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Nidoviruses (Coronaviridae, Arteriviridae, and Roniviridae) encode a nonstructural protein, called nsp10 in
arteriviruses and nsp13 in coronaviruses, that is comprised of a C-terminal superfamily 1 helicase domain and
an N-terminal, putative zinc-binding domain (ZBD). Previously, mutations in the equine arteritis virus (EAV)
nsp10 ZBD were shown to block arterivirus reproduction by disrupting RNA synthesis and possibly virion
biogenesis. Here, we characterized the ATPase and helicase activities of bacterially expressed mutant forms of
nsp10 and its human coronavirus 229E ortholog, nsp13, and correlated these in vitro activities with specific
virus phenotypes. Replacement of conserved Cys or His residues with Ala proved to be more deleterious than
Cys-for-His or His-for-Cys replacements. Furthermore, denaturation-renaturation experiments revealed that,
during protein refolding, Zn2� is essential for the rescue of the enzymatic activities of nidovirus helicases.
Taken together, the data strongly support the zinc-binding function of the N-terminal domain of nidovirus
helicases. nsp10 ATPase/helicase deficiency resulting from single-residue substitutions in the ZBD or deletion
of the entire domain could not be complemented in trans by wild-type ZBD, suggesting a critical function of the
ZBD in cis. Consistently, no viral RNA synthesis was detected after transfection of EAV full-length RNAs
encoding ATPase/helicase-deficient nsp10 into susceptible cells. In contrast, diverse phenotypes were observed
for mutants with enzymatically active nsp10, which in a number of cases correlated with the activities measured
in vitro. Collectively, our data suggest that the ZBD is critically involved in nidovirus replication and
transcription by modulating the enzymatic activities of the helicase domain and other, yet unknown,
mechanisms.

Nidoviruses feature the most complex genetic organization
among plus-strand RNA viruses. Their replicase genes encode
an exceptionally large number of nonstructural protein do-
mains (7, 27, 40) which mediate the key functions required for
genomic RNA synthesis (replication) and subgenomic RNA
(sgRNA) synthesis (transcription) (16, 31). The replicase gene
is comprised of two open reading frames (ORFs), ORF1a and
ORF1b. ORF1a encodes the replicative polyprotein 1a (pp1a),
and ORFs 1a and 1b together encode pp1ab (40, 42). Expres-
sion of the ORF1b-encoded part of pp1ab requires a �1 ribo-
somal frameshift during translation, which occurs just up-
stream of the ORF1a stop codon (3). The backbone of the
replicase polyproteins is formed by a series of conserved do-
mains that are arranged in a unique, nidovirus-specific order
(5, 7, 8, 27, 29, 40). Some of these domains are rare or absent
in other RNA viruses (27, 40, 41).

The nidovirus structural proteins and a number of virus-
specific accessory proteins are encoded by up to 12 ORFs

located downstream of the replicase gene (11, 30, 32). These
ORFs are expressed from a nested set of 3�-coterminal
sgRNAs that, in coronaviruses and arteriviruses, possess a
common 5� leader sequence that is identical to the 5� end of
the genome. It is currently believed that these leader-contain-
ing sgRNAs are generated from subgenomic minus-strand
templates that are produced by discontinuous RNA synthesis
(19, 22, 23, 43).

The unique features of nidovirus RNA synthesis are un-
doubtedly linked with the viral proteome. Previous sequence
analyses identified two nidovirus-wide conserved domains that
are absent in other RNA viruses (7). One of these is comprised
of about 80 to 100 residues, including 12 to 13 conserved
Cys/His residues (8, 35). The domain forms the N-terminal
part of a protein containing a superfamily 1 helicase domain in
its C-terminal half (Fig. 1). Based on its primary structure, the
Cys/His-rich segment was proposed to form a complex binu-
clear Zn-binding domain (ZBD) that may be involved in RNA
synthesis (35). Point mutations in the ZBD or a protein seg-
ment called the hinge spacer, which is located immediately
downstream of the ZBD’s most C-terminal Cys residue, dis-
rupted RNA synthesis in equine arteritis virus (EAV), the
prototype arterivirus (35). Other mutations in this region se-
lectively impaired sgRNA synthesis (34, 35).

The ZBD-containing protein is known as nonstructural pro-
tein 10 (nsp10) in EAV (36) and nsp13 (formerly p66HEL) in
human coronavirus 229E (HCoV-229E) (24, 40). Previously, it

* Corresponding author. Mailing address: Institute of Virology and
Immunology, University of Würzburg, Versbacher Str. 7, 97078 Würz-
burg, Germany. Phone: 49-931-20149928. Fax: 49-931-20149553. E-
mail: j.ziebuhr@mail.uni-wuerzburg.de.

† Present address: European Molecular Biology Laboratory, Hei-
delberg, Germany.

‡ Present address: Department of Immunohematology and Blood
Transfusion, Leiden University Medical Center, Leiden, The Nether-
lands.

