1624 Biochemistry2001,40, 1624-1634

Analysis of Etoposide Binding to Subdomains of Human DNA Topoisomerase |l
in the Absence of DNA

Didier Leroy, Andrey V. Kajava, Christian Fref and Susan M. Gasser*
Swiss Institute for Experimental Cancer Research (ISREC), CH-1066 Epalinges/Lausanne, Switzerland
Receied August 14, 2000; Rsed Manuscript Receéd December 11, 2000

ABSTRACT. Epipodophyllotoxins are effective anti-tumor drugs that inhibit eukaryotic DNA topoisomerase

Il by trapping the enzyme in a covalent complex with DNA. We show that both the recombinant N-terminal
ATPase domain and the' core domain of human topoisomerase [htopolla) bind radiolabeled
etoposide specifically, even in the absence of DNA. The addition of ATP impairs etoposide binding to
the holoenzyme and the N-terminal domain, but not to the core domain. To see if this interference resembles
that between novobiocin and ATP in the bacterial GyrB subunit, we modeled the structure of the N-terminal
domain of htopolét and performed molecular docking analysis with etoposide. Mutagenesis of critical
amino acids, predicted to stabilize the drug within the N-terminal domain, reveals a less efficient binding
of etoposide to the mutated proteins as monitored by direct drug binding assays, although the binding of
ATP is not affected.

DNA topoisomerase Il (topolt)is highly expressed in  enzyme’s activity: both compounds bind in a large cleft in
proliferating cells and has an essential role in the disjunction the GyrB N-terminal domain 16). Although no crystal
of sister chromatidsl(—3) and in proper mitotic chromosome  structure is available for the eukaryotic ATP binding domain,
condensation4, 5). These characteristics render this highly significant homology exists between the ATPase domain of
conserved nuclear enzyme an effective target for antitumor GyrB and the N-terminal ATPase domain of eukaryotic
agents. Clinically relevant topoll inhibitors fall into two topoll (17; and see below).
general classes, both of which act by trapping the enzyme  Several studies have tried to characterize topoll drug
in a covalent complex with DNAG—8). One class interca-  hinding sites by selecting for drug-resistant mutants. The
lates DNA, and apparently impedes the topoll-dependent results define three widely dispersed clusters of resistance-
religation step by altering DNA structure. The other class, conferring mutations in the primary structure of the enzyme,
which includes the epipodophyllotoxins teniposide and yet provide no coherent identification of the drug binding
etoposide, has very weak affinity for DNA)and is thought  sjte @8, 18—25). One cluster of mutations is found close to
to prevent the DNA religation step by directly binding the  the junction between the N-terminal ATPase and the catalytic
enzyme 10). Although etoposide and teniposide are widely core domains, a second lies near the active site tyrosine itself,
used for the treatment of cancers, it is still unclear how these gnd a third involves the C-terminal domain. These zones of
inhibitors bind their target. mutation may either contribute to a single drug binding site

The prokaryotic type Il topoisomerase gyrase is the targetin the correctly folded enzyme, or be linked to different
of several bacteriostatic agents including novobiocin, which pathways that regulate the catalytic activity of topoll. Indeed,

acts as a competitive inhibitor for ATP hydrolysiki{-14). many indirect mechanisms, including the expression of
Cocrystallization both of the gyrase B (GyrB) N-terminal antisense RNA, promoter mutation, and/or allelic loss, lead
domain (aa +393) with the ATP analogue adenylgly- to reduced levels of topoll activity and correlate with cellular
imidodiphosphate (ADPNFL5) and of a smaller domain (aa  resistance to topoll inhibitors (reviewed 26—28).

1-220) with novobiocin has provided high-resolution in- Here we have taken a biochemical approach to identify

formation on how these reagents competitively inhibit the o etoposide binding site in human DNA topoisomerase |1
We characterize the interaction of tritiated etoposith){
" These studies are funded by grants from the Swiss Cancer League\/P16 with an N-terminal domain (aa—266), as well as

Egesslt//lv%s National Science Foundation, and the EU BioMED Program with the catalytic core of the enzyme (aa 43214, also
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plausible structures for the N-terminal domain of htopgll ~ were incubated at 22C for 10—15 min with a 200-fold
based on the crystal structure of GyrB, and simulated the excess of {H)VP16 (1«Ci) in the absence or presence of
docking of etoposide within the ATP binding pocket. increasing concentrations of VP16 or ATP in &0 of 25
Subsequently, amino acids that were predicted to contact themM Tris-HCI, pH 7.5, 200 mM KCI, 1.0 mg/mL ovalbumin.
drug were mutated. We detect a significantly reduced drug In control assays, an equivalent volume of the protein storage
binding efficiency of the mutated N-terminal domains, which buffer was used. VP16 was dissolved in 30% ethanol, 3 mg/
strongly suggests that etoposide can interact with the ATP mL PEG6000, and in all assays, these solvents were added
pocket of eukaryotic topoll in vitro. Our results are consistent to 3% and 0.3 mg/mL, respectively. Mixtures were loaded
with two models of topoH-etoposide interaction: either sites  on 1 mL columns of Sephadex G-50 fine preequilibrated with
within the N-terminal and the core domains cooperate to form the binding assay buffer, columns were centrifuged (Sigma
a single drug binding pocket, or the two sites bind in a swinging rotor at 1508, 3 min), and bound®H)VP16 was
mutually exclusive manner and compete for the drug. In determined by scintillation counting of the excluded volume,
either case, the detection of a second drug binding site within after subtraction of the control values (free ligand recovered

topolla. suggests novel mechanisms for rendering human in the flow through is<0.1% of the input radioactivity)35).

tumors drug-resistant.

