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ABSTRACT:. The DNA ligation reaction of topoisomerase Il is essential for genomic integrity. However, it
has been impossible to examine many fundamental aspects of this reaction because ligation assays
historically required the enzyme to cleave a DNA substrate before sealing the nucleic acid break. Recently,
a cleavage-independent DNA ligation assay was developed for human topoisomerigehberg, K.

D., Hendricks, C., Burgin, A. B., and Osheroff, N. (20Q2)Biol. Chem. 27,731201-31206]. This assay
overcomes the requirement for DNA cleavage by monitoring the ability of the enzyme to ligate a nicked
oligonucleotide in which the'&erminal phosphate at the nick has been activated by covalent attachment
to the tyrosine mimicp-nitrophenol. The cleavage-independent ligation assay was used to more fully
characterize the DNA ligation activity of human topoisomerase Results suggest that the active site
tyrosine contributes little to the catalysis of DNA ligation beyond its primary role as an activating/leaving
group. Although arginine 804 (the residue immediately N-terminal to the active site tyrosine) has been
proposed to help anchor the& BNA terminus during cleavage, conversion of this residue to alanine had
only a modest effect on DNA ligation. Thus, it appears that arginine 804 does not play an essential role
in DNA strand joining. In contrast, disruption of base pairing at th®NA terminus abrogated DNA
ligation in the absence of a covalent enzyn@NA bond. Therefore, it is proposed that base pairing
represents a secondary mechanism for aligning ‘HiENGA termini for ligation. Finally, the human enzyme
appears to ligate the two scissile bonds of a cleavage site in a nonconcerted fashion.

Many of the nuclear processes that are essential for cellularl0—17). To maintain the integrity of the genome during the
survival also have the capacity to destabilize the genome.DNA strand passage event and activate the DNA termini
For example, while DNA replication is required for cell for ligation, topoisomerase Il forms covalent bonds between
duplication and the passage of the genetic material from oneits active site tyrosines (one per subunit of the homodimeric
generation to the next, misincorporation of bases representeenzyme) and the'3ermini of the opened DNA gatel8—
one of the major sources of inheritable mutatiohs ). In 20). This covalent topoisomerase ll-cleaved DNA complex
addition, recombination enzymes that repair many forms of is referred to as theleavage complex
DNA damage sometimes induce chromosomal insertions, Under normal conditions, the cleavage complex is a
deletions, or translocationd,(5). fleeting intermediate in the double-stranded DNA passage

Among the enzymes that regulate the normal activities of reaction of topoisomerase Il. Consequently, the steady-state
DNA, topoisomerase 1l is potentially one of the most concentration of this complex is low and the transient DNA
dangerous to the celb{-11). Topoisomerase Il is required  breaks required for the strand passage activity of the enzyme
for proper chromosome structure and segregation and playsare tolerated by the cell. However, conditions that signifi-
important roles in DNA replication and recombinatidr2( cantly increase the lifetime or cellular concentration of the
14). The enzyme resolves DNA knots and tangles and cleavage complex lead to the accumulation of permanent
alleviates torsional stress in the genetic material by passingbreaks in the genetic material€11, 21, 22). These breaks
an intact double helix through a transient double-stranded trigger numerous recombinagenic and mutagenic evénts (
break that it generates in a separate segment of D8JA (7, 9, 21, 22) and when present at sufficient levels, induce
cell death pathways( 9). This potentially lethal aspect of
G,\;g&iﬁ X\lotfk ’\\IN%S Supg%tﬁggbgggattiogag|Estitt}it%s E?f H%aghvgrgnt topoisomerase Il has been exploited for the treatment of
were traine(eg un'de'z Ifllgtional Institute(soof Héaliz{ Grant5 ?’gz CA09582. human Cancers(fll’ 23’ 24). Appro>$|mately half of Furrent

*Address correspondence to this author at the Department of Chemotherapeutic regimens contain drugs that kill cells by
giohChelrgi‘Slt/lr)é‘d ?csiﬁeR?\lbe;gfl?/nl EEZI'SI\eIEg;gS%ug?.Tg'[t\t/aﬁanpdhec:ﬁgt(Légg)eigszi;y increasingI the physiolog:cal concentration of topoison;erase

Cchoo , s - - — __
433 T (6151343 1160 o-mal e oshrofi@uardemit e, -y LSO ORI L S 0, OO
Department of Biochemistry, Vanderbilt University School of . ) '
Medicine. levels, of topoisomerase II-mediated DNA breaks to the

