAUCCGAU
AGUCGAAGCUAGGUUCCACUAUCCGAUAAUGU
Uuvuuuvuuuvuuvuuuvuuuuu

DNA1 AGTTTAAAACGCACGAGACACAATGGACGATTAC
TACACCAACAGATCAATTGAGCAATCCG

DNA2 CACCACAACCACCACCACCACACCATGG

DNA3 TTTTTTTTTTTTTTTCCATGGTGTGGTGGTGGTGG

TTGTGGTGTTTTTTTTTTTTTTT

“ The synthesized single strands with florescence labeling are indicated with boldface
characters.

Preparation of oligonucleotide helices. RNA helices/duplexes con-
sisted of two complementary oligonucleotide strands that were annealed
and gel purified. Of the two strands, the longer one was unlabeled and is
referred to as the template strand. The shorter strand, referred to as the
release strand, was labeled at the 5’ end with hexachlorofluorescein (HEX)
(TaKaRa, Dalian) (49). All unlabeled DNA strands were purchased from
Invitrogen, and HEX-labeled DNA and RNA strands were purchased
from TaKaRa. Unlabeled RNA strands were synthesized from the in vitro
transcription using T7 RNA polymerase (Promega, Madison, WI). The
posttranscriptional RNAs were electrophoresed in a 5% polyacryl-
amide—8 M urea gel and further purified by the use of a Poly-Gel RNA
extraction kit (Omega Bio-Tek) according to the manufacturer’s instruc-
tions.

To generate oligonucleotide helices, the labeled release strand and
unlabeled template strand were incubated at a proper ratio in a 10-pl
reaction mixture containing 25 mM HEPES-KOH (pH 8.0)-25 mM
NaCl. The mixture was heated to 95°C for 5 min and was then cooled
gradually to 4°C. A standard RNA helix substrate with both 5’ and 3’ tails
was annealed with RNA1 and RNA2, R*/D substrate was annealed with
RNAI and DNAI1, D*/D substrate was annealed with DNA2 and DNA3,
3’_tailed RNA helix substrate was annealed with RNA1 and RNA3, 5'-
tailed RNA helix substrate was annealed with RNA1 and RNA4, and
blunt-ended substrate was annealed with RNA1 and RNAS5. The 3’-tailed
RNA helix substrates with different sizes of 3’ tails were annealed with
RNAL1 and RNA3-2, RNA3-3, RNA3-4, RNA3-5, and RNA3-6. The R*/R
substrates with 42 matched base pairs were annealed with RNA6 and
RNA?7. All DNA and RNA oligonucleotides are listed in Table 2.

Nucleic acid helix destabilizing assays. In a standard helix destabiliz-
ing assay, unless otherwise indicated, 10 pmol of recombinant protein was
added to 0.1 pmol of HEX-labeled helix substrate in a buffer containing 50
mM HEPES-KOH (pH 8.0), 2.5 mM MgCl,, 2 mM dithiothreitol (DTT),
0.01% bovine serum albumin [BSA], 1.5 U/l RNasin, and 2.5 mM ATP.
After incubation at 37°C for 1 h or the indicated time period, the reaction
mixture was treated with proteinase K (final concentration of 1 pg/pl) at
37°C for 15 min. The digestion reaction was terminated by the addition of
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5X loading buffer (100 mM Tris-HCI, 20 mM EDTA, 1% SDS, 0.04%
Triton X-100, 50% glycerol, and bromophenol blue [pH 7.5]). Mixtures
were then resolved on 12% native-PAGE gels. Gels were scanned with a
Typhoon 9200 imager (GE Healthcare, Piscataway, NJ).

RNA strand hybridization assays. The indicated amount of recombi-
nant protein was incubated with 0.1 pmol of HEX-labeled and unlabeled
RNA strands at 37°C in a buffer containing 50 mM HEPES-KOH (pH
8.0), 2.5 mM MgCl,, 2 mM DTT, 0.01% BSA, and 1.5 U/pl RNasin. The
reaction was terminated and analyzed as described above. For the hybrid-
ization assay of stem-loop-structured RNA strands, the sequences of the
HEX-labeled and unlabeled RNA strands were processed as indicated (see
Fig. 7A). The stem-loop structures were predicted by the use of mfold
(http://mfold.rna.albany.edu/2q=mfold). For the hybridization of 46-
nucleotide (nt) and 146-nt RNA strands, the shorter HEX-labeled strand
was 5'-GCGGAUAACAAUUUCACACAGGAAACAGCUAUGACCAU
GAUUACGA-3', while the longer unlabeled strand was 5'-CGGCAAGU
GGACGAUUAUCUCCAGAGGAUCGCCGGGAACCGAGGACGAGU
UCGUAAUCAUGGUCAUAGCUGUUUCCUGUGUGAAAUUGUUA
UCCGCUCACAAUUCCACACAACAUACGAGCCGGAAGCAUAAAG
UGUAAAGCCUGG-3'. Mixtures were then also resolved on 12% native-
PAGE gels. Gels were scanned with a Typhoon 9200 imager (GE Health-
care, Piscataway, NJ).

NTPase assay. NTPase activities were determined via measuring the
released inorganic phosphate during NTP or dNTP hydrolysis using a
direct colorimetric assay (6, 7). Briefly, a typical NTPase assay was carried
out in 25-pl reaction volumes containing 50 mM HEPES-KOH (pH 8.0),
25 mM NaCl, 2.5 mM MgCl,, 2.5 mM NTP, and 10 pmol protein. The
reaction mixtures were incubated at 37°C for 30 min, and then 80 .l of
malachite green-ammonium molybdate reagent was added to the reaction
mixture, and reactions were further incubated at room temperature for 5
min. After that, 10 pl 34% sodium citrate was added to the reactions for 15
min of incubation, and the absorbance at 620 nm (A,,) was then mea-
sured. The concentrations of inorganic phosphate were determined via
matching the Ag,, in a standard curve of Ag,, versus known standard
phosphate concentrations. All of the values given with this quantitative
assay are averages of the results of three repeated experiments.

