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ABSTRACT. We have constructed clones encoding N-terminal fragments of human DNA topoisomerase

Ila. We show that the N-terminal domai%0 kDa) has an intrinsic ATPase activity that can be stimulated

by DNA. The enzyme obeys Michaeti#lenten kinetics showing &6-fold increase irk.s:in the presence

of DNA. Cross-linking studies indicate that the N-terminal domain is a dimer in the absence and presence
of nucleotides. Using site-directed mutagenesis, we have identified the catalytic residue for ATP hydrolysis
as Glu86. Phosphorylation of the N-terminal domain with protein kinase C does not affect the ATPase

activity. The ATPase domain of human topoisomeragehows significant differences from its counterpart

in DNA gyrase and we discuss the mechanistic implications of these data.

DNA topoisomerases are enzymes that catalyze topologicalsubfamilies: type IA, type IB, and type IF}. All type Il
changes in DNA1). These enzymes have been found in enzymes are evolutionarily and structurally related, each
all cell types and are essential for cell viability. Their roles possessing two distinct catalytic centers: a DNA cleavage
include maintenance of the level of intracellular DNA and rejoining site and a site for ATP hydrolysis{11). The
supercoiling, removal of supercoils that build up ahead of enzymes differ in their molecular weights and subunit
and behind transcription and replication complexes, and composition; e.g. DNA gyrase frofscherichia coliconsists
decatenation of daughter chromosomes following replication. of two subunits, GyrA and GyrB, of molecular masses 97
The topoisomerase reaction involves the breakage of DNA and 90 kDa, which associate as agBA complex. GyrA
in one or both strands, the formation of protelDNA contains the DNA cleavage activity while GyrB catalyzes
covalent bonds, and the passage of another segment of DNAATP hydrolysis. Eukaryotic type 1l enzymes are ho-
through the enzyme-stabilized break. In the case of type Il modimers, where each monomer can be regarded as a fusion
enzymes this DNA strand-passage reaction generally requireof a GyrB and GyrA subunit. Homology between eukaryotic
the hydrolysis of ATP. and prokaryotic enzymes is closest in the region containing

As a consequence of their essential roles in cells, DNA the active site for DNA cleavage and the N-terminal region
topoisomerases have become important drug targets. Fofcorresponding to the N-terminal domain of GyrA and the
example, the prokaryotic type Il enzyme DNA gyrase is the ATPase domain of GyrB, respectively); the C-termini tend
target of a range of antibacterial agents such as the quinolongo be divergent. The molecular masses of the eukaryotic
and coumarin drug<), and eukaryotic topoisomerase Il is enzymes show some diversity; the enzyme fi@atcharo-
the target of a variety of antitumor drugs that include myces cerésiae (yeast topoisomerase Il) has a monomer
amsacrine, epipodophyllotoxins, and merbar@d), Many molecular mass of 164 kDd.2), whereas the two isoforms
of these compounds (e.g., quinolones and amsacrine) act byof the human enzymex and 3, are 170 and 180 kDa,
stabilizing a cleavable complex between the topoisomeraserespectively 13).
and DNA, in which the enzyme is covalently linked to the ~ The mechanism of eukaryotic topoisomerase Il (topo II)
DNA. Arresting of DNA replication forks by this complex is now understood in some detail as a consequence of a
is thought to initiate events that lead to cell deadh 4). number of structural and mechanistic studib${16). The
Other topoisomerase-targeted compounds act by differentenzyme binds two segments of DNA. The gate (or G)
mechanisms; e.g. coumarin drugs (such as novobiocin) actsegment {25 bp) is cleaved in both strands with a 4-base
as competitive inhibitors of the DNA gyrase ATPase reaction stagger between the break sites; this leads to the formation
(5, 6). of covalent bonds between théhosphates at the break

On the basis of the alignment of their amino acid site and the active-site tyrosines. The transported (or T)

sequences, DNA topoisomerases can be grouped into thre§egment is captured by an ATP-operated clamp (comprising
the N-terminal domains of each monomer), which presents

