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The human coronavirus 229E (HCoV-229E) replicase gene-encoded nonstructural protein 13 (nsp13) con-
tains an N-terminal zinc-binding domain and a C-terminal superfamily 1 helicase domain. A histidine-tagged
form of nspl3, which was expressed in insect cells and purified, is reported to unwind efficiently both
partial-duplex RNA and DNA of up to several hundred base pairs. Characterization of the nsp13-associated
nucleoside triphosphatase (NTPase) activities revealed that all natural ribonucleotides and nucleotides are
substrates of nsp13, with ATP, dATP, and GTP being hydrolyzed most efficiently. Using the NTPase active site,
HCoV-229E nsp13 also mediates RNA 5'-triphosphatase activity, which may be involved in the capping of viral

RNAs.

Human coronavirus 229E (HCoV-229E), a group 1 corona-
virus, is one of the major viral pathogens causing upper respi-
ratory tract illness in humans (7-9, 30). Expression of the
27.3-kb, positive-stranded RNA genome of HCoV-229E in-
volves a series of complex transcriptional, translational, and
posttranslational regulatory mechanisms (15, 16, 25, 27, 33, 49,
51, 52). Following receptor-mediated entry (48), two large
replicative polyproteins, ppla (~450 kDa) and pplab (~750
kDa), are translated. They are encoded by the replicase gene
(20,276 bases) that is comprised of open reading frames 1a and
1b (ORFla and ORF1b) (15). Expression of the ORF1b-en-
coded region of pplab requires ribosomal frameshifting into
the —1 frame just upstream of the ORF1a translation termi-
nation codon (15, 16). Activation of the viral replication-tran-
scription complex, which also contains a set of enzymes that
are rare or even unique among plus-stranded RNA viruses
(+RNA viruses) (40), involves extensive autoprocessing of
HCoV-229E ppla and pplab by two paralogous papain-like
cysteine proteinases (PL1P™ and PL2P™) (14, 17, 53) and a
3C-like (main) proteinase (termed 3CLP™ or MP™) (2, 12, 18,
19, 49-52). Together, at least 16 nonstructural proteins (nsp)
are released from ppla/pplab by PL1P*®, PL2P™, and 3CLP™ in
a timely regulated manner (13, 51). The replicase complex
synthesizes both genome-length RNAs (replication) and a set
of subgenomic mRNAs (transcription) (15, 33) that all have a
5’-terminal leader sequence which is acquired from the 5’ end
of the genome through a unique discontinuous RNA synthesis
mechanism (32, 34-36, 54).

Generally, the coronavirus replicative enzymes are only dis-
tantly related to their viral and cellular homologs (10, 11, 24,
40, 52), and in this respect, the viral helicase is no exception.
Thus, for example, coronavirus (and other nidovirus) helicase
domains are unique among their known +RNA virus ho-
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mologs in that they are linked in a single protein to an N-
terminal binuclear zinc-binding domain consisting of 12 con-
served Cys/His residues (11, 19, 37, 44). Also, with respect to
their biochemical properties (3, 21, 37, 38, 41, 42), nidovirus
helicases differ from other RNA viral helicases, suggesting that
the coronavirus enzymes may serve distinct functions in the
viral life cycle (37). The HCoV-229E helicase domain is part of
nspl3, a 597-residue cleavage product that is released from
pplab by the activity of 3CLP™ (19). Previously, we have shown
that the corresponding protein sequence, when expressed as a
histidine-tagged fusion protein in insect cells, mediates ATPase,
GTPase, and 5'-to-3" RNA and DNA duplex-unwinding activ-
ities (37, 39). In the present study, we used this enzyme, termed
HEL, and an inactive control protein, HEL_KA (37), to ana-
lyze the biochemical properties of the HCoV-229E nsp13 he-
licase in more detail.