RESULTS

EoV 2C protein can destabilize both RNA and DNA helices. As
previously reported, both RNA helicase and RNA chaperone con-
tain the activity to destabilize or unwind short RNA helices (27).
Moreover, comparison of the predicted 2C domain (aa 1374 to
1789) of EoV polyprotein (Fig. 1A) with those of the 2C proteins
from other picorna-like viruses in the Iflaviridae and Picornaviri-
dae families indicated that, like other 2C proteins, EoV 2C con-
tains all the three conserved SF3 signature motifs (Fig. 1B). To
determine whether EoV 2C contains the RNA helix destabilizing
activity, we expressed the EoV 2C domain (aa 1374 to 1789) as an
MBP-fusion protein (MBP-2C) in a eukaryotic (baculovirus) ex-
pression system and then purified the protein. To assess the helix
destabilizing activity of EoV 2C, a short HEX-labeled RNA
(RNA1) and a long nonlabeled RNA (RNA2) were annealed to
generate a standard RNA helix substrate with both 5’ (22 bases)
and 3’ (23 bases) single-stranded tails (Fig. 2A and Table 2). The
helix destabilizing assay was performed by incubating the RNA
helix substrate with purified MBP-2C in a standard destabilizing
reaction mixture and then carrying out gel electrophoresis. As
shown in Fig. 2A, the HEX-labeled RNA strand was released from
the RNA helix substrate in the presence of MBP-2C, MgCl,, and
ATP (lane 3), whereas the same substrate was stable when the
negative control (MBP) was added to the reaction mixture (lane
2). In this and subsequent experiments, boiled helix substrates
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IRES Capsid Proteins

ORF

Unknown
/|

3DP°|

AAAn 3’

UTR
Structural proteins

B A

UTR
Non-structural proteins

B C

EoV 1557:
PnV 1555:
IFV 1590:
DWV 1475:
VDV-1 1475:
PV 1256:
EV71 1240:
EMCV 1313:
HAV 1230:

GHSGCGKSHVCDNVL - 30 -QKL ISWQDFAKITT - 29 - KRK1 ADAWAVYVSSN
GHSGCGKSHVCDNVL - 30 -QKL ISWQDFAKITT - 29 - KRKIADAWAVYVSSN
GPRGVGKSTLLQQQL -33 -QPIVLYDDIGAVSS. 29-KESLMTSVIVGIASN
GASGIGKSYLTDSLC - 30 -QPVLCVDDMWSVET - 29 - KKMRYNPEIFIYNTN
GASGIGKSYLTDSLC - 30 -QPVLCVDDMWSVET - 29 - KKMRYNPEIFIYNTN
GSPGTGKSVATNL IA - 26 -QGVVIMDDLNQNPD - 25 - KGI LFTSNYVLASTN
GSPGTGKSLATGI IA-26 -QI VTIVMDDLCQNPD - 25 - KGVSFTSKFVIASTN
GDAGQGKSLSSQVIA -28 -QFAAIMDDLGQNPD - 25 - KGTPFTSQLVVATTN
GKRGGGKSLTSIALA -30 -QLVCI IDDIGQNTT - 25 - KGRHFSSPFI IATSN

FIG 1 Amino acid sequence alignment of 2C proteins of EoV and other picorna-like viruses. (A) Schematic representation of the EoV genome. (B) The three
conserved motifs (A, B, and C) for SF3 helicases are indicated. The left numbers indicate the starting amino acid positions of the aligned sequences. The middle
numbers indicate the numbers of amino acids between the conserved motif regions. PnV, Perina nuda virus; IFV, flacherie virus of silkworm; DWV, deformed
wing virus; VDV-1, Varroa destructor virus-1; PV, poliovirus; EV71, enterovirus 71; EWCV, encephalomyocarditis virus; HAV, hepatitis A virus.

were used as positive controls. The results indicated that EoV 2C
has RNA helix destabilizing activity.

We also sought to determine whether MBP-2C could destabi-
lize helix substrates containing DNA. For this purpose, we con-
structed two different substrates, D*/D (Fig. 2B) by annealing a
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FIG 2 EoV 2C destabilizes both RNA and DNA helices. Purified MBP-2C was
incubated with standard RNA helix (R*/R substrate), DNA helix (D*/D sub-
strate), or RNA/DNA hybrid helix (R*/D substrate) as illustrated in the left
panels. Asterisks indicate the HEX-labeled strand. The preparations of desta-
bilizing substrates are indicated in Materials and Methods. Substrate (0.1
pmol) was incubated in standard reaction mixtures in the presence or absence
of 10 pmol MBP-2C as indicated, and the destabilizing activity was assessed via
gel electrophoresis and scanning on a Typhoon 9200 imager. (A) R*/R sub-
strate (left panel). Lane 1, reaction mixture without 2C addition; lane 2, com-
plete reaction mixture with negative-control MBP alone; lane 3, complete
reaction mixture with MBP-2C; lane 4, boiled reaction mixture without 2C
addition. (B) D*/D substrate (left panel). Lanes 1 and 2, boiled (lane 1) or
native (lane 2) reaction mixtures without 2C addition; lane 3, complete reac-
tion mixture with MBP-2C. (C) R*/D substrate (left panel). Lanes 1 and 2,
boiled (lane 1) or native (lane 2) reaction mixtures without 2C addition; lane 3,
complete reaction mixture with MBP-2C.
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short HEX-labeled DNA (DNA1) and a long nonlabeled DNA
(DNA3) and R*/D (Fig. 2C) by annealing a short HEX-labeled
RNA (RNA1) and a long nonlabeled DNA (DNA2) (Table 2).
Each helix substrate was incubated with MBP-2C under the same
reaction conditions as were used for the experiment represented
by Fig. 2A. MBP-2C was able to destabilize the two kinds of helix
substrates (Fig. 2B and C, lane 3). Taken together, our results show
that EoV 2C contains functional nucleic acid helix destabilizing
activity that does not distinguish RNA and DNA.