. . _ the T segment to the double-stranded break in the G segment
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break in the G segment leads to a change in linking number Eukaryotic topoisomerase Il is known to be phosphorylated
of the DNA by 2, in the case of intramolecular reactions at multiple sites and there is evidence that phosphorylation
(e.g., DNA relaxation), or catenation or decatenation in the modulates catalytic activity2@). For exampleProsophila
case of intermolecular strand passage. topo Il, when phosphorylated by casein kinase Il or protein
The role of ATP hydrolysis in the mechanism of topo Il kinase C, shows increased relaxation activi80)(and
remains to be clarified. ATP hydrolysis is normally required stimulation of the ATPase activityd(, 32). Phosphorylation
to drive reactions that are energetically unfavorable. Indeed, of topo Il predominantly occurs in the C-terminal domain.
in the case of the prokaryotic type Il topoisomerase, DNA In S. cereisiae multiple phosphorylation sites have been
gyrase, the requirement for ATP hydrolysis is clear. Gyrase mapped to the C-terminal domain and it is proposed that
can introduce negative supercoils into DNA, an energetically phosphorylation has a regulatory effect on the enzy&3 (
unfavorable reaction that is coupled to ATP hydrolysis. In 34). In the case of the human enzyme, topa, [bhospho-
this case there appears to be an approximate correspondenaylation by three separate kinases, protein kinase C, casein
between the free energy available from the hydrolysis of ATP kinase Il, and p34cdc2, has been demonstraBd-87).
and the energy required to introduce supercdis-20). In Although phosphorylation predominantly occurs in the
the absence of ATP, gyrase can catalyze the relaxation ofC-terminal domain, in the case of protein kinase C, phos-
negative supercoils (an energetically favorable reaction), phorylation at Ser29 in the N-terminal ATPase domain has
albeit less efficiently than the introduction of supercoi$, ( been found 7). The effect of phosphorylation on the
22). Eukaryotic topoisomerase Il cannot introduce supercoils ATPase reaction of the human enzyme is presently not clear.
into DNA but relaxes DNA in an ATP-dependent reaction.  The ATPase reaction of DNA gyrase has also been

Given that this is an energetically favorable reaction, it is investigated_ In this case, recent work has focused on the
unclear why ATP is required. Recent studies on the ATPase reaction of the 43-kDa N-terminal ATPase domain
decatenation, unknotting, and relaxation reactions of type Il of GyrB (38, 39). It was found that this domain is a
enzymes have shown that topo Il (from a variety of sources) monomer in the absence of nucleotide but dimerizes in the
is apparently able to generate nonequilibrium distributions presence of ATP or ADPNP @denylylf,y-imidodiphos-
of topoisomersZ3). This behavior can be rationalized by phate). The ATPase activity is distinctly non-Michaelian,
invoking the free energy of ATP hydrolysis to drive the and the ATPase and binding data are consistent with the
reactions away from equilibrium. A tracking mechanism has active form of the enzyme being a dimer and dimerization
been proposed to account for these observatia8p ( being the rate-limiting step of the ATPase reaction. In
Early studies on topo Il prepared from Hela cells, conjunction with the X-ray crystal structure of this domain
Drosophila melanogasteand calf thymus showed that the  complexed with ADPNP40), these data support the idea
enzyme possessed a DNA-dependent ATPase act®Aty ( that the N-terminal domain of GyrB, and by implication the
26). The degree of stimulation by DNA was-37-fold, N-terminal domains of other type Il topoisomerases, acts as
depending on the source of the enzyme. The ATPasean ATP-operated clamp in the topoisomerase reaction cycle.

reaction of yeast§. cereisia€) topo Il has been analyzed To further our understanding of ATP hydrolysis by DNA

by Lindsley and Wang27). The enzyme has an intrinsic  ,55isomerase Il we have studied the ATPase reaction of
ATPase activity that is stimulated 19-fold by DNA. The the N-terminal domain of topo d cloned inE. coli

DNA-independent reaction follows Michaeti¢lenten ki-

netics with an estimatekt, of 1 s*. The DNA-dependent  ExpERIMENTAL PROCEDURES

reaction shows cooperative binding of ATP to the two

monomers in the enzyme dimer. Determination of the Cloning A variety of constructs were produced by PCR

coupling between ATP usage and DNA strand passagein order to express portions of the ATPase region of human

showed that~2 ATPs are hydrolyzed per strand-passage topo llo. in an E. coli T7 (pET) vector system. These

event at low ATP concentrations, whereas at saturating ATP constructs were designed on the basis of sequence similarity

concentrations-7—8 ATPs are hydrolyzed per event. with the equivalent region dt. coli DNA GyrB, for which
Recently the ATPase reaction of human DNA topa Il  the crystal structure of the N-terminal 43 kDa domain is

has been studied in detai2§). The ATPase activity is  known @0). Three different oligonucleotides (oligos) were

stimulated by DNA and shows apparent Michaeldenten designed to introduce translational stop codons after Lys399,

kinetics. Although the ATPase activity of human topa Il  Glu419, and Lys435, along with & @striction enzyme site.

