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ABSTRACT. Bacteriophage T4 provides a useful model system for dissecting the mechanism of action of
antitumor agents that target type 1l DNA topoisomerases. Many of these inhibitors act by trapping the
cleavage complex, a covalent complex of enzyme and broken DNA. Previous analysis showed that a
drug-resistant T4 mutant harbored two amino acid substitutions (S79F, G269V) in topoisomerase subunit
gp52. Surprisingly, the single amino acid substitution, G269V, was shown to confer hypersensitivity in
vivo to mAMSA and oxolinic acid [Freudenreich, C. H., et al. (1998 ncer Res. 581260-1267]. We

purified this G269V mutant enzyme and found it to be hypersensitive to a number of cleavage-inducing
inhibitors includingmAMSA, VP-16, mitoxantrone, ellipticine, and oxolinic acid. While the mutant enzyme

did not exhibit altered DNA cleavage site specificity compared to the wild-type enzyme, it did display an
apparent 10-fold increase in drug-independent DNA cleavage. This suggests a novel mechanism of altered
drug sensitivity in which the enzyme equilibrium has been shifted to favor the cleavage complex, resulting
in an increase in the concentration of cleavage intermediates available to inhibitors. Mutations that alter
drug sensitivities tend to cluster within two specific regions of all type Il topoisomerases. Residue G269
of gp52 lies outside of these regions, and it is therefore not surprising that G269V leads to a unique
mechanism of drug hypersensitivity. We believe that this mutant defines a new category of type Il
topoisomerase mutants, namely, those that are hypersensitive to all inhibitors that stabilize the cleavage
complex.

Type 1l DNA topoisomerases are essential enzymes unpublished data). The stabilized cleavage complex itself is
required for many cellular processes such as DNA replication relatively harmless to cells, but it can be converted into
and transcription (for reviews, see rdfs4). These enzymes  potentially lethal DNA damage by cellular processes such
function by creating a double strand break in one segmentas DNA replication {2—14).
of duplex DNA, passing a second duplex segment through  |n the context of antitumor drug action, bacteriophage T4
this break, and then resealing the break. A critical intermedi- provides a useful and valid model system. The T4 type Il
ate in this reaction, the cleavage complex, consists of thetopoisomerase is a multisubunit enzyme composed of the
protein linked to the Sends of the staggered break via products of T4 gene89, 52, and60 (15, 16). Gp39 and
phosphotyrosine bonds. gp60 are homologous to portions B§cherichia coliGyrB

In addition to their essential roles in cellular metabolism, and to the amino-terminal half of eukaryotic topoisomerase
type Il topoisomerases are the targets of many clinically Il while gp52 contains the active site tyrosine and is
important antibacterial and antitumor agents. The prokaryotic homologous tcE. coli GyrA and the carboxy-terminal half
type Il topoisomerases (DNA gyrase, topoisomerase 1V) are of the eukaryotic enzymes. The phage-encoded enzyme is
the targets of the important broad spectrum antibacterial sensitive to many of the same antitumor agents that inhibit
quinolones and fluoroquinoloneS)( while the eukaryotic ~ the eukaryotic enzyme and is partially sensitive to at least
type Il topoisomerases are inhibited by several classes ofone of the antibacterial quinolone$7( 18). The straight-
antitumor agents, including the acridines, anthracyclines, forward genetics, biochemistry, and molecular biology of the
ellipticines, and epipodophyllotoxins (for reviews, see refs phage T4 system have facilitated studies on the mechanism
3 and6). These drugs act by stabilizing the cleavage complex of action of these topoisomerase inhibitors.
rather than by simply inhibiting strand passage (for reviews,  The inhibitor binding site within the cleavage complex
see refs3, 7, and8). Direct binding studies from a number  consists of both protein and DNA. Involvement of the

of systems support the existence of a stable enzyDi¢A — topoisomerase in drug binding is indicated by the fact that
drug ternary complex9-11; S. Neece and K. Kreuzer,
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single amino acid changes in specific regions of the enzyme mutant enzyme did not exhibit altered cleavage site specific-
can confer altered drug sensitivities (reviewed in 16j. ity compared to the wild-type enzyme, it did display elevated

For example, the yeast topoisomerase S741W mutant islevels of drug-independent DNA cleavage. This suggests a
hypersensitive to VP-16 but resistant to the fluoroquinolone novel mechanism for altered drug sensitivity, namely, an

CP-115,953 Z0). In T4, the E457K substitution in gp39 alteration in the reaction pathway that leads to an increase
causes resistance to a number of drugs but hypersensitivityin the frequency of cleavage complexes available to inhibi-

to oxolinic acid and VP-1621, 22). The differential effects  tors.

of these mutations on different drug families imply that

specific amino acid residues of the protein interact with the EXPERIMENTAL PROCEDURES

drugs. . o
: - . Materials. mMAMSA (NSC 249992), ellipticine (NSC
Involvement of DNA in the drug binding site was 71795), and mitoxantrone (NSC 299195) were provided by

originally proposed on the basis of early experiments that the Drug Synthesis and Chemistry Branch, National Cancer

revealed distinct patterns of cleavage sites in the presence . .
. - nstitute. 2-Me-9-OH-E (NSC 264137) was a generous gift
of different drug classesly, 23-26). Consensus sequences of Dr. C. Paoletti (Institute Gustave-Roussy, Villejuif). VM-

de_nve_d Wlth_eukaryotlc_enzymes suggeste_d that the _base26 (NSC 122819) and VP-16 (NSC 141540) were kindly
pairs immediately flanking the cleavage site determined