2C destabilizes RNA helices in a bidirectional manner. For
helicases, the directionality of helix unwinding or destabilization
is one of their fundamental characteristics (28). Since picornaviral
2C was long predicted to be a putative SF3 helicase, after deter-
mining that EoV 2C has nucleic acid helix destabilizing activity,
we sought to assess its destabilizing directionality. Of note, al-
though EoV 2C can destabilize both DNA and RNA helices, we
used RNA helices as substrates in the following experiments, be-
cause the life cycle of picorna-like viruses does not involve a DNA
stage. To determine the directionality, we generated three differ-
ent RNA helix substrates, containing a 3’ single-stranded tail (23
bases), a 5" single-stranded tail (22 bases), and blunt ends (as
illustrated in the top panels of Fig. 3A and B). These substrates
were then incubated with MBP-2C in our standard destabilizing
reaction mixture. Our results showed that MBP-2C destabilized
both 3’-tailed and 5’-tailed RNA helices (Fig. 3A, top), and its
destabilizing activity corresponding to the 5'-tailed RNA helix was
apparently higher than the activity corresponding to the 3'-tailed
substrate (Fig. 3A, bottom [lane 4 versus lane 2]). The blunt-
ended RNA helix could not be destabilized by MBP-2C (Fig. 3B,
bottom). These experiments have been independently repeated
several times. On the basis of these results, we concluded that EoV
2C protein destabilizes RNA helices in both the 3'-to-5" and 5’'-
to-3’ directions and that a 5’ single-stranded tail is preferred.

The RNA helix destabilizing activity of EoV 2C is NTP inde-
pendent. Our previously described results (Fig. 3) show that the
RNA helix destabilizing activity of EoV 2C is bidirectional, which
is apparently distinct from the activity of known viral RNA heli-
cases that exhibit either 3’'-to-5" or 5’'-to-3’ directionality (28).

Journal of Virology


http://jvi.asm.org

RNA Chaperone-Like Activity of EoV 2C

A 17 23 22 17 B 17
‘E ok ke

MM seaieds csaitesr— I ([T gty

g 8

s § o 8§ 3 2 e dd

3 2

S % 5 & % 8 2 5 =

Z =2 zZ =2 o ATP + + + -

(3'tailed)=— HEHUU:(s‘tailed) (Blunﬂ:-uuu [

1 2 4 5 1 2 3 4

FIG 3 EoV 2C destabilizes RNA helices in a bidirectional manner. (A) MBP-2C (10 pmol) was reacted with 3’-tailed (lane 2) or 5’-tailed (lane 4) RNA helix
substrate (0.1 pmol) as illustrated in the upper panel, respectively, under standard reaction conditions. Asterisks indicate the HEX-labeled strand. Each substrate
alone (lanes 1 and 3) or boiled 5'-tailed substrate (lane 5) was used as a control. (B) MBP-2C (10 pmol) was reacted with blunt-ended RNA helix (0.1 pmol) as

illustrated in the upper panel in the absence (lanes 3) or presence (lane 4) of ATP.

This observation led us to question whether EoV 2C is really an
RNA helicase.

The RNA helicase is not the only type of protein that can de-
stabilize RNA helix, and RNA chaperones can also exhibit this
activity in an ATP-free manner. Thus, we assessed the RNA helix
destabilizing activity of EoV 2C in the presence or absence of the

four different NTPs at a concentration of 2.5 mM. Our results
showed that the presence of different NTPs had no effect on the
helix destabilizing activity of MBP-2C for either a 3'—plus-5’-
tailed (Fig. 4A, right, lanes 4 to 7) or a 5'-tailed (Fig. 4B and lanes
4 to 7 of Fig. 4C) RNA helix substrate; more interestingly,
MBP-2C could destabilize both kinds of RNA helix substrates in
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FIG 4 The RNA helix destabilizing activity of EoV 2C is NTP independent. (A) Standard RNA helix substrate (3’ plus 5’ tailed) (0.1 pmol) as illustrated in the
left panel was reacted with MBP-2C in the absence or presence of indicated NTP (2.5 mM). Native or boiled substrates without MBP-2C addition were used as
controls. (B) Schematic illustration of the 5'-tailed RNA helix substrate that was used in the experiments represented by panels C to G. Asterisks indicate the
HEX-labeled strand. (C) The 5'-tailed RNA helix (0.1 pmol) was reacted with MBP-2C (10 pmol) in the absence or presence of the indicated NTP (2.5 mM).
Native or boiled substrates without 2C addition were used as controls. (D to F) The 5'-tailed RNA helix (0.1 pmol) was reacted with MBP-2C (10 pmol) in the
presence of 0.5 to 10 mM ATP (D), 1 to 400 uM ATP (E), or 1 to 900 nM ATP (F). (G) The 5'-tailed RNA helix (0.1 pmol) was reacted with MBP-2C (1 pmol)
in the absence or presence of 2.5 mM ATP.
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FIG 5 Thelength of 3" tail of RNA helices shows no obvious effect on the helix
destabilizing activity of EoV 2C. (A) Schematic illustration of RNA helix sub-
strates with the indicated lengths of 3" single strands. The shorter strand is
HEX labeled. (B) A 0.1-pmol volume of the indicated 3’-tailed RNA helices
was reacted with 10 pmol of MBP-2C. Neither ATP or another NTP was
supplemented in the reaction mixture.

the absence of NTP (Fig. 4A, right, lane 3; Fig. 4C, lane 3), and the
helix destabilizing activity was not promoted by the presence of
2.5 mM ATP or other NTPs (Fig. 4A and C).

To determine whether higher NTP concentrations could have
a stimulating effect on the helix destabilizing activity of EoV 2C,
we assessed the impact of ATP on MBP-2C helix destabilizing
activity. To this end, the destabilizing activity of MBP-2C was
assessed in the presence of 0.5 to 10 mM ATP, and our results
showed that higher (>2 mM) ATP concentrations actually inhib-
ited the RNA helix destabilization, and when ATP reached 10 mM,
the helix destabilizing activity was dramatically inhibited
(Fig. 4D). Because higher ATP concentrations had an inhibitory
effect on the helix destabilizing activity, we further assessed the
destabilizing activity of MBP-2C at various low ATP concentra-
tions. The helix destabilizing activity of MBP-2C exhibited no
obvious difference in the absence of ATP and in the presence of
various low concentrations of ATP from 1 to 400 wM (Fig. 4E) or
1 to 900 nM (Fig. 4F).