696



was shown that nsp10 and nsp13 share biochemical properties,
including nucleic acid-stimulated ATPase and 5�-to-3� duplex-
unwinding (helicase) activities (24, 25). In this study, we fo-
cused on the ZBDs of nsp10 and nsp13 to gain insight into the
mechanism(s) underlying the diverse defects of EAV mutants
carrying substitutions in the nsp10 ZBD (35). To this end, the
ATPase and helicase activities of bacterially expressed nsp10
mutants were characterized. In parallel, we expressed and
characterized a similar set of HCoV-229E nsp13 mutants
which we hoped would allow us to draw more general conclu-
sions about the structure-function relationships of nidovirus
helicases.

We found that point mutations in the ZBD have strong
position- and substitution-dependent effects on the ATPase
and helicase activities of both the coronavirus and arterivirus
enzymes. The fact that replacements predicted to retain the
potential Zn2�-coordinating activity (Cys for His or His for
Cys) proved to be less detrimental than substitution of the
same residues with Ala strongly supports the Zn finger func-

tion of this domain. In agreement with this interpretation,
denaturation-renaturation experiments revealed that, during
protein refolding, Zn2� is essential to the restoration of the
enzymatic activities of both nsp10 and nsp13. All mutations
that inactivated the ATPase and helicase activities of nsp10
blocked EAV genomic RNA and sgRNA synthesis and, con-
sequently, production of virus progeny. In contrast, the in vivo
phenotypes of enzymatically active nsp10 mutants varied
widely and did not evidently correlate with the levels of the in
vitro activities. Collectively, our data imply that the ZBD is
involved in nidovirus replication and transcription by control-
ling the enzymatic activities of the helicase and, possibly, by
modulating other, yet-to-be-defined pathway(s).

MATERIALS AND METHODS

Site-directed mutagenesis. A recombination-PCR method (39) was used to
introduce point mutations into the helicase-encoding sequences of pMal-nsp13
(previously called pMal-HEL) (9) and pMal-nsp10 (25). Mutations in nsp10 that
had already been generated in the full-length EAV cDNA clone (35) were

FIG. 1. Sequences of the N-terminal ZBDs associated with the arterivirus EAV nsp10 and coronavirus HCoV-229E nsp13 helicases. Amino
acid residues are numbered according to their positions in the pp1ab replicase polyproteins of EAV and HCoV-229E, respectively. 3C-like protease
cleavage sites that flank the EAV and HCoV-229E helicases in pp1ab are given, and the hinge spacer region of nsp10 (residues Glu2427 to
Pro2430) is underlined. Also indicated are the amino acid substitutions characterized in this study.
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transferred to pMal-nsp10 by exchanging suitable DNA fragments. Table 1
summarizes the proteins characterized in this study.

Expression and purification of recombinant proteins. Wild-type and mutant
maltose-binding protein (MBP)–HCoV-229E nsp13 and MBP-EAV nsp10 fu-
sion proteins (Table 1) were overexpressed and purified from Escherichia coli
cells as described previously (9, 25). Aliquots of purified MBP-nsp10 and its
mutants were stored at �80°C in buffer A (20 mM Tris-HCl [pH 8.0], 1 M NaCl,
1 mM EDTA, 1 mM EGTA, 0.1% Tween 20, 1 mM dithiothreitol, 10% glycerol).
Aliquots of purified MBP-nsp13 and its mutants were stored at �80°C in buffer
B (20 mM Tris-HCl [pH 7.5], 200 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol).
Protein concentrations of purified fusion proteins were determined by the Lowry
assay (14) with bovine serum albumin as a standard.

Denaturation-renaturation experiments. A 1-ml aliquot of purified MBP-
nsp10 was mixed with 9 ml of buffer C (20 mM Tris-HCl [pH 8.0], 1 M NaCl, 0.5
mM dithiothreitol, and 10% glycerol) containing 8 M urea. Following incubation
at 20°C for 4 h, the protein solution was divided into two 5-ml aliquots. Aliquot
I was dialyzed twice against buffer A containing 100 �M zinc acetate, whereas
aliquot II was dialyzed twice against buffer A containing 10 mM EDTA. There-
after, aliquots I and II were extensively dialyzed against buffer A. Likewise,
denaturation and renaturation experiments were done with MBP-nsp13. In this
case, a 1-ml aliquot of purified MBP-nsp13 was mixed with 9 ml of buffer D (20
mM Tris-HCl [pH 7.5], 200 mM NaCl, 0.5 mM dithiothreitol) containing 8 M
urea. The protein solution was incubated at 20°C for 4 h and then divided into
two 5-ml aliquots. Aliquot I was dialyzed twice against buffer D containing 100

�M zinc acetate, whereas aliquot II was dialyzed twice against buffer D contain-
ing 10 mM EDTA. Finally, both aliquots were dialyzed against buffer B.

ATPase assay. ATPase activity was determined as described previously (24). In
all cases, poly(U) was added to the reaction mixtures at a concentration of 150
�g/ml.