: . ided by Bristol-Myers Pharmaceutical Co. (Wallingford,
which drug could trap the enzyme at a particular cleavage o' . ; o
site (26—298). The dZtaiIed myutational panalysis of ong CT). Oxolinic acid and additional VP-16 were purchased

particular T4 topoisomerase cleavage site provided directggirg ISr:grsné:l ' r?"nl\|>l/| e&i{g: -Eavxzs SI'IS s(glr:/:rol :jr:L\:\éa;eirr,] Oéf\)/l:g'g
evidence that the base pair immediatelydd the break . ; ’ ; . . :
confers the drug site prefe?ent&gx The preszrred base pairs Immediately prior to use, an ahq_uot was (_:illuted with water
for the T4 enzyme paralleled. those of the eukaryotic to the required concentration. Final reaction concentrations

. 2.~ of DMSO and NaOH were<1.5% and<0.5 uM, respec-

E!"ZYmes’ suggesting that .the same rules govem Ir]h'b'tortively, and did not significantly affect DNA cleavage levels

inding specificity in evolutionarily distant topoisomerases (data not shown)
(29). Further, using the T4 system, the inhibitor was precisely , . . . .
localized to the sites of DNA cleavage using a photoacti-  Plasmid pBR322 was purified fror. coli DHSa. using
vatable analogue af-AMSA (30). Thus, the inhibitors bind 20 @lkaline lysis procedurég) followed by cesium chloride/
directly at the sites of DNA cleavage (perhaps by intercala- ethidium bromlde. isopycnic centrifugation. Restrlcuon en-
tion) and act by preventing religation of the two strands and/ ZYMes were obtained from New England Biolabs.
or enhancing the forward rate of cleavage. T4 TopoisomerasedVild-type and G269V mutant T4

Analysis of a T4 gen&2 mutant led to some interesting topmsomerase_s were purified by .a(.japtlng the_T7 expression
and unexpected results. The mutant strain was originally System for use in phage T4, as originally described by Singer
isolated from a selection fom-AMSA-resistant phage and Gold 83). As will be described in more detalil eIseWhere,.
mutants 81). The mutant was found to harbor two amino @ T7 promoter was placed upstream of each T4 topoi-
acid substitutions: S79F and G269%2). The S79F muta- ~ Somerase gene3§, 52, 60) to create the overproduction
tion was quite provocative because the corresponding residug’hage strain for wild-type enzyme (K. Magee and K.
from bacterial DNA gyrase (A84) was known to be a hot Kreuzer, unpublished data). We then crossed the G269V
spot for drug resistance mutatior@).(Surprisingly, when ~ Mutation into this background to create the overproduction
the S79F mutation was substituted into a wild-type back- Strain for the mutant enzymeé. coli cells were induced for
ground, the resulting phage behaved as topoisomerasel 7 RNA polymerase prior to infection with each of the
negative in vivo 22). It was hypothesized that the G269V topoisomerase overproduction strains, and T4 topoisomerase
mutation suppresses the defect caused by the substitution a¢/as purified as previously describe®4( 35). Protein
residue S79. Indeed, when the double mutant (S79F/G269V)concentrations were determined using the Bradford aS&y (
was substituted into a wild-type background, the resulting @ described previously31). Enzymatic activities were
phage behaved as topoisomerase proficient and displayed théetermined using a standard DNA relaxation assy. (

same drug-resistant phenotype as the original mutant. End Labeling of DNA SubstratepBR322 DNA was
Remarkably, the G269V single mutant phage exhibited linearized withEcoRlI, and then the recessett8rmini were
hypersensitivity tanrAMSA and oxolinic acid in vivo 22). filled in using the Klenow exo DNA polymerase | fragment

This hypersensitive phenotype cannot be readily explainedin the presence of eithea{**P]- or [o-3?P]dATP and dTTP,
by the location of this residue in the protein as none of the Yyielding a 4361 bp substrate labeled at eBclRI terminus.
corresponding residues from the yeast or bacterial enzymes\Nhen indicated, the labeled substrate was further digested
have been implicated in drug binding. Sequence comparisongvith Hindlll to yield a 4336 bp fragment labeled at only
with the yeast enzyme place residue G269 in the “tower one end.
domain” of the protein, which lies outside the two domains  DNA Cleaage AssaysReaction mixtures (2@&L) con-
where drug resistance mutations cluster (see Discussion)tained 40 mM Tris-HCI (pH 7.8), 60 mM KCI, 10 mM
Furthermore, there is no biochemical or structural evidence MgCl,, 0.5 mM ATP, 0.5 mM dithiothreitol, 0.5 mM Na
for involvement of the tower domain in DNA binding. EDTA, nuclease-free bovine serum albumin @§'mL),
Therefore, it is unclear how the G269V substitution causes and the specified amounts of DNA substrate, topoisomerase,
drug hypersensitivity or suppresses the defect at position S79.and inhibitor. Cleavage reactions were performed at an
In the present study, we have biochemically analyzed the approximate ratio of one topoisomerase dimer to one
G269V enzyme and found it to be hypersensitive to a broad molecule of DNA except where indicated (see figure
range of type Il topoisomerase inhibitors. While the G269V legends). The reactions were initiated by the addition of
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topoisomerase, incubated at D for 30 min, and terminated WT G269V
by the addition of 5L of gel-loading buffer [5% (w/v) SDS, —
20% (w/v) Ficoll, 0.1% (w/v) bromophenol blue, and 0.1% ngtopo: @ 2L %D Y 2R D Y