EXPERIMENTAL PROCEDURES

Radiochemicals and Drug$®H)VP16 (1.0 Ci/mmol, 1.0
mCi/mL in ethanol) was purchased from Moravek Bio-
chemicals, Inc., Brea, CA. Azidaf?P)ATP (20 Ci/mmol,
2.0 mCi/mL) was purchased from ICN (Costa Mesa, CA).
(0®?P)ATP (400 Ci/mmol, 10 mCi/mL) was purchased from

When MBPhtopold fusion domains were used for binding
assays, control reactions were performed with equivalent
amounts of MBP-CK2p5 (36). For each concentration of
nonradioactive drug, the specific radioactivity (SR, cpm/
pmol) was calculated. The concentration of bound ligand,
(B), was obtained by dividing the radioactivity associated
to the bound drug by SR. The concentration of free ligand,
(F), was calculated after subtraction of (B) from the total

Amersham. Topoll inhibitors etoposide (VP16), teniposide concentration of ligand in the assay. (B)/(F) was then plotted

(VM26), and amsacrinesTtAMSA and o-AMSA) were

as a function of (B) according to Scatchard. A linear

obtained from Sandoz Pharma AG (Basel, Switzerland), or regression analysis was performed, and the stoichiometry of

as kind gifts of Dr. Y. Pommier (NIH, Bethesda, MD).

Expression and Purification of Topoll and Domaikigild-
type yeast topoll was overexpressed in#heereisiaestrain
GA24 bearing YEpTOP2-PGAL12Q). Full-length human
topolla. was also purified after overexpressionSncerei-
siaeand was the kind gift of Dr. C. Austin (University of
Newcastle, U.K.; se&0). The enzyme was stored at 0.16
mg/mL in 50 mM Tris-HCI, pH 7.4, 100 mM KCI, and 10%
glycerol.

Subfragments of the htopellgene encoding aa—1266,
1-426, and 1440 were obtained by PCR from the plasmid
YepGALHUTOP2 81) and were fused to the sequence
encoding Maltose Binding Protein (MBR2) in pMal C2
(New England BioLabs). The core domain (aa 43214
of htopollo) was obtained by subcloning thdlul—Xhd
fragment from pBabe4301214 33) and was fused to MBP.

Mutants of htopold:~*4°were obtained by a two-step PCR
procedure 34) using YepGALHUTOP2 (10 ng), thé Hlul
primer GTCGAACGCGTCCATGGAAGTGTCAC, and a
mutated 3primer: TATGAGAGCTGGCCAATACATCT-
TTTCAAC (Vi3W), CCTGTCACTTTCTTRAAATCAT-
CATCATAG (Eisd), CAGGAATACCTGCTCCATTAT-
TCC (KizA), or TTTGGCTCCATAGACATTTCGACCACC
(G164V). PCR reactions were also performed with theBd
primer CCGCTCGAGTTTGGGAATTCCCTTGATTC and
one of the mutated' primers complementary to the mutated
3 primers described above. After purification, the two PCR

products carrying the same mutation were the template for

a PCR using the'8Mllul and the 3 Xhd primers. Resulting
PCR fragments were ligated at thiul and Xhd sites of

binding was determined graphically by the ratio between the
amount of VP16 (pmol) at the intersection point of the
axis with the plotted line, and the amount of topoisomerase
(pmol) used in the assay.

Molecular Modeling Atomic coordinates of the novobio-
cin/GyrB complex were kindly provided by Prof. A. Max-
well. VP16 was built using the program TURBGRODO
(37), and its conformational features were analyzed by
molecular dynamics simulation and energy minimization
using the parameter set CHARMM PARAM13§) and the
program X-PLOR 89). Calculations were carried out with
the 1f-dependent dielectric constant. VP16 was subjected
to a 15 ps molecular dynamics simulation at 300 K and then
1000 steps of conjugate gradient minimization. The initial
docking of VP16 in the ATP binding pocket of GyrB was
made manually using the program TURBBRODO @7),
and the complex was subjected to energy minimization using
X-PLOR (39).

The homology modeling of the topelIN-terminus 3D
structure was performed using the program ICGN))( based
on the sequence alignment shown in Figure 2A) fwith a
slight modification introduced in aa 96,00 of htopolb.

The published htopo#l sequence was corrected for aa
residues JodDPENN;14 (31), and the yeast sequence is from
the SwissProt database. The stereoview of the drug binding
site was performed with the program MOLSCRIPALY,

Labeling of Topoisomerase Il with Azid&P)ATP.Yeast
topoll (15 pmol) or the fusion protein MBPhtopd®® (30
pmol) was incubated at 20 for 15 min in the absence or

pMalC2. All clones were sequenced on both strands. Fusionpresence of 208M VP16. Azido@3?P)ATP (200 pmol) was
proteins were induced and purified by standard methods adjusted in 15 mM Tris-HCI, pH 7.5, 100 mM KCI, 3%
(New England BioLabs). For most assays, the fusion protein ethanol, 0.3 mg/mL PEG6000 (final volume of 4Q) for

MBPhtopolll#4° was used; where indicated, a similar
protein domain, MBPhtopodi' 25, was used.

Drug Binding AssaydHighly purified yeast topoll, human
topollo, or the appropriate fusion proteins{&0 pmol/assay)

10 min in the dark. After a 10 min irradiation at 330 nm
(lamp 8 W), samples were analyzed by 12% SIPAGE
(42). The gel was silver-stained prior to quantification of
protein-associated radioactivity by a Phospholmager.
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Ficure 1: Drug binding activity of yeast and human DNA topoll and subdomains. (A) Displaceme@tpfR16 by unlabeled drug.
(®H)VP16 (16 pmol, 1.0uCi) is incubated with 2.5 pmol of yeast topoll in duplicate as described under Experimental Procedures with or
without increasing concentrations of unlabeled VP16. Bound and nonbound VP16 are separated by centrifugatibmbv@&50Sephadex
column, and the flow-through is counted in scintillation liqub). Control values (no protein) are subtracted (backgroursl0i$s pmol).