Helicase assay. To determine the duplex-unwinding activities, the recombi-
nant proteins were incubated in 40 �l of reaction buffer (20 mM HEPES-KOH
[pH 7.4], 5 mM ATP, 10% glycerol, 5 mM magnesium acetate, 2 mM dithio-
threitol, 0.1 mg of bovine serum albumin/ml) with 25 fmol of a twin-tailed
(forked) DNA substrate, 5�-to-3� DNA-T30 (24). The NaCl concentration in the
reaction mixtures, resulting from substrate and protein storage buffers, was 25
mM. Following incubation for 30 min at 30°C, the reactions were stopped by the
addition of 10 �l of 5% sodium dodecyl sulfate (SDS)–15% Ficoll–100 mM
EDTA–0.25% bromophenol blue dye. The reaction products were separated on
10 to 20% gradient polyacrylamide–1� Tris-borate-EDTA gels (acrylamide-
bisacrylamide, 19 to 1) at 4 W until the bromophenol blue dye approached the
bottom of the gel. The gels were exposed to X-ray film at �80°C.

Introduction of nsp10 mutations in EAV full-length cDNA clones. Previously,
the effects of mutations on EAV nsp10 function were analyzed by using a
derivative of the EAV infectious cDNA clone pEAV030 that contained several
synonymous substitutions (35) which were introduced to engineer or remove
restriction sites. One of these mutations, which removed a HindIII restriction site
(residues 12303 to 12308) close to the 3� end of the viral cDNA, was later found
to affect the fitness of the virus, which became apparent from somewhat delayed

TABLE 1. Proteins and viruses characterized in this study

Protein or virus Substitution(s)b
Codon in:

Wild type Mutant

Proteina

MBP-EAV nsp10 None (wild type)
MBP-nsp10_K2534Q Lys25343Gln AAG CAG
MBP-nsp10_C2377H Cys23773His TGT CAC
MBP-nsp10_C2395H Cys23953His TGT CAC
MBP-nsp10_C2395A Cys23953Ala TGT GCT
MBP-nsp10_H2399C His23993Cys CAC TGC
MBP-nsp10_H2399A His23993Ala CAC GCC
MBP-nsp10_C2412H Cys24123His TGC CAT
MBP-nsp10_H2414C His24143Cys CAC TGC
MBP-nsp10_H2414A His24143Ala CAC GCC
MBP-nsp10_S2429P Ser24293Pro TCC CCC
MBP-nsp10_S2429G/P2430G Ser24293Gly and Pro24303Gly TCC GGC

CCA GGA
MBP-nsp10_S2429P/P2430S Ser24293Pro and Pro24303Ser TCC CCC

CCA TCA
MBP-nsp10_�E2427 Glu2427 deletion GAG
MBP-nsp10_�G2428 Gly2428 deletion GGT
MBP-HCoV-229E nsp13 None (wild type)
MBP-nsp13_K5284A Lys52843Ala AAA GCA
MBP-nsp13_C5003A Cys50033Ala TGT GCT
MBP-nsp13_C5021H Cys50213His TGC CAC
MBP-nsp13_C5021A Cys50213Ala TGC GCC
MBP-nsp13_C5024H Cys50243His TGC CAC
MBP-nsp13_C5024A Cys50243Ala TGC GCT
MBP-nsp13_H5028R His50283Arg CAT CGT
MBP-nsp13_C5050H Cys50503His TGC CAC
MBP-nsp13_C5050A Cys50503Ala TGC GCT

Virusc

EAN800 None (wild type)
EAV_C2395H Cys23953His UGU CAC
EAV_C2395A Cys23953Ala UGU GCU
EAV_H2399C His23993Cys CAC UGC
EAV_H2399A His23993Ala CAC GCC
EAV_H2414C His24143Cys CAC UGC
EAV_H2414A His24143Ala CAC GCC

a EAV nsp10 and HCoV-229E nsp13 sequences were expressed as fusions with the E. coli MBP.
b The numbering of EAV (strain Bucyrus) and HCoV-229E replicase pplab residues is according to GenBank accession numbers X53459 (for EAV) and X69721

(for HCoV-229E).
c The infectious EAV clone used in this study, EAN800, is described in Materials and Methods. EAV mutants were derived from EAN800.
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virus replication and progeny titers that were about five times lower than those
obtained with the original pEAV030 clone. Consequently, novel nsp10 mutations
engineered for this study (Table 1) were tested in a novel full-length clone
(pEAN800) that lacked this unfavorable 3�-proximal mutation. Virus derived
from plasmid pEAN800 was tested extensively and found to be indistinguishable
from wild-type virus (data not shown). The previously engineered C2395H,
H2399C, and H2414C mutations in nsp10 were also transferred to the pEAN800
backbone to reconfirm the observed phenotypes. Mutations were introduced in
an appropriate shuttle vector by standard site-directed PCR mutagenesis as
described by Landt et al. (13). After sequence analysis of the complete PCR
product, restriction fragments containing the desired mutations were transferred
to pEAN800.

