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ABSTRACT: A type Il topoisomerase is essential for decatenating DNA replication products, and it
accomplishes this task by passing one DNA duplex through a transient break in a second dupléx. The B
domain of topoisomerase Il contains three highly conserved motifs, EGDSA, PL(R/K)GK(I/L/IM)LNVR,

and IMTD(Q/A)DXD. We have investigated these motifs in topoisomergsbytimutagenesis, and report

that they play a critical role in establishing the DNA cleavagaigation equilibrium. In addition, the
mutations E477QEGDSA) and K505E (PLR&ILNVR) increase the optimal magnesium ion concentra-

tion for strand passage, without affecting the ¥glependence of ATP hydrolysis. It is likely that the
binding affinity of the magnesium ion(s) specifically required for DNA cleavage has been reduced by
these mutations. The crystal structure of yeast topo Il indicates that residues E477 and K505 may help to
position the three aspartate residues of the IMTD(Q/A)DXD maotif for magnesium ion coordination, and
we propose two possible locations for the magnesium ion binding site(s). These observations are consistent
with a previous model in which the'Blomain is positioned such that these acidic residues lie next to the
active site tyrosine residue. A magnesium ion bound by these aspartate residues could therefore mediate
the DNA cleavagereligation reaction.

Topoisomerases are enzymes which relax the DNA super-age-reunion domain (Asubfragment), and the C-terminal
coils that accumulate during transcription and replication; tail (11, 16—19). X-ray crystallography has been used to
type Il topoisomerases are also required for chromosomedetermine the structure of the breakageunion domain of
condensation and segregatida-@). To carry out the strand  Escherichia colDNA gyrase A @0), and also the structures
passage reaction, topoisomerase Il (topé binds to two of a 92 kDa fragment oSaccharomyces cersiae topo |l
DNA helices termed the gate duplex and the transported in two different conformations, T20 (Figure 15)(and T2M
duplex 6). The gate duplex is cleaved, generating 4 bp 5 (21). The three structures each represent a different stage in
overhangs which are covalently linked to the enzyme via catalysis, with the gyrase A structure, termed T2C, represent-
active site tyrosine residues6-{8). ATP binding, and ing the conformation which binds the gate duplex and
possibly hydrolysis of one of the two ATP moleculél ( initiates DNA cleavage. The active site tyrosine residue is
10), stimulates a conformational change which is concomitant located in the head region of the subfragment, and in the
with the passage of the transported helix through the enzyme-DNA-open, T20 conformation, the 'Aheads have been
bridged break in the gate duplekl( 12). Hydrolysis of the drawn apart to allow the transported helix to pass through
remaining one or two ATP molecules is required for topo Il (5). The recently published T2M structur@lj represents
to complete the catalytic cycl®,(10, 13, 14). In contrast, an intermediate stage between the DNA-closed conformation
type | topoisomerases act by making a transient nick in one of T2C and the DNA-open conformation of T20. The
strand of the DNA double helix and allowing the other strand ATPase domains are thought to be located at the “top” of
to rotate around it in an ATP-independent man@r Both the yeast topo Il structure shown in Figure 1%),(where
type | and type Il topoisomerases are targeted by anticancerthey may bind the transported DNA helix prior to strand
drugs which stabilize the enzyme-cleaved DNA intermediate passage2?, 23).

(19). _ _ _ _ _ The B domain is required for DNA cleavage by the
Topo Il is comprised of four_d|screte func_tlonal domains: preakage-reunion domaini7, 18), and it contains three very
the N-terminal ATPase domain, the Bomain, the break-  highly conserved amino acid motifs which are characteristic

of both prokaryotic and eukaryotic type Il topoisomerases.
* Corresponding author. Telephone: 44 191 222 8864. Fax: 44 191 Their sequences ar? EGDSA, PL(R/,K)GK,(I/L/M)LNVR' and
222 7424. E-mail: Caroline.Austin@ncl.ac.uk. IMTD(Q/A)DXD (Figure 2). Mutations in the first two
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A EGDSA, PL(R/K)GK(I/L/M)LN the active site tyrosine residue resembles that of three acidic
and IM(T/A)D(Q/A)DXD motifs residues in the active site of the Klenow fragmenEotoli
DNA polymerase 30, 32). In the latter enzyme, these
¢ residues are required for binding two magnesium ions, one

B’ domain 4 of which facilitates the formation of the hydroxyl ion that

. : X attacks the DNA backbon@&2). Indeed, in nearly all DNA
r/ 5PN 556 polymerases, the catalytic magnesium ions are coordinated
- ' 9 by three conserved acidic residu&8{37). It is possible,
4 therefore, that the conserved acidic residues in topo | also
4 \1\ play a role in magnesium ion coordination. In yeast topo I,
Qi (an 1Y) the IMTD(Q/A)DXD maotif is approximately 40 A from the
A active site tyrosine residue in the DNA-open T20 structure
o 'DNA binding (5). However, the Bdomain is rotated by 170n the T2M
./ groove for structure so that this motif is only 20 A from the active site
gate helix (22). Molecular modeling has been employed to predict the
orientation of the Bdomain in the DNA-closed conformation
(29), based on the gyrase A T2C structu0)(and the
orientation of domain 1 fronE. coli topo | (30). This
modeling indicated that the’ Bomain may be further rotated
in the DNA-closed conformation, bringing the IMTD(Q/A)-
DXD motif into the vicinity of the active site.
B Higher vertebrates have two closely related topo Il
isoforms,a. and 8, both of which catalyze ATP-dependent
strand passage in vitro and in vivo, and both are targets for
anticancer agents38, and references therein). In human
tissues, thex isoform is found predominantly in proliferating
cells, whereas thg isoform is found in all tissues, including
those which are fully differentiatec88). Topo llo. appears
to be required for chromosome segregation, but the precise
function of thef isoform has yet to be elucidated. Computer
modeling reveals that the structure of thedBmain in human
topo I8 is very similar to that of yeast topo Il (Figure 1B).
We have adopted a mutagenic approach to investigating the
roles of the EGDSA, PL(R/K)GK(I/L/M)LNVR, and IMTD-
(Q/A)DXD motifs in catalysis by human topogl Proteins
. ; with mutations at highly conserved charged or polar residues
o/ subdomain 2 a/p subdomain 1 within these motifs were assayed in vivo by complementation
Ficure 1: (A) Crystal structure of a 92 kDa fragment & assays, and in vitro for DNA strand passage, ATP hydrolysis,
cerevisiaetopo Il in the T20 conformatioils). The EGDSA, PL- DNA binding, and DNA cleavage activities. All of the