For the RNA helix destabilizing assays, 10 pmol MBP-2C was
used to destabilize 0.1 pmol RNA helix substrate, at a 100:1 molar
ratio, as described for the previous experiments. Similar or higher
molar ratios of 50:1 to 200:1 were often used by others in previous
RNA helix destabilizing assays for helicases or chaperones (34, 35,
50-54). Here, we also examined the destabilizing activity of 1
pmol MBP-2C on 0.1 pmol RNA helix substrate, and the results
showed that MBP-2C could efficiently destabilize the RNA helix
substrate at the molar ratio of 10:1 (Fig. 4G, lane 3). Interestingly,
the presence of 2.5 mM ATP dramatically inhibited the helix de-
stabilizing activity of EoV 2C at the molar ratio of 10:1 (Fig. 4G,
lane 4), suggesting that the inhibitory effect of ATP on the helix
destabilizing activity of 2C is dependent on the ATP/2C ratio.

Taken together, our results show that the helix destabilizing
activity of EoV 2C does not require the presence of ATP or any
other NTPs and that the presence of ATP even exhibits an inhib-
itory effect on the helix destabilization at a relatively high ATP/2C
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FIG 6 Characterization of the RNA helix destabilizing activity of 2C. Sche-
matic illustrations of RNA helix substrates with indicated lengths of 3" and 5
tails and matched base pairs are shown in the upper panels. A 0.1-pmol volume
of RNA helix substrate was reacted with 5 pmol MBP-2C in the absence of ATP
or other NTP. A 5-pmol volume of MBP-fusion HCV NS3 (plus 2.5 mM ATP)
and MBP alone were used as controls for the RNA helix destabilizing assay.
Asterisks indicate the HEX-labeled strand.

ratio. These findings indicate that EoV 2C is not an RNA helicase
but more likely is an RNA chaperone that exhibits RNA helix
destabilizing activity.

Characterization of the RNA helix destabilizing activity of
2C. Previously, we have shown that the RNA helix destabilizing
activity of 2C requires the presence of a 5" or 3’ single-stranded tail
(Fig. 3). Moreover, previous studies by us and others showed that
some viral RNA helicases prefer longer single-stranded tails for
their helix destabilizing activity (48, 49, 55). After determining
that EoV 2C is not an RNA helicase, we further examined the
impact of the length of the single-stranded tail on 2C helix desta-
bilizing activity. As illustrated in Fig. 5A, a series of RNA helix
substrates with progressively increasing lengths of 3’ single-
stranded tails were generated and then reacted with MBP-2C in
the absence of ATP or other NTPs. Interestingly, the length of the
3’ tail of the RNA helix substrates showed no obvious effect on the
helix destabilizing activity of 2C (Fig. 5B).

The main function of RNA chaperones is to overcome the ki-
netic trap of incorrectly folded RNAs to allow the formation of
proper RNA folding, since the former structure has lower global
energy butislocally stable, while the latter has higher global energy
but forms more slowly (24). Thus, an RNA chaperone should have
higher efficiency to destabilize a less stable RNA helix (with lower
energy) but have lower efficiency to destabilize a more stable helix
(with higher energy). To examine this, we designed two different
RNA helix substrates as illustrated in Fig. 6A and B (top). The
shorter RNA helix contains 17 matched base pairs together with a
5" single-stranded tail (22 bases) and a 3’ single-stranded tail (23
bases) (Fig. 6A, top), while the longer one contains 42 matched
base pairs together with a 5’ tail (20 bases) and a 3’ tail (20 bases)
(Fig. 6B, top). Moreover, hepatitis C virus (HCV) NS3, a well-
known RNA helicase (56, 57), was used as a control for the RNA
helix destabilizing assay. Our results show that MBP-2C exhibited
much higher efficiency to destabilize the 17-bp matched RNA he-
lix (Fig. 6A, bottom, lane 3) than to destabilize the 42-bp matched
one (Fig. 6B, bottom, lane 4). On the other hand, in the presence
of ATP, HCV NS3 was able to destabilize the shorter RNA helix
(Fig. 6A, bottom, lane 4) but showed no detectable activity to
destabilize the longer RNA helix with 42 matched base pairs
(Fig. 6B, bottom, lane 5). Moreover, in the absence of ATP, HCV
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FIG 7 EoV 2C destabilizes structured RNA strands. (A) Schematic illustrations of the stem-loop structures of the two 42-nt RNA substrates predicted by mfold.
The two RNA strands are complementary. One strand has a HEX-labeled 5" end as indicated by asterisk (right), while the other strand was not labeled (left). (B)
The two complementary strands were mixed (0.1 pmol each) and reacted in the absence (lanes 3 to 6) or presence (lanes 7 to 10) of MBP-2C (5 pmol) for the
indicated times (5 to 20 min). (C) The two complementary strands were mixed (0.1 pmol each) and reacted with increasing amounts of MBP-2C (0 to 15 pmol)
for 20 min. For panels B and C, the mixture of the two strands was boiled (to prevent spontaneous annealing) (lane 1) or treated with a thermal cycler (lane 2)
as a negative or positive control, respectively. Samples were subjected to gel electrophoresis (see Materials and Methods).

NS3 showed no activity to destabilize either the shorter or longer
RNA helix (data not shown).

2C demonstrates helix destabilizing activity to “unwind”
structured RNA strands and stimulate annealing. To further
characterize the ability of EoV 2C to destabilize nucleic acid second-
ary structures, a classic assay, which was developed by DeStefano and
colleagues for examining RNA chaperone activities of HIV NC
and poliovirus 3AB (34, 35, 58), was adapted for EoV 2C. This
assay measures helix destabilization/unwinding and annealing
stimulation (35). As illustrated in Fig. 7A, two 42-nt cRNA strands
that form defined stem-loop structures were used, and one strand
was labeled with HEX at its 5" end (Fig. 7A, right). The HEX (0.1
pmol)-labeled strand and nonlabeled strand were mixed in the
presence or absence of 5 pmol MBP-2C, and then a gel shift assay
was performed to measure the hybridization of the two comple-
mentary strands. As shown in Fig. 7B, in the absence of 2C, little
hybridization was observed as the incubation time increased
(lanes 3 to 6), while the presence of 2C dramatically promoted the
hybridization of the two strands (lanes 7 to 10). Moreover, we
found that the annealing stimulation by 2C was dose dependent,
as the increasing dose of 2C resulted in an increase in hybrid for-
mation (Fig. 7C). Overall, these results show that EoV 2C has RNA
helix destabilizing activity that can destabilize RNA secondary
structures and promote the formation of the more stable hybrids.