S Present address: Department of Oncological Sciences, Mount Sinaigeneration of specific infant and therapy-related leukemias
School of Medicine, New York, NY 10029. (21 22 28—31)

' BioStructures Group, deCODE Genetics o ) L I

U Department of Medicine (Hematology/Oncology), Vanderbilt — Clearly, both the DNA cleavage and ligation activities of

University School of Medicine. topoisomerase |l are critical to the cell. If DNA cleavage

10.1021/bi049420h CCC: $27.50 © 2004 American Chemical Society
Published on Web 09/29/2004




DNA Ligation Catalyzed by Human Topoisomerase: |l Biochemistry, Vol. 43, No. 42, 2004.3417

is impaired, the enzyme cannot carry out its essential strandpreviously @7). To change the active site tyrosine (Y805)
passage activity8, 32). Alternatively, if DNA ligation is to cysteine or histidine, PCR was carried out using the
impaired, the enzyme has the capacity to fragment the primer GGACTAGCAGAATCCTTGCCACCATGTAGC-
genome T—11). Previously, it has been considerably CTGGTACC and the overlapping (denoted by underline)
more difficult to study topoisomerase ll-mediated ligation mutagenic primers GGCAAGGATTCTGCTAGTCCACGA-
than cleavage. Because ligation assays historically requiredTGCATCTTTACAATGCTCAGC (Y805C) or GGCAAG-
the enzyme to cleave a DNA substrate before sealing theGATTCTGCTAGTCCACGACACATCTTTACAATGCTC-
nucleic acid break20, 33—36), it has been impossible to AGC (Y805H). For mutagenesis of Arg804, PCR was
examine many fundamental aspects of the ligation reaction. performed using the primer GGACTAGCAGAATCCTTGCC-
Recently, however, a cleavage-independent DNA ligation ACCATGTAGCCTGGTACC and the overlapping (denoted
assay was developed for human topoisomeras€3T). This by underline) mutagenic primer GGCAAGGATTCTGCT-
assay eliminates the requirement for DNA cleavage by AGTCCAGCATACATCTTTACAATGCTCAGC (R804A).
monitoring the ability of the enzyme to ligate a nicked Altered codons are indicated in boldface. All mutations were
oligonucleotide substrate in which thetgrminal phosphate  confirmed by DNA sequencing.
at the nick has been activated by covalent attachment to the DNA Cleaage DNA cleavage assays were carried out
tyrosine mimic,p-nitrophenol 87). Using this assay, itwas as described4(, 44). Unless stated otherwise, reaction
determined that the type Il enzyme possesses an intrinsicmixtures contained 200 nM wild-type human topoisomerase
specificity for ligation B87) and that there are important Ila and 10 nM double-stranded oligonucleotide ini20of
mechanistic differences between anticancer drugs that inhibitcleavage buffer (10 mM Tris-HCI, pH 7.9, 135 mM KClI,
enzyme-mediated DNA ligation or enhance DNA cleavage 7.5 mM CaC}, 0.1 mM EDTA, and 2.5% glycerol).
(38, 39). Reactions were incubated at 3C for 15 min. Cleavage

Because the DNA ligation activity of topoisomerase Il is intermediates were trapped by adding:2 of 10% SDS
critical to the maintenance of genomic stability, the cleavage- followed by 1uL of 375 mM EDTA, pH 8.0. Samples were
independent ligation assay was used to further characterizedigested with proteinase K and precipitated in ethanol.
this important reaction. Results strongly suggest that baseReaction products were resolved by electrophoresis in 7 M
pairing represents a secondary mechanism for aligning theurea, 14% polyacrylamide gels in 100 mM Tris-borate, pH
5'-terminal phosphate for ligation and that the human enzyme 8.3, and 2 mM EDTA. DNA cleavage products were
ligates the two scissile bonds of a cleavage site in a visualized and quantified on a Bio-Rad FX Molecular
nonconcerted fashion. Imager.

