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ABSTRACT: A novel, eukaryotic, hexameric DNA helicase that was earlier identified as a component of
the multiprotein polymeraseR complex [Biswas et al. (1993)Biochemistry 32, 13393-13398] has been
purified to homogeneity and characterized. Thus far, our studies demonstrated that helicase A shares
certain unique features of two other hexameric DNA helicases: the DnaB helicase ofEscherichia coli
and the T-antigen helicase of the SV40 virus. The helicase activity was stimulated by yeast replication
protein A (RPA) and to a lower extent byE. coli single-stranded DNA binding protein (SSB). The
helicase had an apparent molecular mass of 90 kDa, as determined by its mobility on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. A tryptic peptide fragment of the polypeptide was sequenced
followed by a BLAST search of GenBank with the tryptic peptide sequence. The search identified a 1.8
kb open reading frame previously designated as ykl017c on chromosome XI, that codes for a 78.3 kDa
(683 amino acid) polypeptide. The important features of the polypeptide sequence of helicase A included
a type I ATP/GTP binding motif, and aK E E R RL N V A M T R P R Rsequence at the C-terminus
that may be indicative of a nuclear localization signal which is required of a nuclear DNA helicase. The
polypeptide sequence of helicase A appears to have homology to the DnaB helicase ofE. coli (∼25%).
The facts that these two helicases are vastly separated by evolution and retained similar structural and
functional features, as demonstrated here, point to a possible significance of this limited homology.
Although the amount of purified helicase A was limited, we have carried out necessary enzymatic
characterization so that these data could be correlated with that of immunoaffinity-purifed helicase A and
recombinant helicase A expressed in heterologous systems.

It is well-established that the replication of chromosomal
DNA requires a large number of proteins and enzymes with
a variety of enzymatic activities, in addition to DNA
polymerases (Kornberg & Baker, 1992; DePamphilis, 1993a,b).
During DNA replication, only the DNA helicases carry out
the pivotal role of unwinding the duplex DNA so that the
replication fork can proceed. A number of DNA helicases
have been purified and characterized in prokaryotes and
eukaryotes, including several from yeast (Kornberg & Baker,
1992; Matson, 1994; Thommes et al., 1992; Tuteja et al.,
1995; Tuteja & Tuteja, 1996). Some of these helicases have
been shown to be involved in DNA replication, such as DnaB
protein, Rep protein, and n′, while others have been
implicated in DNA repair or transcription. Eukaryotic RAD3
protein from Saccharomyces cereVisiae has now been
established as the DNA helicase involved in nucleotide
excision repair in yeast (Prakash et al., 1993; Sung et al.,
1987, 1994).
DnaB helicase ofEscherichia colihas been shown to

function in chromosomal DNA replication (Lebowitz &
McMacken, 1986; Baker et al., 1987). The DnaB protein
acts as the major helicase in the replication ofE. coli origin
of replication, OriC, (Baker et al., 1987; Lebowitz &

McMacken, 1986). It is stimulated by theE. coli single-
stranded DNA binding protein (SSB)1 and primase ofE. coli
(Kornberg & Baker, 1992). The bacteriophage T7-encoded
gene 4A-B helicase/primase protein complex is involved in
the replication of T7 phage DNA replication. The bacte-
riophage T4 DNA helicase (gp41) is involved in the
replication of bacteriophage T4 genome (Bernstein & Ri-
chardson, 1989; Dong & von Hippel, 1996; Venkatesan et
al., 1982). The eukaryotic homologue of DnaB helicase has
yet to be identified, although the T-antigen of SV40 virus
functions as a DNA helicase in the replication of SV40
genome and can be utilized by eukaryotic DNA polymerases
during in Vitro replication of SV40 viral DNA (Goetz et al.,
1988; Scheffner et al., 1989). All of these helicases, which
are involved in the replication of their respective genomes,
have been shown to have similar structural and enzymatic
characteristics. The DnaB protein is hexameric and requires
Mg2+ ion. Bacteriophage T7 gene 4 and T4 gp41, as well
as the SV40 viral T-antigen, are all hexameric DNA helicases
(Dong et al., 1995; Dong & von Hippel, 1996; Notarnicola
et al., 1995; Dean et al., 1992). The hexameric state is
normally dynamic and requires specific conditions such as
Mg2+ and ATP (Arai & Kornberg, 1981). In some cases,
the hexameric structure is assembled on the fork itself (Dong
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& von Hippel, 1996). The DNA helicases have characteristic
polarities of movement, and the DNA replication helicases,
such as DnaB, have 5′ f 3′ polarity. In addition, these
replicative helicases all appear to interact with the polymerase
and/or primase. T4 gp41 helicase interacts with T4 primase
(gp61); DnaB helicase interacts with DNA primase and the
τ subunit of DNA polymerase III holoenzyme (Kim, et al.,
1996); and SV40 T-antigen associates with the polR-pri-
mase (Dornreiter et al., 1990, 1992). All of these helicases
require a single-stranded DNA binding protein for efficient
function. In eukaryotes, the replication protein A (RPA) is
the primary single-stranded DNA binding protein and has
been shown to be involved in replication and recombination
(Wold et al., 1987; Wold & Kelly, 1988; Brill & Stillman,
1989; Erdile et al., 1991; Alani et al., 1992). Thus, the
chromosomal DNA replication helicases appear to have
common modes of action.
Previously, we reported the purification of a multienzyme