2C accelerates the annealing of RNA strands. An important
property of RNA chaperones is to stimulate annealing of cRNA
strands. To determine if EoV 2C has this activity, a shorter (46-nt)
labeled RNA strand was incubated with a longer (146-nt) nonla-
beled RNA strand (as illustrated in Fig. 8A) for 30 min in the
absence or presence of MBP-2C. Moreover, since the chaperone
activity is not catalytic or enzymatic, a nucleic acid chaperone
normally functions well when present in a large excess over the
volume of its substrates (nucleic acid strands) (34, 59, 60). To
examine if this is also the case for EoV 2C, increasing amounts of
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MBP-2C were reacted with 0.1 pmol of 46-nt and 146-nt RNA
strands. A gel shift assay was performed to measure the annealing
of the two complementary strands. As shown in Fig. 8B, in the
absence of 2C, little annealing was observed (lane 3). On the other
hand, although 2 pmol MBP-2C exhibited minimal but observ-
able annealing stimulation (lane 4), significant stimulation was
observed when the amount of MBP-2C reached 5 pmol (lane 5),
and 10 pmol MBP-2C resulted in an even stronger annealing stim-
ulation (lane 6). Overall, these results show that EoV 2C has an-
nealing stimulation activity that is dependent on the dose of 2C.

A 50nt 46nt 50nt
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FIG 8 EoV 2C accelerates the annealing of RNA strands. (A) Schematic illus-
tration of the 46-nt RNA strand (upper) that is complementary to the 146-nt
RNA strand. The 46-nt strand is HEX labeled as indicated by an asterisk. (B)
The two strands were mixed (0.1 pmol for each strand) and reacted with
increasing amounts of MBP-2C (2 to 10 pmol) for 20 min. The mix of the two
strands was boiled (to prevent spontaneous annealing) (lane 1) or treated with
a thermal cycler (lane 2) as a negative or positive control, respectively. Samples
were subjected to gel electrophoresis (see Materials and Methods).
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FIG 9 Optimal conditions for EoV 2C RNA helix destabilization. (A) Standard RNA helix substrate (3’ plus 5’ tailed) (0.1 pmol) as illustrated in the left panel
was reacted with MBP-2C in the presence of the indicated divalent metal ions at 2.5 mM. Native and boiled substrates without 2C addition were used as controls
(lanes 1 and 7). (B) Schematic illustration of 5’-tailed RNA helix substrate that was used in the experiments represented by panels C to E. Asterisks indicate the
HEX-labeled strand. (C and D) 5'-tailed RNA helix substrate (0.1 pmol) was reacted with MBP-2C in the presence of indicated concentrations of MgCl, (C) or
ZnCl, (D). (E) Helix destabilizing activity was determined at the indicated pH in the absence of divalent metal ions.

Characterization of biochemical reaction conditions for the
RNA helix destabilizing activity of 2C. To further characterize
the biochemical properties of MBP-2C, we assessed its RNA helix
destabilizing activity under various conditions with different di-
valent metal ions, ion concentrations, and pH values. Here, we
first examined the requirement for Mg as well as three other
divalent metal ions (Mn*", Ca®*, and Zn*") for the helix desta-
bilizing activity of EoV 2C. In this experiment, the RNA helix
substrates with both 5" and 3’ tails were used (Fig. 9A, left). Inter-
estingly, we found that MBP-2C did not require the presence of
2.5mM Mg>" or other divalent metal ions for its helix destabiliz-
ing activity (Fig. 9A, right, lanes 2 to 5), and the presence of 2.5
mM Zn** even abolished RNA helix destabilization (Fig. 9A,
right, lane 6).

After examining the requirement of different divalent ions, we
further assessed the impact of Mg®>" and Zn** at various concen-
trations on the helix destabilizing activity of MBP-2C. For these
experiments, a 5'-tailed RNA helix substrate was used (Fig. 9B). As
shown in Fig. 9C, the highest unwinding activity was observed at 0
mM Mg>" (lane 3), whereas the increase in Mg concentration
from 0 to 15 mM resulted in a gradual decrease in the helix desta-
bilization. These results showed that Mg®" was not required for
the RNA helix destabilizing activity of EoV 2C and that high Mg**
concentrations even had moderate inhibitory effects. Our results also
showed that when the concentration of Zn®" reached 1.5 mM, the
helix destabilization by 2C was completely blocked (Fig. 9D, lanes 6
and 7); however, at lower (0.5 to 1 mM) Zn** concentrations, 2C was
moderately inhibited but still retained its helix destabilizing activity
(Fig. 9D, lanes 4 and 5). Moreover, the inhibitory effects of Mg>* and
Zn** were both rendered in a dose-response manner.

Furthermore, we examined the effects of various pH on the
helix destabilizing activity of MBP-2C. Our results showed that
EoV 2C prefers a mild basic pH as an optimal reaction condition,
as MBP-2C exhibited the highest helix destabilizing activity with
pH 8.0 (Fig. 9E).