Cleavage-Independent DNA Ligatio&leavage-indepen-

EXPERIMENTAL PROCEDURES dent DNA ligation reactions were carried out according to

EnzymesWild-type human topoisomeraseland mutant the method of Bromberg et aBT). Unless stated otherwise,
enzymes containing a phenylalanine (Y805F), alanine assays contained 200 nM wild-type or mutated human type
(Y805A), cysteine (Y805C), or histidine (Y805H) in place |l topoisomerases and 10 nM activated nicked oligonucle-
of the active site tyrosine (Y805) or an alanine in place of otide in a total of 2QuL of 10 mM Tris-HCI, pH 7.9, 135
arginine 804 (R804A) were expressed $maccharomyces mM KCI, 7.5 mM CaC}, 0.1 mM EDTA, and 2.5% glycerol.

cerevisiaeand purified as described previousBi7( 40, 41). Reaction mixtures were incubated at®7, and ligation was
Human topoisomeraseflwas expressed i8. cereisiaeand stopped by the addition of 2L of 10% SDS followed by 1
purified in an analogous manner. uL of 375 mM EDTA, pH 8.0. Samples were treated,

Preparation of OligonucleotidesA 47-base oligonucle-  resolved in denaturing polyacrylamide gels, and analyzed
otide corresponding to residues-8026 of pBR322 and its  as described above for DNA cleavage reactions.
complement were prepared on an Applied Biosystems DNA  Cleavage-Dependent DNA Religatid@leavage-dependent
synthesizer. The sequences of the top and bottom strandNA religation assays were carried out as described previ-
were B-CCGTGTATGAAATCTAACAATGICGCTCATC- ously @4). Reaction mixtures contained 135 nM wild-type
GTCATCCTCGGCACCGT-3and 3-ACGGTGCCGAGG- or R804A topoisomerasedland 5 nM negatively super-
ATGACGATGIAGCGCATTGTTAGATTTCATACACGG- coiled pBR322 DNA in a total of 2@L of cleavage buffer.

3, respectively. Points of topoisomerase Il-mediated DNA DNA cleavage/religation equilibria were established at 37
cleavage are denoted by arrows. Oligonucleotides spanning’C for 6 min. Religation was initiated by shifting reaction
the B-terminus to the point of topoisomerase Il scission on mixtures from 37 to 0°C, and reactions were stopped at
each strand also were synthesized. Oligonucleotides extendtime points up to 30 s by the addition ofi2 of 5% SDS

ing from the point of scission to the'-Berminus of each  followed by 1uL of 375 mM NaEDTA, pH 8.0. Proteinase
strand were synthesized anddgtivated withp-nitrophenol K was added (2L of a 0.8 mg/mL solution), and reactions
according to the method of Bromberg et aB7( A were incubated for 30 min at 4%C to digest the type Il
tetrahydrofuran abasic site analogue phosphoramidite (Glenenzyme. Samples were mixed withuR of 60% sucrose in
Research) was utilized to incorporate site-specific abasic 10 mM Tris-HCI, pH 7.9), 0.5% bromophenol blue, and 0.5%
sites. Single-stranded oligonucleotides were labeled on theirxylene cyanol FF, heated for 3 min at 46, and subjected

5' termini with [*P]phosphate and purified as describé8) ( to electrophoresis in 1% agarose gels in 40 mM-Tasetate,
Equimolar amounts of complementary oligonucleotides were pH 8.3, and 2 mM EDTA that contained Q&/mL ethidium
annealed by incubation at 7€ for 10 min and cooling to  bromide. DNA religation was monitored by the loss of linear
25°C. plasmid molecules. DNA bands were visualized by ultraviolet

Site-Directed MutagenesiRecombinatorial PCRA@) was light and quantified using an Alpha Innotech digital imaging
used to mutate the human TGPZene as described system.
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absence of enzyme) and does not proceed via a covalent
’ enzyme-DNA intermediate 37).
@ As shown previously, the active site tyrosine of topo-
Sl ;0‘;‘{:0 P, isomerase Ik is not required for the enzyme to ligate the
*5" . ‘ ‘ l ‘ 'o c‘ ‘ \ ‘ ‘ ‘ |3' activated oligonucleotide substratg7). In fact, a mutant
3 5
f

enzyme that contained an active site phenylalanine (Y805F)
displayed ligation rates that were2-fold higher than that

of the wild-type enzyme (Figure 1), even though it was
incapable of cleaving DNAJ7). An active site alanine
enzyme (Y805A) also supported ligation, albeit to a lesser
extent than the wild-type enzyme (Figure 1, right pari&l).(

The present study extended these findings by examining
the ability of topoisomerased!that contained an active site
cysteine (Y805C) or histidine (Y805H) to ligate the activated
substrate. Although these enzymes did not cleave DNA under
conditions of the assay (not shown), both ligated the activated
substrate at rates that were similar to that of the Y805F
enzyme (Figure 1, right panel). These data suggest that
neither the aromaticity nor the potential charge of the residue
at position 805 is essential to the environment of the active
Enzyme site of topoisomerased!for DNA ligation. Rather, the role

