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ABSTRACT

The HAV nonstructural protein 2C is essential for
virus replication; however, its precise function re-
mains elusive. Although HAV 2C shares 24-27% se-
quence identity with other 2Cs, key motifs are con-
served. Here, we demonstrate that HAV 2C is an
ATPase but lacking helicase activity. We identified
an ATPase-independent nuclease activity of HAV 2C
with a preference for polyuridylic single-stranded
RNAs. We determined the crystal structure of an
HAV 2C fragment to 2.2 A resolution, containing an
ATPase domain, a region equivalent to enterovirus
2C zinc-finger (ZFER) and a C-terminal amphipathic
helix (PBD). The PBD of HAV 2C occupies a hy-
drophobic pocket (Pocket) in the adjacent 2C, and we
show the PBD—Pocket interaction is vital for 2C func-
tions. We identified acidic residues that are essen-
tial for the ribonuclease activity and demonstrated
mutations at these sites abrogate virus replication.
We built a hexameric-ring model of HAV 2C, reveal-
ing the ribonuclease-essential residues clustering
around the central pore of the ring, whereas the AT-
Pase active sites line up at the gaps between adja-
cent 2Cs. Finally, we show the ribonuclease activity is
shared by other picornavirus 2Cs. Our findings iden-
tified a previously unfound activity of picornavirus
2C, providing novel insights into the mechanisms of
virus replication.

INTRODUCTION

Hepatitis A virus (HAV) is the sole member of the Hep-
atovirus genus among the Picornaviridae, underscoring
its uniqueness in this family (1). HAV remains a major
pathogen causing communicable liver disease worldwide.
Although HAYV infection is generally mild, a small por-
tion of HAV patients (particularly those older than 50
years) could die from fulminant hepatitis (2). Available
HAV vaccines can provide efficient and lasting immune pro-
tection (https://www.who.int/news-room/fact-sheets/detail/
hepatitis-a, last accessed date, 22 July 2022) (3). Neverthe-
less, occasional HAV outbreaks occur even in developed
countries with good sanitary and hygienic conditions (4,5).
To rapidly contain future outbreaks, besides treating ful-
minant hepatitis A patients as well as controlling potential
vaccine-escape variants, development of effective anti-HAV
drugs remains a great value in disease control.

The HAV particle shares features with both standard pi-
cornavirus and insect picorna-like viruses (6). The icosahe-
dral capsid of HAV (~27 nm in diameter) is remarkably
smooth and lacks canyons, which is consistent with its re-
sistance to high temperature and low pH environments (6).
The 7.5 kb genome of HAV is a plus-sense single-stranded
RNA comprising a 5'-untranslated region (UTR), a large
open reading frame, a 3’-UTR followed by a poly(A) tail
(6,7). The open reading frame encodes a large polyprotein
(~250 kDa) that is processed co- and post-translationally
by viral and cellular proteases, to yield mature structural
proteins (VP1-VP4), nonstructural proteins (2A-2C, 3A-
3D) as well as multiple functional precursors (7). Unlike
standard picornavirus 2A, the HAV 2A is not a protease;
instead it is a part of VP1 (8). The 3C and 3ABC proteins
of HAV are proteases responsible for most processing steps
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A hallmark of HAV infection is its inability to shut off cel-
lular protein synthesis (10). Whereas many picornaviruses
inhibit host mRNA translation by targeting cellular initia-
tion factor 4G (eIF4G), HAV must compete with cellular
mRNAs for the translation of its own RNAs (11). To sur-
vive this competition, HAV adopts multiple strategies in-
cluding deoptimized-codon usage, which contributes to its
low growth rate and inefficient replication in cell culture
(12). The HAV 2C binds the cloverleaf structure of the in-
ternal ribosome entry site at 5’ end of the plus-strand RNA,
indicating its involvement in translation (13).

Picornavirus 2C is a multifunctional protein essential
for nearly all steps in the virus life-cycle (14). It is one
of the most conserved proteins among the Picornaviridae,
which makes the coding region of 2C useful for molecu-
lar diagnosis and genotyping (15). Being an atypical picor-
navirus, HAV harbors a unique 2C distantly related to all
other 2C homologs in the Picornaviridae. Despite a com-
parable size comprising 335 amino acids (aa) polypeptide
chain, HAV 2C shares poor amino acid sequence identity
with the 2C from enterovirus 71 (EV71, 27.9%), enterovirus
D68 (EV-D68, 28.2%), poliovirus (PV, 27.3%), foot-and-
mouth disease virus (FMDV, 27.2%), coxsackievirus B3
(CVB3, 26.0%), echovirus 30 (Echo30, 26.0%) and human
rhinovirus (HRV, 27.5%). Nonetheless, HAV 2C exhibits
similar domain organization and key functions during in-
fection like its homologs. HAV 2C is predicted to comprise
an N-terminal domain responsible for binding membrane
(13), a central ATPase domain essential for virus replication
and a C-terminal domain. Similar to other picornaviruses
2Cs, HAV 2C (and its precursor 2BC) can induce intra-
cellular membrane rearrangement to provide a platform
for replication-complex assembly (16). One distinguishing
feature of HAV replication is that the intracellular mem-
branes required for replication-complex assembly seem to
be derived from the outer mitochondrial membranes, not
from endoplasmic reticulum membranes as in the case of
PV replication complex formation (17,18). Following the
N-terminal membrane-binding domain is an ATPase do-
main belonging to the SF3-helicase family of AAA+ pro-
teins, that is the most conserved domain of HAV 2C. The
C-terminal region of HAV 2C lacks the Cys-rich motif that
forms a zinc-finger in enterovirus 2C. The function of this
domain requires further investigation.

Like other SF3-helicase family members (19), HAV 2C
presents ATPase and RNA-binding activities, but duplex
unwinding activity has not been reported, in contrast to
EV71 2C (20). Both full-length HAV 2C and a truncation
mutant lacking the N-terminal membrane-binding motif
can bind RNA, implying that the RNA binding site is not in
the N-terminal region (13). HAV 2C recognizes the 3’-UTR
of negative-strand viral RNA (21), suggesting that it might
anchor the negative-strand RNA, the template for positive-
strand RNA synthesis, to intracellular membranes.

We previously determined crystal structures of EV71 2C
and PV 2C (22,23) lacking the N-terminal membrane bind-
ing domain. We demonstrated that enterovirus 2C com-
prises an ATPase domain followed by a zinc-finger and
C-terminal amphipathic helix. In our structures, the C-
terminal helix of enterovirus 2C occupies a hydrophobic
pocket in the adjacent 2C; this specific 2C-2C interaction
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is essential for ATPase activity of 2C and virus replica-
tion (22,23). We proposed a hexameric-ring model for en-
terovirus 2Cs, which contains a negatively charged central
pore. These findings are consistent with the results origi-
nally reported for FMDV 2C, which revealed hexamer for-
mation of FMDV 2C in the presence of RNA (24). Inves-
tigating whether those features of enterovirus 2C are con-
served in the ancestral HAV 2C is important to understand
the molecular evolution of picornaviral 2C proteins.

Here, we characterized the HAV 2C protein structurally,
biochemically and functionally. We determined the crys-
tal structure of a soluble HAV 2C fragment containing the
entire ATPase domain, a region equivalent to enterovirus
2C zinc-finger (ZFER) and a C-terminal amphipathic he-
lix. The C-terminal helix (pocket-binding domain, PBD) of
HAYV 2C occupies a hydrophobic pocket (Pocket) of the ad-
jacent 2C in crystal lattice, which mediates the 2C-2C in-
teraction in solution. Performing mutagenesis studies, we
demonstrated the PBD-Pocket interaction is essential for
2C self-oligomerization, ATPase activity and HAV repli-
cation. In our biochemical assays, we found that HAV 2C
exhibits single-strand specific ribonuclease (RNase) activ-
ity and prefers poly-U segments; and this R Nase activity is
independent of 2C’s ATPase activity. We identified several
acidic residues essential for the RNase activity of HAV 2C
and showed those residues are fundamental to HAV repli-
cation. Given these acidic residues reside in a conserved re-
gion, we confirmed the 2Cs from EV71, FMDYV, CVB3, PV
and HRYV all share RNase activity. Using a cell based HAV
replication assay, we verified the functional importance of
ATPase, ZFER, PBD and Pocket of HAV 2C for HAV repli-
cation.