RNA transfection, infection, and immunofluorescence analysis. Baby hamster
kidney cells (BHK-21; ATCC CCL10) were used for transfection of in vitro-
derived RNA transcripts of EAV full-length cDNA clones (34). Infection exper-
iments with EAV were performed on BHK-21 cells essentially as described by de
Vries et al. (6). Immunofluorescence analysis with antibodies specific for EAV
nsp3 (20) and EAV N (mouse monoclonal antibody 3E2) (15) were performed
according to the method of van der Meer et al. (33). Virus titers at 24 h
postinfection were determined in plaque assays as described by Snijder et al.
(28).

RNA isolation and analysis. Intracellular RNA was isolated by using the acidic
phenol method as described by Pasternak et al. (18). RNA was separated in
denaturing agarose-formaldehyde gels and detected with 32P-labeled oligonucle-
otide probe E154 (5�-TTGGTTCCTGGGTGGCTAATAACTACTT-3�), which

is complementary to the 3� end of the EAV genome and recognizes both genomic
RNA and sgRNA. Reverse transcription (RT)-PCR experiments were carried
out by using E593 (5�-CTGAGCACGGTTTACTGAGTTCAC-3�; EAV nucle-
otides 8901 to 8924) as the antisense primer for RT and PCR and E156 (5�-G
ATGAAGACTGGTGGACGG-3�; nucleotides 7220 to 7238) as the sense
primer for PCR. The PCR products were sequenced to confirm the presence of
the nsp10 mutations.

RESULTS

Selection of ZBD mutations for enzymatic assays. Previ-
ously, a large number of EAV mutants with substitutions in the
nsp10 ZBD were characterized in tissue culture with an EAV
infectious cDNA clone (35). This set of EAV mutants was
extended with six novel EAV ZBD mutants (Table 1) which
were characterized with respect to genomic RNA and sgRNA
synthesis and production of virus progeny. Only two of the six
mutants, C2395H and H2414C, proved to be viable, though
delayed compared to the wild-type control. In plaque assays,
these mutants produced a small-plaque phenotype and
strongly reduced virus titers (Fig. 2, bottom panel). The RNA
synthesis of the C2395H and H2414C mutants was also char-

FIG. 2. Effects of substitutions of conserved ZBD Cys and His residues on the enzymatic activities of EAV nsp10 in vitro and on EAV
reproduction in BHK-21 cells. Helicase (duplex-unwinding) activities were determined by using a forked DNA substrate containing a 22-bp duplex
region and 30-nucleotide, single-stranded oligo(dT) tails (24). This partial-duplex DNA substrate was incubated with 2 pmol (if not indicated
otherwise) of purified MBP-nsp10 or its mutant derivatives (for details, see Materials and Methods). Reaction products were analyzed on
nondenaturing polyacrylamide gels. Lane 1, incubation without protein; lane 2, heat-denatured substrate; lane 3, MBP-nsp10 (wild type [WT]);
lane 4, MBP-nsp10_C2377H; lane 5, MBP-nsp10_C2395H; lane 6, MBP-nsp10_C2395A; lane 7, MBP-nsp10_H2399C; lane 8, MBP-
nsp10_H2399A; lane 9, MBP-nsp10_C2412H; lane 10, MBP-nsp10_H2414C; lane 11, MBP-nsp10_H2414A; lane 12, MBP-nsp10_K2534Q; lane 13,
1 pmol of MBP-nsp10_K2534Q and 1 pmol of MBP-nsp10_C2377H; lane 14, MBP-nsp10_K2534Q and MBP-nsp10_C2377H; lane 15, 1 pmol of
MBP-nsp10_K2534Q and 1 pmol of MBP-nsp10_H2399C. Below the gel, the relative ATPase activities of the corresponding proteins are given.
The activity of the wild-type protein, MBP-nsp10, was taken to be 1.0, and all other ATPase activities were normalized to this value. Also listed
are the phenotypes in tissue culture of EAV mutants containing the respective nsp10 ZBD substitutions (Table 1) (35). Titers of progeny virus were
determined from tissue culture supernatants harvested at 24 h posttransfection. RNA replication and sgRNA synthesis, respectively, were assessed
by immunofluorescence analysis by using antibodies specific for the replicase gene product, nsp3, and the nucleocapsid protein, respectively (for
details, see Materials and Methods). RNA synthesis of the EAV mutants, EAV_C2395H and EAV_H2414C, which had delayed growth kinetics,
was also studied by Northern blotting (Fig. 3). �, absent; �, present; dsDNA, double-stranded DNA; ssDNA, single-stranded DNA.
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acterized by hybridization analysis. RNA derived from wild-
type pEAN800 and from both mutant clones was transfected
into BHK-21 cells in triplicate, and progeny virus was har-
vested at complete cytopathic effect. Fresh cells were infected
with the three viruses by using a similar multiplicity of infec-
tion, and intracellular RNA was isolated at 12 h postinfection,
that is, at the end of the first cycle of infection. The presence
of the C2395H and H2414C mutations was confirmed by se-
quence analysis of RT-PCR products. For both mutants, ge-
nome replication and sgRNA synthesis could be detected (Fig.
3), but RNA synthesis as a whole was severely reduced com-
pared to the wild-type control, with the reduction being the
most severe for the C2395H mutant.