Ficure 1: Cleavage-independent DNA ligation catalyzed by human of the active site tyrosine is primatily one of a nucleophile
topoisomerase dl. A schematic of the activated DNA substrate that attacks the double helix and covalently attaches to the

(residues 86126 of pBR322) utilized for DNA ligation of the top ~ 9-términal phosphate of the cleaved DNA.

strand is shown37). The duplex oligonucleotide contains a nick A potential caveat to this conclusion is the fact that the
at the point of scission of a strong topoisomerase Il cleavage site rate-determining step of the DNA ligation assay has not been
(19, 65, 66). The S-terminal phosphate at the nick is activated for - jatermined. The observed rate may reflect the actual chemi-
DNA ligation by the covalent attachment pfnitrophenol 87). | f lioati ired f . | ch .
The asterisk denotes the position of thedtiolabel, and the arrow €&l Stép Of ligation or a required conformational change in
indicates the point of topoisomerase ll-mediated DNA cleavage topoisomerase dl that precedes ligation. However, if the
on the bottom strand. The left panel shows a time course for DNA 5'-DNA terminus is activated for ligation by attachment to
ligation catalyzed by wild-type human topoisomerase (WT a p-nitrophenyl group instead of the active site tyrosine, it

hTlla; O), an active site Phe mutant enzyme (Y805F bTI), ; : ; ; :
or human topoisomerasedl(\WT hTII3; ®). The right panel shows is clear that the nature of this amino acid residue 805 does

a 48-h time point for DNA ligation catalyzed by WT, Y805F, or Not dramatically alter. the oyerall process of DNA ligation.
mutant human topoisomerasetlénzymes in which the active site Human cells contain two isoforms of topoisomeraseull,
Tyr has been changed to an Ala (Y805A), Cys (Y805C), or His and /3 (46—48). Topoisomerase d is critical for chromo-

(Y30t5"f')- TDT;\leApIply?crylantli(ile gglbin tthhedi_r;fset Sth?WS 48-h time  5ome segregation during mitosis, and levels of the enzyme
points for igation catalyzed by the different topoisomerase . . : : >
Ila enzymes. No ligation was observed in the absence of a divalent''>€ dramatically during periods of cell proliferatioA-

cation (-Cz*), and the position of the expected ligation product 91)- In contrast, topoisomerasesiappears to be present in
47-mer marker (M) is shown for reference. Error bars represent most cell types, irrespective of proliferation status, and
the standard deviations for three independent experiments. enzyme levels remain relatively constant over cell and growth
RESULTS AND DISCUSSION cycles 48, 50—52). Although topoisomgraseﬂli_s dispens-
able at the cellular level, the enzyme is required for neural
Cleavage-Independent DNA Ligation Catalyzed by Human development %3, 54). Therefore, the ability of wild-type
Topoisomerase . The DNA cleavage and ligation reactions topoisomerase i to ligate the activated oligonucleotide was
of topoisomerase Il are required for the enzyme to carry out determined. As seen in Figure 1 (left panel), thisoform
its essential cellular function$,(12, 14, 16, 17). However, was able to seal the activated nick. However, the enzyme
conditions that increase the rate of DNA cleavage or impair was~3-fold less efficient than wild-type topoisomerase. ||
the ability of topoisomerase Il to ligate nucleic acids can The basis for this decreased efficiency is not known, but it
lead to the fragmentation of the genonte-(1). probably reflects the ability of the active site of the enzyme
Attempts to study the topoisomerase Il DNA ligation to accommodate the added bulk of faitrophenyl moiety
reaction have been hampered by the inability to isolate strandof the substrate rather than a fundamental difference in
sealing from the strand scission event. Recently, however,mechanism.
an assay was developed that allows topoisomerase II- lonic Requirements for Ligation of the Awdited DNA
mediated DNA ligation to be examined in the absence of SubstrateLigation of the activated DNA substrate required
cleavage 37). This assay is based on the finding that human a divalent cation (Figure 1, inset). Although the assay was
topoisomerase & can ligate a DNA nick whose'Serminal supported by several different divalent cations, including
phosphate has been activated by attachmgmtitrophenol, Mg?*, Ca&" was chosen for two reasons. First, all known
which mimics the covalent bond between the cleaved DNA eukaryotic type Il topoisomerases generate higher levels of
substrate and the active site tyrosine (see Figure 1, 8p) ( DNA cleavage in the presence of Tahan in Mg+ (33,
45). The ligation reaction occurs by the direct attack of the 55). Aside from this increased cleavage, the major properties
3'-OH at the nick on the activated-phosphate within the  of DNA scission, including reversibility, salt requirements,
active site of topoisomerasenli(no reaction is seen in the  and nucleotide specificity, are retained in’Gaontaining
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Ficure 2: Human topoisomerasenlican recycle during cleavage-
independent DNA ligation. The central sequence of the oligonucle-
otide substrate used for DNA ligation or cleavage is shown above
the respective panel. The asterisks denote the positions of-the 5
radiolabel in the substrates and the arrows indicate points of
topoisomerase |l-mediated DNA cleavage. DNA ligation catalyzed
by Y805F human topoisomerasenlifor 48 h at the indicated
oligonucleotide:enzyme ratios is quantified in the left panel. DNA
cleavage mediated by wild-type human topoisomerasddi 15