(w/v) xylene cyanol]. Proteinase K (final concentration 100
ug/mL) was added, and the samples were incubated for 1 h
at 37°C to remove covalently attached topoisomerase. The L>
reaction products were resolved by electrophoresis through
either 0.8% agarose gels or 6% polyacrylamide gels in TBE
running buffer (89 mM Tris base/89 mM boric acid/2.5 mM
NaEDTA). Agarose gels contained ethidium bromide (2.5
ug/mL) and were run overnight at 2 V/cm; DNA was
visualized by ethidium bromide fluorescence and quantitated
using an Alpha Innotech digital imaging system. Polyacryl-
amide gels were run at 30 W for approximately 6 h. After 1 2 3456 78 9 10 11

gelr?rylng, tgﬁ Iab(;,']letld DNA W’\a/ls Ylsuflhzgd by gutorgdlog- Ficure 1. DNA cleavage assay with negatively supercoiled
raphy on a Phosphorimager (Molecular Dynamics, Sunny- pBR322 DNA. Drug-independent DNA cleavage levels of the wild-

vale, CA). type and G269V mutant enzyme were compared in a protein
Filter Binding Method The levels of DNA cleavage were titration. Reactions contained 300 ng (107 fmol) of DNA and the

quantitated using a nitrocellulose f||ter_b|nd|ng assay similar indicated amounts of protein. The asterisks indicate 96 fmol of

: S enzyme, for a molar enzyme dimer-to-DNA ratio of 0.9. A size
to that described by Wong and Lohmagir). A Millipore scale (kb, kilobases), generated from the migration of TXt#a

vacuum pressure pump (Fisher, XX5500000) was used atrestriction fragments, appears in the right-hand margin, and different
500-600 mm Hg during filtration on a 96-well dot-blot  forms of DNA are indicated in the left-hand margin. Abbrevia-
apparatus (Minifold I, Schleicher and Schuell). Nitrocellulose tions: N, nicked DNA; L, linear DNA; SC, supercoiled DNA; R,
(NC; Schleicher and Schuell, BA-85) was used as the top relaxed DNA;4, a control reaction with no enzyme.

filter to trap the protein-linked DNA, and nylon (NY; NEN, _ 0

NEF-994) was used as the second filter to trap the protein- :)hei wild-type enzyme generates about 1% cleavage (see
free DNA that does not bind to the NC filter. A single sheet °€ OV.V)' . . .

of gel blot paper (Schleicher & Schuell) was used as a third A f!nall correction was also applied to account for prqteln
layer to reduce lateral diffusion of unbound DNA. The NC that is linked to unlabeled DNA as a result of multiple
and NY filters were equilibrated inx filter buffer [50 mM cleavage events. The substrate is labeled at each end, so one

Tris-HCI (pH 7.8), 200 mM KCI, 10 mM MgGl| 0.5 mM cleavage event per DNA molecule results in both topoi-
NaEDTA] for éO ’min before us’e and the gel Blot paper SOmerase monomers being linked to a labeled DNA fragment.
was immersed in the same buﬁer, prior to use. However, any additional cleavage events on the same

Approximately -2 ng (10000 cpm) of linearized DNA molecule of DNAlwouId not generate additional signal.
labeled at both ends withof*PJdATP and 100 ng of  |herefore, assuming that cleavage events are randomly
linearized unlabeled pBR322 DNA were combined with 9.2 d'St”b_UtEd' t_he data were c_orrecte_d W'th. the following
ng (35 fmol) of topoisomerase (molar enzyme dimer-to-DNA equation derived from the Poisson distribution
ratio of 1; except where indicated). The reactions were
performed as described above (see DNA Cleavage Assays)
except that they were terminated by the addition gl 5of ] )
1% (w/v) SDS and were not treated with proteinase K. After whereGC, is the experlmentally qbserved amount of labeled
termination, 15uL of 5x filter buffer and 50uL of water ~ DNA cleavage and: is the predicted amount of total DNA
were added to each reaction. Immediately prior to loading, cleavage. For example, 30% observed cleavaye<0.3)
the wells were flushed with 4Q@L of 1 x filter buffer under is reported as 35.7% total cleavag€: (= 0.357). The
vacuum. The samples were loaded without vacuum, the averages of triplicate measurements are shown with error
vacuum was reapplied, and the wells were then washed twicgPars indicating standard deviations.
with 400 uL of 1x filter buffer. The two filters were then RESULTS
blotted dry, wrapped in plastic wrap (Mylar), and imaged
by autoradiography on a Phosphorimager (Molecular Dy-  The G269V Substitution Causes Increasegelsof Drug-
namics, Sunnyvale, CA). Independent DNA Cleage.The G269V substitution caused

