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ABSTRACT

Recently, we cloned two highly related human genes,
hChlR1 (DDX11) and hChlR2 (DDX12), which appear
to be homologs of the Saccharomyces cerevisiae
CHL1 gene. Nucleotide sequence analysis suggests
that these genes encode new members of the DEAH
family of DNA helicases. While the enzymatic activity
of CHL1 has not been characterized, the protein is
required for the maintenance of high fidelity chromo-
some segregation in yeast. Here we report that the
hChlR1 protein is a novel human DNA helicase. We
have expressed and purified hChlR1 using a baculo-
virus system and analyzed its enzymatic activity. The
recombinant hChlR1 protein possesses both ATPase
and DNA helicase activities that are strictly
dependent on DNA, divalent cations and ATP. These
activities are abolished by a single amino acid substi-
tution in the ATP-binding domain. The hChlR1
protein can unwind both DNA/DNA and RNA/DNA
substrates. It has a preference for movement in the
5′→3′ direction on short single-stranded DNA
templates. However, unlike other DNA helicases, the
hChlR1 DNA helicase can translocate along single-
stranded DNA in both directions when substrates
have a very long single-stranded DNA region. The
enzymatic activities of hChlR1 suggest that DNA heli-
cases are required for maintaining the fidelity of
chromosome segregation.

INTRODUCTION

Helicases catalyze the destabilization of hydrogen bonds
between complementary nucleic acids (1). DNA duplexes,
RNA duplexes and/or DNA–RNA hybrids must be transiently
unwound during multiple cellular processes including replication,
repair, recombination, transcription and splicing (2,3). Therefore
these enzymatic activities are ubiquitous and essential to cells.
Many helicases have been identified in both eukaryotes and
prokaryotes (2–4). All known helicases contain seven
conserved domains. The contributions of some of the domains
to the enzymatic helicase activity have been elucidated. For
instance, domains I and II are needed for ATP binding and
ATP hydrolysis, respectively (5). Domain VI seems to be

required for the binding of polynucleotides to the protein (5).
Domain II has also been used to specify two major helicase
subfamilies, which are called DEAD and DEAH based on the
single letter amino acid sequence of this motif (6).

Recently, we cloned two genes, hChlR1 (DDX11) and
hChlR2 (DDX12), that appear to be the human homologs of the
yeast CHL1 gene (7,8). Analysis of the nucleotide sequence of
the hChlR1 gene suggested that it encoded a DNA helicase,
since it contained all seven conserved helicase domains. The
yeast CHL1 gene also contains all seven conserved helicase
domains. Although the enzymatic activity of CHL1 has not
been characterized, a CHL1 gene containing a single amino
acid substitution in the ATP-binding domain is unable to
complement CHL1 null mutants, suggesting that enzymatic
activity is required for CHL1 function (Holloway-Gerring and
Hieter, unpublished results). The exact biological function of
the yeast CHL1 gene is not known, however yeast strains
lacking this gene show abnormal chromosome transmission
(9). CHL1-negative mutants also show a G2/M cell cycle delay
that is RAD9 independent. However, the recombination rate of
CHL1 mutant yeast strains is similar to that of wild-type yeast.
Moreover, CHL1 mutations have been shown to be synthetically
lethal with either kar3 or mad2 (10,11; Holloway-Gerring et al.,
unpublished results). The kar3 and mad2 genes encode a
kinesin-like protein involved in mitosis and a protein required
for a mitotic checkpoint, respectively. These observations
suggest that the Chl1 protein functions after DNA synthesis
and before the completion of mitosis, possibly as part of a
mitotic checkpoint. The requirement for CHL1 protein for the
maintenance of high fidelity chromosome transmission
supports the hypothesis that hChlR1 and hChlR2 are involved
in maintaining faithful chromosome segregation in human
cells.