(R/K)GK(I/LIM)LNVR, and IMTD(Q/A)DXD motifs are shown : P -
in red on the yellow monomer and in blue on the orange monomer. mutations significantly reduced the DNA cleavage activity

The active site tyrosine residues are shown in blue. (B) Modeling ©f topo 1I5, and in addition, two mutations increased the
the structure of the Bsubfragment of topoisomeras@lResidues optimal magnesium ion concentration required for strand
447-658 of human topo H (blue) were modeled onto residues passage activity. With reference to the X-ray crystal struc-
420-632 of S. cereisiaetopo Il (red) using the computer program  yres of yeast topoisomerase Il aid coli DNA gyrase A

Modeller, based on the alignment of Caron and WadD.(The - .
two structures are superimposed, and the only region of significant(s' 20, 21), we present a model for the magnesium ion

divergence is in the loop between tyesheets i/ subdomain  binding site, and discuss the role of the &main in the
2. catalytic cycle of topo |8.

nucleotide binding proteinss( 29). The three conserved EXPERIMENTAL PROCEDURES
motifs are located on different loops between the secondary Mutagenesis of Topoisomerases.llMutagenesis was
structure elements of this fold (Figure 1), and hydrogen bondscarried out using the restriction site elimination method
are predicted to occur between the moti. ( (Stratagene). Mutagenesis was initially carried out on plasmid
Insights into the roles of some of these conserved residuesYEphTOPZ, which is the yeast expression plasmid for
may come from comparisons with the type 1A topo- recombinant human topod8165R (9). The S165R muta-
isomerases. The secondary structure of domainE. abli tion was reversed to give the wild-type (wt) sequence, and
topoisomerase | (topo I) is similar to that of the topo Il B the new plasmid was hamed YEphTGQPRLM (39). In this
domain, and it also adopts a Rossmann fold conformation recombinant protein, the first 45 amino acid residues of topo
(30). The glutamate residue at the start of the topo Il EGDSA |1 are replaced with the first five residues 9f cereisiae
motif is conserved in type IA enzymes, as are the three topo Il (19). For simplicity, the recombinant protein produced
aspartate residues of the IMTD(Q/A)DXD moti2g, 31). from plasmid YEphTOP2-KLM is termed wt topo Ip
The X-ray crystal structure dE. colitopo | reveals that the  hereafter. Further mutations were created by mutagenesis of
arrangement of these three conserved aspartate residues neptasmid YEphTOP2Z-KLM.
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HsTop2b 475 SAKSLAVSGLGVIGRDRYGVH
HsTop2a 459 AKTLAVSGLGVVGRDKYGVH
MmTop2a 458 AKTLAVSGLGVVGRDKYGVH
MmTop2b 468 MK SLAVSGLGVIGRDRYGVE
ScTop2 447 AT.SLAVAGLAVVGRDY YGCY
SpTop2 503 AKSLAVSGLSVVGRDYYGVH'
EcGyrB 442 . . .GGSAKQGRNRKNQATT
BsGyrB 426 A. . .GGSAKQGRDRHFQAIT
SaGyrB 431 .. .GGSTKSGRDSRTQATI
EcbParE 416 ". . .GGSAKQARDREYQATIM
T4Gn39 413 A, ..IGYLIDVRDKELHGGY
T2Gn39 413 ... IGYLIDVRDKELHGGY
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Ficure 2: Alignment of the EGDSA, PL(R/K)GK(I/L/M)LNVR, and IMTD(Q/A)DXD regions from eukaryotic, prokaryotic, and
bacteriophage type Il topoisomeras88)( Conserved residues are shown in bold. The conserved motifs are enclosed by boxes.

Mutagenic oligonucleotides are as follows (substituted
nucleotides are underlined): selection primer for converting
an EcaRV site to aSadl site, CCTCCATGGAAAAAT-
CAGTCAAGAGCTCCACATGTG; and selection primer for
converting theSadl site back to theecoRV site, CCTCCA-
TGGAAAAATCAGTCAAGATATCCACATGTG; E477Q,
CACTGATATTAACCCAGGGAGACTC; S480A, GAGG-
GAGACGCTGCCAAATCACTGG; R503E, GGAGTTTT-
TCCACTCA/GA/CGGGCAAAATTC; K505E, GGGGCGA/
CAATTCTTAATGTACGG; R510Q, GGGGCAAAATTC-
TTAATGTAA/CAGGAAGCTTCTC; D557N, GATTAT-
GACCAATCAGGATCAAG; and D561N, CCGATCAG-
GATCAAAATGGTTCTCAC.

Mutant proteing3S480A,5R503E,fR510Q,5D557N, and
BD561N were overproduced . cereisiaestrain JEL1
leu2 trpl ura3-52 prb1-1122 pepdAhis3::PGAL 10-GAL#
(40). Wt topo I and the mutant proteinBE477Q and
PK505E were overproduced in strain JEAtopl, kindly
provided by R. Hanai (Department of Chemistry, Rikkyo
University, Tokyo, Japan). Wt and mutant topg Heriva-
tives were purified as described previoushp),

Complementation Analysi$he viability of S. cereisiae
strain JN39#2-4 (41) transformed with plasmids expressing
wt or mutant topo |f was tested at 25 and 3% on rich
medium containing glucose, raffinose, or galactose as
described previously39).

Strand Passage Acity AssaysDecatenation and relax-
ation assays were carried out in relaxation buffer [50 mM
Tris-HCI (pH 7.5), 0.5 mM EDTA, 1 mM DTT, 50 mM
KCI, and 30ug/mL BSA] with 1 g of supercoiled plasmid
DNA or 400 ng of kinetoplast DNA, 1 mM ATP, and 10
mM MgCl, as described previously9). Agarose gels were

Assay for ATP Hydrolysis Acity. ATP hydrolysis was
assayed by a coupled enzyme asst),(which links ATP
hydrolysis to NADH oxidation. Topo Il (50 nM) was
incubated with 1 mM ATP, 2@g/mL pBluescript-derived
plasmid, 2 mM phosphoenolpyruvate (PEP), 0.1 mM NADH,
5 units of lactate dehydrogenase, and 2.5 units of pyruvate
kinase in relaxation buffer at 30C. The rate of NADH
oxidation was measured by the decrease in absorbance at
340 nm, and is directly proportional to the rate of ATP
hydrolysis. All components except topo Il and ATP were in
excess, as the doubling of the concentration of any compo-
nent did not increase the rate of NADH oxidation. No NADH
oxidation was observed in the absence of ATP.