is lower than that of yeast, it is more active in decatenation, The oligos designed to terminate translation at 399 and 419

implying more efficient coupling of the ATPase to DNA contained 3Sad restriction sites, whereas the oligo designed

strand passage. With plasmid pBR322 as the DNA cofactor, to terminate translation at 435 incorporated the naturally

the reaction shows hyperstimulation by DNA at a base pair occurringEcaRl site within the human topodi gene. Oligo

to enzyme dimer ratio of 160200:1. When DNA fragments  sequences were as follows: 399 K stofy'-TTA GCT GAG

are used as the cofactor, the reaction requir@80 bp to CTC TTAGAT AAATTT TTC ACT CAA-3'; 419 Q stop

stimulate the activity, and fragments ef300 bp show =5-TTAGCT GAG CTCTTAGGC CTT AAACTT CAC

hyperstimulation. This behavior can be rationalized in terms CCA-3; 435 K stop=5-TGG GAATTC CTT TGA TTC

of the enzyme requiring fragments that can bind to both the AAT TAT GTT TTA C-3'. These oligos were used in PCR

DNA gate and the ATP-operated clamp in order for the reactions with M13 universal primer and a cDNA clone for

ATPase reaction to be stimulated. Hyperstimulation is a human topo it (41). The PCR fragments produced con-

consequence of the saturation of DNA with enzyme, i.e., tained 3restriction sites as described above in addition to a

possibly due to proteinprotein interaction between topo Il naturally occurring 5Ncd site that straddles the ATG

dimers @8). initiation codon in the human topodlgene. This allowed
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unidirectional cloning of the PCR fragments after restriction
digest into suitably prepared pET21d (Novagen). After
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ATPase AssaysATPase determinations were carried out
by the pyruvate kinase/lactate dehydrogenase assay described

selection of recombinants, the cloned DNA was sequencedpreviously @8, 38), with the following modifications.

to check for the incorporation of PCR-directed mutations.
These constructs were then used to transfdEm coli
BL21(DES3) in expression studies.

A fourth construct was produced incorporating a carboxy-
terminal polyhistidine tag to enable the protein to be purified
directly from a crude extract by metal chelate affinity
chromatography. An oligonucleotide (439 K HisTag5'-
TTT GCG GAG CTC TTG GGAATT CCC TTG ATT CT-
3') was synthesized that introduces an in-frag site after

Reactions (20Q«L) contained 50 mM TriHCI (pH 7.5),

80 mM KCI, 2 mM ATP, 2 mM MgC}, 0.4 mM phospho-
enolpyruvate, 0.25 mM NADH, BL pyruvate kinase/lactate
dehydrogenase [in 50% (w/v) glycerol, 100 mM KCI, 10
mM HEPES (pH 7.0), and 0.1 mM EDTA, Sigma] and topo
Il fragment (up to 6QuL). Plasmid pBR322 DNA (super-
coiled, relaxed, or linear; gifts of Mrs. A. J. Howells,
University of Leicester) was also added where indicated.
Assays were carried out at 3T in a Perkin-Elmer Lambda

the codon for Lys439 and was used in PCR amplification of © SPectrophotometer or a Bio-Tek EL340 microplate reader.
the ATPase region as described above. Cloning of this Novobiocin and amsacrine were purchased from Sigma,
fragment into pET21d as acd —Sad fragment produces ICRF-159 was a gift of Dr. J. R. Jenkins (University of
an in-frame fusion with a 17 amino acid carboxy-terminal L€icester), and merbarone was a gift of NCI (National
peptide that includes a 6-histidine repeat sequence. This!nstitutes of Health, Bethesda, MD). DNase | was purchased

plasmid was named pTOPSTOP/His.

Protein Purification To prepare the 52 kDa N-terminal
fragment of human topodl, 1 L of Nutrient Broth (Oxoid)
plus 50 ug/mL ampicillin was inoculated wit a 5 mL
overnight culture oE. coliBL21(DE3)::pLysS::pTOPSTOP/
His and incubated at 37C until theAgpo = ~0.5. Isopropy!
pB-p-thiogalactoside (5Q:tM) was then added and growth
continued for a further 3 h. Cells were harvested by
centrifugation and resuspended in 10 mL of 50 mM ‘HI
(pH 7.5) and 10% sucrose. Cells were disrupted by
sonication and the cell debris was pelleted by centrifugation.
(At this stage the vast majority of the 52 kDa protein was in
the pellet.) The pellet was washed with 1% Triton X-100

from Boehringer.