The reverse genetics data obtained in this and a previous
study (35) were used to select the most informative ZBD
substitutions to be tested in enzymatic assays with bacterially
expressed proteins. We decided to characterize mutations that
were associated with four different EAV phenotypes (Fig. 2
and 4, bottom panels): (i) no RNA synthesis, (ii) replication of
genomic RNA (but no sgRNA synthesis), (iii) genomic RNA
and sgRNA synthesis (but no viable virus), and (iv) viable virus
but reduced virus titers.

Wild-type and mutant forms of HCoV-229E nsp13 and EAV
nsp10 were expressed in E. coli as fusion proteins with the
MBP and purified by amylose-affinity chromatography. As neg-
ative controls, we used Walker A box (38) mutants of nsp10
(MBP-nsp10_K2534Q) and nsp13 (MBP-nsp13_K5284A) (Ta-
ble 1), which were previously shown to be ATPase deficient (9,

25, 26). SDS-polyacrylamide gel electrophoresis analysis was
used to confirm that each of the mutant proteins could be
expressed and purified to the same level as the wild-type pro-
teins, MBP-nsp10 and MBP-nsp13 (compare lanes 2 to 15 with
lane 1 in Fig. 5A and compare lanes 2 to 9 with lane 1 in Fig.
5B).

Substitutions of conserved ZBD Cys and His residues inter-
fere with ATPase activities of EAV nsp10 and HCoV-229E
nsp13. The relative ATPase activities of proteins carrying Cys/
His substitutions in the ZBD are presented in the bottom
panel of Fig. 2 (for EAV) and in Table 2 (for HCoV-229E).
From the 16 Cys/His mutations tested in this study, 8 proteins
had a background level of activity and 8 proteins retained
significant ATPase activities, which also included one protein,
MBP-nsp13_C5024H, whose ATPase activity surpassed that of
the wild-type protein. The vast majority of Cys-to-Ala or His-
to-Ala mutants was ATPase deficient. Thus, only one of three
nsp10 mutants (MBP-nsp10_H2414A) and one of four nsp13
mutants (MBP-nsp13_C5050A) retained significant (albeit re-
duced) ATPase activities. In striking contrast, the majority of
Cys-to-His and His-to-Cys mutants were enzymatically active
(Fig. 2 and Table 2). At four positions, nsp10-C2395, nsp10-
H2414, nsp13-C5024, and nsp13-C5050, the Ala replacement
was more detrimental than the corresponding Cys-to-His or
His-to-Cys substitution. At two other positions, nsp10-H2399
and nsp13-C5021, either replacement inactivated the ATPase.
Importantly, these effects were observed for both nidovirus

FIG. 3. Hybridization analysis of the RNA synthesis of EAV nsp10
mutants EAV_C2395H and EAV_H2414C. Intracellular RNA was
isolated from similar numbers of infected cells at 12 h postinfection.
Both genome replication and sgRNA synthesis of the two mutants
were reduced compared to a wild-type (WT) control. EAV RNAs 1 to
7 are indicated to the left.

FIG. 4. Effects of substitutions and deletions in the EAV nsp10
hinge spacer region. Helicase activity assays were carried out under the
same conditions as in the experiment shown in Fig. 2. Lane 1, reaction
without protein; lane 2, heat-denatured substrate; lane 3, MBP-nsp10
(wild type [WT]); lane 4, MBP-nsp10_K2534Q; lane 5, MBP-
nsp10_S2429P; lane 6, MBP-nsp10_S2429G/P2430G; lane 7, MBP-
nsp10_S2429P/P2430S; lane 8, MBP-nsp10_�E2427; lane 9, MBP-
nsp10_�G2428. Below the gel, the relative ATPase activities of the
respective proteins are given. The ATPase activity of the wild-type
protein, MBP-nsp10, was taken to be 1.0, and all other activities were
normalized to this value. In the bottom panel, the tissue culture phe-
notypes are given for the EAV mutants containing the respective
substitutions or deletions in the hinge spacer region (35). �, absent; �,
present; �, strongly reduced; dsDNA, double-stranded DNA; ssDNA,
single-stranded DNA.
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homologs. Collectively, these results establish that the ZBD is
indispensable for the ATPase activities of nidovirus helicases.
Furthermore, the data support, albeit indirectly, the Zn2�-
coordinating properties of the conserved Cys and His residues
of this domain. The fact that all Cys-to-His and His-to-Cys
mutations (including those that gave rise to replication-com-
petent viruses) affected the ATPase activities of nidovirus he-
licases suggests that the interplay between the zinc-binding and
catalytic domains is finely tuned.

