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DNA Bending Is a Determinant of Calicheamicin Target Recognition
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ABSTRACT: Calicheamicin is a hydrophobic enediyne antibiotic that binds noncovalently to DNA and
causes sequence-selective oxidation of deoxyribose. While the drug makes several base contacts along
the minor groove, the diversity of binding-site sequences and the effects of DNA conformation on
calicheamicin-induced DNA cleavage suggest that sequence recognition per se is not the primary
determinant of target selection. We now present evidence that calicheamicin bends its DNA targets. Using
a gel mobility assay, we observed that polymers of oligonucleotide constructs containing AGGA and
ACAA binding sites for calicheamicin did not possess intrinsic curvature. Binding of calicheamtibia
aromatized form of the parent calicheamigif, to oligonucleotide constructs containing binding sites in
phase with the helical repeat caused a shift to smaller circle sizes in T4 ligase-mediated circle formation
assays, with a much smaller shift observed with constructs containing out-of-phase binding sites. It was
also observed that binding of calicheamieito a 273 bp construct with phased binding sites caused an
increase in the molar cyclization factdl, from 8 x 1078 to 9 x 1078 M. These results are consistent

with DNA bending as part of an induced-fit mechanism of DNA target recognition and with the hypothesis
that the preferred targets of calicheamicin, thei®ds of oligopurine tracts, are characterized by unique
conformational properties.

The sequence selectivities of several genotoxic chemicals
that bind covalently to DNA have been shown to depend, at
least in part, on the ability of specific DNA sequences to ) .
undergo conformational changes (e.qg., @f5). However, C“"“he“"”g’”
the role of DNA structure and dynamics in the targeting of @ R= -Con,

N\NH-CHz()Hg
OCH;

small, noncovalently binding chemicals remains enigmatic, n' R= -ssch, ﬁ
particularly for hydrophobic molecules that do not bind DNA | CHs o CHy o
with high enough affinity to use standard electrophoretic s s O(L

techniques for investigating DNA topology. We have over-
come this problem and now present evidence that DNA P OCHs OH
bending plays a role in the selection of DNA targets by HOW OCH,
calicheamiciny,'. CHzO
Calicheamiciny,' is a member of the enediyne class of
antitumor antibiotics (Figure 1; reviewed in refs7). This
extremely potent cytotoxin damages DNA by binding non-
covalently in the minor groove and rearranging to a ben-
zenoid diradical intermediate that abstracts hydrogen atoms
from deoxyribose, which leads to high levels of double- 22,
stranded DNA lesions6(-9). While this mechanism is well T ) o
established, the process by which enediynes select their DNAFIGURE 11 Structures of calicheamicing', ¢, and¢.
targets is poorly understood. the aglycon positioned at thé 8nd of the purine tract and
Calicheamicin target selection was initially observed to the carbohydrate tail extending in thedirection (L5—19).
involve tetrapurine sequences such as AGGA and AAAA While ionic interactions do not appear to play an important
(10—12). However, recent studies have revealed that cali- role in binding of the drug to DNAZ0), NMR studies have
cheamicin generally recognizes theedd of purine tracts  revealed that calicheamicin forms minor-groove hydrogen
(13, 14). The drug binds the DNA in the minor groove with  bonds with bases and phosphate oxygeits 17, 19). van
der Waals contacts also occur between the pyrimidine bases
t This work was supported by NIH Grants CA64524 and CA72936 Of the target sequence and the oligosaccharide tail, which is
(P.C.D.) and NIEHS Training Grant ES07020 (A.A.S.). responsible for calicheamicin’s sequence selectidfy 22).
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Hydrophobic interactions also appear to play an important * ;
: : N ' GTGCGATCCTLTATC A In-
role in calicheamicin binding to DNA2Q@). Since homopu- ) GgATAg CAC  phase
rine sequences are more hydrated than mixed-sequence DNA Mived e

: . e GTGATCGA TC it-of-
(24), entropic effects may make substantial contributions to TAGCAG@CAC Gt
the thermodynamics of binding to oligopurine tracts. This s —>
does not, however, explain why most of the calicheamicin- GTGCGA TATCETCCT In-
induced DNA damage occurs at thee®ids of purine tracts Identical oc @ ATAGCAC phase