Identification and characterization of the NTPase activity of
EoV 2C. NTPase activity was previously determined in several
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picornaviral 2C proteins, such as poliovirus (61) and echovirus
(62). To determine whether EoV 2C also has NTPase activity that
preferentially hydrolyzes one or more of the NTPs or dNTPs, we
incubated MBP-2C with ATP, CTP, GTP, UTP, dATP, dCTP,
dGTP, and dTTP. The NTPase activity of MBP-2C was deter-
mined using a sensitive colorimetric assay that measures the total
amount of orthophosphate released after each reaction. Our re-
sults showed that MBP-2C hydrolyzed all four types of NTPs and
dNTPs but that its NTPase activity was highest for ATP and dATP,
followed by GTP and dGTP (Fig. 10A). This ATP and GTP pref-
erence of EoV 2C is similar to that of poliovirus 2C (61, 63).
After determining that EoV 2C does have NTPase activity, we
assessed its ATPase activity under various reaction conditions,
such as different pH, salt content, and divalent metal ion levels, to
further characterize its biochemical properties. Because EoV 2C
NTPase prefers ATP and ATP is the major energy source in cells
(64), we chose ATP as the hydrolysis substrate in the following
experiments. As shown in Fig. 10B, C, and D, the optimal condi-
tions for MBP-2C to hydrolyze ATP were pH 8.0 (Fig. 10B), 25
mM NaCl (Fig. 10C), and 2.5 mM Mg>" (Fig. 10D). Moreover, we
assessed the effects of different divalent metal ions (Mg ", Mn*",
Ca**, and Zn*") on the ATPase activity of EoV 2C. Although
Mg*" was moderately inhibitory for the RNA helix destabilizing
activity of EoV 2C (Fig. 9C), Mg*" as well as Mn**, Ca**, and
Zn>" supported its ATPase activity, and their efficiencies were as
follows: Mn>" > Mg*" > Ca®* > Zn*" (Fig. 10E). Moreover, our
data show that this ATPase activity is Mg>" dependent, as the
absence of Mg>* almost abolished the 2C ATPase activity
(Fig. 10D). Compared with the optimal reaction conditions for
EoV 2C RNA helix destabilizing activity (Fig. 4), the optimal pH
for both helix destabilizing and ATP hydrolysis was the same (pH
8.0); interestingly, the helix destabilizing activity of 2C was Mg>™"
dispensable (Fig. 9C) but the ATPase activity was Mg2+ indispens-
able (Fig. 10D). It is noteworthy that MBP protein was produced
and purified in the exact same way as with MBP-2C and exhibited
negligible NTPase activity in these experiments (Fig. 10A to E).
Moreover, recombinant MBP-2C and MBP proteins were inde-
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FIG 10 EoV 2C has NTPase activity. (A) MBP-2C was reacted with the indicated NTP or dNTP. The NTPase activity of MBP-2C was measured as nanomoles
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as the negative control, and error bars represent standard deviation values from three separate experiments.

pendently subjected to a further step of purification by gel filtra-
tion with Superdex G75 three times and then assayed for their
ATPase activity. These further-purified MBP-2C proteins showed
ATPase activity similar to that seen with the previously purified
MBP-2C, and MBP alone still showed negligible ATPase activity
(data not shown). These data exclude the possibility that a con-
taminant from the protein expression and purification was re-
sponsible for the NTPase activity of 2C.

The RNA helix destabilizing and ATPase activities of EoV 2C
can be separated. We found that EoV 2C has both RNA helix
destabilizing and ATPase activities but that the helix destabilizing
activity is independent of ATP. Thus, we sought to determine
whether these two activities of EoV 2C could be functionally sep-
arated. To this end, a series of point mutations of the conserved
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residues within motifs A, B, and C (Q1599A, D1606A, K1642A,
G1557A, GK1559AA, and H1562A) were constructed as indicated
in Fig. 11A. It is noteworthy that the conserved motifs A and B
correspond to canonical Walker A and B boxes, consisting of an
NTP binding site and a divalent metal ion coordination site, re-
spectively, while motif C is SF3 specific (28). Then, MBP-fusion
wild-type and mutant 2C proteins were expressed in a eukaryotic
expression system and subsequently purified (Fig. 11B). After-
ward, the ATPase (ATP hydrolysis) and RNA helix destabilizing
activities of MBP-2C wild-type and mutant strains were deter-
mined (Fig. 11C and D). The Q1599A, D1606A, and K1642A mu-
tations significantly reduced the ATPase activity of MBP-2C to
around half that of the MBP-2C wild-type strain (Fig. 11C), but
these mutations had no effect on helix destabilization (Fig. 11D,
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FIG 11 The RNA helix destabilizing and ATPase activities of EoV 2C can be separated. (A) Sequence analysis of the EoV 2C ORF and the mutagenesis strategy,
with sites of replacement with alanine indicated by a star. (B) Expressed and purified eukaryotic proteins were subjected to 10% SDS-PAGE followed by Western
blotting with anti-MBP polyclonal antibody. (C) Equal amounts of MBP-2C wild-type and mutant strains were reacted with ATP, and ATPase activity was
measured as nanomoles of released inorganic phosphate. Error bars represent standard deviation values from three separate experiments. (D) 5'-tailed RNA helix
substrate (as illustrated in Fig. 9B) was reacted with equal amounts of MBP-2C wild-type and mutant strains in the absence of NTP.

lanes 4 to 6). The G1557A and GK1559AA mutations increased
the ATPase activity but also had no effect on the RNA helix desta-
bilizing activity (Fig. 11D, lanes 7 and 8). Moreover, we had pre-
viously found that in the absence of Mg>*, the ATPase activity of
EoV 2C was almost abolished (Fig. 10D), but its helix destabilizing
activity was even stronger than in the presence of Mg*" (Fig. 9C).
On the other hand, the H1562A mutation almost blocked the
RNA helix destabilization by MBP-2C (Fig. 11D, lane 9) but mod-
erately increased its ATPase activity (Fig. 11C).

It is interesting that the important NTP binding residues
(GK1559) in motif A of SF3 helicases are not important for the
ATPase activity of EoV 2C*™"*, which may lead to the speculation
that other residues are involved in NTP binding of EoV 2C*™*%, On
the other hand, point mutation in H1562 in motif A may induce
some conformational change that specifically inhibits this pro-
tein’s helix destabilizing activity. Further crystallographic study of
this protein should provide insight into how specific residues are
involved in its helix destabilizing and ATPase activities.