Gel Retardation Analysig.he 40 bp linear DNA substrate
was made using oligos C and D, whereas the four-way
junction was made with oligos G4. Topo |5 cleaves the
linear substrate between the nucleotides which are underlined
on oligos C and D: C, CGCAATCTGACAATGCGCT-
CATCGTCATCCTCGGCAC; D, CGCGTGCCGAGGAT-
GACGATGAGCGCATTGTCAGATT; O1, CTGGACGCA-
ATCTGACAATGCGCTCATCGTCATCCTCGGCACGC;
02, CGGCGCGTGCCGAGGATGACGATGAGATAGG-
CGTTAACGCGG,; 03, TAGGCCGCGTTAACGCCTATT-
TGCCCGGGAGTACCGGCAT; and 04, AGGAATGCCG-
GTACTCCCGGGCAACGCATTGTCAGATTGCGT.

The oligos were end-labeled by T4 PNK in the presence
of [y-32P]ATP and annealed, and then the linear duplex or
four-way junction was gel purified as described previously
(42). Binding reactions were carried out for 45 min on ice
in 20 uL of GR buffer{gel retardation assay buffer [50 mM
Tris-HCI (pH 7.5), 0.5 mM EDTA, 1 mM DTT, 50 mM
KCI, 1% Triton X-100, and 5% glycerdl]with 30 ug/mL
BSA (linear substrate) or 1 mg/mL BSA (four-way junction

photographed with a Bio-Rad geldoc 1000 imager and substrate). Samples were electrophoresed &E 4n 6%
analyzed using Tina version 2.08e software. Preparat|0n5 0f3751 (|inear Substrate) or on 5% 80:1 (four-way junction

the mutant proteiyS480A,5R503E, anggR510Q contained

substrate) polyacrylamide gels with 50 mM Tris-glycine (pH

some topo | activity, as they were overproduced in a yeastg 2) (43) as the running buffer4Q).

strain containing topo |. The relaxation of supercoiled
plasmid DNA by topo Il is an ATP-dependent process,
whereas relaxation by topo | is ATP-independent. Therefore,

Cleavage of the Linear DNA Substrat€leavage reaction
mixtures contained 600 ng of topg3Hderived protein and
the 40 bp linear substrate which had been labeled at both

relaxation assays were performed at increasing proteing.ends. Reactions were carried out in GR buffer with 10
concentrations both in the presence and in the absence ofnm MgCl, or CaC} in the presence or absence of 4§/

ATP, and the difference in relaxation between the two data
sets was taken as topo Il relaxation activity. Mutgtie 77Q
and SK505E did not contain topo | activity, and thus, the

relaxation activity was assessed by the protein concentration

required to relax 50% of the input supercoiled DNA.

mL mrAMSA, and processed as described previousB).(

RESULTS

In Vivo Complementation Analysis of Top@ IMutants.
The B domain of human topo Ml contains three adjacent,
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Table 1: Growth of IN392-4 Transformed with Plasmids Bearing vivo activity is retained in mutants S480A and R510Q.

Topo I3 Mutants on Different Media at 35C2 Strand Passage Acfty of Purified Wild-Type and Mutant
YPA and YPA and YPA and Enzymes.To further characterize the mutant topgs II
glucose raffinose galactose enzymes, the plasmid-borne genes were overexpressed by

yeast topo Il Tt Tt — galactose induction and the mutant enzymes purified. Al-
wt topo 13 +++ . - though3D557N andpD561N were overexpressed to high
E477Q - - - levels, the proteins were very unstable and were rapidly
S480A + - - degraded during subsequent purification steps. No strand
Egggg B B B passage activity was detected for either of these mutant
R510Q + + - proteins prior to degradation. These data indicate that these

aLiquid cultures of each strain were grown in glucose-containing mUtatlor.]s have induced "?‘” altered conformation th.at '? morée
minimal medium at 25C to an optical density of 1.0 at 600 nm before  SUsceptible to proteolysis, and further characterization of
being serially diluted in a microtiter tray. The diluted cultures were these mutants was not attempted.
then imprinted onto agar plates containing the listed medium and  Purified wt topo 15 and the other mutants were assayed
incubated at 25, 30, and 3%. The results of the 35C incubations  for decatenation and relaxation activity to characterize the

only are shown here. No growth is indicated by a minus sign and poor . . .
0 proliferous growth by, 4, ++, and++-+ symbols. The extent of full catalytic cycle. Decatenation of kinetoplast DNA (KDNA)

growth was determined with respect to growth at the permissive and DY topo Il results in the release of individual minicircles from
semipermissive temperatures and by the degrees of growth at each othe KDNA network, a reaction which topo | cannot perform.