Inset: 0.65, 1.25, or 2.5 pmol of yeast topoll is incubated with){YP16 (16 pmol, 1.0uCi) as described above. Unlabeled drug can be
added before or after the tritiated form with similar results (data not shown). (B) Scatchard plot &fi}%®16 displacement shown in

panel A. After linear regression calculation, the reciprocal of the slope yields the apparen27 uM for VP16 and a stoichiometry of

1.6 drug molecules bound per topoll dimer. (B) and (F) stand for the concentrations of bound and free drug molecules, respectively. (C)
Displacement of3H)VP16 by unlabeled drug3l)VP16 (400 pmol, 0.4:Ci) is incubated with 0.75 pmol of purified htopalidimer. The

drug binding assay is performed in duplicate as in (A), and data are plotted after subtraction of the backg@o2ipadnl). (D) Scatchard

plot of data in panel C. The reciprocal of the slope yields the app&ent20 uM, and a stoichiometry of 1.5 VP16 molecules bound per
htopollo. dimer. (E) Ten picomoles of MBPhtopc®®is incubated in duplicate witl#id)VP16 (13 pmol, 1.0uCi) with increasing amounts

of unlabeled VP16 as in panel A. In the inset, a similar assay performed with-MBR/ (36) leads to nonspecific binding values which

are considered as backgroundQ(8 pmol) and subtracted from the data. (F) Scatchard plot of data in panel E. The reciprocal of the slope
gives an appareriq = 20 M and a stoichiometry of 0.7 VP16 molecule bound per MBPhtoffé (G) MBPhtopd3°®-1214 (12 pmol) is
incubated with §H)VP16 (500 pmol, 0.5%:Ci) as in panel A, and a control assay with MBEBK2( is performed in parallel (not shown).

Data from duplicate assays are plotted after subtraction of the backgredr@gmol). (H) Scatchard plot of data in panel G. The reciprocal

of the slope gives an apparef§ = 9 uM and a stoichiometry of 0.7 VP16 molecule bound per MBPht#ph&14

Analysis of the ATPase Acity. Yeast topoll (0.3 pmol) fructose 2,6-bisphosphate with phosphofructokinddg and
was incubated at 37C for 30 min with ¢3?P)ATP (1.0uCi, GTP with tubulin @3). Binding constants determined in this
0.5 mM) in the absence or presence of increasing concentra-way, for ligands for which the off-rate is relatively slow,
tions of VP16 in 50uL of reaction buffer (50 mM Tris- are consistent with results obtained by the Humniadyer
HCI, pH 7.5, 100 mM KCI, 10 mM MgGl 0.5 mM EDTA, method 63).

0.5 mM DTT, 30ug/mL bovine serum albumin). Control To confirm that VP16 binds topoll in the absence of DNA,
assays were performed in the absence of topoll but in the\ye preincubated increasing amounts of the purified yeast
presence of an equivalent volume of the protein storage enzyme with $H)VP16, and separated bound and free ligand
buffer. ATP hydrolysis was stopped by addition of 740 by brief centrifugation on ovalbumin-saturated columns. We
of 8% charcoal previously equilibrated in 25_0 mM HC_I, 2.5 found a linear increase ofH)VP16 bound to topoll, as
mM NayPO7, 2.5 mM KHPO,. After a 5 mm_mcubzinon increasing amounts of enzyme are used (Figure 1A, inset).
on ice, tubes were centrifuged at 1500r 5 min at 4°C. ¢ ngnradioactive VP16 is added, a maximal displacement
Supernatants were readsorbed on chargoal as dgscrlbegf (®H)VP16 is achieved at 150M (Figure 1A). Scatchard
abovg, and 20QiL was analyzed .by I'ql,“d scintillation plot analysis of the data yields a straight line, suggesting a
counting. Assays were performed in duplicate. monophasic affinity system (Figure 1B). The reciprocal of
RESULTS the slope indicates an appareliy of 27 uM, with a
stoichiometry of binding of 1.6 drug molecules per yeast

VP16 Binds Topoisomerase Il in the Absence of DNA.  topoll dimer. Similar binding assays were performed with
understand the mode of action of antitumor agents and tothe human topott, which has an appareft of 20 «M and
identify the minimal drug binding domains on topoll, we a stoichiometry of binding of 1.5 drug molecules per
used a gel-filtration assay which has been previously usedhtopollo. dimer (Figure 1C,D). The fact that similar con-
to characterize numerous ligandrotein interactions 35, centrations of these drugs are able to inhibit the ATP-
43—-45). This method does not measure an equilibrium dependent decatenation activity of both human and yeast
binding constant per se, but has allowed the determinationholoenzymes in vitro underscores the physiological relevance
of relative dissociation constants for interactions suchas of these binding constants (data not shown).
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Ficure 2: Homology between GyrB, human, and yeast topoll ATP binding domains. (A) N-terminal sequence alignrBacthafomyces
cerevisiae (S.c.) and human (H.s.) topoll with. coli (E.c.) GyrB (7). Light gray shows conserved amino acids, while those important for

ATP binding are dark gray. The canonical ATP binding consensus is indicated by asterisks. Points indicate that aa 266 and aa 440 are the
C-terminal residues of the htopalldomains fused to MBP (see panel B). The sequences used in molecular modeling are indicated by a
line. Those not used have lower sequence homology and lie outside the ATP pocket in GyrB. (B) Scheme of the MBP fusion proteins with
htopolla. Point mutations are Lyss—Ala, Val;37—Trp, Gluss—Phe, and Glys—Val. WT = wild-type. (C) Coomassie blue stained gel

of the purified MBP fusion proteins expressed E coli. Lane 1: MBPhtop&268WT. Lane 2: MBPhtop#®121AVT. Lane 3:
MBPhtopd—*4OWT. Lanes 4, 5, 6, and 7: MBPhtopd“® carrying mutations Vs;W, EisdF, Ki29A, and GesV, respectively.