Protein Cross-Linking Protein was dialyzed into 50 mM
HEPES (pH 8.5), 100 mM KCI, 4 mM DTT, and 4 mM
MgCl, at 4°C. Where indicated, samples were incubated
for 1 h at 25°C with ATP, ADPNP, or ADP. Dimethyl
suberimidate (4@g/mL) was added and the incubation was
continued fo 2 h at 25°C. Samples were applied to an
SDS—polyacrylamide gel and analyzed by Western blotting,
which was carried out with a rabbit polyclonal antibody
raised against the N-terminal domain of topo {gift of
Dr. J. R. Jenkins, University of Leicester) as described
previously @2).

Site-Directed MutagenesisTo mutate Glu86 to Ala and

(Sigma), pelleted again, and washed with water. The pellet Asp, the QuikChange (Stratagene) procedure was employed

was then resuspended in 50 mM THEI (pH 8.0) and 8 M
urea and applied to a Talon (Clontech)?Caffinity column
preequilibrated with 50 mM Tri$iCI (pH 8.0), 0.5 M KCl,

using the following pairs of complementary oligonucle-
otides: 5TGT TCC TGG TTT ATA CAAAAT CTT TGA
TGC GAT TCT AGT TAATGC-3 and 3-TGT TCC TGG

and 8 M urea. The column was washed with the same buffer TTT_ATA CAA AAT CTT TGA TGA TAT TCT AGT

and then developed with 50 mM Tt4Cl (pH 8.5), 50 mM
imidazole (Sigma), ath8 M urea. The eluted protein was
refolded by dialysis overnight at 4C against 50 mM Tris
HCI (pH 9.0), 0.1 M KCI, 1 mM EDTA, 1 mM DTT, and
10% (w/v) glycerol. Following dialysis, the protein solution
was centrifuged in a microfuge (15 min) to remove any
residual insoluble material. The yield froa 1 L culture
was 0.5 mg.

To purify proteins from polyacrylamide gels, samples in
125 mM TrisHCI (pH 6.8), 4% SDS, 20% (w/v) glycerol,
10% (w/v) -mercaptoethanol, and 0.002% (w/v) bromophe-
nol blue were run on an SBDSL2% polyacrylamide gel. A

section of the gel was stained and a scalpel blade was use

to carefully cut out the band of interest from the remaining

TAA TGC-3, respectively. To mutate Ser29 to Ala and Asp,
the following pairs of complementary oligonucleotides were
used: 5AAG AAA AAT GAA GAT GCA AAG AAA

AGA CTG GCT GTT GAA AGA A-3' and 3-AAG AAA

AAT GAA GAT GCA AAG AAA AGA CTG GAT GTT
GAA AGA A-3', respectively. In each case only the top
strand is shown and the mutated codon is shown in boldface
type. In addition to introducing the desired mutations,
restriction enzyme site86pL4071 orDdd) were removed
during the mutagenesis at the locations indicated by under-
lining. Colonies were screened by performing plasmid
minipreps and restriction enzyme analysis. Mutations were
c(lsonﬁrmed by DNA sequencing.

Protein Phosphorylation Protein phosphorylation experi-

(unstained) part of the gel. The gel slice was then crushedMents were carried out on the 52 kDa fragment with protein

and 1 mL of 50 mM TrisHCI (pH 7.5), 100 mM EDTA, 5
mM DTT, 150 mM NacCl, and 1% SDS was added. The
gel matrix was left overnight in the elution solution. After
filtration through an Econocolumn (Bio-Rad) to remove gel
debris, the protein was precipitated by the addition of an
equal volume of acetone (at20 °C) and this mixture was
then kept at-20 °C for 1 h. The precipitated protein was
then pelleted in a benchtop centrifuge at 13 000 rpm for 30
min. The resulting pellet was then resuspended in 50 mM
TrissHCI (pH 8.8), 100 mM KCI, ad 8 M urea for
subsequent refolding (as above).

kinase C from rat brain (Boehringer Mannheim) under the
following conditions: 20 mM HEPES (pH 7.4), 10 mM
MgCl,, 5 ug/mL dicaproin (Sigma), 100 mM ATP, and 10
uCi of [y-*?P]JATP (Amersham), where indicated. Reactions
(20 uL) were incubated at 3€C for 15 min. Radiolabeled
samples were applied to an SB$2% polyacrylamide gel,
which was then dried in a vacuum dryer, and the gels were
exposed to Fuji X-ray film.

Other Methods Protein concentrations were determined
by the method of Bradford4@). Novobiocin affinity
chromatography was carried out as described previodd)y (
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Ficure 1: SDS-polyacrylamide gel showing purified 52 kDa L
protein. Lane 1, cell extract from overproducing strain; lanes 2 and 0 ‘ ;
3, fractions from a Talon column eluted with imidazole; lane 4, 0 2 4
purified 52 kDa protein after refolding. Molecular mass markers [ATP] mM

M 4, 67, 4 2 14.4 kDa.