Duplex-unwinding activity of nsp10 is sensitive to substitu-
tions of conserved ZBD Cys and His residues. As previously
reported, nidovirus helicases have 5�-to-3� duplex-unwinding
activities that depend on ATP hydrolysis (24, 25, 32). We
therefore sought to investigate whether (and to what extent)
reduced ATPase activities would affect the duplex-unwinding

activities of the ZBD mutants. As shown for MBP-nsp10 in Fig.
2, there was a clear link between the ATPase and unwinding
activities of a given protein. As expected, mutants that lacked
ATPase activity also lacked helicase activity (compare lanes 4,
6, 7, and 8 with lane 3). However, the helicase and ATPase
activities were not equally affected by a given mutation in all
proteins. Such a discrepancy between the observed ATPase
and helicase activities was particularly evident in the
nsp10_C2395H mutant that, despite considerable ATPase ac-
tivity (60% of the wild-type activity), only had a poor helicase
activity compared to other mutants with similar (H2414C) or
even much less ATPase activity (C2412H) (compare lanes 5
with lanes 9 and 10 in Fig. 2). It thus appears that the C2395H
mutation inhibits the helicase activity through both ATPase-
dependent and -independent pathways. Taken together, the
results suggest that ZBD controls the activities of the catalytic
domain and indicate that this function may involve ATPase-
dependent and -independent determinants.

Zn2� is an essential structural cofactor for coronavirus and
arterivirus helicases. The observed strong effects of single
ZBD mutations on the enzymatic activities of the catalytic
domain strongly suggest that major conformational changes in
the ZBD will disrupt the activities of the downstream helicase.
Hence, the enzymatic activities of HCoV-229E nsp13 and
EAV nsp10 should also be extremely sensitive to Zn2� deple-
tion. To test this hypothesis, purified MBP-nsp13 and MBP-
nsp10 were denatured in urea-containing buffer and subse-
quently renatured in buffer containing either 100 �M zinc
acetate or 10 mM EDTA (see Materials and Methods for
details). Subsequent ATPase activity assays consistently re-
vealed that proteins refolded in Zn2�-containing buffer had
regained ATPase activity, whereas no significant activity was
found for proteins refolded in Zn2�-free buffer (Fig. 6). The
latter proteins could not be reactivated by supplementing the
ATPase reaction buffer with zinc acetate (data not shown).
Similar results were obtained in the helicase assay (data not
shown). The data lead us to suggest that Zn2� is an essential
structural (rather than catalytic) cofactor of nidovirus helicases
which, most probably, is required to maintain the enzymatically
active conformation. In line with this interpretation, helicase

FIG. 5. Purification of bacterially expressed MBP-EAV nsp10 and
MBP–HCoV-229E nsp13 fusion proteins. Fusion proteins (1 �g each)
were separated by SDS-polyacrylamide gel electrophoresis and stained
with Coomassie brilliant blue. Lane M shows the molecular mass
markers. (A) MBP-nsp10 fusion proteins. Lane 1, wild-type (WT)
MBP-nsp10; lanes 2 to 15, mutant derivatives of MBP-nsp10, with the
respective amino acid substitutions indicated above the gel. (B) MBP-
nsp13 fusion proteins. Lane 1, MBP-nsp13; lanes 2 to 9, mutant de-
rivatives of MBP-nsp13, with the respective amino acid substitutions
indicated above the gel.

TABLE 2. Relative ATPase activities of MBP–HCoV-229E nsp13
fusion proteins carrying substitutions in the ZBD

Protein
Relative
ATPase
activitya

MBP-nsp13....................................................................................... 1.0
MBP-nsp13_K5284A....................................................................... �0.1
MBP-nsp13_C5003A....................................................................... �0.1
MBP-nsp13_C5021H....................................................................... �0.1
MBP-nsp13_C5021A....................................................................... �0.1
MBP-nsp13_C5024H....................................................................... 1.5
MBP-nsp13_C5024A....................................................................... �0.1
MBP-nsp13_H5028R ...................................................................... 0.2
MBP-nsp13_C5050H....................................................................... 0.9
MBP-nsp13_C5050A....................................................................... 0.6

a The ATPase activity of the wild-type protein, MBP-nsp13, was taken to be
1.0, and all other activities were normalized to this value. The Walker A box-
substituted protein, MBP-nsp13_K5284A, was used as a negative control. Each
value represents the average of the results from three independent determina-
tions, which did not vary by more than 15%.
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sequence alignments revealed that the ZBD is the only domain
in which residues with known zinc-binding potential (Cys, His,
and Glu) (35) are conserved among arteriviruses and corona-
viruses (data not shown). These results are fully consistent with
the genetic and biochemical data presented above and provide
further evidence for a control function of the ZBD over the
catalytic domain.

ZBD may provide an essential cis-acting function for the
EAV helicase. To address the mechanism by which the ZBD
controls the activities of the catalytic domain, the unwinding
activities of two nsp10 derivatives with ZBD deletions were
tested. Both proteins proved to be enzymatically inactive and
could not be rescued by a separate ZBD provided in trans (data
not shown). The helicase activity was also not rescued by intra-
allele complementation in an assay with a mixture of two in-
active mutants with replacements in either the catalytic domain
(the Walker A box mutant protein, MBP-nsp10_K2534Q) or
the ZBD (MBP-nsp10_C2377H or MBP-nsp10_H2399C) (Fig.
2, lanes 13 to 15). Although the negative outcome of these
experiments may be explained in numerous ways, the results,
combined with the helicase activity of the intact nsp10, indicate
that the nsp10 enzymatic activity is critically dependent upon
ZBD functions provided in cis.