MATERIALS AND METHODS
Protein expression and purification

The sequence of the prototype HAV stain HM-175 (Gen-
Bank: M14707.1) was used for recombinant 2C expression,
biochemical characterization and structure determination.
To express a soluble fragment of HAV 2C (128-335 aa,
termed HAV 2C-AN), the gene of HAV 2C-AN was am-
plified by polymerase chain reaction (PCR) and inserted
between Ncol and HindIII restriction sites of a modified
pET-32a vector with a tobacco etch virus (TEV) protease
cleavage site. The plasmid was transformed to Escherichia
coli BL21 (DE3) competent cells. The bacteria were cul-
tured in Luria-Bertani (LB) medium at 37°C and induced at
18°C with 0.5 wM isopropyl-beta-D-thiogalactopyranoside
(IPTG) when the ODyg of the medium reached ~0.6. The
culturing continued for 18 hours after induction. The bacte-
ria cells were harvested by centrifugation 5422g for 10 min.
The cell pellet was re-suspended in a lysis buffer containing
20 mM HEPES-Na pH 7.4, 300 mM NacCl and disrupted
by ultrasonification. The lysate was clarified by centrifu-
gation at 47 850g at 4°C for 30 min. The supernatant was
passed through Ni-NTA resin (GE healthcare) and eluted
with the elution buffer containing 20 mM HEPES-Na pH
7.4, 300 mM NaCl and 300 mM imidazole. The eluate was
dialyzed overnight at 4°C in the dialysis buffer containing
20 mM HEPES-Na pH 7.4 and 300 mM NaCl. TEV pro-
tease was added to the dialysis buffer to remove the 6 x His



9472 Nucleic Acids Research, 2022, Vol. 50, No. 16

tag. Finally, HAV 2C-AN was purified with Superdex®200
10/300 GL column (GE healthcare) pre-equilibrated in the
gel filtration buffer containing 10 mM HEPES-Na pH 7.4
and 100 mM NacCl.

To express full-length HAV 2C (termed WT HAV 2C),
the gene of WT HAV 2C was amplified by PCR and cloned
to baculovirus transfer vector pFastbacl. The coding se-
quence of 6 x His-tag was added to the N-terminal of HAV
2C. WT HAV 2C was overexpressed in sf-21 cells using the
Bac-to-Bac Baculovirus Expression System (Invitrogen). A
600 ml cell culture (2.0 x 10° cells ml~!) was infected with
18 ml baculovirus at 28°C. At 48 h post-infection, cells
were harvested by centrifugation at 5422g for 10 min. The
cell pellet was resuspended in a lysis buffer containing 20
mM HEPES-Na pH 7.4, 300 mM NacCl and lysed by ultra-
sonification. After centrifugation at 47 850g 4°C for 1 h, the
supernatant was discarded and the precipitation was solu-
bilized in the solubilization buffer 20 mM HEPES-Na pH
7.4, 300 mM NaCl and 20 mM rn-dodecyl B-D-maltoside
(DDM, Anatrace, D310) for 3 h at room temperature. The
resulting mixture was clarified by centrifugation (47 850g
for 2 h) and the supernatant containing WT HAV2C was
loaded into the Ni-NTA column (GE healthcare). The pro-
tein was eluted with the elution buffer and finally purified
using size-exclusion chromatography (Superdex 200 10/300
GL, GE healthcare). WT HAV 2C was concentrated to 10
wM in the buffer containing 10 mM HEPES-Na pH 7.4,
100 mM NaCl and 0.4 mM DDM before stored at —80°C.
Plasmids encoding full-length HAV 2C mutants were ob-
tained using site-directed mutagenesis and the mutants were
expressed using the similar method described above. SDS-
PAGE analysis of all HAV 2C variants is shown in Supple-
mentary Figure S2.

Genes encoding the 2C proteins of enterovirus 71 (EV71),
enterovirus D68 (EV-D68), poliovirus (PV), foot-and-
mouse disease virus (FMDV), coxsackievirus B3 (CVB3),
Echovirus 30 (EcoV30) and human rhinovirus (HRV) were
inserted into pMal-c2X plasmid between the BamHI and
HindIII sites. These 2C proteins were all fused with an N-
terminal maltose-binding protein (MBP) tag. Overexpres-
sion of these 2Cs in E. coli BL21 (DE3) competent cells
followed the same protocols as described above. After the
disruption of the bacteria cells, the supernatants of the cell
lysate were passed through amylose resin (GE healthcare)
and eluted with elution buffer containing 20 mM HEPES-
Na pH 7.4, 300 mM NaCl, 10 mM maltose and 2 mM
EDTA. All subsequent purification steps followed the pro-
tocol for purifying HAV 2C proteins as describe above.

Crystallization and structure determination

The soluble HAV 2C fragment 128-335 aa was concentrated
to ~2.5 mg/ml in a buffer containing 10 mM HEPES-Na
pH 7.4 and 100 mM NacCl before crystallization trails. The
crystallization of HAV 2C 128-335 aa was achieved by mix-
ing 1 pl of protein with 1 pl of reservoir buffer containing
400 mM NH4H,POy,. The crystals were grown in a hanging-
drop vapor-diffusion system at 18°C. The crystals were flash
frozen in liquid nitrogen before X-ray diffraction experi-
ments.

Table 1. Data collection and refinement statistics

HAV 2C fragment HAV 2C fragment
128-335aa SAD 123-335aa Native
data (Sulphur) X data X ray A =
ray A = 2.08A 1.00A (PDB: 7XT3)

Data collection

Space group P21212 P21212;

Cell dimensions

a, b, c(A) 50.03, 54.56, 85.37 50.17, 54.69, 85.67

B,y () | 90.00, 90.00, 90.00 90.00, 90.00, 90.00

Resolution A 46.02-2.37 43.3-2.15

Rinerge (last shell) 0.19 (1.73) 0.15(1.79)

1/ ol (last shell) 18.28 (2.82) 7.67 (0.81)

Completeness % (last 100.0 (100.0) 99.9 (99.6)

shell)

Redundancy (last shell) 46.93 (45.38) 4.30 (4.38)

Refinement

Resolution A / 2.15

No. reflections (No. / 24 647 (1221)

reflections in cross

validation)

Ryork / Riree (last shell) / 0.22/0.26

(0.36/0.45)

No. atoms

Protein / 2692

Ligand/ion / 15

Water / 40

B-factors

Protein / 59.71

Ligand/ion / 67.24

Water / 50.35

R.m.s. deviations

Bond lengths (A) / 0.005

Bond angles (°) / 0.714

Given HAV 2C shares limited amino acid sequence sim-
ilarity with other picornaviral 2C proteins, suitable model
for molecular replacement was unavailable. The Native-
SAD method (25) was employed for ab initio phasing. The
soluble fragment of HAV 2C contains 7 cysteine and 10 me-
thionine in 208 residues, which provides total 17 sulphur
atoms to contribute to anomalous signal. Seven complete
datasets were collected for a single crystal using the X-ray
with the wavelength of 2.08 A. The crystal diffracted the
X-ray to 2.37 A, belonged to the space group of P2,2,2;
and contained a single copy of HAV 2C in asymmetric unit.
The chi angle of these datasets ranged from 0° to 30°, and
the redundancy reached ~38. After scaling and merging of
these datasets, the anomalous signal extended to ~3.0 A.
An initial electron density map was then calculated using
the software SHELXC/D/E (26), which allowed manual
building of an initial model using software Coot (27). To
improve resolution, we collected reflections of another crys-
tal using higher X-ray energy, wavelength 1.0 A. This crys-
tal diffracted the X-ray to 2.15 A. The crystal structure was
solved by molecular replacement using software Phaser MR
(28) with the initial model from Native-SAD as the search-
ing model. The high-resolution structure was finally refined
using software Phenix (29) (Supplementary Figure S3). The
data collection, refinement parameter statistics of the crys-
tal structures of HAV 2C soluble fragment are summarized
in Table 1.