complex of DNA polymeraseS. cereVisiaewhich has both
DNA-dependent ATPase and RPA-dependent DNA helicase
activities (Biswas et al., 1993a,b). Using polR immuno-
affinity chromatography, we were able to isolate the helicase/
ATPase (helicase A; Biswas et al., 1993b). This helicase
was distinguishable from the 127 kDa helicase B (Biswas
et al., 1995) as well as the recently identified 170 kDa yeast
Dna2 helicase (Budd et al., 1995). Our previous studies
demonstrated that the helicase correlated with a 90 kDa
polypeptide by ATP photo-cross-linking. Although the
immunoaffinity purification scheme was invaluable in further
identification of the helicase protein, the yields of protein
obtained were insufficient for further biochemical and
structural characterizations. As a consequence, we needed
to develop a scheme of large-scale purification for yeast
helicase A. In this report we describe the purification to
homogeneity, genetic identification, and molecular charac-
terization of yeast DNA helicase A. An accompanying report
(Biswas et al., 1997) describes expression of functional yeast
helicase A in E. coli and the characterization of the
recombinant protein.

MATERIALS AND METHODS

Yeast. Protease-deficient yeast,S. cereVisiae, BJ 2168
strain was from the Yeast Genetic Stock Center (Berkeley,
CA) and was grown in a laboratory fermenter to midlog
phase, following which the cells were chilled to 4°C and
harvested by centrifugation. The cells were then resuspended
in 50 mM Tris-HCl (pH 7.5) containing 1 mM EDTA and
10% glycerol to OD 400 (λ ) 600 nm) and stored frozen
at -80 °C until further use.
Nucleic Acids, Enzymes, and Other Reagents.Oligo-

nucleotides were synthesized by Oligos Etc. (Portland, OR).
Ultrapure deoxy- and ribonucleotides were obtained from
Pharmacia-LKB (Piscataway, NJ) and were used without
further purification. [R-32P]ATP, [R-32P]dATP, and [γ-32P]-
ATP were obtained from Dupont/NEN (Boston, MA). RPA
used in this study was purified to homogeneity from wild-
type yeast as described by Brill and Stillman (1989).E. coli
SSB and terminal deoxynucleotidyltransferase were pur-
chased from U.S. Biochemical Corp. (Cleveland, OH). T4
polynucleotide kinase was obtained from New England
Biolabs (Beverly, MA). All chemicals used to prepare
buffers and solutions were reagent-grade and were purchased
from Fisher Scientific Co. (Pittsburgh, PA). Protease inhibi-

tors were from Bachem (Los Angeles, CA). Poly(ethylen-
imine)-cellulose strips for thin-layer chromatography were
from Fisher Chemical Co.
Buffers. Buffer A contained 25 mM Tris-HCl (pH 7.5),