Subdomains of Htopakl Bind Etoposide To determine background level of¥H)VP16 (0.8 pmol) irrespective of the
which subdomains of topoll are sufficient to bind VP16, we concentration of unlabeled drug (Figure 1E, inset). This
expressed and purified several structural domains of hto- background of nonspecific binding was determined for each
polla, based on previous analyses of conserved regibfs ( assay and was subtracted from other experimental values.
46), and the established crystallization data of GyrB and yeastThe Scatchard plot of data again reveals monophasic
topoll (15, 16, 47). As shown in Figure 2A, significant  displacement kinetics with an appar&atof 20 uM, similar
identity exists among the first 450 residues of bacterial, yeast,to those of full-length yeast and human enzymes (Figure 1F).
and human enzyme47?). Shading indicates the amino acids Analogous results were also obtained for MBPhioff§ (see
of the ATP binding pocket that are most highly conserved below, Figure 5C).
from bacteria to man, including the glycines at aa 161, 164, To see whether the'B' core domain also binds the drug
and 166, which define the Walker motif for ATP coordina- in an autonomous manner, we analyzed the binding ef-
tion (see asterisks, Figure 2A). Two htopoldomains, one ficiency of CH)VP16 to MBPhtopé*®1214 as described
of 266 aa that corresponds to the region of GyrB cocrystal- above, using MBP-CK28 as control. Scatchard analysis of
lized with novobiocin {6) and a second of 440 aa that (3H)VP16 displacement results in an apparkatof 9 uM
corresponds to the GyrB fragment cocrystallized with AD- and a stoichiometry of 1.4 VP16 molecules bound pex'B
PNP (15), were fused to the bacterial Maltose Binding dimer (Figure 1G,H). In conclusion, both the N-terminal and
Protein (MBP) and purified to homogeneity (Figure 2C). the core domains of htopallare able to bind VP16 in the
Because in vitro studies have shown that an N-terminally absence of DNA. Data from DNA cleavage studié8)(are
truncated version of topoll can form a drug-stabilized consistent with our demonstration that epipodophyllotoxins
cleavable complex with teniposidé8), we also expressed  bind the catalytic core. Although Olland and Wad§)(have
the central core of htopall fused to MBP (aa 4361214 or recently shown that another topoll inhibitor, ICRF-193, can
B'A’, based on alignment with gyrase; Figure 2C, lane 2). interact with the N-terminal 400 aa of yeast topoll, ours is
This corresponds to the core domain of yeast topoll, for the first report suggesting that epipodophyllotoxins can bind
which the crystal structure was recently solved (aa-410 the same domain.

1202;47). ATP and VP16 Compete for Interaction with Topoll and

The binding assay usingH)VP16 and MBPhtopb 266 the N-Terminal Subdomairsince one of the drug binding
was repeated as described above and resulted in a dosedomains, MBPhtoplo 26, contains the ATP binding pocket,
dependent displacement curve that reaches a plateau at 20@e next tested whether ATP competes for the binding of
uM VP16. Equimolar amounts of MBPCK24 bind only a etoposide to the holoenzyme. We find that the amount of



1628 Biochemistry, Vol. 40, No. 6, 2001

(®H)VP16 bound to wild-type yeast topoll drops by 75% in
the presence of 1.0 mM ATP (Figure 3A). A similar result
is obtained with yeast topoll carrying a Tyr to Phe mutation
at the active site (ytop2¥F, numbering according to
SwissProt), indicating that the active site hydroxyl group is
not required either for the efficient binding of VP16 or for
ATP competition. Although the concentration of ATP
required for displacement is high, it is consistent with the
Km values of 0.3 and 0.47 mM calculated for ATPase activity
of yeast and human topoll in the absence of DNQ, 51).
Importantly, however, equivalent concentrations of ATP
do not displace VP16 from the 'B' fusion protein
MBPhtopd?3°-1214 (Figure 3A). Antagonism between ATP
and drug binding was further confirmed by showing that
increasing amounts of VP16 can displacé&?P)ATP from
intact yeast topoll (Figure 3B). In addition, a 40-fold molar
excess of VP16 reduces to 50% the covalent labeling of either
yeast holoenzyme or MBPhtopd®® with the photoaffinity
cross-linker azidaf3?P)ATP (Figure 3E). In this case, the
incomplete displacement either may be due to the rapid and
irreversible character of light-induced cross-linking events
(see52) or may indicate that the two compounds do not
directly compete for the same binding site.

The drug binding specificity of both the full-length yeast
topoll and MBPhtops 42¢ was examined through competi-
tion with unlabeled VP16, VM26n-AMSA, o-AMSA, and
ATP. VP16 and VM26 are related epipodophyllotoxins, and
mAMSA is an efficient intercalating inhibitor, while-
AMSA is a related, but inactive compound. As shown in
Figure 3C, 20uM samples of VP16 or VM26 or 1 mM
ATP reduces by 75% the amount ¢H{jVP16 recovered
with the full-length protein. Similar results are obtained with
MBPhtopd—426 for VP16 or ATP, with a slightly reduced
displacement by VM26 and an increased effectfieAMSA
(Figure 3D).0o-AMSA competes with VP16 weakly when
MBPhtopd 4?6 is used, and fails to displace etoposide
significantly from the yeast holoenzyme, consistent with the
fact thato-AMSA is a poor topoll inhibitor.