Nuclease assay

All RNA and DNA strands used for nuclease assay and he-
licase assay were synthesized in Sangon Biotech (Shanghai).
The sequence of the RNA strands is listed in below table:

Oligo Sequence Modification Length

name (nt)

RNA1 Cy3-5- Cy3 18
CGAAGCUGCUAACAUCAG-3

RNA2 5-CUGAUGUUAGCAGCUUCG- None 18
3/

RNA3 5-CUGAUGUUAGCAGCUUCG None 33
UuUUUUUUUUUUUUUU-%

RNA4 5-UUUUUUUUUUCUGAUGUU  None 28
AGCAGCUUCG-¥

RNAS5 Cy3-5-GGAGUGGUGCUUUUUG Cy3 35
UCAUAAGGUUGGUGUCAGG-3¥

RNA6 Cy3-5-GG Cy3, 35
AGUGGUGCUUUUUGUCAUAA 2'-O-Me at
GGUUGGUGUCAGG-3' uridines

RNA7 Cy3-5-CUGAUGUUAGCAGCUU Cy3 42
vvvuuuuvuuuuuvuuuuuyu
UuuUuUuuuu-3

RNA8 Cy3-5-CUGAUGUUAGCAGCAA Cy3 42
AAAAAAAAAAAAAAAAAAAA
AAAAAA-3

RNA9 Cy3-5-CCUGACACCAACCUUA Cy3 35
UGACUUUUUGCACCACUCC-3

DNAl Cy3-5-GGAGTGGTGCTTTTTG Cy3 35

TCATAAGGTTGGTGTCAGG-3

RNAS, RNA6 and RNA9 are both 35 nt single strand
RNAs; RNAS and RNAY9 were mixed to anneal for
dsRNA35 with five U mismatched in the middle of
the sequence; RNAI and RNA2 was annealed to form
the dsSRNA18 matched completely; RNA1 annealed with
RNA3 with 3’ terminal overhang while with RNA4 with 5’
overhang.

Nuclease assay: reactions contained | uM HAV 2C-AN
(or 1 M full-length HAV 2C, or one of its mutant deriva-
tives) and 0.1 pM RNA (or DNA). Reactions were per-
formed in 25 mM HEPES-Na pH 7.4, 80 mM NacCl, 35
mM KCl, 5 mM MgCl,, | mM DTT and RNaseOUT™ Ri-
bonuclease Inhibitor (40 unit per 20 pl reaction mixture).
The Ribonuclease Inhibitor was added to reaction mixtures
S min before the addition of 2C protein. Eppendorf tubes,
filter-tips and other consumables were all R Nase-free grade.
After incubation at 37°C for a certain time, the reactions
were stopped by addition of an equal volume of loading
buffer (50% glycerol, 1 x TBE, 10 mM EDTA). The prod-
ucts were then analyzed in urea-containing 15% polyacry-
lamide gels (www.wshtbio.com, E301U15F) or 15% native-
polyacrylamide gels.

Helicase assay

Helicase assay was carried out as described previously
(30). Briefly, the 10 w1 reaction mixtures contained 50 mM
HEPES-Na pH 7.4, 5mM MgCl,, 2 mM DTT, 1 mM ATP,
50 nM of partial duplex RNA substrate (RNA4 & RNA1)
and 300 nM unlabelled trap RNA (RNA2). The reaction
was initiated by adding 1 wM enzymes (MERS-CoV nspl3,
HAYV 2C FL or HAV 2C AN) and incubated at 37°C for 30
min. Reactions were terminated by adding 2.5 pl loading
buffer containing 100 mM Tris—HCI pH 7.5, 1% SDS, 50
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mM EDTA and 50% glycerol. All reaction mixtures were
then resolved by Native-PAGE. The gels were visualized us-
ing Typhoon Trio Variable Mode Imager (GE healthcare).

In vitro transcription, electroporation of HAV subgenomic
RNAs and detection of luciferase activity

For production of in vitro transcripts 10 g of the respec-
tive plasmid were linearized for 60 min at 37°C with restric-
tion enzyme Agel. Production of in vitro transcripts and
electroporation were described previously (31). For electro-
poration, 1 x 107 Huh7-Lunet cells were resuspended in 1
ml cytomix. Cytomix refers to a buffer that resembles the
intracellular ionic composition, which has been previously
shown to improve the efficiency of transfection and cell vi-
ability during electroporation (32). 10 wg of subgenomic
replicon RNA were used for transfection of 400 wl of sin-
gle cell suspension. Cells were seeded and harvested as de-
scribed before (31). The protocols for measurement of Fire-
fly and Renilla-luciferase activity were described elsewhere
(31). Note that luciferase activity at early time points af-
ter transfection (here: 4 h) reflects translation of the input
RNA, which can be influenced by variations in transfection
efficiency or by RNA stability. Since we did not observe con-
sistent differences among mutants at this time pointing to
systematic effects, we used these data to normalize for vari-
ations in transfection efficiency.

EV71 virus titer measurement

EV71 infectious clone (pEV71) contained the full-length
cDNA of WT virus, and mutations in the 2C region (K135A
and D186A) were introduced by the site-directed mutagen-
esis. To produce RNA transcripts, 8 g of pEV71 plasmid
or mutants DNAs were linearized by Hind III digestion for
60 min at 37°C, and the DNAs were in vitro transcribed
into RNAs using the MEGA script T7 Kit (Ambion). Equal
amounts of RNAs were then transfected into Vero cells us-
ing Lipo2000 transfection reagent (Invitrogen). Cells were
collected at 72 h post-transfection, and were freeze-thaw
lysed. The cell lysates were centrifuged at 12 000g for 5 min
at 4°C, and the supernatant containing the viruses were col-
lected for titer measurement. 10-fold serial dilution of the
supernatant were carried out to prepare virus solutions, and
100 wl of virus solutions was used for infecting RD cells
seeded in 96-well plate. The virus titers were measured by
TCIDsy method in RD cells (Behrens—Kraber algorithm) by
counting the wells in which CPE appeared, using equation:
TCIDsy = 10'+96+05  where d indicates log;o of the dilu-
tion factor, s indicates the sum of the ratio of cytopathic
effect (CPE). In every single assay, 1 x 10* RD cells were
seeded in 96-well plate, 24 h after seeding, ten groups of di-
luted viruses were used to infect RD cells, eight repeats were
set in every single group. All three assays are triplicated in-
dependently.

Plasmid constructs and mutagenesis.

Replication-competent HAV firefly-luciferase reporter
replicon pT7-18f-LUC and replication-deficient pT7-
18f-LUCmut plasmids (3D mut) (33), derived from the
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cell culture adapted HAV strain HM-175 18f (GenBank:
M59808), were used to produce subgenomic reporter
replicon RNA referred to as HAV wt or HAV mut.
PCR-directed mutagenesis was used for generation of 2C
mutants, with Xhol and AlwNI restriction sites flanking

the 2C gene, basing on the following list of primers:

Construct

Primer sense (5'- 3')

Primer antisense (5'- 3')

E169A TGTTGAGCCTGCGA ATATTCTTCGCAGGCT
AGAATAT CAACA

H276A TTTTCAAAAATCCTGC  ATATCATTTGCAGGAT
AAATGATAT TTTTGAAAA

S206A CAGATGAGGACTGG AAAATCCGCCCAGTCC
GCGGATTTT TCATCTG

K267A GGTTGAAGTTGCACCT AAATGAAGCAGGTG
GCTTCATTT CAACTTCAACC

K149A GAGGGGGAGGAGCG GATGTTAAGCTCGCTC
AGCTTAACATC CTCCCCCTC

L151A GAGGAAAGAGCGCA GCAATTGATGTTGC
ACATCAATTGC GCTCTTTCCTC

A155R CTTAACATCAATTCGA CAAATTTTGGTTGCCA
TTGGCAACCAAAATTT ATCGAATTGATGTTAA
G G

DI19%4A GTTTGCATCATTGCTG  GTTTTGGCCAATATCA
ATATTGGCCAAAAC GCAATGATGCAAAC

N241A GCAACTTCAGCTTGGT CTTGGATTTGACCAAG
CAAATCCAAG CTGAAGTTGC

R259A GCAATTGACCGCGC CTTGAAATGGAGTG
ACTCCATTTCAAG CGCGGTCAATTGC

F271A GTTAAACCTGCTTCAG  GAGGATTTTTGAAA
CTTTCAAAAATCCTC GCTGAAGCAGGTTT

AAC

F272A GTTAAACCTGCTTCAT GAGGATTTTTGGCA

TTGCCAAAAATCCTC AATGAAGCAGGTTT
AAC

L284A GTTGAATGTTAATGCA  CATTTGTTTTAGCTGC
GCTAAAACAAATG ATTAACATTCAAC

1291A CAAATGATGCAGCC GACATATCTTTGGCTG
AAAGATATGTC CATCATTTG

F329A AACTCAGCTACTGCAC AACTCAGCTACTGCAC
TATCATTATCATCTGA TATCATTATCATCTGA
AATTCCCTGAGACCAC ATTCCCTGAGACCAGA
AACTCCATGGCTTCAG  ATTCCATGGCTTCAGT
TCATG CATG