Enzymatic activities of ZBD hinge spacer mutants. In addi-
tion to mutations in the ZBD itself, we characterized the en-

zymatic activities of a series of hinge spacer mutations that
were proven by reverse genetics to block viral reproduction in
tissue culture (35). MBP-nsp10 derivatives with single (MBP-
nsp10_S2429P) or double substitutions (MBP-nsp10_S2429G/
P2430G and MBP-nsp10_S2429P/P2430S) had almost wild-
type ATPase activities, whereas single-amino-acid deletions in
this region (MBP-nsp10_�E2427 and MBP-nsp10_�G2428)
led to reduced (but still significant) ATPase activities (Fig. 4).
The unwinding and ATPase activities of these mutant proteins
were affected to similar extents (compare the data in the top
and bottom panels of Fig. 4), indicating that the hinge region
may control the nsp10 helicase activity by modulating the as-
sociated ATPase activity.

Complex relationship between effects of EAV ZBD muta-
tions on in vitro enzymatic activities and virus phenotype. As
could be expected from the pivotal role of the helicase for
EAV reproduction (35), mutations that inactivated the enzy-
matic activities of nsp10 also completely blocked sgRNA and
genomic RNA synthesis and production of infectious progeny
when tested in the EAV infectious clone (Fig. 2, lanes 4, 6 to
8, and 12, and Fig. 4, lane 4). This nonviable phenotype was
also seen in 4 other mutants for which low ATPase/helicase
activities had been measured in vitro (Fig. 2, lanes 9 and 11,
and Fig. 4, lanes 8 and 9). In contrast, all five mutants with
ATPase activities of �60% of the wild-type level proved to be
replication competent, irrespective of the level of their helicase
activities and also irrespective of whether the mutation was
located in the ZBD or the hinge spacer region. Three of these
mutations (with substitutions in the hinge spacer) showed al-
most wild-type ATPase/helicase activities in vitro but, in the
infectious clone, caused severe defects in viral sgRNA synthe-
sis (Fig. 4, lanes 5 to 7). Only two of the ZBD mutations were
compatible with virus reproduction. Remarkably, one of these
mutations was C2395H, a protein with very weak helicase ac-
tivity compared to other enzymatically active nsp10 mutants
(Fig. 2, lanes 5 and 9 to 11). This comparative analysis shows
that, for most mutations, there is no simple correlation be-
tween the virus phenotype in tissue culture and the enzymatic
activities of the catalytic domain measured in vitro. In our
experiments, partial defects in the nsp10 ATPase activity
turned out to be more critical to EAV replication than a
reduced helicase activity. Furthermore, our data indicate that,
besides its involvement in the ATPase/helicase activities, the
ZBD-associated hinge spacer may control another yet-to-be
identified activity that is required for nidovirus sgRNA synthe-
sis.

DISCUSSION

In this study, we provide several lines of evidence to support
a zinc-binding activity of the nidovirus-specific ZBD. Further-
more, the ZBD is shown to be of critical importance to the
ATPase and duplex-unwinding activities of the C-proximal he-
licase domain. The observed dependence of the catalytic do-
main on the N-terminal ZBD seems to be one of the mecha-
nisms by which the ZBD controls key processes of arterivirus
(and probably coronavirus) RNA synthesis.

Zn fingers contain conserved Cys and His residues and have
been implicated in diverse functions, including protein-protein
interactions as well as binding of single- and double-stranded

FIG. 6. Zn2� is an essential structural cofactor for the ATPase
activities of arterivirus EAV nsp10 and coronavirus HCoV-229E
nsp13. MBP-nsp10 and MBP-nsp13 were denatured in urea-containing
buffer and subsequently renatured in buffer containing zinc acetate and
EDTA, respectively. The ATPase activities of the renatured MBP-
nsp10 (lanes 2 and 3) and MBP-nsp13 (lanes 5 and 6) fusion proteins
were analyzed by the [	-32P]ATP thin-layer chromatography assay
described in Materials and Methods. ATPase reactions were done with
buffer alone (lanes 1 and 4), with proteins renatured in the presence of
100 �M zinc acetate (ZnOAc, lanes 2 and 5), and with proteins rena-
tured in the presence of 10 mM EDTA (lanes 3 and 6). The positions
of ATP and Pi are indicated.
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nucleic acids (12). The fusion of a Zn finger and a helicase
domain in a single protein has been identified in a growing
number of helicases (1, 17, 37). However, to date, there are
only few examples where this structural association was probed
experimentally in functional assays. Similar to our data,
Poplawski et al. (21) showed recently that a mutation in the
ZBD of an archaeal minichromosome maintenance protein,
belonging to a protein family that most probably constitutes
the eukaryotic replicative helicase, impaired the DNA-binding,
ATPase, and unwinding activities of the enzyme, indicating
interactions between the Zn finger and enzymatic domains.
For RNA viruses, the association of Zn finger and helicase
domains in a single protein has only been reported for the
order Nidovirales. We have shown here that Zn2� is an indis-
pensable structural component of arterivirus and coronavirus
helicases. Our mutagenesis data also indicate that the struc-
tures of nidovirus ZBDs are highly constrained and that there
is extensive communication between the ZBD and helicase
domains. Thus, even substitutions expected to preserve the
zinc-binding properties of the domain (Cys3His or His3Cys)
significantly reduced and, in some cases, completely abolished
the ATPase and unwinding activities of the C-terminal helicase
domain.