10% (v/v) glycerol, 0.01% (v/v) NP40, 1 mM EDTA, and
NaCl as indicated. Buffer B was analogous to buffer A,
except that it contained 25 mM Hepes (pH 7.5) instead of
Tris-HCl. Buffer C contained 25 mM Tris-HCl (pH 7.5),
10% (v/v) glycerol, 0.1 mg/mL BSA, and 5 mM DTT. 1×
TBE buffer was 89 mM Tris-borate and 2.5 mM EDTA
(pH 8.3).
ATPase Assays.The ATPase assays were carried out as

previously described (Biswas et al., 1993b). The standard
reaction mixture contained buffer C, 10 mM MgCl2, 200
pmol of M13mp18 ssDNA, 100µM [32P]ATP (1000-2000
cpm/pmol), and helicase protein, as indicated. The reactions
were incubated at 37°C for 30 min (unless stated otherwise)
and terminated by the addition of 2µL of 200 mM EDTA
followed by chilling on ice. Aliquots (1-2 µL) were applied
to poly(ethylenimine)-cellulose strips that were prespotted
with ADP-ATP marker. The strips were developed with 1
M formic acid and 0.5 M LiCl and dried. The ADP-ATP
spots were located by UV fluorescence at 254 nm. The
portions containing ATP and ADP were excised and counted
in a liquid scintillation counter using a toluene-based
scintillator.
Helicase Assays.The helicase assays were based on the

methods described by Matson et al. (1983) and Biswas et
al. (1993b).
(A) Preparation of the Helicase Substrate.A synthetic

45-mer oligonucleotide, complementary to a 35 bp sequence
between nucleotides 6268 and 6302 of M13mp19 ssDNA,
contained a 10 nucleotide tail on its 3′ terminus. The
oligonucleotide was labeled at its 5′ end using T4 polynucle-
otide kinase. The oligonucleotide was hybridized to M13mp19
as previously described (Biswas et al., 1993b). Excess
unhybridized labeled oligomer was removed by spin column
purification (Promega Biotech, Madison, WI). The purified
substrate was diluted to 17 fmol/µL with 10 mM Tris-HCl
(pH 7.5) and 1 mM EDTA.
(B) Assay Conditions.Reaction mixtures were set up on

ice as follows. A standard 20µL reaction volume contained
buffer C, 10 mM MgCl2, 3.4 mM ATP, helicase substrate,
and the indicated amount of DNA helicase. The mixtures
were incubated at 30°C for the times indicated and the
reactions were terminated by the addition of 4µL of 1%
SDS, 60 mM EDTA, and 1% bromophenol blue. A fraction
(60%) of each reaction mixture was analyzed on 8%
polyacrylamide gels in TBE and 0.1% SDS. The electro-
phoresis was carried out in TBE and 0.1% SDS for 1 h at
160 V. Following electrophoresis, the gels were dried and
exposed to Fuji XAR-5 film for 12 h at-80 °C.
Photo-Cross-Linking of the ATP Binding Domain of the

Helicase Protein.Photo-cross-linking was carried out es-
sentially as described earlier (Biswas & Kornberg, 1984;
Biswas et al., 1993b). This photo-cross-linking is highly
specific as described in these publications.
Peptide Sequencing.The helicase A polypeptide (Fr V)

was resolved by SDS 5f18% gradient polyacrylamide gel
electrophoresis and then transferred to polyvinylidene di-
fluoride (PVDF) membrane. The polypeptide was visual-
ized with 1% Ponceau S, and the stained band was excised.
The immobilized polypeptide was subjected toin situ
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digestion and peptide sequencing as described earlier (Biswas
et al., 1995).
Other Methods.Protein concentrations were estimated

according to the method of Bradford (1976), using bovine
serum albumin as a standard. SDS-PAGE was carried out
following the method described by Laemmli (1970).

RESULTS

Purification of Helicase A.All purification steps were
carried out at 4°C. Unless otherwise indicated, all buffers
used in the various chromatographic steps contained 5 mM
DTT and the following protease inhibitors: 1µg/mL each
leupeptin, pepstatin A, antipain, and chymostatin; 0.1 mM
each benzamidine hydrochloride, and NaHSO3; and 2.5µg/
mL each TPCK and TLCK. A flowchart of the purification
is shown below (Scheme 1).

Yeast extract was prepared from∼400 g of log-phase
protease-deficient yeast (strain BJ2168, Yeast Genetic Stock
Center, Berkeley, CA) as previously described (Biswas et
al., 1993a). The initial purification of DNA polymerase
R-primase complex with associated activities was carried
out as described earlier (Zhu et al. 1997). The isolation of
helicase A was then carried out as follows.
The fractions from the phosphocellulose chromatography