Recently, two other human helicase genes, WRN and BLM,
have been shown to participate in the maintenance of genome
stability (12–18). Mutations in these two human RecQ-like
DNA helicases have been shown to be responsible for
Werner’s and Bloom’s syndromes, respectively (19,20). These
two human DNA helicases are homologs of the yeast Sgs1
protein. Mutations in the SGS1 gene, which encodes DNA
helicase, cause increased recombination of repeated sequences
and genome instability in yeast (21–23). The nature of the
symptoms associated with these human diseases suggests that
while both helicases cause genome instability, each helicase
also has a unique function(s) in the cell. Since the diseases are
clearly distinct, clarification of the specific functions of these
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two helicases will assist in understanding these diseases and
the basis of the genome instability. Here we show that the
hChlR1 protein, which is encoded by the hChlR1 gene, is
indeed a novel human DNA helicase. The homology of this
gene to the CHL1 gene in yeast suggests that the hChlR1
protein, like WRN and BLM, may also be involved either
directly or indirectly in the maintenance of genome stability in
humans.

MATERIALS AND METHODS

Recombinant Werner syndrome gene product

The recombinant Werner gene product, the WRN DNA helicase,
was a gracious gift from Dr Lawrence A. Loeb (University of
Washington).

Construction of baculoviruses expressing hChlR1

The full-length hChlR1 cDNA was excised from pBluescript/
hChlR1 using NcoI and HindIII and cloned into pFASTBac
HTB digested with NcoI and HindIII (Life Science). The resulting
construct was then transposed according to the manufacturer’s
instructions. The viral DNA was transfected into Sf21 cells and
high titer viral stocks were prepared. To generate enzymatically
inactive protein the lysine residue at amino acid 50 was
changed to an arginine by site-directed mutagenesis (24–27).
This mutation alters the A box of the ATP-binding site
consensus domain. A similar mutation in the RAD3 protein
abolishes both ATPase and DNA helicase activity (27).
Furthermore, mutant chl1 alleles containing substitutes in the
corresponding residue in yeast CHL1 were unable to complement
a chl1 deletion yeast strain (Holloway-Gerring and Hieter,
unpublished results). Mutation of this residue was confirmed
by manual DNA sequencing. The mutant hChlR1 cDNA was
then cloned in pFASTBac HTb as described above for the
wild-type protein.

Purification of hChlR1 protein

Recombinant hChlR1 containing a hexa-histidine tag at the
N-terminus was expressed in High Five insect cells and purified
by Ni2+ column chromatography as described below. A mutant
protein, which should be enzymatically inactive, was made by
replacement of the essential lysine with arginine in Domain I
using site-directed mutagenesis and the protein was purified
using the same protocol.

The cells (5 × 107) were collected 48 h after infection with
the recombinant baculovirus at a m.o.i. of 3–6 and extracted
with lysis buffer (5 ml) containing 10 mM HEPES pH 7.9, 1%
NP-40, 1 mM MgCl2 and 0.5 mM CaCl2. Five milliliters of cell
extract were incubated with 1 ml of Ni2+ resin. The resin was
poured into a column and after washing with 50 mM HEPES
pH 7.9, 300 mM NaCl, 10% glycerol and proteinase inhibitors
(Complete™ EDTA-free; Boehringer) containing either 20 or
50 mM imidazole (10 ml each) was eluted with the same buffer
containing 200 mM imidazole.

The purified proteins were electrophoresed on SDS–polyacryl-
amide gels and visualized with Coomassie brilliant blue. The
concentrations of the purified proteins were estimated by
comparison with known amounts of bovine serum albumin
electrophoresed on the same gel. The protein preparations were
90–95% pure based on visual analysis of the stained gel.

Western blot analysis was performed using rabbit polyclonal
Hel1 antisera to the hChlR1 protein as described previously
(8). The Hel1 antisera was made to amino acids 2–130 of the
hChlR1 protein and then purified by affinity chromatography
(8). A peroxidase-labeled goat anti-rabbit IgG antibody
(Kirkegaard & Perry Laboratories) was used as the secondary
antibody. The signals were detected with an ECL Western
Blotting Kit (Amersham Pharmacia Biotech).