(M) are 94, 67, 43, 30, 20, and a Ficure 2: Dependence of the ATPase rate of the 52 kDa protein

RESULTS on ATP concentration. Rates)(are initial velocities in the absence
(@) and presenceq) of 80 ug/mL (0.12 mM bp) supercoiled

Cloning and Purification of the N-Terminal Domain PBR322 DNA.
ThreeE. coli clones containing pET-based plasmids encoding
N-terminal fragments of human topaliwere constructed,  (38). Values ofKy andke: (0.47 mM and 0.018°S) were
producing proteins of 45.8, 47.9, and 49.8 kDa. Of these determined from these data (Figure 2).
the largest protein;-50 kDa (residues-1435), showed the DNA Dependence of ATPase Adly. Unexpectedly we
best expression; its C-terminus is close to the putative domainfound that the ATPase activity of the 52 kDa protein was
boundary defined by homology with GyrB (the N-terminal stimulated in the presence of DNA (Figures 2 and 3). We
ATPase domain ends at Arg3938( 45), which corresponds  found that supercoiled, relaxed, and linear pBR322 stimulated
to Lys425 in human topo&). This protein was made both  the activity to a similar extent (data not shown). Using a
with and without a C-terminal Higag (50 and 52 kDa). In  range of buffer conditions and with several separate enzyme
the case of the His-tagged protein, four further C-terminal preparations, we found that the presence of DNA to increase
amino acids were included (43@39), plus 11 extraamino  the ATPase rates-510-fold (e.g., Figure 2). This is in
acids and 6 His residues introduced during cloning. marked contrast to the 43 kDa domain of GyrB, whose

Both the native and His-tagged versions of the N-terminal ATPase activity is independent of DNA&§), but is similar
domain were found to be in the insoluble fraction following to the DNA dependence observed with full-length human
cell lysis but the proteins could be resolubilized following topo llo (28).
treatment with urea and subsequent dialysis into nondena-
turing buffers (see Experimental Procedures). The purifica-
tion of the 52 kDa (His-tagged) protein is summarized in
Figure 1.

ATPase Actiity. Using the pyruvate kinase/lactate de-
hydrogenase-linked assay, the purified 52 kDa protein was
found to have an ATPase activity. Typically Q:} protein
was found to have an activity of1 nM s1. That this
activity was intrinsic to the purified 52 kDa protein was
indicated by the following experiments. Purified 52 kDa
protein was applied to an SD$olyacrylamide gel and the

To further investigate the DNA dependence of the ATPase
activity, the following experiment was performed. An
ATPase reaction containing the 52 kDa protein was initiated
by the addition of ATP, and the ATPase rate was monitored.
Supercoiled pBR322 DNA was then added and a 9-fold
increase in rate was observed. DNase | was then added and
a sharp drop in the rate of hydrolysis was observed, the final
rate approaching the DNA-independent rate (data not shown).
These data support the idea that DNA directly stimulates
the ATPase activity and that this stimulation is reversible. It
protein band was excised and refolded as described inalso confirms that the stimulation is due to DNA and not

Experimental Procedures. The ATPase activity of this gel- another component in the mixture.
purified protein was essentially unchanged. The non-His- The optimal conditions for the ATPase reaction were
tagged version of the N-terminal fragment (50 kDa) was also €xplored. Over a range of pH values (7®.0) we found
purified from an SDS gel and found to possess a similar the optimum pH to be 7.5. At high ionic strength Z00
ATPase activity to the 52 kDa protein (data not shown). MM KClI) the ATPase activity was abolished; optimal activity
The intrinsic ATPase activity of the 52 kDa protein was occurred at~100 mM. This mirrors the salt dependency of
investigated as a function of enzyme concentration and foundthe DNA-dependent ATPase of the full-length enzyme. We
to exhibit a linear dependence of initial rate on enzyme found that the Mg" dependency showed an optimum that
concentration in the range 7850 nM (data not shown).  was slightly higher than the ATP concentration (e.g-32
This behavior is in marked contrast to that of the 43 kDa mM at 1.25 mM ATP). At higher MgGl concentrations
N-terminal domain of GyrB, which exhibits a nonlinear (e.g.,>5 mM) there was a significant fall in ATPase activity
dependence of ATPase rate on enzyme concentradign ( that could not be accounted for by ionic strength effects; in
As a function of substrate (ATP) concentration, the rate of subsequent experiments the ¥goncentration used was
ATP hydrolysis by the 52 kDa protein shows a hyperbolic equimolar with the ATP concentration. The following
dependence (Figure 2), indicative of Michaelldenten ATPase reaction conditions were therefore used in the
kinetics, again in contrast to the 43 kDa fragment of GyrB experiments described in this paper: 50 mM JHiS| (pH
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[DNA] in bp (mM) FIGURE 4: Cross-linking of the 52 kDa protein with dimethyl