To estimate the relative affinity of potential drug binding
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Ficure 3: ATP impairs VP16 binding. (A)3H)VP16 binding
is antagonized by ATP for wild-type (WT) yeast topoll and an
active site mutant (ASM ytopoll%F). The assay is performed
as in Figure 1A using®H)VP16 (1G pmol, 1.0uCi) with 2.5

sites, the assays presented here have been performed in trﬁgo' (dimer) of either form of yeast topoll or 12 pmol of

absence of DNA. It is clear, however, that the binding of
DNA and the efficiency of ATP hydrolysis may influence
the inhibitor-enzyme complex that is formed in vive%—
55). Since DNA was found to interfere with our spin column
assay, we next asked whether the ATPase activity of purifie
yeast topoll is modified by the addition of VP16. As reported
by Hammonds and Maxwell56) and more recently by
Morris and Lindsley $5), we find that increasing concentra-
tions of VP16 inhibit the DNA-stimulated ATP hydrolysis
of the holoenzyme by about 50% (Figure 3F). The latter
authors propose that in the presence of the drug, inhibition

d

Phtopd?30-1214 without or with 1.0 mM ATP (5x 10* pmol).
Results are plotted after subtraction of the radioactivity recovered
in the absence of topoll or in the presence of MBEK23 when
MBPhtopd3°-1214is used. (B) Displacement of{?P)ATP by VP16.
(032P)ATP (5 pmol, 2.Q«Ci) is incubated with 2.5 pmol of yeast
topoll (dimer) as in panel A with increasing concentrations of VP16.
Results are plotted after the subtraction of the control values. (C)
Drug binding specificity. Yeast topoll (2.5 pmol, dimer) is incubated
in duplicate with $H)VP16 (1.0u«Ci) as in (A) without or with
200uM VP16, VM26,0-AMSA, m-AMSA, or 1.0 mM ATP. Data
are plotted after subtraction of control values. (D) Drug binding
specificity performed as described in (C) but with MBPhtbéf
(10 pmol of monomer). (E) Photolabeling of yeast topoll and
MBPhtopd—26¢ with azido(@32P)ATP is reduced in the presence

of ATPase activity occurs after hydrolysis of the first ATP  of vP16. Purified yeast topoll (15 pmol, left panel) and
molecule and before release of the second ADP, resultingMBPhtopd~2% (30 pmol, right panel) are incubated with azido-
in this partial inhibition. The two ligands are suggested to (¢*P)ATP (200 pmol; 4Ci) in the absence or presence of 200

bind in a hyperbolic noncompetitive manner, in which, unlike
normal noncompetitive binding, the presence of one ligand
indirectly impedes efficient binding of the othes5).

Modeling of the ATP Binding Pocket and Docking of
VP16.Based on the unexpected antagonism between ATP
and VP16 for binding the topoll N-terminus, we next
examined how the two ligands might fit into this small, well-
structured domain. As a basis for molecular modeling, we

UM VP16 (8 x 10° pmol) in the dark for 20 min, and then irradiated

at 330 nm for 10 min. After SDSPAGE and silver staining??P

is quantified (Phosphorimager, Molecular Dynamics) and normal-
ized to protein amount. (F) ATPase activity of yeast topoll. Purified
yeast topoll (0.3 pmol) is incubated in the absence or in the presence
of increasing concentrations of VP16 with3tP)ATP (1.0 mCi)

and 250, 500, or 1.0 mM ATP at 3TC. After 30 min, released
(y®%P)R is recovered, and the amount of radioactivity is analyzed
by scintillation liquid counting as described under Experimental
Procedures. Assays are performed in duplicate.
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Table 1: Geometry of Hydrogen Bonds in the
VP16—-Topoisomerase Il Compléx

protein donor VP16 acceptor  distance angle

groups (DH) groups (A) AYH-A (deg) HD-A
Asng; NH 011 2.1 12
Asngs NH 013 2.0 30
AsnioNH 012 2.0 26
LysSi23 06 2.1 32
Gly124NH o7 2.2 30
Sefisg OH 05 2.0 35
Argisa NH 03 21 31

aUsing the molecular substitution of htopallsequence into the
crystal structure of GyrB [Lewis et al1§)], we have docked etoposide
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htopolle. (aa 1-440), changing residues that were predicted
to participate in drug binding. Two types of point mutations
were made. First, Vad; and Gluss were replaced with Trp
and Phe, respectively, the prediction being that the bulkier
side chains of these latter residues would interfere with the
central polycyclic moiety of VP16 (Figure 4C,F, mutations
in pink). Second, Lygss was exchanged for alanine to
eliminate the hydrogen bond between the nitrogen ofijsys
and the O6 atom of VP16 (Figure 4H). Finally, as a general
control for the validity of the molecular substitution technique
and the predicted structure, Gdyof the Walker motif was
replaced with Val (Figure 4F, in pink). If our modeling was

in the ATP binding pocket (see Figure 4). We list here the parameters correct, the Glys;Val mutation should affect ATP, but not

of the hydrogen bonds that would stabilize the most energetically
favorable interaction.

used the GyrB ATPase domain, which has been cocrystal-

lized with both ADPNP and novobiocinl$, 16). The
structures indicate that novobiocin sits in the upper part of
the ATP binding pocket, overlapping partially with ATP,
which binds at the bottom of this same cleft (Figure 4A,D).
The hydrogen bonds that stabilize novobiocin within the
pocket involve primarily the antibiotic’s sugar groups, and
the amino acid residues AgnAsprs, llezs, Argiss and Thigs

To see if VP16 might also fit in the ATP binding pocket of
GyrB, we performed a molecular docking analysis. First
VP16 was built (program TURBOFRODO, 37), and its

most stable conformation was analyzed by molecular dynam-

ics simulation and energy minimizatior3§ 39). Due to

drug, interaction.