ATPase assay

The ATPase activity of hChlR1 protein was detected by measuring
the release of free phosphate during ATP hydrolysis (28,29).
The reaction was carried out at 37°C in a volume of 100 µl.
The assay mixture had the following components: 20 mM
HEPES pH 7.4, 25 mM KCl, 2 mM MgCl2, 0.1 mM EDTA,
0.5 mM dithiothreitol, 1.0 mM [32P]ATP, calf thymus DNA
and 10 µl of hChlR1 protein. The reaction was initiated by the
addition of hChlR1 protein. At the indicated times, 20 µl aliquots
were removed from the assay mixtures and 50 µl of the phosphate
reagent (4 N H2SO4, 4% ammonium molybdate and 0.02 M
silicotungstic acid) and 200 µl of xylene:isobutyl alcohol
(65:35 v/v) were added. The samples were vigorously vortexed
to extract the phosphomolybdate complex, formed from the
free phosphate, into the organic phase. An aliquot (100 µl) was
removed from the organic phase and the radioactivity was
quantified using a liquid scintillation counter.

Preparation of helicase substrates

Ten different DNA and RNA oligonucleotides were used to
construct the substrates for helicase assays. The sequences of
these oligonucleotides were M13-18 (5′-CAGGGTTTTC-
CCAGTCAC-3′), M13-24 (5′-CGCCAGGGTTTTCCCAGT-
CACGAC-3′), M13-40 (5′-CGATTAAGTTGGGTAACGCC-
AGGGTTTTCCCAGTCACGAC-3′), M13-18(RNA) (5′-CA-
GGGUUUUCCCAGUCAC-3′), M13-35 (5′-AGCATGTCA-
ATCATATGTACCCCGGTTGATAATCA-3′), M13-26 (5′-GG-
TACCGAGCTCGAATTCGTAATCAT-3′), M13-19C (5′-GG-
TGACTGGGAAAACCCTG-3′), DR-45 (5′-TCGCGGAAGCT-
TGGCTGCAGAATATTGCTAGCGGGAATTCGGCGCG-3′),
DR-1735 (5′-GCAGCCAAGCTTCCGCG-3′) and DR-1753
(5′-TCGCCCTTAAGCCGCGC-3′). These oligonucleotides
are complementary to nucleotides 6313–6330 (M13-18),
6310–6333 (M13-24), 6310–6349 (M13-40), 6313–6330
[M13-18(RNA)], 6827–6861 (M13-35) and 6220–6247 (M13-26)
of the M13mp18(+) DNA, respectively.

For the preparation of the 3′-end-labeled substrates, each of
the oligonucleotides (1 pmol) was annealed with 2.5 µg of the
single-strand M13mp18(+) DNA as described (14) and the free
oligonucleotides removed by passage through a Sephacryl
S-400 HR column (Pharmacia). After ethanol precipitation, the
3′-end of the annealed oligonucleotide was labeled by an
extension reaction using the Klenow fragment (exo–) of
Escherichia coli DNA polymerase I and [α-32P]dGTP
(3000 Ci/mmol). The free nucleotides were removed by S-400HR
column chromatography.

5′-End-labeled substrates were prepared by phosphorylating the
oligonucleotide with T4 polynucleotide kinase and [γ-32P]ATP
(3000 Ci/mmol) prior to annealing the oligonucleotide to
M13mp18 DNA. Blunt-ended substrate was prepared by
annealing M13-18 and M13-19C and then filling-in the end
with Klenow fragment (exo–) and [α-32P]dCTP (3000 Ci/mmol).
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Two kinds of linear DNA substrates were used to determine
the directionality of hChlR1 helicase translocation on a DNA
substrate. For the 5′→3′ directionality experiments, M13-35
was annealed to M13mp18(+) DNA and the 3′-end was labeled by
extension reaction with Klenow fragment (exo–) and [α-32P]dGTP
(3000 Ci/mmol). The resulting partially duplexed DNA was
digested with RsaI, which cuts the DNA in a blunt-ended
manner leaving a 3′-end-labeled oligonucleotide. For 3′→5′
directionality experiments, M13-26 annealed to M13mp18(+)
was digested with EcoRI and the cleavage sites were filled-in with
Klenow fragment (exo–) in the presence of TTP and [α-32P]dATP
(3000 Ci/mmol). We also prepared another pair of substrates to
determine the directionality. These substrates consisted of an
18 base oligonucleotide annealed to the end of a 45 base oligo-
nucleotide creating a substrate that was blunt at either the 5′- or
3′-end. The 18 base oligonucleotide was 32P-labeled by fill-in reac-
tion with Klenow fragment (exo–) in the presence of [α-32P]dATP
(3000 Ci/mmol) after annealing DR-45 with either DR-1735 or
DR-1753.