) . suberimidate. Shown is a Western blot (with antibody specific to
Ficure 3: Dependence of the ATPase rate of the 52 kDa protein the N-terminal domain of topo df) of an SDS-polyacrylamide
on DNA concentration. Rates)(are initial velocities at 2 mM ATP; - ga| showing cross-linking of the 52 kDa protein by dimethyl

DNA was supercoiled pBR322. suberimidate in the absence and presence of 2 mM nucleotides, as

indicated. Sizes of molecular mass markers in kilodaltons are shown.

7.5), 80 mM KCI, 2 mM ATP, and 2 mM MgG] except
where indicated. that this domain dimerizes in the presence of nucleoside

The His-tagged protein was generally prepared with# Co  triphosphate §8—40). The observation of a linear depen-
column. When this protein was prepared from &Niolumn dence of ATPase rate on enzyme concentration (both with
it was found to be largely inactive in ATPase assays. We and without DNA) for the 52 kDa protein raises the
found that the ATPase activity of protein prepared with a possibility that dimerization is either not occurring with this
Co** column could be inhibited by Ri, and we conclude  fragment or is not the rate-limiting step of the ATPase
that NP" is an inhibitor of the ATPase activity of the reaction. To address this issue we have performed cross-
N-terminal domain of topo Il. Experiments with full-length  linking experiments with this fragment. Figure 4 shows that
topo Il showed that Ni* could also inhibit the full-length  dimethyl suberimidate cross-links higher molecular weight
enzyme (data not shown). We also tested a range of topo IIforms of this protein in both the absence and presence of
inhibitors (merbarone, amsacrine, and ICRF-159) and found ADPNP, ATP, and ADP. Although there are several cross-
no evidence of significant inhibition of the DNA-dependent linked bands in these lanes, the two principal species have

ATPase of the 52 kDa fragment (data not shown). sizes consistent with dimeric forms. In experiments with
Novobiocin and other coumarins have been suggested aghe N-terminal domain of DNA gyrase we have previously
being inhibitors of the ATPase reaction Bfosophilatopo noted that multiple cross-linked forms are apparent in the

Il (25, 46), although recent experiments with human topo presence of dimethyl suberimidat® 88); these species are
Ila showed little effect of novobiocin on the ATPase reaction thought to be dimers cross-linked in different ways. (We
(28). We found that the ATPase reaction of the N-terminal found also that the untreated 52 kDa protein, lane 1, contains
52 kDa fragment of topo ¢l was insensitive to novobiocin  a small amount of dimer. It is possible that treatment with
and that the protein did not bind to a novobiocin affinity SDS does not completely dissociate the dimeric form.) From
column (data not shown). Taken together, these resultsthese data we suggest that the dimer form of the N-terminal
suggest that novobiocin is not an effective inhibitor of the domain of topo léx is stable in both the absence and presence
ATPase reaction of human topall of nucleotides.

At a range of enzyme concentrations (6.5 nM) we ATPase Actie Site Previous work with the 43 kDa
found that the DNA-dependent ATPase was linearly de- N-terminal domain of GyrB showed that Glu42 was very
pendent on enzyme concentration (data not shown). Figurelikely to be the catalytic residue in the ATPase reactir).(

2 shows the dependence of ATPase rate on ATP concentraAs the sequences of type Il topoisomerases are conserved
tion in the presence of DNA. The calculated valueKgf in this part of the protein, it was possible to suggest that the
andke (0.40 mM and 0.11°9) suggest that in the presence corresponding catalytic base in human tooifl Glug6 é7).

of DNA the Ky is essentially the same as in its absence but To verify this proposition we have mutated this residue in
that thek., increases by-6-fold. the N-terminal domain of human topoalito Ala and Asp.