The wild-type (WT) and mutated MBPhtopd“° domains
were expressed iR. coli and purified to near-homogeneity
(Figure 2B,C, lanes 47). To compare their drug binding
efficiencies, equivalent amounts of each protein were incu-
bated with $H)VP16, and the complexes were analyzed by
the gel filtration method described above. A low background,
reflecting the nonspecific interaction of drug with MBP
CK24, was subtracted from all values. Consistent with our
predictions, Figure 5A shows that the amount of VP16
recovered with the YW, Ejsd~, and KA domains
corresponds maximally to 40% of that bound to the WT
domain, whereas the Walker motif mutation;{§) binds
VP16 as efficiently as the WT protein. A stained SDS gel
confirms that the stabilities and recoveries of the mutant and
WT domains are equal (inset, Figure 5A). Introduction of

covalent and steric constraints, VP16 preserves a Crossipe EssF and KA mutations into the human topall
shaped structure with one axis made of the sugar and they,qnenzyme produces functional enzymes in yeast, confirm-

4-hydroxy-3,5-dimethoxyphenyl group and the other axis
formed by the four-ringed moiety (Figure 4G). The planar

shape of the ringed moiety is conserved among many topoll

inhibitors (data not shown). Docking VP16 in the ATP
binding pocket of GyrB revealed a good fit, although
consistent with its lower affinity, the fit of etoposide is

ing that the mutations do not grossly affect folding of the
protein (data not shown).

As a further control that the mutated domains are properly
folded, we monitored their ability to bind ATP. Equivalent
amounts of each fusion protein were incubated witfR)-

energetically less favorable than that of novobiocin (data not ATP @nd the complexes were analyzed as described above.

shown).

The extensive homology between GyrB and htopoll
N-termini allowed a homology-based modeling of the
eukaryotic ATP binding domain, and the subsequent mo-
lecular docking of VP16 into this polypeptide pocket. Energy
minimization calculations indicate values for the VP16/
htopoll ATPase domain complex that are 2 kcal/mol lower
than those for the VP16/GyrB complex. Figures 4B and 4E
show our proposal for the 3D structure of the htopoll
ATPase domain with both VP16 (in yellow) and ATP (in
green) bound. The amino acids putatively involved in the
binding of VP16 are Asqi, Ashys, AShizo LySiz2s Glyizs,
Sefhqg, and Arggs (Figure 4B,E), which could collectively

The mutated domains¥\W, E;ssF, and K2sA all bind ATP

as well or slightly better than the WT domain (Figure 5B),
suggesting that the ATP binding pocket is correctly folded.
The increased binding may reflect a lower off-rate due to a
higher hydrophobicity within the cleft. Replacement of the
Walker motif Gly;g4 with Val reduces ATP binding by 60%,

as expected, but has no major effect on etoposide interaction.
Taken together, these results support the hypothesis that the
residues Vaks, Gluiss, and Lyszs help stabilize etoposide
without being directly implicated in the correct coordination
of ATP. Valkes 0n the other hand, which sits at the bottom
of the ATP binding pocket, lowers the binding efficiency of
ATP.

contribute seven stabilizing hydrogen bonds to the drug (see The change in appareK for the WT and mutant domains

Table 1 and Figure 4H). As with gyrase, the polycyclic
central domain of VP16 fits in the trough which is defined
by LySizs Prows, lleiss, Seksq and Glyss residues (Figure

was determined as described above, using MBPHhtdffo
and MBPhtop& % 13/\W. In agreement with Figure 5A, half
as much {H)VP16 binds the mutated protein as binds the

4B), allowing us to predict mutations that might weaken this WT protein in the absence of unlabeled VP16. Increasing
interaction (see Figure 4C,F and below). The binding of concentrations of competitor displace the radioactive form
etoposide is thus predicted to impede but not eliminate ATP from both WT and mutated domains, reaching a plateau at
binding. 150uM etoposide (Figure 5C). From Scatchard plot analysis,
Drug Binding Actiity of Mutant Htopolte N-Terminal we estimate a 4-fold change in the apparén{from 28 to
Domains. To test relevance of the modeling data, we 106 uM). The stoichiometry of drug to monomer remains
introduced point mutations into the ATP binding domain of unaltered, with 0.9 and 1.2 drug molecules bound per
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Aa90 * o137
A : B valis7 ¢ o7
Pio79 1894 Pro126

. : Y B\ e141-4 - “ 141 2l
Arg = p F I \ 4 P .

" Arg76

Serl08

. Gy102

Gly101

: 1
Asnd6

FiIGURE 4. Representation of the drug binding site in the ATP binding pockets of DNA gyrase and lbto@®)The crystal structure of

the GyrB/novobiocin complex [aa—1220; Lewis et al. 16)] is viewed from the top of the pocket and from the side in (D). Residues
implicated in antibiotic, drug, and ATP binding are in light blue. Novobiocin is in red, and ATP is in green. (B) The modeled VP16/
htopolla. complex is viewed from the top of the pocket and from the side in (E). VP16 is in yellow. (C) Modeled VP16/btapaiplex

carrying the point mutations Tyg and Phess in pink and VP16 in space-filling mode (top view). (F) As panel C, except that the mutation
Glyie4—Val is shown. VP16 is in yellow and ATP in green. Figures are generated with the program TURBQDO 37). (G) Chemical

structure of etoposide (VP16). Oxygen atoms including those relevant for the hydrogen bonds listed in Table 1 are numbered in red. (H)
Stereoview of the modeled VP16/htopmitomplex, from the top of the pocket. The backbone chain of tepislin gray, amino acid side

chains are in green, VP16 is in yellow, and ATP is in black. Oxygen atoms are in red, and nitrogen atoms are in blue. Dashed red lines
indicate hydrogen bonds between VP16 and tapodls summarized in Table 1. This image is generated with the program MOLSCRIPT
(41).
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Ficure 5: Drug binding activity of the mutated and the wild-type
N-terminal domain of htopodl. (A) Equivalent amounts (5 pmol)
of purified MBP-fusion proteins carrying wild-type (WT) or mutated
forms of htopolt!=#40 (V13 W, EissF, KizdA, or GieaV) are
incubated in duplicate with3d)VP16 (1G pmol, 1.0 uCi) as
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strand break in response to bisdioxopiperazine or epipodo-
phyllotoxins @8).