min at the indicated oligonucleotide:enzyme ratios is quantified in
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This finding is in contrast to the stoichiometric DNA
cleavage reaction of the enzyme (Figure 2, right panel).
Levels of cleavage dropped linearly with enzyme dilution
and reflected levels of topoisomerase DNA binding (37).

Positioning the 5DNA Termini for Ligation Catalyzed
by Human Topoisomerasenll The ability of topoisomerase
Il to align the DNA termini generated by its cleavage reaction
is critical for efficient resealing of the nucleic acid break
(20, 42, 58). The primary mechanism used by the enzyme
to align the 5DNA termini appears to be the covalent
attachment of the 'S&erminal phosphates to the active site
tyrosines, rather than base pairing within the cleavage
overhang %8). In addition, it has been proposed that non-
covalent interactions between the DNA and the arginine
residue immediately N-terminal to the active site tyrosine
play a role in anchoring the' $ermini of the cleaved DNA
(59).

Because the cleavage-independent topoisomerasaNA
ligation assay does not proceed through a covalent enzyme
DNA intermediate 87), it provides a unique opportunity to
assess the potential roles of non-covalent enzyDidA
interactions and base pairing in positioning thetegmini.

In the absence of the covalent attachment, the contributions
of these other interactions should be exacerbated consider-
ably.

First, the role of the arginine 804, which is immediately

the right panel. Error bars represent the standard deviations for threeadjacent to the active site tyrosine in human topoisomerase

independent experiments.

reactions 83, 55). Second, a low level of exonuclease activity
sometimes was observed in ktgcontaining reactions over
the long time course of ligation. However, most nucleases
are inhibited by C& (56, 57), and no degradation of the
DNA substrate or product was observed wherf"Caas
utilized.

DNA ligation catalyzed by human topoisomerase Was
supported by a broad range of €aoncentration. Optimal
levels of ligation were observed at 7.5 mM divalent cation.
This optimal C&" concentration is similar to that observed
in DNA cleavage reactions (data not shown).

High levels of DNA ligation were observed at salt
concentrations up t6-185 mM (35 mM KCl is contributed

Ila, was examined. On the basis of structural and modeling
studies, Liu et al. §9) proposed that arginine 781 &.
cerevisiaetopoisomerase Il (which is equivalent to arginine
804 in the human enzyme) interacts with théHNA termini
during cleavage. The importance of arginine 781 to the
catalytic activity of yeast topoisomerase Il was confirmed
by mutagenesis of this residue to an alanb®).(The R781A
yeast enzyme failed to complement temperature-sensitive
strains deficient in topoisomerase Il activity. In addition, the
DNA relaxation and cleavage activities of the purified mutant
enzyme were~50- and 10-fold lower than that of wild-type
topoisomerase Il, respectively.

The equivalent mutation in human topoisomerase |
(R804A) was generated subsequently by Okada e66). (

by the enzyme storage buffer), with optimal levels being seen This mutant human enzyme failed to complement a temper-

at 135 mM KCI (not shown).
Catalytic Turnaer of Topoisomerasedlin DNA Ligation

ature-sensitive yeast strain (i.¢op2-1) deficient in topo-
isomerase Il activity when expressed from a plasmid under

Assays.To ensure that the cleavage-independent assaythe control of theGAL1promoter. On the basis of this result,

measures rates associated with DNA ligation rather than on-

or off-rates for enzymeDNA binding, ligation of the
activated oligonucleotide was always monitored under condi-
tions of excess enzyme over DNA3Y). However, as

the authors concluded that arginine 804 was critical to the
activity of human topoisomerasealland suggested that it
was part of the active site of the DNA breakageunion
reaction 60). It should be noted, however, that the authors

topoisomerase Il does not form a covalent bond with the neither determined the cellular levels of the mutant human
activated substrate, the enzyme should retain the ability toenzyme in their study nor purified the enzyme to confirm
recycle during the course of the assay (i.e., each moleculethe effects of the R804 mutation on the activity of topo-
of topoisomerase &l should be able to ligate more than one isomerase W. Therefore, we expressed R804A human
activated oligonucleotide). topoisomerase & in yeast, purified the enzyme, and
To determine if this was the case, a dilution experiment examined its catalytic activity.