(13, 14). Sites  GTGATCGATCCTCTCGTCCTA Out-of-

Several observations suggest a direct role for DNA TAGCACCAC phase
conformation in the target recognition process of calicheami- . TCTCQETGAGA
cin. First, it has been observed that calicheamicin-induced Ficure 2: Calicheamicin binding site constructs. Boxes denote
D_NA damage is affected by the sequence context of the czjicheamicin binding sites or curved DNA sequences (A-tracts).
binding site (e.g., damage at AGGGTC is 40% greater than Asterisks indicate sites of calicheamici' cleavage.
at AGGGTG;10, 13, 20). In other words, changes outside
the four base pairs making contact with the drug can ligated to produce a population of multimers. The polymers
influence binding. Second, it has been observed that incor-were ligated into a modified pUC19 cloning vector (pAS1)
poration of DNA into a model nucleosome enhances cali- containing a singl&ag recognition site with GTG and CAC
cheamicin-induced DNA damage at one sii&,(25). Of ends (A. Salzberg and P. Dedon, unpublished results). Clones
several mechanisms that could account for this phenomenongontaining specific multimers were isolated from a non-
it is possible that a change in the topology of this cali- methylating strain oEscherichia coliGM2163) and char-
cheamicin binding site caused an increase in its reactivity. acterized for sequence and size. Cloned restriction fragments
A recent study by Sissi et a2) lends support to this model.  were purified by polyacrylamide gel electrophoresis (PAGE;
They observed that transcription factor-induced changes in26).

DNA conformation affect calicheamicin binding and damage,  Characterization of Calicheamicin Binding Sit€¥asmids
with protein-mediated narrowing of the minor groove causing containing polymers of the binding-site constructs were
a reduction in drug-induced cleavag26). Both of these digested withEcoRI and 3-*2P-end-labeled by standard
observations are consistent with shape recognition as atechniques 0). Labeled DNA was digested withlindlIl
mechanism of calicheamicin target selection. Finally, results and the polymer-containing restriction fragment was purified
from circular dichroism27), DNA sedimentation48), and by nondenaturing polyacrylamide gel electrophoresi3).(
NMR (16, 17, 19) studies are consistent with drug-induced Damage reactions consisted of labeled DN/AQ 000 cpm),
changes in DNA conformation, while protein binding studies 30 ug/mL sheared and exonuclease-trimmed calf thymus
suggest that DNA flexibility contributes to drug bindir2gy. DNA, 10 mM glutathione, 50 mM HEPES, and 1 mM EDTA
Together, these data highlight the importance of DNA (pH 7). The reaction was initiated by adding calicheamicin
conformation in target recognition by calicheamicin and y:' (30 nM; final 1% methanol). Aftel h at 0°C, the DNA
suggest that an induced-fit mechanism plays an importantwas ethanol precipitated and resolved on an 8% sequencing
role in determining where calicheamicin binds. gel.

To test this hypothesis, we have investigated the charac- Assessment of Calicheamicin Binding-Site Interactions
teristics of calicheamicin binding sites with a strategy Cloned plasmids were digested wikba and 3-*P-end-
generally applicable to other noncovalently binding, DNA- labeled 80). Following digestion withEccRlI, the labeled
modifying chemicals regardless of their hydrophobicity. fragmentwas purified as described above. Damage reactions
Using gel mobility assays, we first determined whether an consisted of labeled DNA~30 000 cpm), 3Qug/mL calf
element of intrinsic DNA curvature was common to non- thymus DNA, 10 mM glutathione, 10 mM HEPES, and 1
A-tract drug binding sites. Then, using two different DNA MM EDTA (pH 7). The reaction was initiated by adding
cyclization techniques, we established the effects of cali- calicheamicing and then glutathione to the following final

cheamicin binding on DNA structure. concentrations, respectively: uM and 10 mM; 1uM and
10 mM; 10uM and 1 mM; and 10Q«M and 0 mM. After
MATERIALS AND METHODS >1 h at 37°C, the DNA was ethanol precipitated and
. . resolved on a 6% sequencing gel.
Reagents and DNA Substratézalicheamicingy’ ande Gel Mobility Analysis of Binding Site Constructsinealed

were provided by Dr. George Ellestad (Wyeth Ayerst ,,qg 3p end-labeied 21 bp binding site constructs (@9

Research, Pearl R“’ef' NY); calicheamieﬁn/vas providgd or BanHI linkers (New England Biolabs) were treated with
by Professor K. C. Nlcqlaou (Scripps Research Institute). T4 DNA ligase (8 units/mL) overnight at 18C in 50 mM
All enzymes were obtained from New England Biolabs. Tris-HCI (pH 7.8), 10 mM MgCJ, 10 mM dithiothreitol, 1

Deoxyoligonucleotides (21 ritFigure 2) were either syn- 1 ,\y ATp ‘and 50.g/mL bovine serum albumin. The reaction
thesized (Applied Biosystems; Biogenex reagents) or pur- was stopped with EDTA and the DNA was purified by

chased (Oligos Etc.; Portland, OR) and purified as desC”be‘jphenol/chloroform extraction and ethanol precipitation. Liga-

elsewhere 29). _ S tion products were then resolved on a nondenaturing 8%
Cloned_ polymers of the calicheamicin _blnd|ng-5|te con- polyacrylamide gel. Following phosphorimager analysis

structs (Figure 2) were prepared by annealing complementary(jolecular Dynamics), the relative mobility of individual

oligonucleotides to form duplex monomers that were then polymers was determined by dividing the apparent length,

based onBanHl linker migration, by the actual length.