More recently, however, the N-terminal domain of topoll
was also implicated in the drug-mediated inhibition of the
enzyme'’s catalytic activity. Epipodophyllotoxins were shown
to inhibit topoll activity after hydrolysis of the first ATP
molecule and before releasing the secob8),(and the
N-terminal ATPase domain of yeast topoll was proposed to
bind the bisdioxopiperazine class of topoll inhibito#8)
Consistent with this is the characterization of an ICRF-187
resistance phenotype in human small cell lung cancer cells
which carry a RsQ mutation in the Walker A motif of the
topolla. ATP binding pocket®0). To better understand the
interaction between etoposide and topoll at a molecular level,
we have characterized drug binding in vitro, modeled the
protein and ligand interaction, and created appropriate
mutations to test the predicted fit. As summarized below,
we find that mutations in the upper part of the ATP binding
cleft, which themselves do not interfere with ATP binding,
significantly alter interaction with etoposide in vitro.

VP16 Has Two Binding Sites in Topolllsing a direct
drug binding assay, we identify two subdomains of htogoll
that are sufficient to bind the nonintercalating inhibitor
etoposide (VP16) independently, in the absence of DNA.
The appareni, for the 266 aa N-terminal fragment is close
to that measured for the yeast and human holoenzymes by
the same techniqu&§ ~ 20 uM), while the core domain
(aa 436-1214) binds with even higher affinit)Kg ~ 9 uM).

described in Figure 1A. Results are normalized to protein recovery The K, of VP16 for trappingdrosophilatopoll in a covalent

(>90%), and are plotted after subtraction of MBEK25 bound
(=0.8 pmol). For each assay, 1/10 of the flow-through is analyzed
by gel electrophoresis, silver staining, and quantitative scanning
(inset). (B) ATP binding activity of the WT and mutated htopoll
N-terminal domains used in panel A. Assays are performed in
duplicate and are normalized as described in (A), but usifitP}-
ATP (5 pmol, 2.0 mCi) in place of3H)VP16. (C) Equivalent
amounts (6 pmol) of WT and mutated W N-terminal domains
are incubated in duplicate witRH)VP16 (1G pmol, 1.0uCi) as

above with increasing amounts of unlabeled VP16. Data are plotted

after subtraction of the MBPCK24 background £0.9 pmol), and
after normalization to protein recovery. For the duplicate points,
1/20 of the recovered flow-through is pooled and analyzed as in
(A) (gel shown in inset). (D) Scatchard plot of data in panel C.
The reciprocals of the slopes give the appaténtvalues of 28
and 106uM for the WT and mutated domains, respectively. The
binding stoichiometry is 0.9 VP16 molecule per WT N-terminal
domain and 1.2 VP16 molecules pefz¥V domain.

monomer for the WT and mutant proteins, respectively
(Figure 5D).

DISCUSSION

In view of the widespread use of topoll inhibitors in

complex with DNA was reported to range from 3.5 to 42
uM (10). These values are comparable to the ones obtained
in our spin column assay (20, 27, 20, and\d), even though

the assay used by Burden et al0) is performed in the
presence of DNA substrate. Consistent with our observations,
these authors present evidence that etoposide binds the
holoenzyme directly, prior to binding DNA. Similarly,
Kingma et al. 61) have estimated Ky value of 5uM for

the interaction of VP16 with yeast topoll using a glass fiber
filter assay, again in the absence of DNA.

We further show that the binding of etoposide to the core
domain is not sensitive to ATP, while association with both
the N-terminal domain and the holoenzyme is antagonized
by high concentrations of ATP (1 mM). This is unlikely to
be due to the hydrolysis of this nucleotide during incubation,
since yeast topoll has very low ATPase activity at room
temperature in the absence of DNA (data not shos@);

The concentration of ATP required for competition is
consistent with theK, value for ATP determined for the
ATPase activity of topoll in the absence of DNA (0.3 mM
for the yeast enzyme and 0.47 mM for the human protein;

chemotherapy, and the frequency with which drug resistance50, 51).
occurs after extended treatment, it is important to both basic Mutation of the ATP Binding Pocket Affects Etoposide
and biomedical research to understand how topoll inhibitors Binding. The autonomy of the ATP binding domain for drug

function. Indirect evidence has led to the notion that the
catalytic site of topoisomerase Il plays a key role in the drug/
protein interaction. First, topoll inhibitors were shown to
exhibit a significant nucleotide specificity at the level of the
DNA cleavage site §3, 57, 58). Second, a derivative of

amsacrine was covalently cross-linked on nucleotides adja-

cent to the topoll-mediated cleavage site in DNo)( Third,
it was shown that the central catalytic core of topoll is
sufficient to form a stable complex with a DNA double-

interaction led us to perform molecular modeling of the
human N-terminal ATPase domain, which could be based
reliably on structural information from cocrystals of the GyrB
N-terminal domain with novobiocin and with ATPL§).
Docking experiments suggest that VP16 fits readily into the
ATP binding cleft of both gyrase and htopalland like
novobiocin, the drug’s sugar group overlaps only partially
with the adenine ring moiety of the nucleotide triphosphate.
Consistent with the prediction that Gy will contact ATP,



1632 Biochemistry, Vol. 40, No. 6, 2001 Leroy et al.

but not the drug, we found that substitution of Val for gly A

interferes with the binding of ATP, but not of VP16.