Based on these data, our results show that the RNA helix de-
stabilizing and ATPase activities of EoV 2C could be functionally
separated.
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DISCUSSION

In this report, we show that a picorna-like virus 2C protein has the
ability to ATP-independently destabilize RNA helix and stimulate
annealing of cRNA strands, which is consistent with the function
of an RNA chaperone. The role of an RNA chaperone is to facili-
tate the escape of locally misfolded RNA molecules from “kinetic
traps” and promote the formation of most thermodynamically
stable and functional structures of RNAs. For RNA viruses, their
viral RNA genomes can adopt various structures, some of which
are kinetically trapped inactive intermediates, and it is believed
that efficient viral RNA replication and translation often require
RNA chaperone activities (25-27). The list of virus-encoded RNA
chaperones is growing and includes nucleocapsid (NC) protein of
retroviruses, HIV-1 Vif and Tat, poliovirus 3AB, flavivirus core
protein, coronavirus nucleocapsid (N) protein, hantavirus nu-
cleocapsid (N) protein, and hepatitis D virus small delta antigen
(SdAg). Moreover, rotavirus nonstructural protein NSP2 has been
reported to have an ATP-independent helix destabilizing activity
but it is unknown if it has any strand annealing stimulation activ-
ity (50). In addition, poliovirus polymerase 3D has also been

Journal of Virology


http://jvi.asm.org

reported to display RNA helix unwinding activity that does not
require ATP hydrolysis but does require an RNA chain elongation
reaction, which is unlike classic RNA chaperone activity (65).

Our current report shows that EoV 2C displays RNA chaper-
one-like activity. In Picornavirales, poliovirus 3AB has also been
reported to be an RNA chaperone (34, 35). Similarly with polio-
virus 3AB and HIV-1 NC, EoV 2C destabilizes RNA helix and
stimulates annealing in a dose-dependent manner, and large
amounts of protein relative to nucleic acid strands are required to
observe optimal activities. As previously reported, poliovirus 3AB
exhibited optimal nucleic acid chaperone activity at a protein-to-
nucleic-acid ratio of approximately 30:1 to 100:1 (34, 35), and
HIV-1 NC had optimal chaperone activity at a ratio of approxi-
mately 20:1 to 50:1 for minus-strand transfer (51) or approxi-
mately 12.5:1 to 25:1 for helix destabilization (34). For EoV 2C, its
optimal nucleic acid chaperone activity could be observed at a
ratio of 10:1 to 50:1 (Fig. 4, 7, and 8). It is generally believed that
nucleic acid chaperone proteins function by coating nucleic acid
strands and thus need an excess of protein over nucleic acids (27).
And it has also been suggested that poliovirus 3AB displays its
chaperone activity in this manner, as large amounts of 3AB rela-
tive to nucleic acids are required (34). Our results suggest that EoV
2C exhibits RNA chaperone-like activity in a manner that is the
same as or similar to that of poliovirus 3AB.

RNA remodeling proteins, including both RNA helicases
and chaperones, function via binding to the single-stranded
RNA (ssRNA) strands of RNA helices. For RNA chaperones,
their ssSRNA binding and chaperone activities are nonspecific. The
main difference between an RNA chaperone and an ssRNA-bind-
ing protein, which stabilizes a determined RNA conformation, is
that the ssRNA binding of RNA chaperones is weak, transient, and
mainly of an electrostatic nature, while the latter remains bound
to RNAs to ensure stabilization (25-27, 66). In the current study,
EoV 2C was unable to shift ssRNA in a gel shift assay (data not
shown). Since EoV 2C does display RNA chaperone-like activity,
it is clear that this protein must interact with RNA strands. A
possible explanation is that the binding of 2C to RNA is too weak
and transient to be detected by the gel shift assay. In fact, FMDV
2C has been reported to have nonspecific ssRNA binding activity,
but this binding was detected using a truncated form (amino acids
3410 318) of FMDV 2C (13), and it is unclear if the N-terminal 33
amino acids of 2C have some inhibitory effect on its RNA-binding
capacity. On the other hand, a previous study of poliovirus 3AB
demonstrated that the combination of 3B plus the last 7 C-termi-
nal amino acids of 3A (termed 3B + 7) is required and sufficient
for RNA chaperone activity and that 3B + 7 was also unable to
shift ssRNA in a gel shift assay (35). Moreover, studies of the
bacterial chaperone protein StpA revealed that a StpA mutant
with weakened RNA binding activity exhibits enhanced RNA
chaperone activity, showing that weak and transient RNA binding
could be beneficial to RNA chaperone activity (27, 66). Besides,
for some other viral RNA chaperones, their ssRNA binding activ-
ities were not examined in their original reports, which prevented
us from comparing the ssRNA binding capacities of different RNA
chaperones.

Although RNA chaperones have been studied for many years,
the mechanism(s) governing their ATP-independent helix desta-
bilizing and annealing stimulation activity is still not well under-
stood. To explain the activities of RNA chaperones, an “entropy
transfer” model has been proposed in which the intrinsic disor-
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dered or unstructured regions of chaperone proteins can transfer
their entropy or disorder to RNA molecules. Such transfer of dis-
order destabilizes misfolded RNAs, helps them escape kinetic
traps, and facilitates the reformation of the correct RNA structure
(26, 27). In reality, many viral RNA chaperones, including HIV-1
NC, Vif, and Tat, hantavirus N, flavivirus core, and coronavirus N,
have been predicted to contain intrinsic disordered regions (26,
67, 68). The disordered regions of HIV-1 NC, Vif, and Tat, flavi-
virus core, and coronavirus N have been predicted using DisProt
Predictor VL3 (26, 69, 70). The disorder of hantavirus N was pre-
dicted by another algorithm (VL-XT) (68), and we recalculated it
using VL3 and predicted similar disordered regions (data not
shown). However, the disorder prediction of EoV 2C as well as the
2C proteins of poliovirus, FMDV, and enterovirus 71 (EV71) de-
termined using VL3 showed that these 2C proteins do not contain
disordered regions (data not shown). Our further calculation of
poliovirus 3AB using the same algorithm predicted that poliovirus
3AB also does not contain intrinsic disorder (data not shown).
Moreover, intrinsic disorder has not been predicted for rotavirus
NSP2 (data not shown), which has ATP-independent nucleic acid
helix destabilizing activity (50). Considering that RNA chaper-
ones lack sequence similarity, different specific RNA chaperones
are likely to employ diverse mechanisms.