containing DNA polymeraseR activity were pooled (Fr II)
and dialyzed against buffer A-0 until the conductivity was
that of buffer A-50 and loaded onto a 10 mL ssDNA-
cellulose column. The column was washed with buffer
A-100 and eluted with a 120 mL gradient of buffers A-100f
1000. These fractions were assayed for helicase and ATPase.
The active fractions were dialyzed against A-0 until the
conductivity was that of buffer A-50 and then loaded onto a
2 mL (0.46× 10 cm) POROS HQ/H column (PerSeptive
Biosystems Inc., MA) equilibrated with buffer A-50. The
column was washed with 50 mL of buffer A-50 and eluted
with a 50 mL gradient of buffer A-100fA-500. Under these
conditions, the resolution of this column appeared to be
optimal. Helicase A eluted from the column in a single peak
at a salt concentration of∼300 mM NaCl, and the helicase
activity appeared to comigrate with a∼90 kDa polypeptide
(Figure 1). The fractions were reasonably pure at this stage.
The major helicase/ATPase fractions were pooled (Fr IV)
and dialyzed to adjust the conductivity of the pool to that of
buffer B-100. Fraction IV was then loaded onto a 1 mL
POROS HS/H column (PerSeptive Biosystems, Cambridge,
MA) equilibrated with buffer B-100. The helicase was eluted

with a 20 mL gradient of buffers B-100fB-500. The active
fractions (Fr V) were pooled and stored at-80 °C. SDS-
PAGE analysis of helicase A (Fr V) is shown in Figure 2.
The final chromatographic step, POROS HS/H cation-
exchange chromatography, appeared to purify helicase A to
homogeneity (Figure 2). The amount of protein obtained
from this procedure was quite low. Approximately 5µg of
the helicase protein was obtained from∼400 g of yeast cells.
As a result, extensive enzymological studies as well as
structure-function analysis of helicase A were quite difficult.
SDS-PAGE analysis of the purified helicase is shown in
Figure 2B, and it clearly demonstrated its homogeneity. The
molecular weight of∼90 kDa was extrapolated from a least-
squares linear regression analysis of the molecular weight
markers. It should be noted that previous purification of

Scheme 1

yeast extract (fraction I)

V

phosphocellulose chromatography (fraction II)

V

ssDNA-cellulose chromatography (fraction III)

V

POROS-HQ/H HPLC (fraction IV)

V

POROS-HS/H HPLC (fraction V)

FIGURE 1: Anion-exchange chromatographic fractionation of he-
licase A. Details of the POROS HQ/H chromatographic procedure
are given in Results. Aliquots of the indicated chromatographic
fractions were assayed for protein, ATPase, helicase activities, and
by SDS-PAGE. (A, top panel) Analysis of protein and ATPase
activities. A standard ATPase assay was carried out using 2µL of
the indicated fractions. The percent hydrolysis represents that
obtained during a 30 min assay. (B, middle panel) Analysis of the
helicase activity. A standard helicase assay was carried out using
1 µL of the indicated fractions, and the autoradiogram of the
helicase products is shown. (C, bottom panel) SDS-PAGE analysis
of the HQ/H fractions. Aliquots of the indicated fractions were
resolved on an SDS polyacrylamide gel (5f18%) followed by silver
staining.
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the helicase by immunoaffinity chromatography (Biswas et
al., 1993c) also identified a 90 kDa polypeptide. Thus, the
results of the present studies are consistent with the results
of our earlier studies with helicase A.
Nucleotidase ActiVities of Purified Helicase A.Previous

studies with partially purified helicase A indicated that it
can hydrolyze both ATP and dATP and that the nucleotidase
activity is DNA-dependent. Our present studies involving
purified helicase A demonstrated its ATPase and dATPase
activities (Figure 3A). Both of these activities are DNA-
dependent. Unlike many other DNA-dependent ATPases,
helicase A had no measurable ATPase activity in the absence
of DNA, and thus, the DNA dependence appeared absolute.
The rates of hydrolysis of ATP and dATP were indistin-
guishable (Figure 3B). With∼20 ng of purified helicase
A, the rates of hydrolysis of ATP and dATP were 32 and
31 pmol/min respectively. The turnover number for helicase
A would be approximately 17-18 nucleotides s-1 monomer-1
for both ATP and dATP.
A Lineweaver-Burk analysis of the purified helicase

revealed that the purified enzyme hadKm values in the range
of 50-100µM, and theVmax was approximately∼2 × 106

pmol min-1 mg-1 (Figure 4). Thus theKm andVmax values
of helicase A were comparable to those observed earlier with
partially purified enzyme (Biswas et al., 1993b,c).
ATP Photo-Cross-Linking to Helicase A.In our previous

studies of a complex of DNA polymeraseR with an
associated helicase activity, we had demonstrated that the

ATP binding/ATPase activity of the helicase resides within
a 90 kDa polypeptide (Biswas et al. 1993a). ATP cross-
linking using purified helicase A indicated that a 90 kDa
protein cross-linked to ATP (Figure 5). These results are
consistent with those previously observed with the pol
R-associated DNA helicase A (Biswas et al., 1993b,c).