the serial dilutions. Figure 3a-e shows that decatenation activity increases with
increasing concentrations of wt top@]|3S480A,5R503E,
highly conserved amino acid motifs: EGDSA (residues BR505E, anggR510Q. Specific activities were compared by
447-481), PL(R/K)GK(I/L/IM)LNVR (residues 501510), calculating the concentration of enzyme required to decat-
and IMTD(Q/A)DXD (residues 554561) (Figure 2). A enate 50% of the substrate (Figure 3f,g). The mutants with
mutagenic approach was taken to investigate the importancethe lowest decatenation activities wefdK505E (Figure
of these motifs in the catalytic cycle of topo IIl. The mutations 3d,g,i) andfE477Q (Figure 3i), which only had-78% of
D557N and D561N within the IMDQDQD motif were the wt topo I activity. The decatenation activity $R503E
created to address the question of whether these conservedas 35% of that exhibited by wt topgA) whereagiS480A
aspartate residues participate in metal ion coordination. and fR510Q were more active, exhibiting 59 and 74% of
Several other highly conserved charged or polar residuesthe wt topo I activity, respectively (Figure 3i).
within these motifs were also mutated to investigate their ~ The abilities of the mutants to relax supercoiled plasmid
roles in catalysis: E477Q, S480EGDSA), R503E, K505E, DNA were also assayed (Figure 3i). Agajpi477Q and
and R510Q (PRGKILNVR) (Figure 2). BK505E had the lowest activity, with only 2 and 6% of the
Complementation assays were used to determine whethewt topo 13 relaxation activity, respectively (Figure 3h).
the mutant proteins retained sufficient activity to carry out Mutants SS480A, SR503E, andfR510Q all had similar
the essential roles of topo Il in vivo. Plasmids expressing levels of activity in this assay (4968% of the wt topo |
wild-type or mutant topo J§ derivatives were transformed  activity). Figure 3i also shows that both decatenation and
into anS. cerevisiae strain in which the chromosomal gene relaxation assays yield comparable estimates for the relative
encoding topo Il carries a temperature sensitive mutation, strand passage activities of the mutant proteins.
top2-4 (41). This strain cannot grow at the nonpermissive It is possible that the inability of some of the mutants to
temperature of 35C due to the absence of topo Il activity, complementts topo Il arises from a temperature sensitive
but it can be rescued by transformation with a plasmid phenotype. However, decatenation assays performed at 4,
expressing active topo Il. Expression of the plasmid-borne 23, and 37°C revealed that none of the mutant proteins had
topo Il was controlled by a galactose-inducible promoter. A significant temperature sensitivity (data not shown). It can
range of dilutions for each mutant was spotted onto agar be concluded that mutations R503E, S480A, and R510Q
plates containing glucose, raffinose, or galactose, and thereduced the strand passage activity of togbly 25-65%,
extent of colony growth at 25 and 3& was scored (Table  whereas mutations E477Q and K505E reduced strand passage
1). As previously shown, wt topofilcould complements activity by more than 90%.
topo Il at the nonpermissive temperatuB9)( In contrast, Effect of Magnesium lon Concentration on Decatenation
mutants3E477Q,SR503E,/K505E,3D557N, and3D561N Activity. Topo Il requires magnesium ions for ATP binding
were not able to complemetgtopo Il under the conditions  and hydrolysis45). In addition, either magnesium or calcium
that were studieg3S480A ang3R510Q complemented each ions are required for DNA cleavagdX). Therefore, the
other to a limited extent, conferring slow growth on the yeast magnesium dependence of decatenation by each mutant was
at 35°C (Table 1). For the complementing plasmids, growth examined. Wt topo J§, 3S480A, SR503E, andfR510Q
was strongest in the presence of glucose, when only a smallexhibited maximal activity between 3 and 20 mM #ig
amount of topo Il is transcribed from the GAL1 promoter. (Figure 4a). In contrast, mutanj$E477Q andpK505E
Growth was abolished when wt topopg]l fS480A, or exhibited a narrower optimum of 20 mM Mg?* (Figure
BR510Q was overexpressed in the presence of galactose, iric,d).
accordance with previous observations that overexpression To determine whether the narrower Rgoptima for
of topo Il is toxic to yeast cellsg). These results show that SE477Q angBK505E resulted from an increase in the affinity
each of the mutations (E477Q, R503E, K505E, D557N, and for Mg?", the experiments were repeated using equal
D561N) reduces the activity of topodisuch that it can no  concentrations of each protein (Figure 4e). The maximal
longer perform its essential role in vivo, whereas some in decatenation activities FE477Q and3K505E were 10%
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Ficure 3: Strand passage activity of wt and mutant top® dlerivatives. Decatenation of kinetoplast DNA by wt top@, |IBS480A,
BR503E,SK505E, and3R510Q is shown in parts-ee, respectively. (a) Wt topoflwas present in amounts of 0, 10, 20, 40, 60, 80, and

100 ng in lanes 17, respectively. (bpS480A was present in amounts of 0, 80, 100, 120, 140, and 160 ng in lai@esespectively. (c)

BR503E was present in amounts of 0, 50, 75, 100, 125, 150, and 200 ng in fadesespectively. (dPK505E was present in amounts

of 0, 75, 150, 225, 300, 450, 600, and 750 ng in lane8,Irespectively. (efR510Q was present in amounts of 0, 40, 60, 80, 100, and

120 ng in lanes 16, respectively. Decatenation was quantified as a percentage of a 100% decatenation control, and is plotted against
protein concentration in graphs f and g. (@)(wt topo 115, (O) fS480A, (x) SR503E, and M) SR510Q. (g)SK505E. The amount of

protein required for 50% decatenation was measured off each curve in parts f and g, and means were calculated from at least two experiments
for each mutant. The inverse of each mean, expressed as a percentage of that for va, tispoldtted as decatenation activity in part i;

error bars represent one standard deviation"(§0rom the mean. (h) Relaxation of supercoiled DNA by increasing concentrations of wt
topo 115 (a), BE4A77Q @), andSK505E (). Relative relaxation activity was calculated by determining the protein concentration required

to relax 50% of the supercoiled DNA. The reciprocal of this concentration, expressed relative to that for wifapglibtted in part i.

() Relative decatenation (black bars) and relaxation (white bars) activities for wt {B@mdl its mutants. The numerical values are shown
beneath each column. The relaxation activities of wt toph #S480A, BR503E, andsR501Q were assayed by incubating increasing
amounts of protein with supercoiled plasmid DNA in the presence or absence of 1 mM ATP (not shown). Relaxation activity due to topo
Il was calculated by subtracting activity in the absence of ATP (topo | activity) from activity in the presence of ATP. Topo Il relaxation
activity was plotted against protein level, and the initial gradient of the slope was taken as the specific relaxation activity of the mutant
protein. Means were calculated from at least two experiments, and error bars represent one standard devidjdro(BEhe mean.

(£5) of that for wt topo 1B, and so a 10-fold shorter reaction
time was used for wt topoflthan forSE477Q an¢BK505E.
From these experiments, the apparent affinity (appatgint
of wt topo 113 for Mg?* ions was calculated to be 2.6 mM,
whereas the affinities gfE477Q andSK505E were both
9.7 mM, an increase of 3.7-fold.