It is well established that the energy required for transloca-
tion of helicases along nucleic acids is derived from the binding
and hydrolysis of ATP and, in some cases, other (ribo)nucle-
otides (6, 29, 46). To determine the cofactor requirements of
the HCoV-229E nspl13 helicase, we analyzed the nucleoside
triphosphatase (NTPase) activities of HCoV-229E nsp13 using
a thin-layer chromatography assay (37). Briefly, 0.7 nM HEL
was incubated at 22°C with various concentrations of nucleo-
side triphosphate (NTP) or deoxynucleoside triphosphate
(dNTP) (0.5 to 10 pM) in buffer consisting of 20 mM HEPES-
KOH (pH 7.4), 10% glycerol, 5 mM magnesium acetate, 2 mM
dithiothreitol, 0.1 mg of bovine serum albumin/ml, and the
respective a->?P-labeled NTP or dNTP (400 Ci/mmol; Amer-
sham). Following incubation for 2 to 9 min, the reactions were
stopped by adding EDTA (pH 8.0) to a final concentration of
100 mM. The reaction products were analyzed by using thin-
layer chromatography with polyethyleneimine-cellulose F
plates (Merck), using potassium phosphate (pH 4.0) as the
liquid phase. Substrate hydrolysis was measured by phosphor-
imaging using ImageQuant software as described previously
(37), and kinetic parameters were determined by using Hofstee
plots (20). The data we obtained (Table 1) revealed a high
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TABLE 1. Analysis of HCoV-229E nsp13 NTPase
substrate specificity”

Nucleotide - keatd K,
+ poly(U) K, (kM) Kear (8 1) (LLMLlsfl)
ATP — 2.18 = 0.07 1.85 £ 0.03 0.85
UTP — 4.35 = 0.01 1.31 £ 0.01 0.30
GTP — 2.90 = 0.05 1.67 = 0.10 0.58
CTP — 7.23 =0.24 3.08 = 0.08 0.43
ATP + 100 =9 2155 2.15
UTP + 188 =8 162 £2 0.86
GTP + 140 =5 212+3 1.51
CTP + 290 = 17 213 =15 0.73
dATP — 1.62 = 0.01 1.38 £ 0.07 0.85
dTTP — 2.11 = 0.06 0.26 = 0.01 0.12
dGTP — 1.30 = 0.04 0.59 = 0.01 0.45
dCTP — 7.34 = 1.90 259 £0.32 0.35

“The kinetic constants for NTP hydrolysis were determined from Hofstee
plots (20). Reactions were performed with 0.7 nM HEL and NTP concentrations
ranging from 0.5 to 10 uM (in the absence of polynucleotide cofactor) or from
80 to 300 uM in the presence of 100 nM poly(U), that is, under saturating
concentrations of the polynucleotide cofactor.

promiscuity of nsp13 with respect to the nucleotide cofactor.
All common NTPs and dNTPs were hydrolyzed with K, values
in the low micromolar range and with only minor variation in
the kinetic constants. ATP, dATP, and GTP were found to be
only slightly preferred over other nucleotides. In the presence
of poly(U), which was shown previously to stimulate the ATPase
activity of HEL (37), both K,, and k., were found to be
significantly increased for all NTPs. Also, ATP and GTP were
hydrolyzed most efficiently under these conditions, indicating
that the allosteric stimulation by the RNA cofactor had no
significant effect on the specificity of the HEL NTPase activity.
Furthermore, the dNTPase data led us to conclude that the
specificity of the dNTP-binding site of HEL is determined
primarily by the 5'-phosphate groups rather than the nucleo-
base or sugar moieties. This finding prompted us to investigate
whether HCoV-229E nsp13 (like its severe acute respiratory
syndrome coronavirus [SARS-CoV] homolog) (21) can also
act as an RNA 5'-triphosphatase. Two 5'-y-*?P-labeled RNA
substrates, RNA37 (5'-GACUUAAG-3") and RNA41 (5'-GA
CUUAAGUACC-3"), were transcribed in vitro in the presence
of [y-**P]GTP using T7 RNA polymerase. The DNA templates
used for the transcription of RNA37 and RNA41 were pro-
duced by annealing the following pairs of oligonucleotides (T7
promoter sequences underlined): 5'-AATAATACGACTCAC
TATAGACTTAAG-3' was annealed with 5'-CTTAAGTCTA
TAGTGAGTCGTATTATT-3', and 5'-AATAATACGACTC
ACTATAGACTTAAGTACC-3" was annealed with 5'-GGT
ACTTAAGTCTATAGTGAGTCGTATTATT-3'. Following
incubation of the 5’-y->?P-labeled RNAs 37 and 41 with HEL,
the reaction products were analyzed by thin-layer chromatog-
raphy. As Fig. 1A shows, HEL released radioactivity from
5'-y-*?P-labeled RNAs, which strongly supported the pre-
sumed RNA 5’-triphosphatase activity of HCoV-229E nsp13.
The radiolabel comigrated with that of the orthophosphate
produced by [y->*P]GTP hydrolysis, indicating that HEL
cleaved the B-y phosphate bond of the 5'-terminal nucleotide
of the 8- and 12-nucleotide (nt) RNA substrates used in this
experiment. To formally exclude the possibility that contami-
nating Escherichia coli RNase activities degraded the RNA
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substrate and thereby released [y->*P]GTP that was then hy-
drolyzed by the GTPase activity of HEL, we analyzed the
reactions also by polyacrylamide gel electrophoresis, along
with GTP as a control. As shown in Fig. 1B, no [y->*P]GTP or
5'-[y-**P]GTP-containing oligoribonucleotides smaller than
the substrate RNAs were detectable, confirming that the ra-
diolabel was indeed released from the intact RNA substrate
rather than from [y->*P]GTP. When RNA transcribed in the
presence of [a->?P]GTP was used as a substrate, no radioac-
tivity was released (Fig. 1C), which demonstrated that nsp13,
unlike alkaline phosphatase, does not have a general phospho-
hydrolase activity that would also remove the 5’ B- and a-phos-
phate groups. The NTPase-deficient control protein,
HEL_KA, lacked RNA 5’'-triphosphatase activity (Fig. 1), and
the RNA 5'-triphosphatase activity could be effectively inhib-
ited by ATP (Fig. 2), whereas up to 3.5 mM ADP and AMP
had only minor effects on the RNA 5’-triphosphatase activity
of HEL. The combined data suggest that (i) the dNTPase and
RNA 5'-triphosphatase activities have a common (or overlap-
ping) active site, and (ii) HEL interacts primarily with the
v-phosphate of the 5'-terminal nucleotide of the RNA sub-
strate, which is consistent with the observations reported above
for the NTPase activity of HEL.