W333A AACTCAGCTACTGCAC AACTCAGCTACTGCAC
TATCATTATCATCTGA CTATCATTATCATCTG
AATTCCCTGAGACGCC AAATTCCCTGAGACCA
AACTCCATG CAACTCCATG

D202A AACACAACAGCAGA CTGACCAGTCCTCTGC
GGACTGGTCAG TGTTGTGTT

E203A AAACACAACAGATG TGACCAGTCGGCATCT
CCGACTGGTCA GTTGTGTTT

D204A ACAACAGATGAGGC AATCTGACCAGGCCTC
CTGGTCAGATT ATCTGTTGT

D207A TGAGGACTGGTCAG CTGACAAAATGCTGAC
CATTTTGTCAG CAGTCCTCA

DI180A CTGTGGCTTCAGCTTA  CCATCCCAGTAAGCTG
CTGGGATGG AAGCCACAG

DIS3A AGATTACTGGGCTG TCCACTATATCCAGCC
GATATAGTGGA CAGTAATCT

ATPase assay

ATPase assays were performed as previously described
(22,23,34,35). The concentration of the enzyme was kept
constant to 5 wM in all reactions. The volume of the of
the reaction mixtures was 40 pl, contained 20 mM HEPES-
K pH 7.4, 4 mM magnesium acetate, 2 mM dithiothreitol
(DTT), 500 puM ATP mixed with trace amount of radioac-
tive labelled ATP (y-3?P). The mixtures were incubated at

30°C and the reactions were initiated by adding enzyme. Af-
ter incubation for 10 min, 20 pl of the reaction mixture was
added into the Eppendorf tube with pre-added EDTA (the
final concentration is 0.1 M) on ice to quench the reaction.
Finally, 1 pl of the sample was spotted on the thin-layer
chromatography cellulose TLC plates (Sigma-Aldrich) and
resolved with running buffer containing 0.8 M acetate and
0.8 M LiCl. The plates were dried and analysed using stor-
age phosphor screen and Typhoon Trio Variable Mode Im-
ager (GE healthcare). ATP turnover was quantified using
ImageQuant TL software (GE Healthcare). The buffer con-
ditions used here for HAV 2C ATPase assay are the same as
the one used for PV 2C ATPase assay, previously reported
(22), which allows us for activity comparison among dif-
ferent 2C proteins. Of note, mild detergent (DDM) was in-
cluded in HAV 2C FL protein for stabilization, whereas no
detergents were present in PV 2C protein preparation.

Cell culture

Huh7-Lunet cells (31), a subclone of the human hepatoma
cell line Huh7, were grown in Dulbecco’s modified minimal
essential medium (DMEM; Life Technologies, Norwalk,
CT), supplemented with 2 mM of L-glutamine, nonessen-
tial amino acids, 100 U/ml of penicillin, 100 U/ml of strep-
tomycin, and 10% fetal calf serum. Vero cells were grown
in minimum essential medium (MEM, HyClone) supple-
mented with 10% fetal calf serum. RD cells were grown
in DMEM medium (HyClone) supplemented with 10% fe-
tal calf serum. Sf-21 cells, which is derived from the pupal
ovarian tissue of the fall army worm, Spodoptera frugiperda,
was grown in Sf-900™ IT SFM medium (Invitrogen), supple-
mented with 50 mg/1 gentamycin.

Biolayer interferometry

The experiment was conducted at 25°C in HBSP buffer (10
mM HEPES-Na pH 7.5, 100 mM NacCl, 0.005% surfactant
P20) by an Octet RED96¢ instrument (Fortebio). The vol-
ume for the solutions were 200 pl, and the assay was per-
formed in black, solid 96-well, flat bottom plates with a
shaking speed of 1000 rpm. The streptavidin (SA) biosen-
sors were activated in double distilled water for at least 10
min. A time of 90 s was performed for sensor check before
loading the biotin labeled ssRNA, which took 120 s. Af-
ter loading process, the biosensors went to the next step of
baseline for 120 s until the baseline become flat. A time of 50
s was taken for protein association in the following step. The
dissociation was the last step and performed for 50 s. The
reference baseline was recorded for a sensor loaded with
ligand but no analyte which used to be subtracted to cor-
rect any systematic baseline drift. The ssSRNA with biotin
labeled was synthesized from Songon Biotech (Shanghai)
Co., Ltd, denoted as biotin-ssSRNA35: GGAGUGGUGC
UUUUUGUCAUAAGGUUGGUGUCAGG. 0.2 uM of
biotinylated ssRNA were immobilized onto the surface of
SA biosensors. To get a precise Kd of the interaction, a
gradient concentration of HAV 2C-AN-D207A (2.18, 4.36,
8.72,17.5and 35 pM) was used to associate with the peptide
coated SA biosensors. The control group biosensors coated
with ssRNAj35 was exposed into HSBP buffer without HAV



2C-AN-D207A. All data were processed by Data Analysis
11.1.

RESULTS
HAYV 2C exhibits weak ATPase activity

To prepare protein for structural and biochemical charac-
terization, we ectopically expressed the 2C protein encoded
by the prototype HAV strain HM-175 (36). Overexpressing
wild-type HAV 2C (denoted WT HAV 2C) in Escherichia
coli yielded insoluble proteins (Figure 1A, left), probably
attributed to the presence of N-terminal membrane binding
domain and/or protein misfolding in bacteria. Next, we ex-
pressed WT HAV 2C in sf-21 insect cells. We increased the
solubility of the protein by supplementing the mild deter-
gent n-dodecyl B-D-maltoside (DDM) during purification
(Figure 1A, middle). This insect-cell-derived protein did not
crystallize. Next, we sought to identify HAV 2C fragments
suitable for structural investigation. According to our pre-
vious experience, crystallizable 2C fragments (such as EV71
2Cand PV 2C etc.) typically lack the N-terminal membrane
binding motif but retain intact ATPase domain. Therefore,
we carried out progressive deletion of N-terminal portion of
HAYV 2C up to the Walker A motif, yielding a series of trun-
cations. While many HAV 2C fragments with N-terminal
deletion were insoluble upon overexpression in E. coli, the
fragment encompassing residues 128-335 of HAV 2C was
highly soluble. Thus, we used this HAV 2C fragment lack-
ing the first 127 amino acids (aa), denoted HAV 2C-AN, for
structural characterization (Figure 1A, right), and it eventu-
ally yielded protein crystals. We assessed the ATPase activ-
ity of both proteins. WT HAV 2C exhibited a turnover num-
ber ke = 0.0048 s~! in ATP hydrolysis (Figure 1B, left),
which was about 100-fold lower than PV 2C, k., = 0.46
s~ (23), indicating an unusually slow hydrolysis rate. The
ATPase activity of HAV 2C-AN was similar to those of
the ATPase-inactive mutants K149A (Walker A), D194A
(Walker B) and N241A (Motif C, Figure 1B, right), indicat-
ing HAV 2C-AN lacks ATPase activity.

Crystallization and structure determination of HAV 2C-AN

To reveal the structural basis underlying the function of
HAV 2C, we carried out crystallographic investigations. Be-
cause WT HAV 2C failed to crystallize, we focused on HAV
2C-AN, which encompasses the entire ATPase domain and
the C-terminal domain, but lacks the N-terminal membrane
binding motif. We grew HAV 2C-AN crystals in a buffer
containing 0.4 M NH4H,POy, in a vapor diffusion system
at 18°C. We collected a native dataset but could not solve
the structure by molecular replacement using 2C structures
available in public databases. To solve the ‘phasing’ prob-
lem, we expressed a derivative containing selenomethionine,
but it still failed to crystallize. Then, we employed a native
single-wavelength anomalous dispersion method (25), be-
cause HAV 2C-AN harbors 10 methionines and 7 cysteines
in total 208 aa, which provides 1 sulphur per ~12 residues.
We collected seven datasets (360° each) on one crystal at
a single position and at different orientations (chi angles
ranging from 0° to 30°) using X-ray beams with a wave-
length of 2.075 A. We solved the structure using programs
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SHELX C/D/E, which found 17 sites with occupancy >0.3,
CFOM = 52.62 and yielded an interpretable initial elec-
tron density map. We manually built a preliminary model
of HAV 2C-AN, and we use this model as the molecular re-
placement searching model to solve another native dataset
of higher quality than our initial dataset. We refined our fi-
nal model, which contains a single HAV 2C-AN molecule in
the asymmetric unit, to 2.2 A resolution. Statistics of data
collection, integration, scaling and structure refinement are
summarized in Table 1.