FIGURE 2: Profile of HS/H fractionation of native helicase A.
Aliquots of the indicated fractions from the POROS HS/H cation-
exchange chromatography were analyzed for protein, ATPase, and
by SDS-PAGE. (A, top panel) Analysis of the ATPase activities.
A standard ATPase assay was carried out using 1µL of the
indicated fractions. The percent hydrolysis represents that obtained
during a 30 min assay. (B, bottom panel) SDS-PAGE analysis.
Aliquots (100µL) of the indicated fractions were TCA-precipitated
and then resolved on an SDS polyacrylamide gel (5f18%) followed
by silver staining.

FIGURE 3: Characterization of the ATPase activity of helicase A.
(A) Titration of ATPase and dATPase activities. Protein titration
of ATPase and dATPase activities in the presence of 200 pmol of
M13mp19 ssDNA and the ATPase activity in the absence of DNA
(-DNA) is shown. (B) Time-course analysis of the ATPase and
dATPase activities. Standard ATPase/dATPase assays were carried
out in the presence of 200 pmol of M13mp19 ssDNA and the
reaction was terminated at the indicated time points. The curves
were generated by nonlinear regression analysis.

FIGURE 4: Analysis of the kinetics of DNA-dependent ATP
hydrolysis. The ATPase assays were carried out as described in
Materials and Methods except substrate concentrations were altered
as indicated in the ATPase (V) vs ATP concentration ([S]) plot
(inset). The Lineweaver-Burk (1/V vs 1/[S]) plot was generated
from the plot in the inset and the best-fit line was determined by
linear least-squares regression analysis of the data.
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DNA Helicase ActiVity of Helicase A and Its Modulation
by RPA. The DNA unwinding activity of helicase A was
stimulated by yeast RPA (Figure 6). The stimulation was
approximately 3-fold, as determined by scanning densitom-
etry (data not shown).E. coli SSB also stimulated yeast
helicase A; however, the extent of stimulation was lower.
Modulation of the helicase activity of immunoaffinity-
purified helicase A was closely comparable (Biswas et al.,
1993c).
Protein Sequencing and Identification of the Gene for

Helicase A. In order to determine the true identity of the
purified helicase/ATPase, we have analyzed the peptide
sequence of the 90 kDa polypeptide. Following immobiliza-
tion on PVDF membrane, the polypeptide was subjected to
in situ digestion with trypsin. The peptides were separated
by microbore reversed-phase chromatography, and the
individual peptide peaks were collected. One of the purified
peptides was sequenced by automated Edman degradation
using an Applied Biosystems gas-phase peptide sequencer.
The mass of the tryptic fragment was determined using a

MALDI-TOF apparatus. The sequence of the peptide is
shown in Figure 7A. A GenBank search using the peptide
sequence indicated that this protein is identical to the
hypothetical gene product of the 1.8 kb open reading frame
(ORF) ykl017c (accession number Swiss-Prot P34243)
located on chromosome 11 of the yeastS. cereVisiae
(Wiemann et al., 1993). Although the purified protein
migrated in SDS-PAGE as 90 kDa, the ORF codes for a
683 amino acid polypeptide which corresponded to a 78.3
kDa protein. The mass spectral data from MALDI-TOF
analysis also matched exactly with the predicted tryptic
peptide fragmentation pattern of this polypeptide.
Analysis of Sequence Homology with Other DNA Heli-

cases. The polypeptide sequence of helicase A revealed
several important structural motifs (Figure 7B): (i) a type I
ATP/GTP binding motif (Walker et al., 1982) that is a
common feature of many DNA helicases, including the DnaB
helicase ofE. coli, and (ii) a nuclear localization signal
(NLS),K E R RL N V A M T R P R R, which is present at
the C-terminus and indicates that helicase A is a nuclear
protein.
A sequence homology search of various protein databases

demonstrated that helicase A is homologous to a number of
DNA helicases including a human DNA helicase. Most
notable is its homology (∼25%) withE. coliDnaB helicase
(Figure 8A), which is still the prototype of all replicative
DNA helicases. The sequence similarities between helicase
A and DnaB were limited (∼25%); however, structural and
functional similarities described in this and the accompanying
paper (Biswas et al., 1997) point to a possible significance
of this limited homology. The complete amino acid (aa)
sequence of DnaB helicase comprising of 471 residues was

FIGURE 5: ATP cross-linking to helicase A. Cross-linking of
helicase A to [32P]ATP was carried out as described in Materials
and Methods using 185 ng (lane 1) and 740 ng (lane 2) of helicase
A Fr V.