An alternative model is that some RNA chaperones achieve
RNA remodeling through transient ionic or electrostatic interac-
tion with RNA molecules. Due to the negative charge on the phos-
phodiester backbone of nucleic acids, ionic interactions may
strongly affect the stability and dynamics of RNA molecules (24).
In this case, chaperone proteins containing large positively
charged regions could destabilize RNA structures and facilitate
reformation of most stable structures, while multivalent metal
cations, such as Mg”", could inhibit RNA destabilization and
strand annealing by stabilizing RNA conformation and compet-
ing with RNA chaperones, such as HIV-1 NC, for nonspecific
RNA binding (24, 51, 71). In accordance with this, our results
showed that Mg exhibited moderate inhibition of EoV 2C RNA
helix destabilizing activity (Fig. 9). Moreover, large positively
charged regions have been predicted for EoV 2C using the Robetta
server and the Swiss PDB Viewer (version 4.0.1) (data not shown),
suggesting that transient ionic RNA-protein interaction is likely
the mechanism employed by EoV 2C.

Interestingly, although at lower (=1 mM) concentrations, the
increase in the Zn** concentration resulted in a gradual and mod-
erate inhibition of the helix destabilization by EoV 2C, similar to
that seen with Mg>*, higher (=1.5 mM) concentrations of Zn**
completely abolished the helix destabilization (Fig. 9). This dra-
matic blocking effect of Zn>" suggests that at higher concentra-
tions, Zn>" inhibits the RNA chaperone-like activity of EoV 2Cin
a mechanism different from that of Mg®". It was reported by
Wimmer and colleagues that poliovirus 2C contains a C-terminal
cysteine-rich zinc finger-like motif that is able to bind Zn>" in
vitro. Point mutations at potential Zn>" coordination sites of po-
liovirus 2C resulted in impaired viral RNA replication, but the
ATPase activity of poliovirus 2C does not require Zn>" or the
Zn** binding motif (72). Considering that 2C is the most con-
served picornaviral protein, it is plausible that Zn** is able to
directly bind EoV 2C and regulate its RNA chaperone-like activity,
possibly by inducing a conformational change of the protein.

Consistent with the results determined with other picornaviral
2C proteins, we determined that EoV 2C contains ATPase activity.
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Such an ATPase activity previously led to the speculation that
picornaviral 2C proteins are RNA helicases that utilize the energy
provided by ATP hydrolysis to unwind the RNA helix. Unexpect-
edly, our data in this work clearly showed that EoV 2C displays
ATP-independent RNA chaperone-like activity which destabilizes
RNA helix or stimulates strand annealing. Since this 2C protein
contains both ATPase and RNA chaperone-like activities, we as-
sessed the functional correlation between them. Our mutational
analyses revealed that these two activities of EoV 2C can be func-
tionally separated, as the Q1599A, D1606A, or K1642A mutation
resulted in an approximately 50% reduction in ATPase activity
but had no impact on RNA helix destabilization. In addition, the
H1562A mutation, which dramatically inhibited the RNA helix
destabilization, moderately increased ATPase activity (Fig. 11).
Moreover, the other strong evidence is the opposing responses of
the two 2C activities to Mg®". In the absence of Mg” ¥, the ATPase
activity of EoV 2C was almost abolished (Fig. 10D), but its RNA
helix destabilizing activity was even stronger than in the presence
of Mg>* (Fig. 9C). Based on these findings, we can conclude that
the ATPase and RNA chaperone-like activities of EoV 2C are in-
dependent of each other. EoV 2C is not the only viral protein that
displays both ATPase and RNA chaperone-like activities, as rota-
virus NSP2 also contains these two activities, as previously re-
ported (50).

Within picornaviral RNA genomes, multiple cis-acting ele-
ments, including the 5’ cloverleaf, 3’ NTR-poly(A), internal ori-
gin of replication (oril or cre), internal ribosomal entry site (IRES),
and the cloverleaf at the 3’ end of the negative strand, which play
essential or critical roles in the replication and translation of viral
RNAs have been identified (73). These highly structured RNA
elements may require RNA chaperone activities to aid their proper
folding. Moreover, RNA chaperone activities may also be involved
in switching the viral RNA conformation to different functions,
such as RNA replication, translation, and encapsidation (26, 35).

In Picornavirales, besides EoV 2C, poliovirus 3AB has also been
demonstrated to display RNA chaperone activity (34, 35). Al-
though it is unclear if a picornavirus or picorna-like virus contains
RNA chaperone activities in both 2C and 3AB, it is not uncom-
mon for a virus to encode multiple RNA chaperones, as HIV-1
NG, Vif, and Tat have all been reported to display RNA chaperone
activities (26). Comparison of the RNA chaperone activities of
HIV-1 NC and Tat revealed that these proteins employ different
mechanisms for their activities and may function at different steps
of viral replication due to their differential levels of abundance
during the HIV-1 life cycle (74). Likewise, 2C and 3AB proteins
are similar in their activities in helix destabilization and strand
annealing but different in their responses to Mg>" (Fig. 9C) (34).
Moreover, 3AB is proteolytically processed into 3A and 3B (VPg),
neither of which contains RNA chaperone activity (35), but 2C is
not further cleaved. Thus, if a picornavirus contains both 2C and
3AB chaperone activities, these two activities are likely to function
differently during the picornaviral life cycle. It would be exciting
to explore the potential spatial and temporal regulation of these
RNA chaperone activities in viral replication.

This report reveals that a picorna-like virus 2C protein displays
ATP-independent RNA helix destabilizing and strand anneal-
ing stimulation activity which is functionally separated from its
ATPase activity. This should extend our understanding of Picor-
navirales and viral RNA chaperones. In the future, additional
studies by our and other groups should reveal whether other pi-

5216 jviasm.org

cornaviral 2C proteins also have RNA chaperone-like activity.
Moreover, specific point mutations, which abrogate RNA chaper-
one-like activity but have little effect on other 2C activities, should
be used to study the role of 2C chaperone-like activity in the life
cycle of picorna- or picorna-like viruses.
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