was carried out (Figure 2, left panel). Ligation remained  The overall catalytic activity (monitored by DNA catena-
relatively constant down to a 1:1 oligonucleotide/enzyme tion assays; not shown) and equilibrium levels of DNA
ratio. Furthermore, the percent DNA ligation never fell below cleavage (Figure 3, right panel inset) observed for the mutant
40%, even at a 5-fold molar excess of DNA. Because the enzyme were~10- and~5-fold lower, respectively, than
theoretical maximum level of ligation that would be expected those determined for wild-type human topoisomerase |
at this substrate:enzyme stoichiometry would be 20%, theseln contrast, the effect of the R804A mutation on cleavage-
data suggest that topoisomerasericycles during the assay. independent DNA ligation was less pronounced. As seen in
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& § mutant enzyme religated molecules more quickly than did
i wild-type topoisomerased.. This finding is consistent with
*5'-..ACAATG CGCTCA..-3' the prediction that disruption of non-covalent enzynmiNA

3'-..TGTTAC-GCGAGT..-5"

50 100 interactions that affect DNA ligation would be masked (to

some extent) in the presence of a covalent enzyBiHA
linkage.

o

% Cleavage
=]

g 40 5 The above results suggest that arginine 804 is important
] o M M50 o to the overall catalytic activity of human topoisomerase Il

2 30 = 3 S However, while they are consistent with this residue playing
< £ 3 a minor role in positioning the'®NA termini, they argue

Q 5 § strongly against a critical role for arginine 804 in the DNA
S ) ligation event mediated by the human type Il enzyme.

§ 10 e It is not known why R804A topoisomeraseanlfailed to

complement a yeast strain that was deficient for topo-

isomerase Il activity. It may be that the low catalytic activity

(] s ! 10 i i

S 10 20 30 40 0 10 20 30 ofthg R804A human enzyme Was_lnsufflc:lent to support the
required cellular functions of topoisomerase Il. However, it

Time (h) Time (s) .
is notable that the mutant enzyme expressed poorly (expres-

Ficure 3: DNA ligation catalyzed by R804A human topoisomerase _. . :
lla. Atime course for cleavage-independent DNA ligation catalyzed SION Was=10% of that observed with the wild-type human

by wild-type (WT,O) or R804A @) human topoisomeraseulis enzyme) in our system. Thus, it is possible that the failure
shown in the left panel. Error bars represent the standard deviationsof RB04A topoisomerased/to complement deficient yeast

for two or three independent experiments. The central sequence ofresulted from the low levels of enzyme rather than a decrease
the oligonucleotide substrate used for DNA ligation of the top strand in catalytic activity.