FIGURE 6: Influence of yRPA on DNA unwinding. Standard
helicase assays were carried out in the presence of increasing
amounts of yRPA as indicated.

FIGURE 7: Peptide sequence analysis of helicase A. Helicase A
(Fr V) was resolved by SDS-PAGE transferred to PVDF mem-
brane, and the 90 kDa band was excised and microsequenced, as
described in Materials and Methods. (A) Sequence of the tryptic
peptide; (B) deduced polypeptide sequence of helicase A. Polypep-
tide sequence of helicase A was derived from the sequence of the
ORF [ykl017c] obtained from GenBank. The sequence of the tryptic
peptide is in italic type; the type I ATP binding motif and the
nuclear localization signal are underlined and in boldface type.
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found to be homologous to the N-terminal 502 aa sequence
between residues 12 and 514 of helicase A (Figure 8). The
C-terminal 169 aa domain of helicase A did not show any
homology with DnaB helicase, suggesting that this domain
could be involved in specific interactions with other cellular
proteins. The residues that appear to be conserved in these
two proteins may have important roles in the structure and
function of these two helicases. A putative human DNA
helicase (accession number gi|908917) with a 993 aa
polypeptide appeared to have significant homology (g40%)
to the yeast DNA helicase A. An alignment of protein
sequences from yeast helicase A (hcsa) and human DNA
helicase (hhcs) demonstrated that there are 15 separate
domains of sequence homology (Figure 8B).

DISCUSSION

DNA helicases play the unique role of unwinding the DNA
double helix during various cellular functions such as DNA
replication, repair, etc. We have previously isolated a
multiprotein polR complex with 5′ f 3′ exonuclease, DNA-
dependent ATPase, and DNA unwinding activities (Biswas
et al., 1993a,b). We have recently shown that the 5′ f 3′
exonuclease component of the complex is theRTH1nuclease
(Zhu et al., 1997). Using a modified polR immunoaffinity
chromatography, we were also able to purify the ATPase/
helicase (Biswas et al., 1993c). However, this procedure
did not allow isolation of sufficient quantities of the enzyme
for further characterization, in particular, the identification
of its gene. Due to a lack of availability of this chroma-

tography matrix, it became difficult to scale up this procedure
to generate a sufficient quantity. Consequently, we opted
to purify helicase A by conventional chromatography
employing high resolution and advanced separation tech-
nologies, which proved useful in the purification of the pol
R-associated 5′ f 3′ exonuclease (Zhu et al. 1997). In this
paper, we have presented the purification method for helicase
A and describe the identification and characterization of its
gene. In the accompanying paper (Biswas et al., 1997), we
have reported the high-level expression, purification, and
enzymatic characterization of the recombinant helicase A.

The methodology described here enabled us to obtain a
small amount of highly purified helicase A from the yeast
Saccharomyces cereVisiae. This allowed for preliminary
characterization of the enzymatic activities of the helicase
and, more importantly, for generating protein sequence
information that enabled us to identify and isolate its gene.
This purification method is reproducible and could be
optimized and/or scaled up in order to generate larger
quantities of the helicase. However, as described in the
accompanying paper, recombinant helicase A, expressed in
E. coli, provided a more convenient source for this enzyme
at the present time (Biswas et al., 1997).