To rule out the possibility that the@&E477Q anqgbK505E
simply have maximal activity at higher salt concentrations
than wt topo IB, relaxation assays were carried out at a range
of KCI concentrations. All three proteins had a very similar
dependence on salt concentration between 50 and 200 mM
KCI (data not shown), indicating that the requirement for
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Ficure 5: ATP hydrolysis by wt and mutant topoisomerasg 1l
12345678 12345678 12345678 derivatives. (a) The ATP hydrolysis activities of wt and mutant

topo 113 derivatives (50 nM) were assayed in the presence of 10
mM MgCl,. The mean for wt topo i was set to 100%, and error

€ bars represent one standard deviation from the meaf{E3b)
-« BE477Q The ATP hydrolysis activities of 350 nM wt topgdi(x), SE477Q

— 80 -~ BKS505E (®), andSK505E (O) were assayed at increasing Mg€bncentra-
S > wt topo 1B tions. The maximum rate for each protein was set to 100%. The
g Mg?" concentrations shown in this figure have been corrected for
B the presence of 1 mM EDTA in the reaction so as to facilitate
g 40 1 comparison with the decatenation data.
S xl E477Q and K505E have reduced the affinity of tog®fibr

magnesium ions by disrupting one or more cation binding
0 5 1Io 1I5 20 . 2I5 30 3‘5 4-0 sites.

Mg2* (mM) ATP Hydrolysis Actiity. It is possible that the increased
FiGURE 4: Effect of Mg?* concentration on decatenation by wt requwement for Mg’ dgmons'grated b}§E447Q and3K505E
and mutant topo B derivatives. (a) The decatenation activity of IS related to changes in the interaction of Mg-ATP with the
wt topo 113 (@), 5S480A @), SR503E (x), andR510Q () was ATPase domain. To address this question, and to determine
assayed at a range of Figconcentrations. The concentration of ~ whether the reduced strand passage activity observed for the
each protein was chosen such that no more than 80% of the substratginer mutants is derived from reduced ATPase activity, the

would be decatenated within the 30 min reaction time. Means and : :
standard deviations (SD') were derived from three independent rates of ATP hydrolysis for each protein were assayed. At

experiments. (bd) Decatenation by (b) 15 ng of wt topgsll (c) saturating ATP concentrations, ATP hydrolysis is uncoupled
500 ng of E477Q, and (d) 500 ng @#K505E was carried out at ~ from strand passage, and thus, the rate of ATP hydrolysis
0,5, 10, 15, 20, 25, 30, and 40 mM Kfgn lanes -8, respectively.  can be assayed independend)( In the presence of DNA,

() Decatenation by 500 ng of wt topgi(x), SEA77Q @), and the rate of ATP hydrolysis increased linearly with the amount

BK505E (©) was carried out at 37C for 3 min (wt topo 1) or 30 .
min (BE477Q ang@@K505E) to give equivalent levels of decatenation of wt topo l| present (K. L. West et al., unpublished data).

activity for each protein. Under these conditions, no more than 70% AS shown in Figure 5a, mutanfiS480A,5E477Q ,SK505E,

of the substrate was decatenated during the reactions, and ther@and SR510Q exhibited ATP hydrolysis activities similar to
was a linear relationship between the percentage of decatenationhat of wt topo 1B in the presence of DNA (all greater than
and reaction time. The level of decatenation was quantified as a75%) whereas mutanfR503E had only 47% ATPase

percentage of the maximum for each protein, and is plotted against_ ™" ™~ .
Mg2+ concentration (millimolar). EDTA was present at a concentra- activity. In the absence of DNA, the variation of ATPase

tion of less than 0.15 mM. The appardfy; was calculated from  activity with protein levels was too low to measure repro-
the graph by determining the magnesium ion concentration requiredducibly.

for half-maximal activity. The rates of ATP hydrolysis Q§E477Q angBK505E were
increased magnesium does not arise from an altered responsassayed at a range of Ffgconcentrations, to determine
to ionic strength. The specific requirement for an increased whether the altered Mg dependence observed for decat-
Mg?t concentration strongly suggests that the mutations enation by these mutants was also observed for ATP
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a had 16-20% of wt topo I cleavage activity in the presence
—~ :’""4““5‘[’,‘;“;":,‘3;8 EZ“‘:’;‘ 1 j"‘j":E,M f:j“:: 1?,,1;:‘:":; - of Mg?* with m-AMSA (Figure 6a, lanes 9 and 19) or €a
: - 3 y (lanes 10 and 20)n-AMSA increased the level of C&
<40 nt promoted cleavage by-%-fold for wt topo 1|5 andS480A,
- and by 9-10-fold for FR510Q andSR503E (Figure 6b).
Thus, it can be seen that all five mutations have significantly

LY =
¢ ® ) - @2 reduced the ability of topo M to cleave the 40 bp substrate.
--e - Furthermore, none of the mutants appear to have a reduced
® €ism affinity for mAMSA.
b The decatenation studies presented above revealed that the
= O VTS optimal Mg?* concentration for decatenation was higher for
G G BE477Q anBK505E (15-20 mM) than for wt topo |8 (5—
PS480A | 19+-17 104-5 59 +-8 10 mM). Cleavage assays were therefore carried out in the
BRSO3E | 05+-06  21+-15 2241 presence of a range of Mgand C&" concentrations (8
BROQ | _1Sw10 1248 10427 50 mM) for each topo § derivative. Figure 7 shows that

FIGURE6: Cleavage of DNA by topoisomerasgdlerived proteins. Wt topo 1|3 was very sensitive to Mg concentrations higher
(a) Cleavage of the linear DNA substrate by 600 ng of each protein than 10 mM, but was tolerant of €aup to 30 mM. The

was assayed in the presence of 10 mM’M@anes 2, 8, 14, and  presence ofmAMSA reduced the sensitivity to Ga

18), 10 mM Mg" and 10ug/mL m-AMSA (lanes 3, 9, 15, and ; ; ;
19), 10 mM C&' (lanes 4. 6, 10, 12, 16, and 20), of 10 mMCa concentrations, with strong cleavage still observed at 50 mM.

and 10ug/mL m-AMSA (lanes 5, 7, 11, 13, 17, and 21). Topo MutantsfS480A,fRS03E, angR510Q exhibited sensitivi-
ll-cleaved DNA complexes were disrupted with SDS and proteinase ties to Mg+ and C&" similar to that of wt topo |8, both in