Helicase assay

The helicase activity was measured by detecting the displacement
of labeled oligonucleotide from the partially duplexed
substrate. For these experiments, the labeled substrate was
incubated with purified hChlR1 protein at 37°C for 10 min in
30 µl of the reaction mixture containing 50 mM Tris–HCl
pH 7.4, 1 mM MgCl2, 2 mM 2-mercaptoethanol, 1 mM ATP
and 0.5 mg/ml BSA. The reaction was terminated by adding
6 µl of stop solution containing 50 mM EDTA, 2% SDS, 40%
glycerol, 0.3% bromophenol blue and 0.3% xylene cyanol. The
reaction product was separated from the substrate by electro-
phoresis on a 12% polyacrylamide gel in 1× TBE buffer and
visualized by autoradiography.

RESULTS

Purification of the recombinant hChlR1 protein from
insect cells

In order to biochemically characterize the hChlR1 protein we
used the baculovirus expression system to produce the recom-
binant protein with a hexa-histidine tag. High Five insect cells
were infected with recombinant baculovirus expressing either
the wild-type or mutant hChlR1 protein. The hChlR1 protein
was purified from cellular extracts by Ni2+ column affinity
chromatography. The purity of the hChlR1 proteins was
assessed by SDS–PAGE and Coomassie brilliant blue staining
(Fig. 1A). A major band accounting for 90–95% of the protein
was visible at the predicted size (112 kDa) of hChlR1 for both
wild-type and mutant protein preparations. For unknown
reasons, cells expressing the mutant protein, which contains a
single amino acid substitution, expressed ~20-fold more
protein than cells infected with the wild-type virus under
identical infection and purification conditions.

To confirm that this 112 kDa protein was the hChlR1 gene
product, we detected the protein by western blot analysis using an
affinity-purified Hel1 antiserum which recognizes the N-terminus
of the hChlR1 protein (Fig. 1B). The major Coomassie brilliant
blue stained bands in both preparations were specifically
recognized by this antiserum. Thus, the major Coomassie
brilliant blue stained proteins are hChlR1 proteins.

ATPase activity of the purified hChlR1 protein

All helicases have DNA-dependent ATPase activity since the
energy obtained from ATP hydrolysis is required for
unwinding of nucleic acid duplexes (1–3). Therefore, we deter-
mined whether the hChlR1 protein functioned as an ATPase.
We analyzed the ATPase activity using equal volumes of the
mutant and wild-type enzymes in order to equalize the amount
of contaminants in the reactions (Fig. 2A). It should be noted that
samples from the mutant protein preparation contain ~20-fold
more hChlR1 protein than the wild-type protein preparation
(1500 and 75 ng of hChlR1 protein, respectively). The wild-type
fraction hydrolyzed ATP in the presence of DNA in a time-
dependent manner. This ATPase activity was strictly DNA-
dependent since the ATPase activity was reduced >90% when
DNA was not added to the ATPase reaction. The level of
ATPase activity varied as a function of hChlR1 protein
concentration, and this activity was abolished by boiling the
protein prior to the reaction (data not shown). In contrast, the
mutant hChlR1 protein exhibited only minimal background
activity even after long incubations. In addition, this low level
of ATPase activity was not influenced by DNA.