The “dots” were quantitated using the ImageQuant soft- dramatic hypersensitivity in vivo to botm-AMSA and
ware provided by the manufacturer. The percent cleavageoxolinic acid @2). In our system, these are the only two
was calculated from the ratio of counts on the NC filter to inhibitors that can be analyzed in vivo. We therefore purified
the total counts (NC filtett NY filter). This percent cleavage the mutant enzyme so that we could test its sensitivity to
was corrected by subtracting the small amounts2%) of other cleavage-inducing inhibitors. The G269V mutant
protein-free DNA that bind to the NC filter in control topoisomerase displayed a specific activity similar to that
reactions. The amount of drug-dependent cleavage wasof the wild-type protein (2.0< 10° and 2.9x 10° units/mg,
determined by subtracting the amount of drug-independentrespectively; data not shown). However, in the absence of
cleavage observed for each enzyme, leading to no apparentirug, the G269V mutant protein caused the formation of
cleavage at @M drug. It is important to note that the G269V  much larger amounts of linear DNA from a circular substrate
enzyme yields approximately 10% cleavage in the absencethan did the wild-type enzyme (Figure 1, compare lane6 2
of drug at a molar enzyme dimer-to-DNA ratio of 1, while with lanes 7#11). At an approximate molar enzyme dimer-

N>

R>

C,=-In(1-C)
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Ficure 2: DNA cleavage assay with negatively supercoiled pBR322 DNA in the presemeAMSA. The mAMSA sensitivities of the
wild-type and G269V enzymes were compared in a drug titration. Reactions contained 25 ng of protein (96 fmol), 300 ng of DNA (107
fmol), and the indicated concentrationsmfAMSA (micromolar). The size scale and abbreviations are the same as described in Figure 1
except thatp denotes a control reaction with no enzyme and no drug.

to-DNA ratio of 1, we estimate that 10% of the DNA was similar to one described by Wong and Lohm&7)( using
in a cleavage complex with the G269V mutant enzyme while a 96-well dot-blot apparatus with a double filter. After the
the amount of DNA in a cleavage complex with the wild- reactions were stopped with SDS, protein-linked DNA
type enzyme was too low for accurate quantitation (Figure molecules were trapped on a NC filter while free DNA
1, lanes 3 and 8). These cleavage products were proteinpassed through and bound to an underlying NY filter. This
linked, since the linear DNA became a broadened band of enables a direct determination of percent cleavage of the
decreased electrophoretic mobility in the absence of pro-labeled substrate, with triplicate repeats of 20 different
teinase K digestion (data not shown). Protein-linked DNA reactions analyzed on a single filter.
products are a normal short-lived intermediate in the topoi-  This filter-binding method allowed a more accurate
somerase relaxation reaction, but our results show that thecomparison of drug-independent DNA cleavage levels
G269V mutant topoisomerase accumulates higher thanbetween the wild-type and G269V mutant enzymes. We
normal amounts of this intermediate. determined enzyme dimer-to-DNA ratios that produced
The G269V Substitution Causes in Vitro Hypersenisiti similar levels of total cleavage. With the G269V enzyme,
to m-AMSA.We next tested whether the purified G269V 10.6% (3.0;n = 7) of the DNA was in a cleavage complex
enzyme displayedn-AMSA hypersensitivity, as was ob- at an enzyme dimer-to-DNA ratio of 1, while an enzyme
served in vivo. As expected from the in vivo results, the dimer-to-DNA ratio of 10 was needed to trap 8.0%0(7%,
G269V protein produced more linear DNA at relatively low n = 3) of the DNA in a cleavage complex with the wild-
levels of mAMSA than did the wild-type enzyme (Figure type enzyme. Thus, the G269V mutant enzyme is detected
2). This conclusion is somewhat obscured by the high levels in cleavage complexes at roughly 10 times the level of the
of drug-independent cleavage observed with the G269V wild-type enzyme.
enzyme (Figure 2, compare lane 2 to lane 11). Nonetheless, Again using the filter-binding method, we compared the
the drug-dependent percent cleavage can be determined bYDNA cleavage levels of the wild-type and G269V mutant
subtracting the drug-independent percent cleavage. Thus, atopiosomerases induced by five different drug classes. Drug-
0.125uM m-AMSA, the G269V mutant enzyme yielded dependent cleavage levels were determined by subtracting
about 6-fold more drug-dependent cleavage than the wild- the drug-independent cleavage levels from each drug titration
type enzyme (Figure 2, lanes 4 and 13). This difference (enzyme dimer-to-DNA ratio of 1). Seven topoisomerase
becomes less apparent at higher drug levels presumablyinhibitors were tested: ellipticine and 2-Me-9-OH-Eellip-
because the drug concentrations are reaching saturationticines), mitoxantrone diacetate (substituted anthraquinone),
Additionally, at high drug levels, multiple cleavage events VM-26 and VP-16 (epipodophyllotoxins), oxolinic acid
are evident from the smearing and minor cleavage products(quinolone), and the previously assaye#AMSA (an
(Figure 2, lanes 810 and 15-19). All of thesem-AMSA- aminoacridine).
induced cleavage products were shown to be protein linked The results obtained witm-AMSA (Figure 3) can be
by omitting the proteinase K digestion (data not shown). Our compared directly with the DNA cleavage assay above
results show that the purified G269V mutant topoisomerase (Figure 2). The filter-binding assay showed that the G269V
is indeed hypersensitive tA-AMSA with respect to cleavage  enzyme enhanced drug-dependent cleavage, especially at low
complex formation, mirroring the in vivo hypersensitive m-AMSA concentrations. At 0.126M m-AMSA, there is