The helicase A is absolutely DNA-dependent in its ATPase
activity. Unlike other DNA-dependent ATPases such as
DnaB helicase, no nucleotide hydrolysis was observed in the
absence of a DNA cofactor. The ATPase and dATPase
activities were kinetically indistinguishable. These results
correlated reasonably well with the finding of our earlier

FIGURE 8: Homology analysis of the amino acid sequences of helicase A and other helicases. The polypeptide sequences were aligned by
matchbox server multialign algorithm. Protein sequence alignments were carried out using the supercomputer facilities at the Baylor College
of Medicine [http://dot.imgen.bcm.tmc.edu:9331 and http:// www.fundp.ac.be matchbox server]. The matched domains shown were predicted
as statistically significant. The residues that appear to be conserved between the helicases in both A and B are highlighted manually in
boldface type. (A) Sequence alignment of helicase A andE. coli DnaB helicase; (B) sequence alignment of helicase A and human DNA
helicase.
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studies (Biswas et al., 1993a,b). Photo-cross-linking of
helicase A with [32P]ATP also demonstrated that the 90 kDa
polypeptide is the helicase A. TheKm for ATP was
approximately 50-100 µM and theVmax was ∼2 × 106

pmol-1 min-1 mg-1. The purified helicase A was a RPA-
dependent DNA helicase. The helicase activity was stimu-
lated severalfold by RPA and to a lesser extent byE. coli
SSB. Immunoaffinity-purified helicase A (Biswas et al.,
1993c) was stimulated identically and to a similar extent by
RPA and SSB. Thus, with respect to both size and
mechanistic features, the helicase A purified by conventional
chromatography presented here and the polR immuno-
affinity-purified helicase A reported earlier (Biswas et al.,
1993c) appeared to be identical.
Helicase A (Fr V) was homogeneous, as evident from the

SDS-PAGE analysis. However, in order to unambiguously
determine the identity of the helicase A by peptide sequenc-
ing, we isolated very precisely the 90 kDa band by SDS-
PAGE followed by electrophoretic transfer to PVDF mem-
brane. The sequence of one of the isolated peptides was
used to search the GenBank database and the ykl017c ORF
was identified. This ORF codes for a polypeptide of
molecular weight 78 300. Although this is slightly lower
than that determined by SDS-PAGE, the difference could
be due to a number of reasons including aberrant mobilities
in SDS-PAGE, posttranslational modification, etc. Hence-
forward we have referred to the ykl017c ORF as theHcsA
gene.
The polypeptide sequence of helicase A contained a type

I ATP/GTP binding motif, which is a feature of most DNA
helicases (Walker et al., 1982). The sequence also contained
a nuclear localization signal (Figure 7B). We have compared
this sequence with the DnaB helicase sequence. Although
the homology of these two protein sequences was limited
(∼25%), there were 17 homologous domains shared between
the two proteins (Figure 8A). These two proteins may have
an evolutionary relationship. Interestingly, a significant
sequence homology (g40%) was observed with a putative
human DNA helicase (Figure 8B). Alignment of the protein
sequences indicated that helicase A shared with the human
helicase 15 separate domains of sequence homology. As
other eukaryotic genomes are not yet completely sequenced,
more homologous helicases may exist.
Due to the modest amount of enzyme obtained from this

purification scheme, it has been difficult to explore the
mechanism of action of this enzyme in detail. However,
we have carried out necessary enzymatic characterization,
as described here, so that these data could be correlated with
that of immunoaffinity-purified helicase A (Biswas et al.,
1993c) and recombinant helicase A expressed in heterologous
systems.

ACKNOWLEDGMENT

We thank Dr. John Leszyk of the Worcester Foundation
for Experimental Biology for peptide sequencing and MALDI-
TOF analysis, Mr. Kim Sokoloff of Media Services of this
university for excellent photography, and Ms. Jessica Cipriani
of this university for help with the manuscript.

REFERENCES

Alani, E., Thresher, R., Griffith, J. D., & Kolodner, R. D. (1992)
J. Mol. Biol. 227, 54-71.

Arai, K., & Kornberg, A. (1981)J. Biol. Chem. 256, 5253-5259.

Baker, T. A., Funnell, B. E., & Kornberg, A. (1987)J. Biol. Chem.
262, 6877-6885.

Bernstein, J. A., & Richardson, C. C. (1989)J. Biol. Chem. 264,
13066-13073.

Biswas, S. B., & Kornberg, A. (1984)J. Biol. Chem. 259, 7990-
7993.

Biswas, E. E., Chen, P., Gray, W., Li, Y., Ray, S., & Biswas, S. B.
(1993a)Biochemistry 32, 3013-3019.

Biswas, E. E., Ewing, C., & Biswas S. B. (1993b)Biochemistry
32, 3020-3026.

Biswas, E. E., Chen, P. H., & Biswas, S. B. (1993c)Biochemistry
32, 13393-13398.

Biswas, E. E., Chen, P. H., & Biswas, S. B. (1995)Biochem.
Biophys. Res. Commun. 206, 850-856.