1 Abbreviations: bp, base pair; nt, nucleotide. BanHlI linker polymers have been shown to migrate with
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normal mobility 81, 32) and we confirmed this by com- In-phase Out—of-phase
parison toMspl-digested pBR322 (data not shown). CT G AG CAL CT G AGCAL

T4 Ligase Circle Formation Assay&nnealed 21 bp DNA - ”
constructs (1.4g) were 5-*2P-end-labeled30) and then - -
quantified by UV spectroscopy. DNA (120 ng) was ligated g™ -

at 16 °C overnight with 400 units of T4 DNA ligase in a
total volume of 5QuL containing 50 mM Tris-HCI (pH 7.5), o
10 mM MgCh, 10 mM dithiothreitol, 1 mM ATP, 259/

mL bovine serum albumin, and varying concentrations of
calicheamicine. The DNA was purified by phenol/
chloroform extraction and ethanol precipitation.

Visualization of circular DNA products by one-dimen-
sional polyacrylamide gel electrophoresis was accomplished
by removing linear DNA polymers with Bal 31 exonuclease
as described elsewher2dj. The identity of bands remaining
after exonuclease digestion of linear polymers was estab-
lished by eluting DNA bands from a 6% nondenaturing
polyacrylamide gel, denaturing the DNA by heating at 90 i
°C for 5 min, and then resolving the DNA on an 8% -
denaturing polyacrylamide gel contaigié M urea.y-Radia-
tion-induced nicking of the circles produced linearized
strands that migrated normally and intact circular strands

displaying retarded migratior8g). Gels containing Bal 31- . e 3: Calicheamiciry,-induced DNA damage in the binding-

digested DNA were dried and subjected to phosphorimagersite constructs. Labeled polymers of the mixed-site constructs were
analysis. The quantity of radioactivity in a band representing treated with 30 nM calicheamicipy' and resolved on a sequencing

a DNA circle was normalized according to circle size and gel (CAL) as described in Materials and Methods. The location of

. amage sites is indicated in the diagrams to the right of each gel.
the percentage of each circle was then expressed as th anes containing untreated DNA showed no detectable damage

proportion of total radioactivity of all the circles measured. (data not shown). Lanes marked CT, G, and AG represent chemical
The arithmetic mean was computed from the distribution of sequencing standard3aj.

circles formed. In all cases, nonligatable substrate DNA RESULTS
accounted for less than 5% of the total of radioactively
labeled species (i.e., circles and linear molecules). Further- Design of Calicheamicin Binding Site Construdsseries
more, incomplete ligation leading to nicked polymers ap- of 21 bp duplex oligonucleotides was designed to investigate
peared to be minimal as judged by (1) the presence of lessboth the structural features of calicheamicin binding sites
than 10% single-stranded linear DNA molecules in sequenc-and the effects of drug binding on DNA conformation. As
ing gels containing circular species isolated from nondena- shown in Figure 2, the 21 bp constructs contained cali-
turing gels and (2) similar amounts of radioactivity (phos- cheamicin binding sequences aligned in various relationships
phorimager analysis) in linear polymer bands in sequencingto the helical repeat of B-DNA. One set of constructs
and nondenaturing gels (data not shown). contained AGGATCCT and ACAATTGT binding sites§,

DNA Cyclization KineticsA 5'-*P-end-labeled 273 bp 11); the other set cont_aineq two AGGRCCT binding sites.
or 63 bp polymer of the in-phase mixed-site construct was In all cases, the purine-rich sequences were on the same
combined with unlabeled polymer at a ratio of less than 1:20 s.trand so.that the drug bound in the_ same orientation at each
(34) and the DNA ligated at 26C in a reaction containing site. The in-phase constructs had blnd_lng' sites positioned 10
65 nM DNA polymer, 50 mM Tris-HCI (pH 7.8), 10 mM bp apart to ensure that multimers had t_)lndlng sites spamed
M RSP AN average-in phase with the 10.5 bp helical repeat of B-DNA.