phenotype of the G269V mutant phage. almost 10 times more drug-dependent cleavage with the
The G269V Substitution Causes in Vitro Hypersengjti G269V enzyme than with the wild-type enzyme (Figure 3,
to Multiple Classes of Type Il Topoisomerase Inhibitke 7.6% versus 0.77%). As observed with the gel assays, this

next analyzed DNA cleavage of the G269V mutant using a margin is narrowed as the drug reaches saturating levels.
quantitative approach. We employed a filter-binding method Thus, the filter-binding method can accurately measure drug
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70 topoisomerase mutants that alter drug sensitivity also alter
60 - I the DNA site specificity of the enzyme, presumably because

& 50 - [ the drug binding pocket of the enzyme is very close to the

% 40 DNA (17, 23—26, 38; also, see the introduction). To see if

5 30 - the G269V mutation alters the DNA site specificity and, by

2 20 4 implication, the drug binding pocket, we performed DNA
10 - cleavage assays in the presence and absence of drugs using

a linear substrate that was labeled at one end witffiP]-

0 2 4 6 8 dATP. The products were analyzed on a neutral polyacryl-
m-AMSA, uM amide gel. '

FicURE 3: Quantitation of DNA cleavage in the presence of Inldthelagser_lce I(')f (glrgg’ the wild-type Ct|eava|ge pattern

mAMSA. A nitrocellulose filter-binding assay similar to that of ~COUld Only b€ visualized by using approximate molar enzyme

Wong and Lohman37) was used to assess the sensitivities of the dimer-to-DNA ratios of 100 or 1000 (Figure 5, lanes 4 and
wild-type and mutant enzymes to-AMSA. Cleavage reactions 5; 1000 and 10000 ng, respectively). With the G269V

contained a small amount-(—2 ng) of **P-end-labeled pBR322  enzyme, the cleavage pattern could be readily visualized at

DNA, 100 ng of unlabeled linear pBR322 DNA, 9.2 ng of either 5 15 ratio of approximately 10 (Figure 5, lane 8; 100
wild-type or mutant enzymes (35 fmol; molar enzyme dimer-to-

DNA ratio of 1), and the indicated concentrationsofAMSA. ng). The drug-independent cleavage pattern of the G269V
The data represent an average of three independent experimentgprotein did not differ significantly from that of the wild-
Percent cleavage has been corrected for drug-independent cleavagg/pe enzyme (Figure 5, lanes 5 and 8).

levels and for multiple cleavage events using the Poisson distribu- ~ To assess the cleavage patterns in the presence of drug,
g;’pne (see Experimental Procedures). Key) (G269V; (x) wild we used an approximate molar enzyme dimer-to-DNA ratio

' of 1 for both enzymes (Figure 5, lanes 20; 10 ng), except
that oxolinic acid was also tested at an approximate molar

Table 1: Drug Sensitivities of the Wild-Type and G269V Mutant

Enzymes ratio of 10 in order to visualize DNA cleavage pattern of
[drug] for half-maximal th_e wild-type enzyme (Figure 5, lanes 23 and 24; 100 ng).

cleavage M)? Since the observed DNA cleavage patterns are strongly
drug WT G269Y HS factér !nflye_nced by the to_tal extent of DNA cleavz_:lge, we chose
inhibitor concentrations that gave us maximal levels of

gﬁ{ghﬂc‘?& 2123 %15 %93 cleavage (based on Figures 3 and 4). As expected, each of
2-Me-9-OH-E- 0.3 0.19 16 the inhibitors altered the cleavage site specificity of both the
VP-16 29.2 11.1 2.6 wild-type and G269V enzymes. More importantly, the drug-

VM-26 27 13.3 2.0 dependent cleavage patterns of the mutant and wild-type
Ln):gi’;ﬁgt;g%e 252'052 85?'034 3165 proteins did not significantly differ from one another. These

Served from Fi 3 and 3.Calouated by dividina the wild results indicate that the G269V mutation alters the sensitivity
* Derived from Figures 3 and 2.Calculated by dividing the wild- -~ of the enzyme without changing the drug binding pocket,
type (WT) halt-maximal [drug] by the G269V half-maximal [drugl. —\ iop s thought to be in intimate contact with the DNA.