Overall structure of HAV 2C-AN

HAV 2C-AN exhibits a domain organization like those of
enterovirus 2Cs despite low amino acid sequence identity.
It comprises a canonical ATPase domain, a loop topologi-
cally equivalent to the zinc-finger of enterovirus 2C (ZFER)
and a C-terminal helical domain (Figure 1C). The ATPase
domain comprises a five-stranded parallel B-plane (B1-5)
sandwiched by short helices (a1 and «2) and the connecting
loops on both sides of the B-plane. Loops connecting B3—
a2, a2—B4 and B4-B5 are partially disordered in this struc-
ture, indicating their intrinsic flexibility. The Walker A mo-
tif 143-GKRGGGKS- |50 constitutes the phosphate-binding
loop (P-loop) between B1-al. Two phosphate groups from
the solvent occupy the P-loop. The Walker B motif go-
VCIIDD- 95 lies at the end of the B3-sheet and the down-
stream loop. Motif C, a SF3-specific motif, lies in the loop
downstream from the B4-sheet. Additionally, HAV 2C has
another SF3-specific motif known as B’ motif. The B’ was
originally identified at the central pore of the hexameric
ring structures of SF3 DNA helicases (37). B’ motif of SF3
DNA helicases usually contains multiple positively charged
residues that interact with DINA substrates. By contrast, the
B’ of HAV 2C harbors a conserved segment »s-EEK-5g
that is rich in negatively charged residues. The B’ motif of
HAYV 2C is in the a2-to-B4 loop, which is disordered in our
structure. Of note, the ‘EEK’ segment is highly conserved
in Picornavirus 2Cs (Supplementary Figure S1).

Our structure reveals that the ZFER of HAV 2C does
not form a zinc-finger like those found in enteroviral 2Cs,
presenting a major variation among different 2Cs. HAV 2C
ZFER spans only 30 residues, whereas the topologically
equivalent zinc-finger in PV 2C and EV71 2C contains 41
residues each (Figure 1D). Structural superimposition of
HAYV 2C ZFER with enterovirus 2C zinc-fingers show that
the region is substantially shorter in HAV 2C and lacks
the essential residues for zinc coordination. Since HAV 2C
ZFER is considerably smaller and more compact, it proba-
bly doesn’t require zinc coordination for structural stability.

Unlike the single, long helix at the C-terminus of EV71
2C and PV 2C, the C-terminal helix (a6) of HAV 2C is
broken into two helices, ®6A and «6B, which are oriented
nearly perpendicularly to each other, forming a ‘knuckle’
(Figure 1E). Although this severely bent a6-helix of HAV
2C was probably caused by crystal packing, it indicates the
intrinsic flexibility of this helix. This is reminiscent of EV71
2C crystal structure, which revealed that its C-terminal helix
undergo rotation around an internal hinge (22).

Using the Dali server, we identified structural homologs
of HAV 2C from the Protein Data Bank. Our top hits in-
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zinc-fingers of PV 2C (blue ribbon) and EV71 2C (green ribbon). The zinc-coordinating residues of two enterovirus 2C proteins are shown with the stick
model, demonstrating they are completely shortcut in HAV 2C ZFER. (E) Structural superimposition of the C-terminus («6) of HAV 2C, PV 2C and
EV71 2C. The C-terminus helix of HAV 2C breaks down in to two helices (a6A and a6B) that are nearly perpendicular to each other.



cluded enterovirus 2C proteins (38). Our structural super-
imposition of PV 2C and HAV 2C gave a Z-score of 16.7
and aligned 204 Ca atoms with a root-mean-square devia-
tion (RMSD) of 3.6 A. Structural superimposition of EV71
2C and HAV 2C gave a Z-score of 16.5 and aligned 185 Ca
atoms with an RMSD of 3.7 A. This explains the failure in
our molecular replacement using either PV 2C or EV71 as
a searching model.

The C-terminal helical domain mediates self-oligomerization
of HAV 2C

Like other picornavirus 2Cs, HAV 2C self-oligomerized
both in crystals and in solution (Figure 2). Crystal pack-
ing analysis revealed that all HAV 2C molecules in the crys-
tal were connected to one another via a specific interaction
(Figure 2A), forming continuous polymers extending across
the lattice. The interface between HAV 2C-2C differs from
enterovirus 2C-2C interaction and the HAV 2C interface
involves a larger molecular surface, which involves two con-
tact sites: site 1 involves the helix a6A of one 2C and the a1°-
B2 region of an adjacent 2C; site 2 involves the C-terminal
6B helix of one 2C and a hydrophobic pocket formed be-
tween the ATPase domain and ZFER of an adjacent 2C
(Figure 2B and C).

To distinguish which of these sites mediates HAV 2C-
2C interaction in solution, we prepared 2C mutants har-
boring different mutations at these sites. We examined self-
oligomerization of these mutants by size-exclusion chro-
matography (Figure 2D). HAV 2C-AN eluted from a Su-
perdex 200 10/300 GL column with an apparent molecular
mass ~160 kDa, indicating that HAV 2C-AN formed high-
ordered oligomers. HAV 2C-AN lacking the C-terminal
6B helix exhibited an apparent molecular mass ~23 kDa,
matching the expected size of a monomer, 23.5 kDa. This
result indicates the «6B helix (contact site 2) is essen-
tial for 2C self-oligomerization. Further, we found that
alanine substitution of residue W333, L332, M330 and
F329 on the hydrophobic side of a6B all severely dis-
rupted self-oligomerization. These mutants broken down
into dimers or monomers in solution (Figure 2D). By con-
trast, M317A and Y173A at contact site 1 did not signifi-
cantly affect 2C self-oligomerization. Both mutants eluted
as high-oligomeric species with apparent molecular masses
~146 kDa and 140 kDa, which were only slightly lower than
the high-order HAV 2C-AN oligomers (Figure 2D). Collec-
tively, these results indicate that the contact site 2 between
«6B helix of one 2C molecule and a hydrophobic pocket on
an adjacent 2C is critical for HAV 2C oligomerization in
solution while contact site 1 was a result of crystal packing.
For simplicity, we denoted the hydrophobic face of the am-
phipathic a6B helix as the Pocket-Binding Domain (PBD),
and the hydrophobic pocket formed between the ATPase
domain and ZFER as the Pocket.

Comparing HAV 2C-2C interaction with that of en-
terovirus 2C, we found that the mode of PBD—Pocket inter-
action remains similar (Figure 3), although the orientations
between 2C-2C are different. This PBD-Pocket mediated
2C oligomerization may present another conserved feature
among the Picornaviridae 2Cs; thus, agents targeting this
interaction can be used as a potential pan-picornavirus an-
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tiviral strategy. Although crystal packing was partly respon-
sible for different 2C-2C orientations, intrinsic flexibility
of the C-terminal helix is probably common in enterovirus
2Cs and HAV 2C. It is worth noting that the PBD of en-
terovirus 2Cs usually contains a critical aromatic residue,
the penultimate phenylalanine, essential for 2C functions
(22,39). By contrast, The PBD of HAV 2C contains two aro-
matic residues F329 and W333, implying potential drugga-
bility at this site.

Impact of 2C mutations on ATPase activity and viral replica-
tion

To validate our structural characterization of HAV 2C, we
first measured ATP hydrolysis rate of a series of mutants
(Figure 4A). Our in vitro ATPase assay was hampered by
low signal-to-noise ratio despite our efforts to optimize the
reaction conditions, including the addition of RNA (Sup-
plementary Figure S4A). Still, the dynamic range of our as-
says was enough to determine mutations that abrogate the
activity. We introduced mutations to full-length HAV 2C by
site-directed mutagenesis and measured ATP hydrolysis rate
at a constant enzyme concentration (5 wM). We selected
E169A, S206A, K267A and H276A as irrelevant mutations
because these mutations are not in motifs critical for HAV
2C activities; i.e. we avoided selecting residues within AT-
Pase motifs, ZFER, Pocket and PBD. HAV 2C harboring
irrelevant mutations all exhibited a hydrolysis rate similar
to wild-type level. On the other hand, we introduced K149A
(Walker A), D194A, D195A (Walker B), N241A (Motif C)
and R259A (R-finger) to conserved ATPase motifs. As an-
ticipated, these ATP-inactive mutants exhibited 4-12 folds
reduction in hydrolysis. Mutations at PBD or Pocket of 2C
all led to ATPase activity abrogation because they exhibited
a hydrolysis rate similar to that of the ATPase-inactive mu-
tants. This is consistent with our structural analyses (see be-
low sections), which demonstrated that the C-terminus me-
diated HAV 2C-2C interaction is essential for forming intact
ATPase active site. By contrast, HAV 2C mutants K292A,
M294A and L284R (ZFER) retained substantial ATPase
activity.