Using EAV reverse genetics, it has been shown in this and a
previous study (35) that most replacements of conserved nsp10
ZBD Cys/His residues result in a complete block of viral RNA
synthesis. These in vivo data were now complemented by assess-
ing the enzymatic properties of the ZBD mutants in vitro. We
found that, without exception, nondetectable ATPase and heli-
case activities in vitro correlate with nonviable phenotypes in vivo.
However, we also observed that some mutations produced non-
viable phenotypes (nsp10_C2412H and nsp10_H2414A), al-
though the proteins possessed significant ATPase and helicase
activities. Collectively, the data support the idea that EAV repro-
duction is most sensitive to the level of nsp10 ATPase activity.
Further studies are needed to elucidate the exact mechanism of
this dependence.

A potential functional parallel may exist between the nidovi-
rus ZBD/helicase and herpes simplex virus type 1 UL5/UL52,
a heteromeric protein complex with zinc-binding and helicase
domains. These domains reside in separate proteins that are
both necessary for ATPase and unwinding activities (2). Like
in our experiments, mutations in the Zn finger of the herpes
simplex virus type 1 UL5 protein were shown to affect the
enzymatic activities of the associated UL52 helicase (2). We
therefore sought to reconstitute a functional nidovirus helicase
from separately expressed Zn finger and helicase domains. The
inability to reconstitute nidovirus helicase activity by separate
expression of the ZBD and the helicase region may be due to
purely technical reasons (for example, incorrectly selected do-
main borders of the zinc-binding and helicase domains). Al-
ternatively, and in our opinion much more likely, nidoviruses
may have evolved a helicase whose activities strictly depend on
a ZBD to which the catalytic domain remains covalently bound
throughout the infection cycle.

The zinc-binding and helicase core domains of nsp10 are
thought to be connected by a so-called hinge spacer segment (35).
Previously, point mutations in this region were found to selec-
tively disrupt EAV sgRNA synthesis (34, 35). Interestingly, the
corresponding proteins with single or double amino acid substi-

tutions in this region (nsp10_S2429P, nsp10_S2429G/P2430G,
and nsp10_S2429P/P2430S) were found to exhibit nearly wild-
type ATPase and helicase activities, suggesting that nsp10 has yet
another role in sgRNA synthesis that cannot be assessed by the
existing in vitro assays. Further studies are needed to determine
whether interactions with specific RNA substrates and/or other
proteins of the viral replication complex are affected in these
mutants. In contrast to amino acid replacements, deletions
of single residues in the same region (nsp10_�E2427 and
nsp10_�G2428) considerably reduced both ATPase and helicase
activities in vitro, which is consistent with the previously observed
disruption of both genomic RNA and sgRNA synthesis in tissue
culture (35). It remains to be determined whether the reduction
of the enzymatic activities of nsp10 is the sole cause of the non-
viable phenotype of these mutants or whether other mechanisms
are also involved. Although we do not know precisely how these
deletions exert their deleterious effects, our results illustrate that
the integrity of the viral helicase, even in the variable region
connecting the Zn finger and catalytic domains, is extremely im-
portant for the viability of nidoviruses.

Finally, our comparative analysis of EAV and HCoV-229E
helicases identified nsp13 mutants which look most promising
for a future characterization in vivo. The data lead us to predict
that the nsp13 mutants C5024H, C5050H, and C5050A with
relative ATPase activities of �0.6 will support HCoV-229E
RNA synthesis and, possibly, also virus production. A further
detailed characterization of these mutants in vitro and in vivo
should be most insightful for the dissection of the precise
role(s) that nsp13 plays in coronavirus reproduction. It has
been argued that, because of the vital role of its enzymatic
activities for viral replication, nsp13 may represent a suitable
target for antiviral therapy of coronavirus infections including
severe acute respiratory syndrome (4, 10, 32). However, given
the huge number of cellular helicases, the development of
selective coronavirus (nidovirus) helicase inhibitors can be ex-
pected to be a major challenge. In this respect, the essential
and severely constrained interaction between the enzymatic
and zinc-binding domains of nidovirus helicases identified in
this study may offer a novel target for the development of
highly selective antinidoviral drugs.
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