sensitivity over a broad range of drug concentrations and DISCUSSION
verifies themAMSA hypersensitivity of the G269V enzyme. The isolation and analysis of many drug-resistant mutants
Somewhat surprisingly, the G269V mutant topoisomerase from bacterial, T4, and eukaryotic systems have provided a
was found to be hypersensitive to all of the drugs tested window that helps us understand the mechanism of action
(Figure 4). All the curves follow the same general pattern, of topoisomerase inhibitors. In this report, we have described
with more dramatic sensitivity at lower drug concentrations a new class of type Il topoisomerase mutant, one that is
(see inserts). To compare the relative levels of sensitivity, hypersensitive to many different inhibitors that stabilize the
we determined the drug concentrations required for half- cleavage complex. Such hypersensitive mutants should
maximal cleavage and calculated an overall hypersensitivity provide a different window, revealing unique aspects of the
factor of G269V enzyme compared to wild type (Table 1). mechanism of drug action.
According to this “HS factor”, the mutant enzyme was  To facilitate this discussion, we will use the published
between 1.5- and 3.3-fold more sensitive to all of the drugs, crystal structures of the yeast type Il topoisomer8§e40)
with no obvious difference between intercalators (ellipticines, and the bacterial gyrase subunit Alf as a framework for
mitoxantrone, and+AMSA) and nonintercalators (oxolinic  discussing G269V and other topoisomerase mutants. This
acid and epipodophyllotoxins). These results suggest that theapproach is somewhat speculative as the structure of the T4
G269V mutant topoisomerase is responding to all of the enzyme could differ significantly from the yeast and bacterial
drugs in a similar manner. enzymes. However, all type IIA topoisomerases share
The G269V Substitution Does Not Alter the Site Specificity extensive sequence homologier2,(43). Furthermore, al-
of the Enzyme in the Absence or Presence of Driilge.T4 though they represent two different enzyme conformations,
type Il topoisomerase cleaves duplex DNA at specific sites, the published structures of the yeast and bacterial enzymes
generating a reproducible pattern of cleavage fragments fromare quite similar. Therefore, it is likely that the T4 enzyme
a given DNA substrate. Previous work has shown that eachhas the same generally conserved structure. In particular, a
chemical class of inhibitor exerts a unique effect on the DNA comparison of the predicted secondary structures in the
cleavage site specificity of the wild-type T4 or eukaryotic region of the G269 residue supports the validity of a
enzyme 17, 23—26, 29). Further, many previously isolated conserved structure (Figure 6B).
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Ficure 4: Quantitation of DNA cleavage in the presence of six different inhibitors. Each of the six drugs was tested as described in the
legend to Figure 3. Key: &) G269V; (x) wild type.

The crystal structure of a large fragment of the yeast type structures. Further, the loop betweestrands 12 and 13 is
Il topoisomerase homodimer is shown in Figure 639)( located on the opposite side of the enzyme from where DNA
For reference, the 'Aportion of the molecule is homologous binding is thought to occur. It therefore seems unlikely that
to E. coli GyrA and the product of T4 geri®2, while the B this region of the tower domain participates directly in the
fragment is homologous to a portion &f coli GyrB and formation of the drug binding pocket. Accordingly, we did
the products of T4 gene&d® and60. Two domains of interest  not observe a change in the cleavage site specificity of the
are the CAP-like domain and the Rossmann fold (Figure 6A; G269V mutant. One simple model is that the G269V
see also red4). These two domains contain several charged substitution causes drug hypersensitivity simply by increasing
residues that are essential for the topoisomerase cleavagéhe concentration of cleavage complexes available to drug,
reaction @4, 45). All the available structural and mutational that is, by shifting the equilibrium of the topoisomerase
data suggest that these two regions come together toreaction cycle to favor the intermediate that drug can bind.
participate in catalysis and to form a drug binding pocket At a molar enzyme-to-DNA ratio of 1, we find that about
(40, 44—48). Not surprisingly, the vast majority of drug 10% of the G269V topoisomerase dimers are participating
resistance mutations fall into one of these two regions. For in cleavage complexes, much higher than with the wild-type
example, the two quinolone resistance determining regionsenzyme.
(QRDR) are within the Rossmann fold and the CAP-like  Three different mechanisms could conceivably lead to
domain @6, 49). Many of these mutations apparently alter higher levels of cleavage complex. First, the G269V enzyme
the drug binding pocket of the enzyme because they causemight have a higher DNA binding affinity than wild type,
differential effects on the various inhibitor, 23—26, 38). although this would presumably lead to a higher specific