To compare the ATPase activities of the wild-type and
mutant hChlR1 proteins, we calculated the specific activities of
two preparations in the presence of DNA (Fig. 2B). There was
an ~125-fold difference in the specific activity of the wild-type
and mutant hChlR1 proteins. These data clearly indicate that
the lysine in the ATP-binding domain is essential for ATPase
activity. At the same time, it also confirms that hChlR1 protein
functions as an ATPase.

We further characterized this ATPase activity in terms of pH,
cation and nucleic acid dependency. Maximal ATP hydrolysis

Figure 1. Purification of wild-type and mutant hChlR1 proteins by Ni2+ column
chromatography. High Five insect cells were infected with baculoviruses carrying
either the wild-type or a mutant hChlR1 cDNA with a single amino acid
change in the ATP-binding site. Forty-eight hours after infection the cells were
collected and lysed. Both the proteins were purified by Ni2+ affinity column
chromatography. The purified proteins were electrophoresed through SDS–
polyacrylamide gels. (A) The proteins were stained with Coomassie brilliant
blue. The following concentrations of hChlR1 proteins were loaded on the
gel: lane 1, 150 ng of hChlR1; lane 2, 300 ng of the K-R mutant. (B) Western
blotting using affinity-purified Hel1 antisera which recognizes the N-terminus
of the hChlR1 protein. Lane 1, 7.5 ng of hChlR1; lane 2, 15 ng of the K-R
mutant.
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was observed at pH 7.4. This activity was drastically decreased at
pH 5.0 (Fig. 3A). This ATPase activity also required an appropriate
divalent cation. Mg2+ ions supported the activity most effectively.
Ca2+ and Mn2+ ions partially substituted for Mg2+, but Zn2+ did
not (Fig. 3B). As shown in Figure 2, this ATPase activity was
stimulated by the addition of DNA to the reaction. Therefore,
we examined the stimulatory effect of several nucleic acids on
ATPase activity (Fig. 3C). Both calf thymus DNA and
M13mp18 single-stranded DNA had the ability to stimulate
ATPase activity, but circular double-stranded pcDNA3.0,
blunt-ended pcDNA3.0 and two different types of RNAs
(rRNA and tRNA) had no effect. The data examining the
ATPase activity of the various plasmid forms suggest that
hChlR1 is a single-stranded DNA-dependent ATPase.
However, the observations that sheared calf thymus DNA
stimulated ATPase activity while double-stranded pcDNA did
not are somewhat contradictory, although it is possible that the
calf thymus DNA preparation contained single-strand DNA.
Nonetheless, this data indicates that the ATPase activity catalyzed
by hChlR1 protein requires DNA as a cofactor. These data also
verify that hChlR1 protein is a DNA-dependent ATPase.

DNA helicase activity of the purified hChlR1 protein

DNA helicase activity is often detected by displacement of a
labeled oligonucleotide from a partially duplexed DNA
substrate. To test whether hChlR1 protein exhibited helicase
activity, we prepared a 3′-end-labeled substrate, which consisted
of M13mp18 DNA and a complementary radioactively labeled
oligonucleotide, allowing us to specifically detect the signal of

the displaced oligonucleotides. 3′-End-labeled oligonucleo-
tides were used for these studies since both wild-type and
mutant hChlR1 protein preparations contained low levels of a
co-purifying nuclease or phosphatase that removed the 5′-end
label (see Fig. 5B). We cannot exclude the possibility that
hChlR1 protein itself is responsible for this activity. Indeed,
WRN helicase has recently been reported to contain 3′→5′
DNA exonuclease activity as well as DNA helicase activity
(30–32). A similar contaminating activity has also been
reported by others studying the WRN helicase (30).

Using the substrates described above, we examined whether
hChlR1 protein had the ability to unwind duplexed DNA. As
shown in Figure 4, hChlR1 protein displaced the oligonucleo-
tide from a partially duplexed DNA substrate in a concentration-
dependent manner. This displacement activity required both
Mg2+ and ATP. In contrast, the mutant protein did not unwind
the substrate, demonstrating that ATP binding and hydrolysis
is essential for helicase activity.