K prior to precipitation with ethanol and electrophoresis on a 19% the presence and in the absencensAMSA (data not
sequencing gel. Arrows indicate the 15- and 21-nucleotide cleavageshown)_ However, cleavage BE477Q and3K505E was

products produced by cleavage of both labeled DNA strands. At 4 .
this protein concentration, there is a linear relationship between not observed at any of the Mgor C&" concentrations that

protein concentration and the level of DNA cleavage. (b) Quanti- Were tested, including the optimal concentration for strand
fication of DNA cleavage by topo il and its mutants. Cleavage  passage, 17.5 mM (Figure 7b and data not shown). Increasing
products were quantified as a percentage of wt cleavage in thethe m-AMSA concentration did not induce cleavage by
presence of M@: ar|1d m'fAMSAH Means and standard deviations  sE477Q orfK505E at any of the divalent cation concentra-
(SD™) were calculated from three experiments. tions (data not shown). This assay was also performed in
hydrolysis. Figure 5b shows that the dependence of ATP the presence of clerocidin, a drug that irreversibly stabilizes
hydrolysis activity on magnesium concentration was similar the cleaved DNA intermediatet§). Clerocidin stimulated
for wt topo 113, BE477Q, angBK505E. These results suggest cleavage by wt topo f, but not byE477Q orBK505E at
that coordination of the MiJ ions involved in ATP binding  any of the Mg" or C&" concentrations that were tested (data
and hydrolysis has not been significantly affected by either not shown). The detection limit of the cleavage assay is
of these two mutations. approximately 0.5% of the wt topo Al cleavage in the
DNA Cleaage Actiity. Cleavage of DNA by topo-  presence of Mg andm-AMSA, indicating that the level of
isomerase Il requires the divalent cation Mgr C&*. The cleavage by these two mutants must be at least-200-
cleavage-religation equilibrium of topo 1l on DNA can be  fold lower than that of wt topo .
studied by adding SDS to denature the protein and thus freeze It was possible that mutantE477Q angbK505E did not
the equilibrium. A 40 bp linear DNA substrate was used cleave the oligonucleotide substrate due to a switch in
which contains a single topo/lcleavage site which is  cleavage site specificity or a reduction in the binding affinity
cleaved strongly in the presence mfAMSA, and weakly for mAMSA. To investigate these possibilities, cleavage
in its absence42, 46). In the presence of magnesium ions, reactions were carried out on supercoiled plasmid DNA in
the percentage of complexes in which the DNA is cleaved the presence 17.5 mM Mg and ATP at a range of
is very low (Figure 6a, lane 2); the level of cleavage is concentrations of several topo Il poisons. No cleavage by
increased in the presence of topo Il poisons, for example, BE477E or fK505E was observed in the presence of
MmAMSA (Figure 6a, lane 3). Calcium ions also increase mMAMSA (Figure 8a, lanes-613), mitoxantrone (Figure 8b,
the level of cleavage (Figure 6a, lane 4), and the level of lanes 6-13), or etoposide or clerocidin (data not shown),
cleavage is highest in the presence of both calcium andwhereas cleavage by wt topogllwas observed in the

M-AMSA (Figure 6a, lane 5)1(4, 45, 47). presence of all four drugs (Figure 8a,b, laneb2and data
The cleavagereligation equilibria of the topo i deriva- not shown).
tives were analyzed in the presence of 10 mVPMgr C&™, Taken together, these data demonstrate that mutations

both with and withoutm-AMSA, to determine both their = S480A, R503E, and R510Q reduced the intrinsic level of
intrinsic cleavage levels and their responses to the drug. NoDNA cleavage to less than 20% of that exhibited by wt topo
cleavage was detected f8E447Q (Figure 6a, lanes 6 and |l 5, without inhibiting the stimulation induced by AMSA.

7) or BK505E (lanes 12 and 13) under any conditions. The Furthermore, mutations E477Q and K505E reduced the level
level of cleavage byR503E was reduced by more than 90% of cleavage by more than 16@00-fold, such that the
compared to that of wt topo 8l as none could not be cleavage products were no longer detectable. Consequently,

detected in the presence of Rigor Mg?" with m-AMSA it was not possible to determine for these two mutants
(Figure 6a, lanes 14 and 15), and only very weak cleavagewhether the optimal magnesium ion concentration for DNA
was observed with Ca and C&" with m-AMSA (Figure cleavage had been altered, or whether the affinities for

6a, lanes 16 and 17). MutanS480A andfR510Q both various topo Il poisons had been reduced.
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Ficure 8: Drug-stimulated cleavage of plasmid DNA by wt topo
118, FEATTQ, angBK505E. Wt topo IB, SE477Q, oifK505E (900
ng) was incubated with kg of supercoiled plasmid DNA in
relaxation buffer with 2 mM ATP and 17.5 mM Mgg&ior 30 min

at 37°C in the presence of m-AMSA (a) or mitoxantrone (b). (a)
> m-AMSA was present at 10M (lanes 2, 6, and 10), 26M (lanes

3, 7, and 12), 5aM (lanes 4, 8, and 12), or 10&M (lanes 5, 9,
and 13). (b) Mitoxantrone was present aul¥l (lanes 2, 6, and
10), 2.5uM (lanes 3, 7, and 11), BM (lanes 4, 8, and 12), or 10

|

> uM (lanes 5, 9, and 13). Cleavage reactions were stopped by adding
SDS to a final concentration of 1% and proteinase K to a final
concentration of kg/mL, and then samples were incubated at 50
°C for 30 min. Samples were electrophoresed on a 0.8% agarose
gel in TBE. Relaxed, linear (i.e., cleaved), and supercoiled DNA
C are indicated by R, L, and S, respectively.
3\11:: Mg?* and [1 5 binds the four-way junction DNA 4-fold more strongly
& ™ m-AMSA than the 40 bp linear DNA substra#2j. Binding titrations
5% e Ca? showed that wt topo Al and the mutant proteins all had
< 40 v Ca*and similar DNA binding profiles (Figure 9b and data not shown).
g2 m-AMSA The percentage of DNA complexed in the presence of 80

o
4
F

ng of each protein is shown in Figure 9c, and it can be seen

10 20 30 40 50
[Ca*] or [Mg>] (mM)

o

that wt topo 15 and the five mutants all bound the four-

way junction with comparable efficiencies. Furthermore, the

FicurRe 7: Dependence of the level of DNA cleavage on?¥g  efficiency of four-way junction binding by each protein was

concentration. Cleavage reactions were carried out with (a) 600 ngnot altered when binding reactions were carried out at 37

gf "(‘S’t tloopozlcl)ﬁé)(r) (%60%”%00%*&5%%5: lane % no p|r°te'”_?7'15‘1”es °C, or when magnesium or calcium ions were present at a

—6, 10, 20, 30, 40, an m , respectively; lanes , .