We have investigated the stimulation of the ATPase of The purified 52 kDa proteins bearing these mutations were
the 52 kDa protein at a range of DNA concentrations (Figure found to have very low ATPase activities that showed only
3). These data suggest that a considerable excess of DNAow-level stimulation in the presence of DNA (Figure 5). In
over protein is required to fully stimulate the ATPase activity. control experiments we found that cell extracts containing
These data can be treated as a binding isotherm (seeno 52 kDa protein and purified in the same way as the 52
Discussion) and an approximate value for the equilibrium kDa protein also showed these low-level ATPase activities;
dissociation constant for the binding of the 52 kDa to DNA i.e., we conclude that this activity is a consequence of
was calculated to be-14 uM. contaminating proteins and that the two mutations at Glu86

Dimerization A salient feature of the ATPase activity of render the protein essentially inactive.
the N-terminal domain of GyrB is its nonlinear dependence  Phosphorylation Phosphorylation has been proposed to
on enzyme concentration, an observation that, when coupledaffect the catalytic activity of topo 11 29). Although
with binding and structural data, strongly supports the idea phosphorylation predominantly occurs in the C-terminal
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6 (gyrase). Clones expressing alternative-sized fragments are
currently under construction.

We found that both the 50 kDa fragment and the His-
tagged construct (52 kDa) showed ATPase activity. Al-
though the rates were low, they were comparable between
the two proteins and showed an approximate linear depen-
dence on enzyme concentration. This is in marked contrast
to the N-terminal ATPase domain of GyrB (43 kDa protein),
which shows a distinctly nonlinear dependence of ATPase
rate on enzyme concentratiodgj. This difference is likely

I to correlate with the observation that the human protein
DI?IA ] . ] R . appears to be a dimer under these conditions (see below).

wt AlaS6 ~ Asps6 Perhaps the most striking difference between the ATPase
FiGUrRe 5: ATPase activities of wild-type 52 kDa protein and ~activities of the N-terminal domains of the human &hd
proteins bearing mutations at Glu86. Ratesafe initial velocities coli enzymes is that the human enzyme shows DNA
at 2 mM ATP of ~0.2 uM of each protein in the absence and stimulation (Figures 2 and 3). No direct evidence for the
presence of 8(ig/mL supercoiled pBR322 DNA. interaction of the ATPase domain of GyrB with DNA exists,

. . . o although this is strongly suggested by X-ray crystallography
domain, a site for phosphorylauon by protein kinase C .has and site-directed mutagenesis studids, (49). Such an
been mapped to Ser29 in the N-terminal ATPase domain of e action is in keeping with the role of this domain as an

topo .Ila _(37)' Treatmen.t of the 52 kDa fragm_ent Wit,h ATP-operated clampld). The level of stimulation of the
protein kinase C and radiolabeled ATP resulted in labeling A1pgse activity by DNA is 510-fold (~6-fold comparing

of the protein (data not shown). Following phosphorylat?op, keatvalues). With full-length topo & the level of stimulation

we found the phosphoprotein to have ATPase activity by DNA was ~10-fold (28), depending on the enzyme to
identical to that of the untreated protein. To probe further S\ a ratio. and has been shown to be B7-fold for other

the potential effects of phosphorylation, we engineered two type Il enzymes. The values in the absence and presence
mutant 52 kDa fragments bearing either Ala or Asp at residue of DNA were found to be essentially the same (60447

29. The Ala mutation generates a protein that cannot bemM) whereas thé, values were 0.018 and 0.111$n the
phos_phprylated at this pos.“iof‘ (a.nd hence contr_ols for the abse,nce and presence of DNA, respectively. lItis interesting
possibility of phosp_horylayop in vivo ife. col}) while the to compare these values with those found for full-length topo
Asp_mutant potentially mimics a phosphqrylated enzyme. | .- | andKy values of 2.17 <t and 0.78 mM, respec-
Again we found that both mutant proteins had ATPase tively, at low DNA to enzyme ratios and 0.59%and 0.56
activities that were similar to that of wild type, suggesting .\ r’espectively at high enzyme to DNA rati®gj. Thus
that phosphorylgt.ion at $er29 does not appreciably_affectthekM value for th,e ATPase domain of topauls in keeping

the ATP&T."EI aCt'.Vd'ty O.f ttr;:s Z?r%ment andt.that Ser29is not ith the values for the full-length enzyme and also with those
an essential residue in the ase reaction. for other type Il topoisomerases such as DNA gyrase [0.21
0.45 mM 60)]. The k. values for the ATPase domain are
somewhat less than that for the full-length enzyme, suggest-

We have constructed a number Bf coli clones that  iNg that binding of DNA at the DNA “gate” may be required

express N-terminal fragments of human DNA topoisomerase fOr full DNA stimulation of the ATPase activity.