In previous studies, we have shown that nidovirus helicases
unwind their substrates in a 5'-to-3" direction (37, 38). We also
demonstrated that the HCoV-229E helicase is able to unwind
both RNA and DNA substrates with duplex regions of 33 and
22 bp, respectively (37, 38). To characterize these duplex-
unwinding activities in more detail, we now prepared partial-
duplex RNA and DNA substrates containing extended double-
stranded regions. The structures of the substrates tested in
these experiments are represented in Fig. 3. The 5'-tailed par-
tial-duplex RNA3 was produced by annealing single-stranded
RNAs of 300 and 200 nt, respectively, which were synthesized
by in vitro transcription in the presence of [a->*P]CTP, using
previously described methods (37). The template DNAs used
for the in vitro transcription reactions were generated by PCR
from appropriate HCoV-229E cDNA templates and upstream
primers containing the T7 promoter sequence.

Partial-duplex DNAs were produced by annealing single-
stranded DNAs (ssDNAs) that were obtained in the following
way. First, a DNA fragment of desired length was produced by
a PCR in which one of the primers was biotinylated at the 5’
end. The purified PCR product was bound to streptavidin-
coupled magnetic beads (Dynabeads streptavidin; Dynal) ac-
cording to the manufacturer’s instructions. Following binding,
the duplex DNA was denatured using 0.15 M sodium hydrox-
ide, which allowed us to isolate the nonbiotinylated DNA
strand from the supernatant while the biotinylated strand re-
mained bound to the streptavidin beads. To produce ssDNAs
of different lengths from the same PCR product, the amplicon
was digested with different restriction enzymes, such as Aval,
Fspl, and Ndel, prior to the incubation with the streptavidin
dynabeads. Because the nonbiotinylated restriction frag-
ment(s) did not bind to the streptavidin beads, they could be
readily removed with the supernatant. The remaining strepta-
vidin-bound, 5'-biotinylated double-stranded DNA fragment
was then denatured as described above, and the nonbiotiny-
lated DNA strand was again isolated from the supernatant. To
produce the partial-duplex DNAs 1020/100%, 1020/Ava*, 1020/
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FIG. 1. HCoV-229E nsp13 has RNA 5’-triphosphatase activity. In
panels A and B, the 5’-y-**P-labeled RNAs, RNA37 (5'-GACUUAA
G-3") and RNA41 (5'-GACUUAAGUACC-3"), respectively, were in-
cubated with HEL and HEL KA, and the reaction products were
separated by thin-layer chromatography (A) or polyacrylamide gel
electrophoresis (B) and visualized by autoradiography. (A) Lane 1,
[y-*P]GTP after incubation for 60 min without protein; lane 2,
[y-**P]GTP after incubation for 60 min with HEL; lanes 3 and 4,
RNAZ37 after incubation for 30 and 60 min, respectively, without pro-
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Fsp*, and 1020/Nde*, which contained bottom strands of in-
creasing length (Fig. 3A), a 1,020-nt ssDNA was annealed with
appropriate complementary single-stranded DNAs, namely
ssDNA 100* (100 nt), ssDNA Ava* (228 nt), ssDNA Fsp* (366
nt), and ssDNA Nde* (474 nt), respectively. The asterisk in-
dicates the radiolabel that was introduced at the 5’ end by
treatment with [y->*P]JATP and T4 polynucleotide kinase. All
these partial-duplex DNAs had a common 5’ single-stranded
region of 21 nt, while their double-stranded regions varied
from 100 to 474 bp and, accordingly, their 3’ single-stranded
regions varied from 899 to 525 nt (Fig. 3A).