The molecular modeling studies predicted that specific domain
amino acids in the ATP binding pocket could be involved
in drug interaction, and subsequent mutagenesis is consisten
with these predictions. Two of the point mutations introduce ’OG-
bulky, hydrophobic side chains into the predicted ligand
binding site, and a third eliminates one of the stabilizing BA
hydrogen bonds. In each case, the efficiency of drug
interaction drops, although ATP is still efficiently bound.
This latter result suggests that the MBP fusions are correctIyB
folded, despite the fact that they are inactive for ATP
hydrolysis. This inactivity may reflect their lack of dimer-
ization, a step that is apparently required for both ATPase
and DNA double-strand cleavage activiti®éd,(62). For the
Vi13;W mutation, the apparent dissociation constant for
etoposide shows a 4-fold increase over that of the wild-type
N-terminal domain. This value is close to the variation
observed in the affinity of VP16, ellipticines{, 63), and
coumarins §4) for mutant forms of yeast topoll and gyrase,
respectively. We have identified a drug binding activity in FIGURE 6: Models for etoposide binding to eukaryotic topo-
the N-terminal ATPase domain of topoll, in addition to the isomerase Il. (A) Based on the studies described here, we propose

. S e o . - that each monomer of topoll carries two physically distinct
high-affinity binding site in the core domain. This second etoposide binding sites, one in the N-terminal ATPase domain and

DNA-independent drug binding site in the N-terminus of the other in the catalytic core domain. The two sites may cooperate
topoisomerase |l provides a mechanism by which truncatedto form a single drug binding site in the holoenzyme, which

forms of topo” can Compete for inhibitors even when they stabilizes the cleavable complex between enzyme and DNA. If one

_ ; or the other site is altered by mutagenesis, a drug-resistant enzyme
are not nuclear-localize®$, 66). Indeed, recent results show would be expected to result from the modification. (B) Alternatively,

that the expression of the wild-type N-terminal domain of he grug binding site in the catalytic core domain may be the only
human topold, in yeast, enhances drug resistance in vivo one which can stabilize the DNA double-strand break. In such a
(N. Vilain, S. M. Gasser, and D. Leroy, manuscript in situation, the N-terminal drug binding site could be considered as
preparation). a negative regulator that would compete with the core domain for

: . the drug. This could be particularly relevant in drug-limitin

Two Potential Models fo'r TopoHDrug Inte_ra_ctlon..Our o conditiogs that may occur inpyeaﬁﬁo. I)f/mutations are intr%ducedg
results suggest that etoposide binds at two distinct sites withinjnto the N-terminal domain, such that it binds etoposide less
htopolla. in the absence of DNA. Each binding site has efficiently, more antitumor agent may become available to the
different characteristics: one is sensitive to ATP concentra- catalytic core domain, resulting in enhanced drug sensitivity of the
tions (N-term, Figure 3D), while the binding to the core Mutant enzyme.

domain can be competed by phenylalanine (data not shown).
Since we calculate a 1:1 binding ratio for VP16 to topoll

monomer, the two sites may bind VP16 in a mutually

ATPase

BA’

of the drug to the core domain in limiting concentrations of
antitumor agents, by competing for the drug. In this case,

exclusive manner or may cooperate to form a single binding 21y detrimental amino acid changes that would affect
pocket in the holoenzyme. Data from other laboratories €t0POSide binding to the N-terminal domain should render
suggest that the drug binding site in the core domain is not e drug more available for the DNA-modifying'&
only critical but also sufficient to stabilize the DNAopoll domain, leading to a hypersensitivity phenotype.

complex in vitro 64, 59). On the other hand, mutations in N summary, a gel filtration based interaction assay has
the N-terminal ATPase domain have been shown to affect "€vealed two potential etoposide binding sites within hto-

drug sensitivity in vivo 60). Moreover, the topoll inhibitor ~ Polla, one in the BA" core and one within the N-terminal
ICRF-193 was found to bind the isolated N-terminal domain ATPase domain. Site-directed mutagenesis of residues facing
of yeast topoll in vitro 49). the ATP binding pocket has been shown to lower the affinity

of the purified recombinant subdomains for the inhibitor. It
is not known whether the two sites cooperate or compete
for drug binding in the holoenzyme, but the possibility of
an N-terminal drug binding site helps explain how this
domain can be implicated in topoll-mediated drug resistance
in vivo.

We propose two models for dragnzyme interaction, as
portrayed in Figure 6. In the first, we propose that the
N-terminal and the core domain binding sites are both
directly involved in the tertiary complex formed between
DNA, topoll, and the drug. The two sites may participate in
the creation of a unique drug binding pocket. In such a
situation, _alteratlon of one or the othe_r site, by appropriate ACKNOWLEDGMENT
amino acid changes specifically designed to impair drug
binding, should confer a drug resistance phenotype to the We thank A. Maxwell for crystallographic coordinates,
cells expressing these mutated forms of topoll. Alternatively, Y. Pommier for drugs, A. Soltermann and A. Ernst for
the N-terminal site may not be implicated in the stabilization plasmids, C. Austin for purified human topoisomerasg |l
of the cleavable complex, and may only be available to bind J. Lingner and members of the Gasser laboratory for carefully
etoposide in the absence of DNA or when ATP is limiting reading the manuscript, and U. K. Laemmli for the active
(Figure 6B). Nonetheless, this site could modulate the binding site mutant plasmid and helpful discussions. We thank P.
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