is depicted above. The asterisk denotes the position of the S _—
5-radiolabel, and the arrow indicates the point of topoisomerase  >€cond, the role of base pairing in aligning tHeD&A
ll-mediated DNA cleavage on the bottom strand. A representative termini for ligation was assessed. An earlier study established
time course for cleavage-dependent DNA religation catalyzed by that in the presence of a covalent attachment between the
wild-type or R804A human topoisomerase Is shown inthe right 5. DNA termini and the active site tyrosines, disruption of
g@;‘f}ég eh?nﬁigttelg tbrﬁhp:?ﬂ)deenpz';ﬁ eesqumbnum levels of DNA  pase pairing within the cleavage overhang by the introduction
of abasic sites had little effect on rates of ligation catalyzed
Figure 3 (left panel), the rate of DNA ligation catalyzed by by human topoisomeraseall(58). Introduction of one or
the mutant enzyme was only-2.5-fold lower than that of  two abasic sites at any of the positions within the 4-base
the wild-type enzyme. cleavage overhang had no effect on rates of resealing. Even
Because cleavage-independent DNA ligation does not disruption of all 4 base pairs within the cleavage overhang
proceed via a covalent enzymBNA intermediate, it is decreased rates of nucleic acid resealing no more than 3-fold.
possible that this reaction pathway utilizes different amino  In the absence of a covalent enzynigNA bond, base
acids in the active site of topoisomerase |l than does the pairing of the 5DNA termini appears to be critical for
enzyme-linked reaction. We believe that this is unlikely, ligation. As seen in Figure 4, loss of this terminal base pair
because cleavage-independent ligation mirrors many aspectgby the insertion of an abasic site at td-position on the
of topoisomerase II-mediated DNA cleavage/religation. For opposite strand) decreased rates of ligatie80-fold.
example, DNA sequences that are stronger cleavage sitesConversely, introduction of an abasic site at either-t8
ligate more quickly in the assa@7). In addition, the effects  or +2-position of the opposite strand had a modest effect
of anticancer drugs in the cleavage-independent assay aren rates of ligation, and placement of an abasic site at the
similar to those observed in native cleavage/religation +1-position had no effect. Similar results were observed
reactions, including the mechanism of drug action and the when ligation was monitored on either the top or bottom
correlation between the nucleic acid specificity of drug- strand of the activated oligonucleotide substrate (Figure 4).
induced cleavage and rates of DNA ligatid@38(39). The difference in ligation rates was not due to an altered
However, to confirm that the modest effect of the R804A affinity of topoisomerase Il for these substrates. As deter-
mutation on cleavage-independent DNA ligation reflects the mined by electrophoretic mobility shift assays, the enzyme
physiological role of this amino acid residue rather than a displayed a similar binding affinity for the intact oligonucle-
fundamental change in the pathway used by topoisomeraseotide and substrates that contained an abasic site at either
Il to ligate activated nucleic acid substrates, a cleavage-the +1- or +4-position (not shown).
dependent religation assay was employed. In the latter assay, Because the loss of base pairing at théBIA termini
topoisomerase Il cuts DNA and becomes covalently attachedablates ligation, it is possible that a tighter base pair might
to the 3 termini through its active site tyrosine residues. After enhance rates of ligation. To this point, the top strand (which
a DNA cleavage/religation equilibrium is established at 37 has a C-G base pair at the activatettBNA terminus; see
°C, religation rates are monitored by decreasing reaction Figure 4) ligates more rapidly than the bottom strand (which
temperatures to 4C. At this suboptimal temperature, the has an AT base pair). (The implication of this rate
enzyme will religate DNA molecules that it already has difference is discussed in the following section.) Therefore,
cleaved but will not reinitiate new rounds of scission. As the rate of ligation of the bottom strand was determined when
seen in Figure 3 (right panel), the R804A mutation had no the B-terminal A—T base pair was changed to the tighter
adverse effect on rates of religation when the cleaved DNA C—G base pair (Figure 5). Both wild-type human topo-
was covalently linked to topoisomerase Il. If anything, the isomerase Wk and the Y805F mutant enzyme ligated the
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FiIGURe 4: Base pairing as a secondary mechanism for positioning
the B-DNA termini for topoisomerase lI-catalyzed DNA ligation.

The central sequence of the oligonucleotide substrate used for DNA
ligation of the top or bottom strand is shown above the respective

palr;etl. 'I;he aSt%ri?ES denote thedpostitions Otf th‘?ati()label in the ,,.indicates the point of topoisomerase Il-mediated DNA cleavage
substrates, and the arrows indicateé points of topolsomerase Ii- o, the top strand. A time course of DNA ligation catalyzed by

mediated DNA cleavage. The numbers on the nonactivated strandy ;4 yne (WT, squares) or Y805F (circles) human topoisomerase
indicate the positions where single apurinic/apyrimidinic (AP) sites |/ "\va< monitored on the bottom strand when thé-position
were inserted into the DNA substrate. The left panel shows a time ¢|4tive 1o the topoisomerase Il point of scission on the bottom

course of DNA ligation of the top strand catalyzed by Y805F human strand (in boldface) contained an-A (O, 0) or a G-G (@, M)
topoisomerase dl. The activated DNA sequences used were the | o hair The inset shows DNA cleavage of the bottom strand
wild-type pBR322 substrate (W) or the substrate in which the 1,0 jiateqd by wild-type human topoisomerase dof the correspond-
+1(+1Bot AP, @), +2 (+2 Bot AP,00), +3 (+3 Bot AP, W), or ing intact duplex oligonucleotides. Error bars indicate the standard