To determine the impact of ATPase domain, ZFER and
PBD on HAV replication, we employed a cell-based repli-
cation assay (Figure 4B-E, Supplementary Figure S4). We
used a subgenomic HAV replicon (33) encoding a firefly
luciferase reporter for assessing replication efficiency by
quantifying luciferase activity. We constructed a selection of
HAV replicon plasmids harboring various mutations in the
coding sequence of 2C; the plasmids were transcribed and
transfected to Huh7-Lunet cells by electroporation. Repli-
cons containing irrelevant mutations did not show impaired
replication efficiency, or even increased it in case of K267A,
confirming their lack of contribution to vital functions of
2C. In contrast, all mutations within the conserved ATPase
motifs resulted in a substantial reduction or abrogation of
viral replication 72 h after transfection. In addition, even
those mutations in ZFER, PBD and Pocket with moderate
or no effects on the ATPase activity of HAV 2C, like L284A,
all resulted in a complete loss of replication capability of
the replicon (Figure 4C-E, Supplementary Figure S4B-D),
arguing for the essential function of these structural fea-
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Figure 3. Comparison of the PBD-Pocket interaction in the crystal structures of HAV 2C, EV71 2C and PV 2C. (A, C and E) Ribbon model of HAV 2C
dimer, EV71 2C dimer (PDB id: 5GQ1) and PV 2C dimer (PDB id: 5Z3Q) found in crystal lattice. The adjacent 2C molecules are colored differently. (B,
D and F) Magnified views at the 2C-2C juncture illustrating the PBD-Pocket interaction observed in the structures of HAV 2C, EV71 2C and PV 2C. The
C-terminus helix is colored gold, and residues occupying the hydrophobic Pocket (highlighted with magenta surface) on are shown in a blue stick model.

tures and of homotypic interactions. These results also indi-
cate that while ATPase domain, ZFER, PBD and Pocket of
HAV 2C are all essential to virus replication, not all of them
are required for the ATPase activity. The ZEFR of HAV 2C
might be implicated in other vital functions of 2C yet to be
identified. It is worth noting that the 2C mutants harboring
an ATPase-dead mutations lacked the ATPase activity but
still retained a minimal replication level compared to the 3D
mut (a replication-deficient HAV replicon (33), Figure 4B-
E, Supplementary Figure S4), suggesting that the ATPase
function is important for viral replication but probably not
strictly essential. However, ZFER, PBD and Pocket are in-
volved in events - independent of ATPase activity—which
are also important in virus replication.

HAYV 2C exhibits ribonuclease activity that cleaves single-
stranded RNA

Given that HAV 2C harbored all conserved SF3 helicase
motifs, we characterized its unwinding activity. We used
a helicase assay previously established for MERS-CoV
NSP13 (30) based on an 18 bp partial RNA duplex with
10U 5 overhang. Indeed, incubation with NSP13 resulted
in an unwound product of the same size as the heat dena-
tured control, indicating an authentic helicase activity (Fig-

ure 5A). In contrast, WT HAV 2C, as well as 2C AN, gen-
erated a reaction product neither matching in size to the
dsRNA nor to the heated RNA (Figure 5A), suggesting this
band was not the result of duplex unwinding. The same
result was obtained with a substrate harboring a 3’ over-
hang and both reacting products had a size identical to the
18bp dsRNA portion of the substrate (Figure 5B). In line
with the fact that the same activity was found for 2C WT
and 2C AN, lacking parts of the ATP binding domain, the
reaction proved to be independent of ATP in case of 2C
WT (Supplementary Figure S7A). Thus, a plausible expla-
nation was that HAV 2C digested the single stranded over-
hangs of both substrates instead of unwinding, suggesting
a novel and unexpected nuclease activity. To rule out that
the observed nuclease activity of HAV 2C was not a re-
sult of RNase contamination, we not only used Diethyl py-
rocarbonate (DEPC) treated water for reaction buffer, but
also included RNase inhibitor in all subsequent nuclease re-
actions. Comparing the nuclease reactions in the presence
and absence of RNase inhibitor, we did not observe dif-
ferences in RNA substrate digestion.To further understand
substrate specificity of the potential nuclease activity, we an-
alyzed HAV 2C digestion of different substrates. Indeed, 2C
WT and AN both degraded a single stranded RNA sub-
strate of 35nt in length, corresponding to one strand of the
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partial dsSRNA substrate (Figure 5C). Since the truncated
enzyme had comparable activity, we focused all subsequent
experiments on this variant, due the far higher yields and
purities obtained upon expression in E. coli, compared to
the necessity to express and purify 2C WT from baculovirus
infected insect cells. In agreement with the observed ssSRNA
specific RNase activity, we found that neither a dSRNA sub-
strate nor a ssDNA were affected by treatment with 2C AN
(Supplementary Figure S7B and C). Because methylated
nucleotides confer nuclease resistance (40), we next anal-
ysed the 35-nt ssSRNA containing 2’-O-methyluridine and
indeed observed a different pattern, suggesting partial pro-
tection (Figure 5D). HAV 2C-AN furthermore digested a
uridine-rich ssSRNA more efficiently than an adenosine-rich
ssRNA (Figure 5D, middle panels), suggesting that the en-
zyme prefers poly (U) stretches. Finally, we used a blunt-
end double-strand RNA (dsRNA) containing a central mis-
match bubble of five uridines, flanked by 20 bp and 10 bp
duplex arms, respectively (Figure 5D, right panel). Incuba-
tion with HAV 2C-AN resulted in two major bands cor-
responding to dsRNA arms, suggesting that the enzyme
was an endoribonuclease digesting the internal mismatch
regions of the RNA without requiring a 5’ or 3’ terminus.

To identify critical residues responsible for the nuclease
activity, we introduced a selection of mutations to HAV
2C-AN. We performed an alanine scan focusing on acidic
residues, due to their importance to nuclease activity (40),
including D180, D183, D194, D195, D202, E203, D204 and
D207. Activity of these mutants was tested on the 35 nt ss-
RNA substrate (Figure SE). Intriguingly, while D195A and
E203A had little impact on the digestion of the RNA sub-
strate, D180A and D194A exhibited dramatically increased
nuclease activity. In stark contrast, the nuclease activity of
mutant D183A was strongly impaired. Of note, individual
alanine substitutions in an acidic cluster comprising D202,
D204 and D207 all ablated R Nase activity (Figure SE), sug-
gesting that this region is a part of nuclease active site. Using
the nuclease-inactive mutant D207A, we measured RNA-
binding affinity of HAV 2C-AN using biolayer interferom-
etry (BLI). The binding dynamics between a biotinylated 35
nt ssSRNA immobilized on streptavidin (SA) biosensor and
HAV 2C-AN D207A supplied in serial dilutions from 35 to
2.2 wM was recorded, which gave a K4 = 0.6 pM (Supple-
mentary Figure S7D). RNases usually binds their preferred
nucleic acid substrates with high affinity. For example, E.
coli RNase H1 digests RNA in RNA-DNA hybrid duplex,
and it preferentially binds A-form duplex (RNA duplex or
hybrid duplex, K4 = 0.5-3.4 pM) with much higher affinity
than single-stranded nucleic acids (Kq = 118-942 uM) (41).

Collectively, our biochemical characterizations demon-
strated that HAV 2C harbors, in addition to an ATPase ac-
tivity, a previously unobserved ribonuclease activity specific
on ssRNA regions of the substrate and with a preference to
uridine stretches. Nuclease activity is independent of AT-
Pase activity and involves an acidic cluster encompassing
positions D202, D204 and D207.