Biswas, E. E., Fricke, W. M., Chen, P. H., & Biswas, S. B. (1997)
Biochemistry 36, 13277-13284.

Bradford, M. M. (1976)Anal. Biochem. 72, 248-254.
Brill, S. J., & Stillman, B. (1989)Nature 342, 92-95.
Budd, M. E., Choe, W. C., & Campbell, J. L. (1995)J. Biol. Chem.
270, 26766-26769.

Dean, F. B., Borowiec, J. A., Eki, T., & Hurwitz, J. (1992)J. Biol.
Chem. 267, 14129-14137.

DePamphilis, M. L. (1993a)Annu. ReV. Biochem. 62, 29-63.
DePamphilis, M. L. (1993b)Curr. Opin. Cell Biol. 5, 434-441.
Dong, F., & von Hippel, P. H. (1996)J. Biol. Chem. 271, 19625-
19631.

Dong, F., Gogol, E. P., & von Hippel, P. H. (1995)J. Biol. Chem.
270, 7462-7473.

Dornreiter, I., Hoss, A, Arthur, A. K., & Fanning, E. (1990)EMBO
J. 9, 3329-3336.

Dornreiter, I., Erdile, L. F., Gilberty, I. U., von Winkler, D., Kelly,
T. J., & Fanning, E. (1992)EMBO J. 11, 769-776.

Erdile, L. F., Heyer, W.-D., Kolodner, R. D., & Kelly, T. J. (1991)
J. Biol. Chem. 266, 12090-12098.

Goetz, G. S., Dean, F. B., Hurwitz, J., & Matson, S. W. (1988)J.
Biol. Chem. 263, 383-392.

Kim, S., Dallmann, H. G., McHenry, C. S., & Marians, K. J. (1996)
Cell 84, 643-650.

Kornberg, A., & Baker, T. A. (1992)DNA Replication, Freeman,
San Francisco, CA.

Laemmli, U. K. (1970)Nature (London) 227, 680-685.
LeBowitz, J. H., & McMacken, R. (1986)J. Biol. Chem. 261,
4738-4748.

Matson, S. W. (1994)Bioessays 16, 13-22
Matson, S. W., Tabor, S., & Richardson, C. C. (1983)J. Biol. Chem.
258, 14017-14024.

Notarnicola, S. M., Park, K., Griffith, J. D., & Richardson, C. C.
(1995)J. Biol. Chem. 270, 20215-20224.

Prakash, S., Sung, P., & Prakash, L. (1993)Annu. ReV. Genet. 27,
33-70.

Scheffner, M., Wessel, R., & Stahl, H. (1989)Nucleic Acids Res.
17, 93-106.

Sung, P., Prakash, L., Matson, S. W., & Prakash, S. (1987)Proc.
Natl. Acad. Sci. U.S.A. 84, 8951-8955.

Sung, P., Watkins, J. F., Prakash, L., & Prakash, S.(1994)J. Biol.
Chem. 269, 8303-8308.

Thommes, P., Ferrari, E., Jessberger, R., & Hubscher, U. (1992)J.
Biol. Chem. 267, 6063-6073.

Tuteja, N., & Tuteja, R. (1996)Nature (Genet.) 13, 11-12.
Tuteja, N., Ochem, A., Taneja, P., Tuteja, R., Skopac, D., &
Falaschi, A. (1995)Nucleic Acids Res 23, 2457-2463.

Venkatesan, M., Silver, L. L., & Nossal, N. G. (1982)J. Biol. Chem.
257, 12426-12434.

Walker, J. E., Saraste, M., Runswick, M. J., & Gay, N. J. (1982)
EMBO J. 1, 945-951.

Wiemann, S., Voss, H., Schwager, C., Rupp, T., Grothues, D.,
Sensen, C., Stegemann, J., Zimmermann, J., Erfle, H., Hewitt,
N., & Ansorge, W. (1993)Yeast 9, 1343-1348.

Wold, M. S., & Kelly, T. J. (1988)Proc. Natl. Acad. Sci. U.S.A.
85, 2523-2527.

Wold, M. S., Li, J. J., & Kelly, T. J. (1987)Proc. Natl. Acad. Sci.
U.S.A. 84, 1834-1838.

Zhu, F. X., Biswas, E. E., & Biswas S. B. (1997)Biochemistry 36,
5947-5954.

BI9712910

13276 Biochemistry, Vol. 36, No. 43, 1997 Biswas et al.