The duplex-unwinding reactions shown in Fig. 3 contained
3.5 nM HEL (or HEL KA) and 10 nM RNA or DNA sub-
strate and were performed in buffer containing 20 mM
HEPES-KOH (pH 7.4), 10% glycerol, 5 mM magnesium ace-
tate, 2 mM dithiothreitol, 0.1 mg of bovine serum albumin/ml,
and 2 mM ATP. Following incubation for 30 min at 30°C, the
samples were mixed with an equal volume of loading buffer
(20% glycerol, 0.2% sodium dodecyl sulfate [SDS]) containing
bromphenol blue dye. RNA samples were analyzed by electro-
phoresis in 6% polyacrylamide gels (acrylamide/bisacrylamide
ratio of 30/1) buffered with 0.5X Tris-borate-EDTA containing
0.1% SDS. DNA samples were analyzed by electrophoresis in
2% agarose gels buffered with 1X Tris-acetate-EDTA contain-
ing 0.1% SDS.

As Fig. 3 shows, HEL was able to unwind very efficiently
extended (up to several hundred base pairs) duplex regions in
both RNA and DNA substrates. Next, we did an experiment in
which a large excess of HEL was mixed at a molar ratio of 35:1
with a partial-duplex DNA substrate (duplex region of 22 bp)
(37). Following enzyme-substrate complex formation for 15
min, the unwinding reaction was initiated by the simultaneous
addition of ATP and a 3,000-fold excess of trap oligonucleotide
over substrate. Under these single-cycle conditions, dissociated
helicase cannot rebind to the substrate (1, 22). Analysis of the
kinetics of strand separation by gel shift assay revealed no
difference in the reaction kinetics between samples containing
or lacking the trap oligonucleotide (data not shown), providing
preliminary evidence for processivity of the HEL duplex-un-

tein; lanes 5 and 6, RNA37 after incubation for 30 and 60 min, re-
spectively, with HEL; lanes 7 and 8, RNA37 after incubation for 30 and
60 min, respectively, with HEL_KA; lanes 9 and 10, RNA41 after
incubation for 30 and 60 min, respectively, without protein; lanes 11
and 12, RNA41 after incubation for 30 and 60 min, respectively, with
HEL; lanes 13 and 14, RNA41 after incubation for 30 and 60 min,
respectively, with HEL_KA. (B) Lane 1, [y->*P]GTP after incubation
for 60 min without protein; lane 2, [y->*P]GTP after incubation for 60
min with HEL; lanes 3 and 8, RNA37 and RNA41, respectively, after
incubation for 60 min without protein; lanes 4 to 7, incubation of
RNA37 for 5, 10, 30, and 60 min, respectively, with HEL; lanes 9 to 12,
incubation of RNAA41 for 5, 10, 30, and 60 min, respectively, with HEL.
(C) The RNAs used in this experiment had the sequence 5'-GGGAA
AAA-3" and were synthesized by in vitro transcription in the presence
of either [a-*>*P]GTP (lanes 1 to 4) or [y-**P]GTP (lanes 5 to 8) as
described previously (21). The substrate RNAs were incubated without
protein (lanes 1 and 5), with HEL (lanes 2 and 6), with HEL_KA
(lanes 3 and 7), or with alkaline phosphatase from calf intestine (CIP)
(lanes 4 and 8). Reaction products were separated by thin-layer chro-
matography on polyethyleneimine cellulose F plates and visualized by
autoradiography. Reactions were incubated for 60 min (lanes 1, 2, 3, 5,
6, and 7) or 30 min (lanes 4 and 8).
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FIG. 2. Inhibition of the HEL-associated RNA 5’-triphosphatase
activity by ATP. The plot illustrates the effect of including various
concentrations of ATP, ADP, and AMP on the RNA 5'-triphosphatase
activity of HEL. The RNA 5’-triphosphatase activity of HEL in the
absence of inhibitor was taken to be 1.0, and all other activities were
normalized to this value. The average values of two experiments are
plotted.

winding activity, although the biochemical details of this prop-
erty of HEL remain to be determined.