Ribonuclease activity is conserved among picornavirus 2C
proteins and potentially critical for RNA replication

We identified several acidic residues of HAV 2C critical for
its ribonuclease activity. Since this region contains residues

which are highly conserved among picornaviruses (Supple-
mentary Figure S1) it seemed plausible to postulate that
other 2C proteins possess the similar activities. To test
this prediction, we prepared a set of N-terminal maltose-
binding-protein (MBP) tagged full-length 2Cs from EV71,
EV-D68, PV, FMDYV, CVB3, Echo30 and HRV. All tested
2C proteins indeed showed similar levels of RNase activi-
ties, comparable to HAV2C on the 35 nt ssSRNA substrate
(RNAYS) arguing for a conserved enzymatic function com-
mon to all picornaviral 2C proteins (Figure 6A). Surpris-
ingly, none of the proteins apart from HAV was capable
of cleaving the bubbled substrate RNA (Figure 6B), indi-
cating subtle differences in the substrate specificity among
picornavirus 2C variants. To further prove the specificity
of the RNase activity residing in the picornaviral 2C pro-
teins, we looked for invariant acidic residues critical for
HAYV 2C activity and thereby identified the aspartic acid
corresponding to D204 (Figure 6C). We constructed the
respective mutant for all picornaviral 2C proteins (FMDV
2C D170A, EchoV30 2C D186A; PV2C D186A; HRV 2C
DI179A; EV71 2C D186A; EV D68 2C D186A; CVB3 2C
D186A) and tested the purified mutant proteins (Figure 6E)
for RNase activity using the 35nt ssRNA substrate. As ex-
pected, all mutant proteins had lost the ability to degrade
the substrate RNA (Figure 6D).

Finally, we used the subgenomic reporter replicon to in-
vestigate the role of ribonuclease activity of 2C in HAV
replication, by introducing a set of mutations affecting its
enzymatic function in vitro (Figure 7A, B). Intriguingly,
all analyzed mutations significantly decreased virus repli-
cation, irrespective whether they increased or decreased ri-
bonuclease activity (Figure 6A and B), arguing for an im-
portant function of this cluster of acidic residues. Impor-
tantly, no significant replication was found for those mu-
tants entirely lacking nuclease activity (D202A, D204A,
D207A, Figure 6C). To substantiate the importance of the
RNase activity for other picornaviruses, we introduced the
mutation D186A into an infectious cDNA clone of EV71
and compared the effect on virus production to a mutation
in the ATPase active site (the Walker A), K135A, (Figure
7C) that abrogates EV71 replication (22). Both mutations
resulted in the absence of detectable infectious virus, sug-
gesting that the nuclease activity residing in 2C might serve
important functions in the entire Picornaviridae family.

Taken together, our mutagenesis study indicates that the
nuclease activity of HAV 2C might have an important func-
tion in HAV replication and also for other picornaviruses.

Hexameric-ring model of HAV 2C

We used the crystal structure of a hexameric SF3 helicase,
the John Cunningham virus (JCV) large T antigen (PDB:
5J4Y), as the template for building a hexameric model of
HAV 2C. After superimposing six copies of HAV 2C-AN
onto each subunit of JCV large T antigen, we found that
a6B helix harboring PBD clashed with the neighboring
molecule (Figure 8A, left). This suggests that the C-terminal
helix bend is an unnatural conformation, which was caused
by crystal packing. Therefore, we adjusted the orientation
of «6B to form a single, contiguous helix with the upstream
a6A helix. In this conformation, the PBD could fit into the
Pocket.
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Figure 6. Multiple picornavirus 2C proteins exhibit ribonuclease activity. MBP-tagged full-length purified 2C proteins from Enterovirus 71 (EV71 2C),
Enterovirus D68 (EV-D68 2C), Poliovirus (PV 2C), Foot-and-mouth disease virus (FMDV 2C), Coxsackievirus B3 (CVB3 2C), Echovirus 30 (EchoV30
2C) and Human Rhinovirus (HRV 2C), either WT or mutant, subjected to RNase assays using different substrates. (A) Picornaviral 2C proteins were
incubated with a 35-nt single-stranded RNA substrate (RNAS5) and the products were analyzed by 15% urea-PAGE. The incubation time (in minutes) is
indicated on the top of the gel. (B) A bubble RNA substrate was prepared by annealing RNAS with RNAY9, and the substrate was incubated with the
indicated 2C proteins at 37°C for 30 min. HAV 2C FL was the non-tagged WT protein. The products of the RNase assays were analyzed by 15% native
PAGE. ‘MBP’ is the control of the MBP-tag alone. (C) An acidic residue D204 essential to HAV 2C R Nase activity is invariant among various picornaviral
2C proteins (indicated by an arrow). (D) Various MBP-tagged 2C proteins and their mutants harboring alanine substitution of the invariant aspartic acid
shown in panel C were tested for RNase activity on a 35-nt single-stranded RNA substrate (RNAS); the reaction mixtures were incubated at 37°C for 30
min before analysing by a 15% urea-PAGE. (E) SDS-PAGE analysis of various 2C proteins and their mutants used in the RNase assay shown in panel D.
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The hexameric model of HAV 2C features a flat ring with
a diameter ~108.6 A and a height ~35.3 A (Figure 8B),
similar to the size of other 2C hexamers (22,23). The cen-
tral pore of HAV 2C hexamer is unusually large (~26.4 A).
This is attributed to the missing of a2-to-B4 loop (B’ motif)
in our crystal structure, which is expected to line up at the
pore. The ATPase active sites are located at the gaps be-
tween adjacent subunits, adopting reasonable geometries.
While Walker A & B motifs and motif C lined up on one
side of the gap, the R-finger was located on the other side.
The closest distance between the R-finger (R259) and the
Walker A motif (G146) in the hexameric model (~4.2 A)
was significantly shorter than that in our crystal structure
(~30 A) (Supplementary Figure S5).

We mapped the acidic residues important for nuclease ac-
tivity of HAV 2C onto the hexameric model. We found all
acidic residues gathered around the central pore on the cy-
toplasmic side of the ring (Figure 8C). Those residues do
not overlap with the ATPase active sites (Figure 8D). Al-
though the ATPase active sites in our hexameric model are
separate from those RNase important residues, we cannot
rule out possible links between the ATPase active sites and
the putative RNase active sites; for example, large interdo-
main rearrangement may take place during ATP hydrolysis.

DISCUSSION

One main obstacle in understanding the function of pi-
cornavirus 2C is that we lack structural details of the
N-terminal portion that harbors the putative membrane-
binding motif. We previously determined two enterovirus
2C structures, but none included structural details for the
N-terminal portion (the region preceding the ATPase do-
main) because in each case inclusion of the N-terminal
region interfered with either solubility or crystallization.
Therefore, we used the program AlphaFold2 (42) to predict
the full-length HAV 2C structure (Supplementary Figure
S6, Figure 8A, right). Our predicted models have high confi-
dence score for the C-terminal domain (from 128 aa to end,
CTD) and low model confidence at the N-terminal domain
(1-127 aa, NTD), probably because there are no homolo-
gous structures available for HAV 2C NTD. We analyzed
model 1 because it had the highest average pLDDT = 86.42
(Supplementary Figure S6A). Model 1 suggests that HAV
2C NTD and CTD are connected by a flexible loop (Sup-
plementary Figure S6B). While the predicted CTD (aver-
age pLDDT = 92.3 indicating very high model confidence)
matches well with our crystal structure, RMSD ~1.4 A, the
predicted NTD had an average pLDDT = 76.7, suggest-
ing moderate model confidence. The extreme N-terminal
region of HAV 2C (1-37 aa) folds into two antiparallel am-
phipathic helices (Supplementary Figure S6B insert), which
suggests that this region attaches to the surface of intra-
cellular membranes rather than spanning membranes. Fi-
nally, we superimposed six copies of HAV 2C (from model
1) onto our crystallography-based HAV 2C-AN hexameric
model (Figure 8A right) to build a comprehensive model.
This representation suggests that the HAV 2C hexamer at-
taches to the surface of intracellular membrane with all six
N-terminal amphipathic helices simultaneously, resembling
a hexapod standing on a surface. Since AlphaFold2 can be

unreliable for predicting the flexible linker between CTD
and NTD, we must experimentally validate this hypothesis.

Picornavirus 2C is essential for virus replication, but its
precise role in it remains to be understood. Common fea-
tures shared by picornavirus 2Cs include the ability to hy-
drolyze NTPs and to bind intracellular membranes and
RNAs. Banerjee et al. reported that the 2Cs of PV, HRV
and HAV all bind to the 3-UTR of the negative-strand
viral RNA; thus, they postulated that 2C could immobi-
lize negative-strand viral RNA to the membrane-anchored
replication complex where it serves as the template for syn-
thesizing plus-strand RNAs. Here, we provide evidence that
HAV 2C harbors an unusual ssSRNA-specific ribonuclease
activity with a preference for poly (U) regions, similar to
vertebrate ribonuclease RNase 4 (43). The substrate speci-
ficity and structural basis for the nuclease activity of other
2C proteins will require detailed investigations.