To better understand the enzymatic characteristics of this
helicase, we examined the substrate, nucleotide and divalent
cation requirements of hChlR1 helicase activity. First, the
length of the oligonucleotide annealed to M13mp18 DNA was
varied. Oligonucleotides of 18, 24 and 40 nt were designed to
the same region on M13mp18 DNA and labeled as described
previously. hChlR1 protein efficiently unwound the 19 nt
substrate. It slightly displaced the 25 nt substrate, but not the
41 nt substrate (Fig. 5A), suggesting that either this enzyme
has low processivity or that a high concentration of the protein
is required to unwind longer substrates. Next, we used a RNA/DNA

Figure 2. Wild-type hChlR1 protein, but not mutant hChlR1 protein, hydrolyzes
ATP in the presence of calf thymus DNA. ATPase activity was detected by
measuring the release of inorganic phosphate from [γ-32P]ATP. (A) Release of
free phosphate during a 150 min assay. The results are expressed as the means
± SD of the experiment performed in triplicate. Diamond, no hChlR1 protein;
closed circle, wild-type hChlR1 protein with 100 µg/ml calf thymus DNA;
open circle, wild-type hChlR1 protein without calf thymus DNA; closed
square, mutant hChlR1 protein with 100 µg/ml calf thymus DNA; open
square, mutant hChlR1 protein without calf thymus DNA. (B) Comparison of
the specific activities of the wild-type and mutant hChlR1 proteins. The results
were calculated using means of the triplicate samples from the experiments.
Closed bar, in the presence of 100 µg/ml calf thymus DNA; open bar, in the
absence of calf thymus DNA.

Figure 3. Characterization of hChlR1 ATPase activity. ATPase activity was
detected in reaction buffer(s) at several different pH (A), containing different
cations (B) or containing different types of nucleic acids (C). These experiments
were performed in duplicate. The results are shown as the percentage of the
value obtained under standard experimental conditions (pH 7.4, Mg2+ and 100 µg/ml
calf thymus DNA).



Nucleic Acids Research, 2000, Vol. 28, No. 4 921

heteroduplex containing a 5′-end-labeled ribonucleotide as
substrate (Fig. 5B). The RNA oligonucleotide was displaced
from the substrate by hChlR1 protein. This data indicates that
hChlR1 protein can unwind not only DNA/DNA substrates but

also a RNA/DNA hybrid substrate. We also examined whether
hChlR1 protein was capable of unwinding a blunt-ended
substrate (Fig. 5C). hChlR1 protein could not unwind the blunt-
ended substrate, which was consistent with the observation that
blunt-ended DNA did not support ATPase activity.

The nucleotide dependence was examined using an unhydro-
lyzable ATP analog, ATPγS, in addition to eight different
nucleotides (Fig. 6A). Although ATP could support the
helicase activity, no other nucleotide, including ATPγS, could
substitute for ATP. Therefore, this helicase appears to strictly
require ATP hydrolysis for helicase activity. With respect to
divalent cation dependence, the same divalent cations used for
the ATPase assays were examined (Fig. 6B). Mg2+ and Mn2+

ions supported the helicase activity most effectively. Ca2+ ions
were less effective, but still supported the unwinding activity.
Zn2+ ions did not substitute for other ions, which, once again,
was consistent with the results from the ATPase activity
experiments. Thus, the cation preferences for the helicase and
ATPase activities were similar.

Since most helicases translocate on single-stranded DNA in one
direction (1–3), it was important to determine the directionality of
hChlR1 protein for its classification and further functional
studies. We prepared two different substrates for this purpose.
These substrates consisted of a long linear M13 single-
stranded DNA with two short oligonucleotides generated by
restriction enzyme digestion of a large oligonucleotide that was
annealed to circular single-stranded M13 DNA. The positions of
32P-labeled ends are shown in Figure 7A. Because hChlR1
protein cannot unwind a blunt-ended substrate, as shown in

Figure 4. The wild-type hChlR1 protein, but not mutant hChlR1 protein,
unwinds DNA/DNA duplexes. Helicase activity was detected by separating
the labeled oligonucleotide displaced from a partial duplex substrate on a non-
denaturing polyacrylamide gel. The structure of the substrate is shown on the
left side. Asterisks denote the 32P-labeled end. The heat-denatured substrate
was applied in the second lane shown as Denatured. –ATP and –Mg2+ indicate
that ATP or Mg2+, respectively, was removed from the reaction (lane 6), indicating
that the DNA helicase activity of hChlR1 protein requires ATP and Mg2+.