Based on studies on the subcellular localization of corona-
virus helicases, which were reported to localize to intracellular
membranes throughout the infection cycle (5, 21, 43), we cur-
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rently do not believe that the DNA helicase activity of nsp13 is
of biological significance. The efficient unwinding of long
stretches of RNA is consistent with a replicative function for
the coronavirus nsp13 helicase which, for example, might be
involved in the separation of double-stranded replicative inter-
mediates to provide single-stranded templates for repeated
rounds of RNA synthesis. Also, the hepatitis C virus NS3
protein was recently shown to be a processive enzyme (31).
Surprisingly however, and in contrast to HCoV-229E nsp13, it
was found to be much more active on duplex DNA rather than
RNA substrates. This result led to the proposal that in addition
to its role in viral RNA replication, NS3 might also act on host
cell DNA (31).

In summary, the data demonstrate that HCoV-229E nsp13
(this study) and SARS-CoV nspl3 (21, 41) have a variety of
enzymatic functions, including NTPase, dNTPase, RNA 5'-
triphosphatase, RNA helicase, and DNA helicase activities.
The fact that also in functional details, such as the use of a
common active site for the NTPase and RNA 5'-triphos-
phatase activities and the nucleotide cofactor specificity, no
major differences were revealed between the HCoV-229E and
SARS-CoV helicases indicates a strong conservation of the key
replicative functions among group 1 (HCoV-229E) and group
2 (SARS-CoV) coronaviruses, even though the proteins show
only a moderate sequence identity. Since helicase-associated
RNA 5'-triphosphatase activities involved in 5" cap formation
have also been identified in several other RNA virus families
(4, 28, 45, 47) and coronaviruses are not known to encode a
separate RNA 5'-triphosphatase, it seems reasonable to sug-
gest that coronaviruses (and possibly other nidoviruses) em-
ploy the helicase to mediate the first step of 5' cap synthesis.

DNA RNA3
1020/Nde*

3's 474 bp 3 5 200 b 3
-t t 95°C - k- -
skt HELKA - - - ¢
s k-t HEL - -+ -

uﬁwuwuﬂuwwﬂ”

- .

‘«mﬁmﬂ-

12 3 4 56 7 8 9 10 11 12 13 14 15 16 17 18 19 20 1 2 3 4

FIG. 3. Effective unwinding by HCoV-229E nsp13 of partial-duplex DNA and RNA substrates containing extended duplex regions. The
structures of the substrates are shown schematically, and radiolabeled strands are marked by asterisks. Reaction products were separated on 2%
agarose (A) or 6% polyacrylamide (B) gels. (A) Lanes 1, 6, 11, and 16, heat-denatured substrates; lanes 2, 7, 12 and 17, reactions without protein;
lanes 3, 8, 13, and 18, reactions containing HEL and ATP; lanes 4, 9, 14, and 19, reactions containing HEL but no ATP; lanes 5, 10, 15, and 20,
reactions containing HEL_KA and ATP. (B) Lane 1, reaction without protein; lane 2, heat-denatured substrate; lane 3, reaction containing HEL
and ATP; lane 4, reaction containing HEL_KA and ATP.
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The (viral or cellular) enzymes involved in the guanylylation
and (guanine-7) methylation reactions required to synthesize
mature coronavirus RNA 5’ cap structures (26) remain to be
identified.

As discussed above, both the structure of nidovirus helicases,
which involves an N-terminal zinc-binding domain, and their
5'-to-3’ polarity clearly distinguish the nidovirus enzymes from
the well-characterized helicases of the Flaviviridae family,
which all unwind their substrates in the opposite direction.
Nidovirus helicases also differ from the plant +RNA virus
helicases involved in cell-to-cell movement, which again have
deviant functional properties (23). The profoundly divergent
evolution of nidovirus helicases from the homologs of other
+RNA virus helicases was probably driven by the unique fea-
tures of the nidovirus life cycle (25).

This work was supported by the Deutsche Forschungsgemeinschaft
(EGK, ZI 618/2-2 and 2-3, SFB 479).
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