Ilo. We found that the proteins expressed by these clones Figure 3 shows the stimulation of the ATPase activity of
were largely insoluble. The best expression was found with the 52 kDa protein as a function of DNA concentration. If
a ~50 kDa protein (amino acids-4435), which was also  we assume that the reaction velocity is directly proportional
made with a C-terminal His tag. It is not known where the to the concentration of DNA-bound enzyme molecules then
domain boundary for the ATPase function of topa lles. these data can be treated as a binding isotherm. This yields
A proteolysis site occurs between Glu410 and Asn411 in an equilibrium dissociation constarkd) of 14.3 &2.5) uM.
yeast topo Il 48), which corresponds to the C-terminal side Although this binding constant is weak, it is based on a DNA
of GIn420 in human topo ¢l. In E. coli GyrB a proteolysis ~ concentration in base pairs as we do not know the binding-
site occurs between Arg393 and Arg394, corresponding to site size for the ATP-operated clamp. If we were to assume
the C-terminal side of Lys425 in human topall As the that a 10 bp segment of DNA binds in the clamp, i.e., the
sequence similarity in this stretch of amino acids is not high DNA-binding site accommodates 10 bp [such a value would
(7), itis not entirely clear where the boundary for the ATPase be consistent with the crystal structure of the N-terminal
domain of human topo & will occur, but we might expect, domain of GyrB 40)], then theKy would be ~1.4 uM.

on the basis of the above information, that the 50 kDa However, further experiments are required to establish the
N-terminal fragmenti—435) should encompass this domain. DNA-binding characteristics of this domain. In recent work
However, the fact that this protein and those made by our we have constructed two fusion clones of the N-terminal
other constructs are insoluble may suggest that the C-terminidomain of human topo & (which are expressed as soluble
of these fragments do not coincide with a domain boundary protein), which both show DNA-dependent ATPase activities
and may lie within a region of secondary structure. Alter- very similar to that of the 52 kDa protein described in this
natively, the human ATPase domain may be intrinsically less paper (S. Campbell and A.M., unpublished data), further
soluble or fold less readily than its prokaryotic counterpart endorsing the DNA dependence described here.

v (nM/sec)

[§5]
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A further difference between the ATPase domain of gyrase substantial element of the DNA stimulation of the ATPase
and human topo dl is that, at least as judged by cross-linking of topo Il derives from the interaction of DNA with the ATP-
experiments, the human fragment is a dimer, whereasoperated clamp.
dimerization of the gyrase domain only occurs in the presence Taken together, the structural and ATPase data on the
of nucleoside triphosphate3§, 39). This observation is  N-terminal domains of gyrase and topo Il support their
supported by structural data in the case of gyra&®; ( proposed role as ATP-operated DNA-binding clamps. The
although structural data for the human domain does not origin of the observed differences between the prokaryotic
currently exist, the existence of this protein as a dimer is and eukaryotic enzymes is presently unclear. It is possible
consistent with the linear dependence of its rate on enzymethat the eukaryotic domain forms a more stable dimer,
concentration (i.e., no dimerization step is detectable in the through interactions at its C-terminus, such that it does not
kinetics of ATP hydrolysis) and its ability to bind DNA (see dissociate during the ATP binding and hydrolysis cycles that
below). It is possible that the cross-linking results shown result in clamp closing and opening. As a consequence, the
in Figure 4 are a consequence of aggregation of the 52 kDaN-terminal fragment behaves as a permanent dimer and
protein. However, we favor the interpretation given above shows ATPase kinetics that are not dependent upon a
for a number of reasons. First, the size of the cross-linked dimerization step. Its prokaryotic counterpart has been
products is suggestive of dimers and the existence of multipleshown to be a monomer in the absence of nucleotide and a
cross-linked forms is similar to what has been observed dimer in the presence of nucleotide triphosph&®, 39).
previously with the corresponding gyrase domain in the Alternatively it is possible that the longer C-terminus in the
presence of ADPNP and coumermyct) 89). Second, we  case of the eukaryotic N-terminal fragment permits pretein
do not see evidence of high molecular weight species thatprotein interactions that cannot occur in the shorter prokary-
fail to enter the gel, an expected feature of nonspecific otic protein; i.e., the differences in the ATPase, oligomeric
aggregation. Third, fusion constructs of the N-terminal state, and DNA-binding properties that we have observed
domain of human topo & (which produce souble protein) are merely a consequence of the C-terminal sequences in
do not show the greater than first-order dependence of ratethe two constructs. This would imply that important
on enzyme concentration found with the 43 kDa domain of dimerization interactions occur just beyond the boundary of
GyrB (S. Campbell and A.M., unpublished data); i.e., the N-terminal domains, within a relatively short stretch of
dimerization is not a rate-limiting step with these proteins, amino acids. Further N-terminal clones of topa lare
supporting the idea that this domain is a stable dimer. currently under construction in order to resolve this question.

Site-directed mutagenesis of the gyrase B protein identified
Glu42 as the catalytic residue; the corresponding residue inACKNOWLEDGMENT
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