Figure 5. Substrate dependence of hChlR1 DNA helicase activity. Helicase activity was detected using different types of substrates. The structure of the substrate
is shown at the left side of each panel. Asterisks denote the 32P-labeled end. The heat-denatured substrate was applied in lanes marked Denatured. (A) Three oligo-
nucleotide substrates of different lengths were annealed to the M13mp18 DNA and used in the helicase assay. (B) RNA/DNA heteroduplexes, which consisted of an
18mer RNA oligonucleotide annealed to M13mp18 DNA, and DNA/DNA duplexes were used as helicase substrates. The sequence of the 18mer RNA oligonucleotide
was identical to that of the 18mer DNA. (C) A 19mer blunt-ended DNA substrate prepared by fill-in reaction with Klenow fragment (exo–).



922 Nucleic Acids Research, 2000, Vol. 28, No. 4

Figure 5C, the protein must begin to unwind from the single-
stranded M13 DNA portion. Thus, the combination of
substrates provided the necessary information on the ability of
the protein to unwind DNA in a single direction.

Surprisingly, hChlR1 protein was able to displace the
labeled oligonucleotide from both substrates (Fig. 7A). In
contrast, WRN helicase unwound the substrate only in the
3′→5′ direction, as reported previously. These data indicate
that hChlR1 protein translocates on single-stranded DNA in both

directions on this substrate. Furthermore, the WRN directionality
data confirm that substrates were prepared correctly.

In order to further understand this directionality and determine
whether hChlR1 helicase is bi-directional on all types of
substrates, we examined hChlR1 helicase activity using a different
type of substrate. These substrates consisted of a 32P-labeled
19 base oligonucleotide annealed to either the 5′- or 3′-end of a
45 base oligonucleotide. hChlR1 protein unwound only the
5′→3′ substrate (Fig. 7B), suggesting that this protein has a

Figure 6. Nucleotide and cation dependence of hChlR1 DNA helicase activity. (A) All of the normal nucleoside 5′-triphosphates and an unhydrolyzable ATP
analog, ATPγS, were used as cofactors of the hChlR1 DNA helicase. The concentration of nucleotide added to the reaction buffer was 1 mM. (B) Reaction buffers
including different divalent cations at a concentration of 1 mM were used for helicase assay. The structure of the substrate is shown at the left side of each panel.
Asterisks denote the 32P-labeled end. The heat-denatured substrate was applied in lanes marked Denatured.

Figure 7. Directionality of hChlR1 DNA helicase. The linearized M13mp18 DNAs with blunt-ended partially duplexed termini were used as substrates (A). To
distinguish either 3′→5′ or 5′→3′ directional movement, the oligonucleotides annealed to M13mp18 DNA were labeled as shown on the left side of each panel.
WRN helicase, which is known to translocate only in a 3′→5′ direction, was used in order to confirm that the substrates were properly prepared. (B) Substrates with
a short single-stranded DNA were used to examine the directionality of hChlR1 DNA helicase. The structures of two substrates used in this experiment are shown
together on the left side of the panel. Asterisks denote the 32P-labeled end. The heat-denatured substrate was applied in lanes marked Denatured.
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preference for the 5′→3′ direction and that the 3′→5′
unwinding activity requires very long regions of single-
stranded DNA.