gCl,, 10 mM dithiothreitol, 1 mM ATP, 5@g/mL bovine . . . . o
serum albumin, 1.3% methanol,-@ mM calicheamicire, The:gfo(rjz, any JOC?.I'Z(Td b%nldmg tor anisotropic erX|b|L|ty
and 0.01 unit/mL T4 DNA ligase. Aliquots (10L) were would add constructively and lead to macroscopic curvature.

removed at various times and the reaction was quenched byThe two out-of-phase monomers contain the same binding
. sequences spaced 8 bp apart. Together with the in-phase
g:jdlng 5‘3"5?; 10|0 mMIEDLAkEthB)' Otog':? ?rngphgnol DNA molecules, these constructs allow us to distinguish
ue, an o glycerol and heating a or min. between twist- and bend-induced changes in the rate of
Cooled samples were loaded onto a 4% polyacrylamide gel.

. . N ; cyclization. The 3 bp complementary end&afl cleavage
The quantity of radioactivity in each band was determined sites) were necessary to avoid creation of additional drug

by phosphorimager analysis and the reaction rates Werebinding sites while allowing cloning of the polymers. The

determined as described elsewheBb, (3€). In control  fin5; 51 by monomer has two phased A-tracts and has been

experiments with extended incubation times, nonligatable gp,q\vn to produce curved multimer3d.

monomer species accounted for less than 5% of the total of 14 gnsure that the DNA constructs possessed the predicted

radioactively labeled species. binding sites, multimers of each monomer were damaged
Hazardous ProceduresCalicheamicin is an extremely  with calicheamiciny;' and the cleavage products were

toxic DNA-damaging agent and great care must be exercisedanalyzed on sequencing gels. As shown in Figure 3, the

in its handling. mixed-site polymers were damaged only at the expected sites.
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FicurRe 4: Relative mobility of polymers of calicheamicin binding 126 - "W w6
site constructs plotted as a function of DNA size. Labeled duplex
oligonucleotide constructs were polymerized with T4 DNA ligase
and the DNA polymers were resolved on a 10% nondenaturing
polyacrylamide gel as described under Materials and Methods. The
mobility of the construct polymers relative to polymeriZgdmHl|
linkers, R_, was determined by phosphorimager analysis. 105 W =5
Consistent with previous studies, damage at the AGGA site FIGURE 5: Effect of calicheamicire on circle size in the ligase-
occurred more frequently than at the ACAA sitel( 37). mediated circle closure assay. Labeled duplex oligonucleotide

. - constructs were polymerized with T4 DNA ligase in the presence
The observation that the ratio of damage between the WO o varying concentrations of calicheamieinlinear DNA polymers

sites is nearly equal for both polymers (3.8 and 3.6 for the were removed with Bal 31, and the remaining DNA polymers were
in-phase and out-of-phase constructs, respectively) suggestsesolved on a 10% nondenaturing polyacrylamide gels. Calicheami-
that shortening the distance between the two binding sitesCin € concentrations in lanes—113 were 0, 0.02, 0.08, 0.3, 0.6,
does not affect drug binding at either site. This is supported 1.25,1.9, 2.5, 5, 10, 20, 40, and 40M.

by hydroxyl radical footprinting studies that revealed equiva-

lent binding of calicheamicia, under saturating conditions, do not possess significant curvature and that sequence-

to sites separated by 8 bp1). dependent curvature is not the sole mediator of calicheamicin

To verify that that drug binding to one site did not interfere binding. ) o ]
with binding to an adjacent site, we performed a second series  Efféct of Calicheamicire on the Ligase-Catalyzed DNA
of damage studies with calicheamiefna calicheamiciry, Circularization AssayAs suggested earlier, DNA binding
analogue with a thioacetate trigger instead of a methyltrisul- Py calicheamicin may be facilitated by the deformation of
fide (Figure 1;38). With calicheamicing, it is possible to specific sequences to accommodate binding of the drug. If
measure drug-induced DNA damage over a broad range oftrue, the drug-DNA complex should reflect these changes.
drug concentrations by titering the amount of glutathione TO assess the effect of calicheamicin binding on DNA
activator so that similar levels of DNA damage are produced. Structure, we measured the ability of a DNA moleeutath
In the range of drug concentrations testee {D0xM), the phased calicheamicin binding sitet® cycllzg as increasing
ratio of calicheamicing-induced DNA damage at neighbor- @mounts of drug were bound. These experiments rely on the
ing binding sites was the same in both the in-phase and out-fact that curved or bent DNA sequences, when repeated in
of-phase constructs (data not shown). These results indicat?hase with the DNA helical repeat, cause the two ends of
that, even at high concentrations, calicheamicin binds without th€ DNA molecule to be near each other more frequently
detectable interaction between the binding sites in the in- than in “straight” DNA @3, 34, 41, 43). Empirically, this
phase and out-of-phase constructs. This comparison ofcurvature can be meagured by cova!ently “trapping” 'the ends
calicheamicinsp, ¢, andy;' is justified by the fact that all  ©f @ DNA molecule with T4 DNA ligase to form circles.
three molecules bind to DNA by identical mechanisms, as The distribution of different S|ze_d circles (represented l?y the
revealed in NMR studie<{, 39), and with the same relative  Mean) then reflects changes in the average probability of
affinity for the different sites (e.g., AGGA versus ACAA; cyclization for a specific family of DNA polymers2).
present data and r&6). Using one-dimensional gel electrophoresis, we examined