RNase activity of picornavirus 2C has remained unde-
tected despite decades of research, probably because HAV
2C specifically binds the 3" UTR of the negative-strand vi-
ral RNA, which lacks long poly(U) stretches and which
folds into highly ordered structures that resist nucleases.
On the other hand, synthesis of the positive-strand RNA
requires priming by VPgpUpUpy, a protein primer pro-
duced via CRE-dependent VPg uridylylation (44) for pos-
itive strand RNA synthesis, and probably directly on the
polyA sequence for initiation of negative strand RNA syn-
thesis (45). Therefore, it is tempting to speculate that the
poly (U) targeting ribonuclease activity of HAV 2C might
be implicated in the initial steps of positive- or negative
strand RNA synthesis, e.g. the processing of VPg uridylyla-
tion products. The requirement of 2C for VPg uridylylation
is evidenced by several studies demonstrating that guani-
dine hydrochloride, a reversible 2C inhibitor, can inhibit
the CRE-dependent VPg uridylylation during PV replica-
tion (45,46). Alternatively, the 2C endonuclease might be in-
volved in trimming of single stranded U-overhangs in dou-
ble stranded replication intermediates or in cleaving off the
VPg from the positive or negative strand genome, with yet
to be defined functional significance. Another interesting
question is why only HAV has retained the ability to cleave
ssRNA in loop regions. Given that HAV is described as
one of the most conserved primordial picornaviruses (47), it
appears likely that this function might have been ancestral
for 2C-associated nuclease activities. However, due to the
abundance of functionally essential stem-loop structures in
the genome of picornaviruses (48-51), this activity would
endanger the integrity of the viral genome, since a single
cleavage event could be deleterious. Therefore, the ssSRNA
cleavage might have got lost during the evolution of Pi-
cornaviridae, in which HAV diverged from the other mem-
bers of the family. Still, this cleavage events might facili-
tate recombination, which has been proposed for HAV (52),
within certain hotspot regions (53). All these potential func-
tions are indeed highly speculative and hard to address ex-
perimentally, but certainly are worth pursuing.

Our conclusion that the RNase activity of 2C is impor-
tant for viral RNA replication is currently based on the
correlation of loss of function mutations in RNase activ-
ity and in the cell based assay. Of course, we cannot rule
out that abrogation of RNA replication could be caused



by additional functions of the acidic residues beyond nu-
clease activity. Albeit further studies are required to define
the precise function of the 2C ribonuclease activity in picor-
naviral RNA synthesis, it is to our knowledge the first viral
RNase that appears to be crucial for the replication of an
RNA virus identified so far. This activity is not related to
ERNS of pestiviruses, a secreted glycoprotein, that has been
shown to degrade extracellular viral RNA contributing to
innate immunotolerance (54). While we cannot exclude a
function a function of the 2C RNase activity on cellular
RNA, e.g. in counteracting innate immune responses, it ap-
pears rather unlikely for several reasons. First, the RNase
activity of the purified protein is rather low, in line with
the potential to endanger the integrity of the RNA genome.
Second, the function is essential for RNA replication even
in Huh7 cells, lacking a strong antiviral response (55), rather
suggesting a function intrinsic to the viral replicase. Third,
2C typically is buried in the replicase complex, consist-
ing of several viral non-structural proteins and strongly
associated with virus induced membrane alterations (56),
potentially precluding a widespread interaction with host
RNAs.

HAV 2C exhibits both ATPase and RNA-binding activi-
ties; however, the helicase activity of HAV 2C has not been
detected. The ssRNA-specific nuclease activity of HAV 2C
identified in this study could have been confused with the
unwinding activity; fortunately, this was clarified by our ob-
servation of the ATPase-inactive HAV 2C-AN yielding a
similar result (Figure 5A). The absence of HAV 2C helicase
activity is consistent with findings of many picornavirus
2Cs characterized to date, except EV71 2C (20). Compar-
ing crystal structures of EV71 2C with PV 2C and HAV
2C, we could not identify a structural difference to explain
their difference in helicase activity. We probably must deter-
mine structures of EV71 2C in complex with RNA duplex
to reveal the mechanism of unwinding. Nevertheless, one
question remains: If 2Cs do not hydrolyze ATP to unwind
dsRNA, then why is 2C ATPase activity required for virus
replication?

Combining our structural characterizations of multiple
picornavirus 2Cs, we show that HAV 2C is not as dis-
tantly related to enterovirus 2Cs as suggested by sequence
alignment. Apart from the conserved ATPase domains
that fold into nearly identical structures in all available
2C structures, HAV 2C also undergoes C-terminal amphi-
pathic helix (contact site 2) mediated self-oligomerization.
We demonstrate that the PBD—Pocket interaction between
HAYV 2C molecules resembles the interaction between en-
terovirus 2C molecules. Despite being the most distant ho-
molog of all 2Cs in Picornaviridae, HAV 2C retains this
C-terminal-helix mediated self-oligomerization, suggesting
that this mechanism is probably another feature (besides
ATPase activity) conserved among picornavirus 2Cs. Fur-
ther structural evidence from other 2Cs is necessary to sup-
port this postulation. On the other hand, the most struc-
turally variable picornavirus 2C region lies between the AT-
Pase domain and the C-terminal helix. Whereas this re-
gion in enterovirus 2C folds into a zinc-finger, the HAV 2C
ZFER lacks 11 residues that include all zinc-coordinating
cysteines. Of note, other 2Cs like FMDV 2C have a zinc-
finger equivalent region of standard length, which also lacks
cysteines or histidines to coordinate zinc. Further structural
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characterization is required in order to understand the func-
tion of the 2C ZFERs.

Design of anti-picornavirus drug focused on 2C because
it is essential for picornavirus life-cycle. Numerous 2C
inhibitors ranging from guanidine hydrochloride (57,58),
HBB (59,60), MRL-1237 (61), TBZE-029 (62), fluoxetine
(63-65), dibucaine (66), pirlindole (66) to zuclopenthixol
(66) are available. Recently, Hurdiss and colleagues reported
structures of CVB3 2C complexed by (S)-fluoxetine (SFX)
(67). While SFX occupies a conserved pocket (SFX pocket)
in the ATPase domain of CVB3 2C, a nearby “4-AGSINA-
29’ loop (the B4-to-BS5 loop) specifically interact with the
SFX pocket to govern its accessibility. Since the SFX pocket
overlaps with the putative ribonuclease activity site that we
identified in HAV 2C (Supplementary Figure S8), we mea-
sured the inhibitory effect of SFX on HAV 2C nuclease
activity. First, we mapped key structural determinants for
SFX binding. The HAV 2C SFX pocket resides in the cavity
formed by a2, B2 and B3, adopting a ‘closed’ conformation
because it is narrower than the CVB3 2C SFX pocket (Sup-
plementary Figure S8A). Most CVB3 2C residues recogniz-
ing SFX are conserved in HAV 2C but the ‘)4-AGSINA-
229 loop of CVB3 2C is replaced by the entirely different
“243-WSNPSP-y45” loop in HAV 2C, challenging the accessi-
bility of the pocket. Indeed, we detected no effect of SFX
on HAV 2C nuclease activity, which supports the theory
that the crosstalk between the SFX pocket and the B4-to-B5
loop is crucial for SFX efficacy.

By determining the crystal structure of EV71 2C and
revealing the structural basis for PBD—Pocket dependent
2C oligomerization, we suggest a novel antiviral strategy
that targets the Pocket for disrupting 2C-2C interaction
(22). The PBD-Pocket interaction falls into the ‘protein-
protein interactions (PPIs)’ drug-target category. Although
PPIs were once considered ‘undruggable’, many clinically
successful peptide-based PPI inhibitors have been designed
on the basis of crystal structures of protein-protein com-
plexes. Fang et al. designed and evaluated of a potent anti-
enterovirus peptide derived from the C-terminal PBD of en-
terovirus 2C (68), confirming that the PBD—Pocket interac-
tion can be targeted by a peptide-based inhibitor. Nonethe-
less, several knowledge gaps remain. (1) Does the PBD-
derived peptide directly bind the 2C-pocket? If so, what is
the binding affinity? This information is vital for validat-
ing the target and mechanism of the peptide and for addi-
tional inhibitor design. (2) Does the peptide inhibit 2C AT-
Pase activity? Considering several picornavirus 2C crystal
structures, we suggest the PBD—Pocket interaction could be
probably druggable for a variety of picornaviruses. Not all
picornavirus 2Cs are helicases but all are ATPases. There-
fore, it is important to establish an ATPase-based inhibition
assay to elucidate the mechanism of the inhibitor and to as-
sess inhibitor efficacy in vitro.
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