10, 20, 30, 40, and 50 mM Mg, respectively, and 1@g/mL concentration of 10 mM.(data not shpwn). These data show

that none of the mutations have significantly altered the

m-AMSA; lanes 12-16, 10, 20, 30, 40, and 50 mM &g i ! . ' . C
respectively; and lanes ¥21, 10, 20, 30, 40, and 50 mM &a ability of topo II5 to bind either linear or four-way junction

respectively, and 1@g/mL m-AMSA. (c) The level of cleavage = DNA.
by wt topo I3 in panel a is plotted against divalent cation
concentration. DISCUSSION

DNA Binding Actiity. To determine whether the observed Seven separate mutations were created iEBBSA, PL-
reductions in strand passage and DNA cleavage activities(R/K)GK (I/M/L)LNV R, and IMTD(Q/A)DXD motifs of the
were the result of reduced DNA binding activity, the abilities B’ domain of human topo M (indicated in bold), and five
of the topo 1 mutants to bind linear DNA were assayed of these mutants were studied systematically in vitro.
using a gel retardation assay (Figure 942)( The DNA Strikingly, mutants SE477Q and K505E required an
substrate was the 40 bp duplex used for the cleavage assayscreased magnesium ion concentration for strand passage
described above, and the affinity of topg for this substrate  activity, with the appareriy for Mg?* increasing from 2.7
is 130 nM (SD! = 60 nM) (42). Divalent cations are not mM in wt topo I3 to 9.7 mM in both mutants. Topo Il
required for DNA binding by topo H in this assay 42). requires Md@" ions for two stages in the catalytic cycle, ATP
All the mutants bound the linear DNA with efficiencies hydrolysis and DNA cleavageé®). The data presented here
similar to that of the wild-type protein, as shown in panels indicate that binding of the magnesium ions for ATP
a and c of Figure 9. Gel retardation assays were also carriechydrolysis was unaffected in mutaf&E477Q ang3K505E,
out using four-way junction DNA as the substrate. Wt topo whereas cleavage activity by these two mutants was unde-
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FiGure 9: Gel retardation assay for comparing DNA binding by
wt and mutant topoisomerasg ltlerivatives. (a) Binding reaction
mixtures contained the linear DNA substrate and 500 ng of wt topo
13, BE4ATTQ,S480A, FR503E, orpK505E as indicated above
each lane. At this protein concentration, there is a linear relationship
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tectable. It is likely, therefore, that the increase in the optimal
Mg?" concentration for strand passage is related to a
reduction in the binding affinity for the Mg ion(s) required

for DNA cleavage. These results indicate this area of the B
domain may participate in Mg ion coordination and in
DNA cleavage.

In contrast tofE477Q andSK505E, mutants5S480A,
BR503E, andfR510Q did not alter the magnesium ion
dependence of strand passage or DNA cleavage. However,
these mutations all specifically reduced the level of DNA
cleavage by at least 5-fold, indicating that the EGDSA and
PL(R/K)GK(I/M/L)LNVR motifs play a role in promoting
DNA cleavage that is distinct from that of Migcoordination.
The reductions in the levels of DNA cleavage are paralleled
by reductions of 2565% in strand passage activity, which
in turn are reflected in the abilities of the mutants to
complementts yeast topo Il in vivo. It is possible that
complementation ability has been affected by factors other
than strand passage activity, however, for example, in vivo
stability, or interactions with other cellular factors. These
results parallel those of a recent study on yeast topo Il, where
the mutations E449AHGDSA), N480A (PLRGKILIN), and
D530A (IMTDQDHD) significantly reduced or abolished
etoposide-stimulated DNA cleavagéd]. Indeed, it is likely
that the results presented here can be applied to all eukaryotic
type Il topoisomerases, not just topgsligiven the high
degree of sequence conservation between these enzymes. It
can be concluded that this conserved region of thedénain
plays an important and specific role in the DNA cleavage
religation reaction.

Relation to the Crystal Structure of S. ceigae Topo Il.

All seven mutations are located in thé @main of wt topo

I1 5, which is 57% identical to the equivalent region of yeast
topo Il. For clarity, the amino acid numbering of wt topo
[15 will be used in the following discussion of thé &omain.
The computer program Modeller was used to model the
amino acid sequence of thé Bomain of wt topo IB onto

the T20 crystal structure of yeast topo H)(based on the
alignment of Caron and Wang1) (Figure 1B). The modeled
topo I3 structure is very similar to that of yeast topo II,
and the region containing the EGDSA, PLRGK(I/M)LNVR,

between the extent of complex formation and protein concentration. ?nd |MTDQD(Q/H)DG$H sequences is essemia.”y the same
Reaction mixtures were incubated on ice for 45 min prior to in the two structures (Figure 1B). The three motifs are close
electrophoresis at 4C on a native gel. The complex denoted by to each other, and it is calculated that there is hydrogen

the asterisk is comprised of a contaminating DNA binding protein

in the protein preparations. (b) Binding reactions were carried out
as described for panel a, and the mixtures contained four-way
junction DNA andfS480A (lanes 26) or BR503E (lanes 7#11):

bonding between them, as shown in Figure 10a.
Residues IMTDQD(Q/H)DGSH (554564) form a loop,
the base of which (indicated by underlined residues) is

lane 1, no added protein; lanes 2 and 7, 25 ng of protein; lanes 3stabilized by hydrogen bonding from the EGDSA and

and 8, 50 ng of protein; lanes 4 and 9, 100 ng of protein; lanes 5
and 10, 200 ng of protein; and lanes 6 and 11, 400 ng of protein.
The topo I-DNA complexes are indicated by a bracket. (c) Bar
chart of binding to the linear (gray bars) and four-way junction
(white bars) DNA substrates by wt topgiland the mutants. To
compare binding on the linear substrate, the pret@NA com-