One of the unique characteristics of the G269V substitution activity, which we did not observe. Second, once the enzyme
is its unusual location outside of the CAP-like and Rossmann is bound to the substrate, it could have a faster forward rate
fold regions. Sequence comparisons place the G269V muta-of cleavage. Finally, the enzyme might have a reduced rate
tion in the tower domain of the protein, betwegsstrands of religation. Regardless of the specific mechanism, the
12 and 13 (Figure 6B). On the basis of this structural effective resultis an increase in the concentration of cleavage
alignment, residue G269 of T4 corresponds roughly to D939 complexes available to inhibitors. In a sense, the G269V
and D297 of the yeast topoisomerase Il and bacterial GyrA substitution works by mimicking the activity of a cleavage-
proteins, respectively. These residues are over 25 A awayenhancing inhibitor while at the same time acting synergisti-
from the active site tyrosine in each of the published cally with the inhibitors. Following this logic, we speculate
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n The only other type Il topoisomerase reported to have such
3 § high DNA cleavage levels is the wild-type enzyme of the
IV —" > 8 < < Chlorellavirus PBCV-1, with about 30% of its dimers in a
E _aE : D 5 g g cleavage complex at any given timglf. However, unlike
f T 1 oo G269V, this protein was found to be generally resistant to a
023 '§' § .23 ;Ig dg dg o Elg i | number of topoisomerase poisons. A peculiarity of the

ChlorellaPBCV-1 enzyme is that even with such high levels
of DNA cleavage, there did not appear to be any multiple
cleavage events, suggesting that the enzyme may be highly
site specific. Since drug binding sites are composed of both
topoisomerase and DNA, a site-specific topoisomerase would
1475 perhaps create a drug binding pocket that is specific for a
very limited number of inhibitors.
The only other reported mutant in the tower domain that

2295 bp

926 affects drug sensitivity istop2-5 from Saccharomyces
ggg cerevisiae (52). This temperature-sensitive mutant contains
626 a cluster of three substitutions (R884P, R8861, and M887I)

in g-strand 9 of the tower domain (Figure 6B). Unlike
G269V, thetop2-5 mutant was shown to be resistant to
mAMSA and VP-16. However, similar to G269V, the
cleavage site specificity of thep2-5mutant was not altered

(in the presence of these two drugs). Although the authors
did not comment on it, theop2-5mutant apparently yielded
lower levels of drug-independent DNA cleavage (see Figures
=) . 5 and 6 in ref52), suggesting that this mutant might cause
paenBemo s oG 1S resistance by reducing the number of cleavage complexes

“sy ,m. e o e available to drug.

Although other hypersensitive topoisomerase mutants have

398

i

g-\« been reported, none were shown to display increased
s : . sensitivity to all inhibitors, like the G269V mutant. As
"2". £ - - - described above, many other mutations cause hypersensitivity
.08 . .i to certain drugs but resistance to others. Most of these
e i s mutations lie in the CAP-like domain or the Rossmann fold
Ll e el i (i ) B ] J and likely alter the enzyme portion of the drug binding site.

12345 67 8 9101112131415161718 1920 2122 2324 . - .
) ) One other mutation, H1012Y of yeast topoisomerase ll, is
Ficure 5: DNA cleavage patterns in the presence of different

inhibitors. Reactions contained a small amoun® (ng) of end- hyperse_nsmve to ellipticine, equally sen3|t|vert_aAMSA,
labeled pBR322, 100 ng of unlabeled linear pBR322 DNA (35 and resistant to VP-16 and CP-115,953)(but residue 1012
fmol), and the following amounts of topoisomerase: none (lane lies well outside the CAP-like and Rossmann fold domains
1); increasing amounts (nanograms) indicated at top of gel (lanesin the C-terminal portion close to the dimer interface (purple
2-8); 10 ng (38.5 fmol, lanes-922); 100 ng (385 fmol, lanes 23 qomain in Figure 6A).

T}?Mz;‘l()e'll?;ﬂiii'r?g'tzg);tfﬂ?nzc_ﬂg_%t_'ooni‘é\frggiﬁ!lilvgﬁg{li%b _ Another yeas_t_t(_)poisomerase II_ mutant, T744P, showed
uM; VM-26, 200 uM; mitoxantrone, 0.32«M; oxolinic acid, 500 increased sensitivity taxAMSA, mitoxantrone, and some
uM. The intact DNA substrate and topoisomerase-mediated cleav- quinolones and fluoroquinolones but not to VP-58;(the

age products were resolved by 6% PAGE and visualized with a ellipticines and anthracyclines, which also target the yeast
phosphorimager (Molecular Dynamics). A size scale (bp, base gnzyme, were not tested). Yeast residue T744 resides in the

pairs), generated from the migration of pBR322 restriction frag- . L . .
ments, appears in the right-hand margin. Key:no enzyme and CAP-like domain in the region where many drug resistance

no drug; W, 10 ng of wild-type enzyme; G, 10 ng of G269v Mmutations have been isolated7J. The authors suggested
enzyme; W, 100 ng of wild-type enzyme; ‘G100 ng of G269V that the altered drug sensitivity of T744P results from a