+4 base {4 Bot AP, ») of the bottom strand (relative t0 the yeviations for two to three independent experiments.
topoisomerase Il point of scission) contained an AP site. The right

panel shows a time course of DNA ligation of the bottom strand
catalyzed by Y805F human topoisomerage The activated DNA not always the samel8-20, 61, 62). Furthermore, at low
sequences used were the wild-type pBR322 substrate QY or pH, topoisomerase Il generates predominantly single-stranded
the substrate in which the¢1 (+1 Top AP, ®) or +4 base {4 breaks in both plasmid and oligonucleotide substra26s (
Top AP, a) of the top strand contained an AP site. Error bars tpase results imply that the type Il enzyme may cleave or
represent the standard deviations for two or three independent,. N Lo
experiments. Ilgate the two scissile bonds of a cleavage site in a manner
that is not totally concerted. However, the coordination of
enzyme-mediated DNA ligation has never been addressed
bottom stranc-2.5-fold more rapdily when the'§erminal directly in the absence of anticancer drugs. Therefore, the
A—T was converted to a €G. It is possible that the  cleavage-independent DNA ligation assay was used to
increased rate of ligation for the-G5 substrate results from  examine this issue.
an enhanced recognition of the site by topoisomerase Il (note  Three lines of evidence indicate that human topoisomerase
that there is a 1.5-fold increase in equilibrium levels of |1q does not ligate the two strands of the double helix in a
cleavage as compared to the-A sequence). However, these  concerted fashion. First, the enzyme ligated the two strands
data are consistent with a link between base pairing at thegf the pBR322 substrate at different rates (Figure 4). The
5' termini and rates of DNA ligation. rate of ligation of the top strand was3-fold higher than
Taken together, these findings suggest that base pairingthat of the bottom strand.
of the 3-DNA termini acts as a secondary mechanism for  Second, disruption of the base pair at th@®BIA terminus
aligning the ends of DNA for ligation by human topo- of one scissile bond (by the introduction of an abasic site),
isomerase Ik, even in the presence of a covalent enzyme  which nearly abrogated ligation on that strand, had no effect

Ficure 5: Effect of the 5DNA terminal base pair of the bottom
strand on ligation of the bottom strand. The oligonucleotide substrate
used to monitor DNA ligation on the bottom strand is shown. The
asterisk denotes the position of ther&diolabel, and the arrow

DNA bond. on the rate of ligation of the scissile bond on the opposite
Human TopoisomerasedLigates the Two Strands of the  strand (Figure 4).
Double Helix in a Nonconcerted Fashiolm the presence Third, conversion of the '&erminal base pair on the

of the anticancer drug etoposide, there appears to be littlebottom strand to a €G, which increased the rate of ligation

communication between the two protomer active sites of of the bottom strand-2.5-fold, had no effect on the rate of

human topoisomerasedll(38). This conclusion is based on ligation of the top strand (Figure 6).

the finding that inhibition of ligation at one scissile bond by ~ ConclusionsThe cleavage-independent ligation assay was

the drug had no effect on the rate of ligation at the other employed to further characterize the DNA ligation reaction

scissile bond. catalyzed by human topoisomerase. IResults suggest that
Additionally, other studies have demonstrated that equi- arginine 804 is important for overall catalytic activity, but

librium levels of topoisomerase II-mediated DNA breaks at does not play an essential role in positioning tiDBIA

the scissile bonds on the two strands of a cleavage site argermini for ligation. In contrast, we propose that base pairing
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Ficure 6: Effect of the 5-DNA terminal base pair of the bottom
strand on ligation of the top strand. The DNA substrate used to
monitor DNA ligation on the top strand is shown. The asterisk
denotes the position of thé-Eadiolabel, and the arrow indicates
the point of topoisomerase II-mediated DNA cleavage on the bottom
strand. A time course of DNA ligation catalyzed by wild-type (WT,
squares) or Y805F (circles) human topoisomeraseatéds moni-
tored on the top strand when thel-position relative to the
topoisomerase |l point of scission on the bottom strand (in boldface)
contained an AT (O, O) or a C-G (@, W) base pair. The inset
shows DNA cleavage of the top strand mediated by wild-type
human topoisomeraseadl of the corresponding intact duplex
oligonucleotides. Error bars indicate the standard deviations for two
to three independent experiments.

is a secondary mechanism for aligning thgBosphates for
ligation.

Finally, the human enzyme appears to ligate the two
scissile bonds of a cleavage site in a honconcerted manner.
It is not clear how (or whether) the apparent lack of
coordination between the two protomer active sites of
topoisomerase |l benefits the catalytic functions of the
enzyme. It may simply reflect the residual imprint of an
ancestral nickingclosing mechanism shared between type
IA and type IIA enzymes@3, 64). Alternatively, this lack
of coordination may help to preserve genomic integrity by
decreasing the likelihood of a topoisomerase ll-generated
double-stranded break in the genome prior to the strand
passage event.
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