PLRGK(I/M)LNVR sequences (shown diagramatically in
Figure 10a). In particular, in both yeast topo Il and human
topo 118, the carboxyl group of E477EGDSA) forms a
hydrogen bond with the hydroxyl group of T556, and the
amino group of K505 [PLR& (I/M)LNVR] forms a hydro-

plexes used in panel a and similar gels were quantified as agen bond with the backbone of D557. In contrast, the

percentage of the total input DNA, and means and standard
deviations (SP1) were calculated from seven experiments. These
are expressed as a percentage of the mean for wt tghord

functional groups of residues S480, R503, and R510 do not
participate in hydrogen bonding within the 92 kDa fragment,

compare binding on the four-way junction substrate, the percentagebut instead are directed outward from thed®dmain. The

of bound DNA was plotted against protein concentration, and then
the percentage of DNA which would be bound by 80 ng of protein
was calculated by interpolation. This calculation was carried out
separately for six experiments, and then means and standar
deviations were calculated. The mean for wt top® Was set to
100%.

similarities between the two structures suggest that the roles
of E477 and K505 are conserved between wt togoalhd

Jveast topo Il. The data from in vitro experiments indicate

that E477 and K505 may be involved in magnesium ion
coordination. However, it seems unlikely that either E477
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Ficure 10: Two possible positions for the Mgbinding site (positions A and B), as suggested by mutagenesis of thengain of topo

I15. (&) Schematic representation of the arrangement of the LTEGDSA, PLRGK(I/M)LNVR, and IMTDQD(Q/H)DGSH sequences in the

B’ domain. Residues whose side chains point toward either one of the two proposed magnesium ion binding sites (positions A and B) are
indicated by dotted arrows. Hydrogen bonds which are predicted to occur irsbetreisiae topo Il and human topo #l are represented

by solid lines, and those that are only present in yeast topo Il are represented by dotte8)linlysli(ogen bonds to or from the peptide
backbone are indicated by asterisks. Residues whose side chains point out 6fddvadn are represented by continuous arrows. (b)
Space filling representation of the Bomain of oneS. cereisiae topo 1l monomer. The EGDSA, PL(R/K)GK(I/L/IM)LNVR, and IMTD-
(Q/A)DXD motifs are shown in dark gray, and the residues corresponding to D557 and D559 in humargtap® dhown in black.

or K505 could coordinate to Mg itself, either directly or the residue equivalent to D561 in yeast topo I, D530A,
via water molecules, as their functional groups participate yielded an enzyme with undetectable strand passage activity,
in hydrogen bonding. It is more probable that they help to and a low level of DNA cleavage activityl9). No studies
position other residues in the correct orientations for this role, on the Mg* dependence of this mutant have been reported,
in particular, those of the IMTDQD(Q/H)DGSH loop. however.

The three aspartate residues in the IMTDQD(Q/H)DGSH In the first structure of the yeast topo Il fragment,
loop (D557, D559, and D561) are conserved in all type Il subsequently termed T20, the three conserved motifs of the
topoisomerases, and are also conserved in topoisomerase I8’ domain, EGDSA, PLRGK(I//M)LNVR, and IMTDQD-

enzymes 29, 31). Comparisons oE. colitopo | with DNA (Q/H)D, and in particular the two putative magnesium ion
polymerases have revealed that these acidic residues mayinding sites are all well removed from the catalytic active
participate in magnesium ion coordinatio80( 32). Topo site (Figure 1) ). However, comparative analysis of the

I15 residues D557 and D561 [IMIQD(Q/H)DGSH] were crystal structures oE. coli topo |, DNA gyrase, and yeast
both mutated to N in this study, but the overproduced proteins topo Il led Berger and co-workers to propose an alternate
were unstable and rapidly became degraded. It is interestingorientation for the Bdomain @9). In this model, the B
that these aspartate residues in yeast topo Il both point intodomain is rotated with respect to the rest of the protein, such
a solvent accessible space between thedygosubdomains  that the cluster of conserved acidic residues is placed in the
of the B domain (designated “position A” in panels a and b neighborhood of the active site tyrosine. ThedBmain thus

of Figure 10), as do adjacent residues M555 and T556 has the same orientation relative to the active site as the
[IMT DQD(Q/H)DGSH]. Residue D561 does not form structurally similar domain 1 dE. colitopo | (30). This has
hydrogen bonds with any other residue, and in the yeast toporecently been supported by a new crystal structure of yeast
II structure, D557 only forms one hydrogen bond, which is topo Il, termed T2M, in which the Bdomains are rotated
with the peptide backbone of the adjacent residue, Q558. Itby 170 (21). Furthermore, this model is consistent with the
is possible that position A is the location of a Mdginding recent demonstration that the active site tyrosine of one
site; it is solvent accessible and surrounded by several polarmonomer cooperates with residues in tHedBmain of the

or charged residues, and disruption of hydrogen bonding to second monomer to carry out DNA cleavag®)( In this
these surrounding residues increases the optimum™Mg scenario, a magnesium ion coordinated by the conserved
concentration for activity. However, residue D559 [IMT- aspartate residues of thé omain would be in a suitable
DQD(Q/H)DGSH] points into a second solvent accessible position to help catalyze DNA cleavage. The biochemical
space, designated “position B” in panels a and b of Figure data presented here provide support for the hypothesis that
10, which is on the opposite side of the IMTDQD(Q/H)- the conserved aspartate residues of thédnain participate
DGSH loop from position A. Position B is an alternative in coordinating the magnesium ions(s) required for DNA
site for M@?" binding, and the highly conserved H564 and cleavage.

the less well conserved Q560 (H in yeast topo Il) are also  In summary, mutagenic analysis of three conserved motifs
directed into it. Mutation of E477 or K505 could destabilize in the B domain of topo IB has revealed that this region is
the whole IMTDQD(Q/H)DGSH loop, thus reducing the critical for DNA cleavage activity. Furthermore, mutations
affinity for Mg2* in either position A or B. Further mutagenic E477Q and K505E increase the optimal magnesium ion
studies would help to further define the location of the’g  concentration for DNA strand passage activity. This is likely
ion binding site. A recent report has shown that mutation of to result from a reduction in the binding affinity for the
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magnesium ion(s) required for DNA cleavage. Examination 21.
of the crystal structure of yeast topo Il reveals that residues

E477 and K505 may assist in positioning three highly

conserved aspartate residues, and we present a model in2
which these aspartate residues participate in magnesium ion
coordination at two possible locations. When a recent model 24,

for the orientation of the Bdomain prior to DNA cleavage
is taken into account2@), these motifs could participate in

the arrangement of the active site, and in particular, one or
more magnesium ions bound by the conserved aspartate
residues would be in a prime position to help catalyze the

DNA cleavage-religation reaction.
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