enzyme. change in the cleavage/religation equilibriubd), However,
that there might be novel drugs that mimic the activity of the mutation did not cause increased levels of drug-
the G269V substitution (i.e., drugs that increase DNA independent DNA cleavage as would be expected for such
cleavage without altering the cleavage site specificity of the a change, and so the interpretation of this mutant remains
enzyme and act synergistically with the classical cleavage- uncertain.
enhancing drugs). Two human topoisomerasenlisubstitutions, R450Q and
The G269V enzyme responded to all of the drugs in a G437E, have been reported to show a correlation between
similar manner, suggesting that these drugs share a similarATPase function and drug sensitivit$5). Both of these
mechanism of action. If our interpretation of the cause of substitutions are located near the N-terminus of the Ross-
hypersensitivity is correct, then these drugs must all act by mann fold adjacent to the ATPase domain of the protein.
inhibiting the religation step of the enzyme. If any acted by The R450Q mutant enzyme displayed a lower ATPase
stimulating the forward rate of cleavage, as suggested for aactivity and was found to be resistant teAMSA, doxo-
subset of the drugs acting on eukaryotic type Il topoi- rubicin, mitoxantrone, and VM-26 in the presence and
somerasesb(), hypersensitivity should not result. absence of ATP (quinolones and ellipticines were not tested).
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A. Rossmann G269V

. 8 9 10 11 all
B. T4 p B B B
aa 204 FRGEVVEID GQYEIRGTYKFTSR TOMHITEIFPYKYDRETYVSKILDPLE
Topoll B8 B9 P10 Bl oll
aa B73 TGTIEEIEP IEY__fGRZEQIGD NVLEITELPARTWTSTIKEY LLLGLS
GyrA B8 ol10' B9 BI0 _ Bl oll
aa 220 ARTING RRGIEERYRTGRGKVY:?PRREVEﬁbAKTGRETIIVﬁEIPYQVNKARLIEKIAELVK
. 12 13 ol2 14
T4 B B . B
aa 252 NKGFITWDDRCGEHGFEFKV.FRKEESLSDNEEERHRKIMKDFGLIERRS 302
Topoll B12 B13 ol2 al3 B14
— — s
aa 932 GNDEIKPWIKIMEEQHDDNIKFI ITLSPEEMAKTRKIGFYERFKLISPISIM 273
GyrA 12 13 al2 14
y P12 JLIEN p14

aa 283 EERVEGI SALRDESDKDGHRIV:EVKRDEHGEVVLNNLYSQTQLQVSFGIﬁ 333

Ficure 6: Structural context of the G269V substitution. A ribbon diagram of a large fragment of yeast topoisomerase Il is shown in (A)
(39). This figure was generated with the program RIBBONS)(One protomer is colored, and the domains discussed in the text are as
follows: CAP-like domain, dark blue; Rossmann fold, red; tower domain, green; and the C-terminal domain that participates in dimerization,
purple. The active site tyrosine is a part of the CAP-like domain, and both tyrosines are shown in black. Secondary structure overlays of
the tower domain from three topoisomerase proteins are shown in (B)i-$trands are indicated by arrows while théelices are shown

as bars. The Topoll and GyrA alignments and structural nomenclature are based on published three-dimensional structures and alignments
(39, 41). The T4 gp52 structural elements were predicted using the PHDsec prdg8a®d). The tower domain mutants discussed in the

text are underlined and in bold.

In contrast, the G437E mutant enzyme was reported to utilize The G269V substitution was originally isolated in com-
ATP more efficiently and, like our mutant, display increased bination with S79F in a selection for drug-resistant mutants
levels of drug-independent cleavage. Compared to wild type, (22, 31). S79F by itself causes a topoisomerase negative
the G437E mutant enzyme was equally sensitive to cleavagephenotype in vivo, which is rescued by the G269V substitu-
inducing drugs in the presence of ATP but hypersensitive tion. Comparisons with the yeast enzyme place the S79
to multiple drugs in the absence of ATP. However, the residue in the CAP-like domain of the protein, far from the
G437E mutant enzyme in the absence of ATP was no more G269V substitution in the tower domain. What is the nature
sensitive than the wild-type enzyme in the presence of ATP. of the defect of the S79F mutant and how does G269V
In other words, the G437E enzyme was simply unaffected suppress this defect? Also, why is the drug resistance
by the presence or absence of ATP (see Figure 7 iB3ef phenotype dominant to the hypersensitivity phenotype in the
Therefore, one interpretation of these results is that the double mutant? We are currently trying to answer these
G437E substitution uncouples DNA cleavage from its normal gquestions.

ATP dependence. These results support a correlation between |n summary, we have described a T4 topoisomerase mutant
ATPase activity and DNA cleavage levels for the human that is hypersensitive to multiple classes of type Il topoi-
enzyme and raise the possibility that the T4 wild-type or somerase poisons. This mutation is located in a region of
G269V mutant enzyme might show a similar coupling. the protein that has not been previously implicated in drug
However, we find that the G269V mutant enzyme is equally or DNA binding. The G269V substitution increases the
hypersensitive tanrAMSA and oxolinic acid in both the  number of cleavage complexes available to inhibitors,
absence and presence of ATP and that DNA cleavage byapparently by altering the equilibrium of the topoisomerase
the wild-type T4 enzyme is also ATP independent (E. reaction cycle. We believe this is the first direct demonstra-
O’Reilly and K. Kreuzer, unpublished data; also see5@®f tion that a type Il topoisomerase mutation can alter drug
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sensitivity by altering the equilibrium of the enzyme.
Analysis of this and similar mutants provides a unique
perspective on the mechanism of action of topoisomerase
inhibitors.
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