DISCUSSION

hChlR1 and hChlR2, two highly related human genes encoding
putative helicases, were previously isolated in our laboratory
(7,8). The proteins predicted by the open reading frames of
these genes contain the seven domains conserved among
known helicases (7,8). Here, we have demonstrated that
hChlR1 protein is indeed an enzyme that possesses both
ATPase and DNA helicase activities. Details concerning the
divalent cation and substrate preferences, as well as the
directionality of the helicase activity, have also been elucidated.

Our characterization of hChlR1 helicase distinguishes it
from other known human DNA helicases. The divalent cation
dependence and experiments using a blunt-ended substrate
and/or unhydrolyzable ATP analog indicate that the ATPase
activity of hChlR1 protein parallels the DNA helicase activity.
This helicase activity efficiently unwound a 19 nt substrate, but
exhibited only minimal activity towards a 25 nt substrate,
suggesting that it has low processivity. However, we cannot
exclude the possibility that another cofactor, such as a single-
strand DNA-binding protein, is required for maximal enzyme
activity. It is known that some DNA helicases are stimulated
by the addition of single-strand DNA-binding proteins, such as
RPA, E.coli SSB and the T4 gene 32 protein, and that these
helicases unwind longer substrates (33,34). We examined this
possibility in preliminary experiments using the T4 gene 32
protein and purified recombinant human RPA. We failed to
detect any increase in hChlR1 helicase activity when either of
these proteins was added to the reaction (data not shown).
However, hChlR1 DNA helicase might require a different
single-strand DNA-binding protein. Another potential explanation
for the low processivity might be the presence of a hexa-histidine
tag at the N-terminus of the hChlR1 protein we purified.
However, several other laboratories have recently characterized
hexa-histidine tagged WRN and BLM DNA helicases
(13,14,35). These helicases have much higher processivity
than hChlR1 helicase. Therefore we believe it is unlikely that
the tag decreases the processivity of hChlR1 helicase. Instead
the data suggests that the cofactor which is necessary for
maximal processivity is not present in insect cells.

The most unique feature of hChlR1 helicase is its ability to
translocate bi-directionally on the bound single-stranded DNA
on long single-stranded substrates. Most helicases analyzed to
date show specific directionality, either 3′→5′ or 5′→3′.
Exceptionally, it has been reported that eukaryotic translation
initiation factors 4A and 4F, in combination with eIF-4B,
unwind RNA in a bi-directional manner (36). Thus, hChlR1
protein may be the first DNA helicase that can move on single-
stranded DNA in both directions. However, hChlR1 is translocated
only in the 5′→3′ direction when short single-stranded DNA
substrates were used in the helicase assay. The 5′→3′ direction-
ality of hChlR1 might be important for its cellular function,
since long single-stranded DNA substrates similar to those
used in this study are not generally formed in cells. Therefore
in vivo hChlR1 helicase may translocate only in the 5′→3′
direction.

As we previously reported, all of the proliferating cell lines
we analyzed express hChlR1 protein (8). In contrast, when
human cells cease to proliferate, hChlR1 mRNA and protein
expression is extinguished. In addition, when quiescent fibro-
blasts are stimulated to re-enter the cell cycle by serum
addition, hChlR1 expression increases as the cell population
enters S phase. It is therefore possible that hChlR1 might
function in cellular proliferation, such as in DNA replication.
However, based on the homology between the hChlR1 gene
and the yeast CHL1 gene, we believe it is more likely that
hChlR1 plays a more direct role in cell division. Yeast CHL1
null mutants show a substantial (200-fold) increase in the rate
of missegregation of specific chromosomes, with chromosome
loss and non-disjunction contributing equally to this phenotype
(9). Therefore, hChlR1 may function to maintain the fidelity of
chromosome transmission and the maintenance of genome
stability. Interestingly, the genes responsible for two human
disorders characterized by genome instability, Werner’s and
Bloom’s syndromes, are RecQ-like DNA helicases, strongly
suggesting that DNA helicases are involved in maintaining
genome stability. If hChlR1 DNA helicase also plays a role in
chromosome segregation, it would be the first DEAH/D family
member outside the RecQ subclass with a role in genome
stability. Further experiments will clarify how hChlR1 DNA
helicase functions in human cells.
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