Relative Electrophoretic Mobility of Calicheamicin Bind-  the circular products formed from the self-ligation of the in-
ing Constructs.To assess the intrinsic curvature of the phase, mixed-site construc9). The inactivated form of
calicheamicin binding sites, we examined the migration of calicheamicinyy', calicheamicire (Figure 1), was used since
polymers of the mixed-site constructs by gel electrophoresis. the presence of dithiothreitol in the ligase stock solution can
These studies are premised upon the anomalously slowactivate the native drug to produce double-strand DNA
migration of curved DNA on polyacrylamide geRBY—42). breaks. Previous studies have shown that both forms of
In Figure 4, the relative mobilities of polymers from the self- calicheamicin bind to the same DNA sequencks 87) by
ligation of the mixed-site constructs are compared with the identical mechanismslg), although thes form binds with
curved A-tract DNA. None of the binding site constructs lower affinity (27).
exhibited significant migration anomalies. As a result, we  As shown in Figure 5, increasing concentrations of
can conclude that the two calicheamicin binding sites tested calicheamicine result in the formation of smaller circles.
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Ficure 7: Effect of calicheamicine on the kinetics of DNA
gyclization. A 273 bp polymer of the in-phase, mixed-site construct
was reacted with DNA ligase in the absence (A) or presence (B)
of 3 uM calicheamicine. The products were resolved on a 4%
hondenaturing polyacrylamide gel as described under Materials and
Methods. Lanes 210 represent time points of 0, 0.5, 1, 1.5, 2,
2.5, 3, 4,5, and 10 min.

FiGure 6: Mean circle size plotted as a function of calicheamicin

€ concentration. Mean circle size was determined as described unde
Materials and Methods. Solid circles correspond to the in-phase,
mixed-site construct and open circles correspond to the out-of-phase
mixed-site construct. Error bars represent the standard error for
experiments performed in triplicate or deviation about the mean
for duplicate results. The inset shows the variation in circle size
following T4 ligase-mediated polymerization of the in-phase . ) . ) .
construct in the presencell and absencel) of 5 uM calicheami- Consistency in the quantity of both circular and linear
cine. polymerization products over the full range of calicheamicin

€ concentrations suggest that calicheamicimad no effect
on ligase activity (data not shown).

Effect of Calicheamicir on the Rate of CyclizatiorTo
rigorously quantify the effects of calicheamicin binding on
DNA structure, we used a more sensitive version of the DNA
cyclization assayl(, 34, 35, 44, 45). Rather than examining
'the cyclization of a family of polymers, we ligated a single
273 bp DNA polymer (13 repeats of the in-phase, mixed-
site construct) under conditions that produced both circles
and dimers. By measuring the amount of individual reaction
products formed over time, the rate constants for the
competing cyclizationk;) and bimolecular associatioky]
reactions were estimated. Under the proper conditiBBk (
which are satisfied in the present experiments,

This change is shown graphically in Figure 6, where it can
be seen that drug binding lowers the mean of the circle size
distributions from a~10-mer to an~8-mer (210 to 168 bp).
The sigmoidal shape of the graph likely reflects both the
binding isotherm of calicheamicin and the biophysical limits
of the assay. Similar results were obtained with the in-phase
identical-site construct (data not shown).

Since the ability of a molecule to cyclize is dependent
upon both the relative proximity and alignment of its ends,
three factors could account for these results: (1) calicheami-
cin increases the probability of cyclization regardless of the
DNA sequence; (2) binding of calicheamicin introduces
phased bends into the polymer, bringing the ends closer
together and increasing the probability of cyclization; and/
or (3) drug binding alters the helical rotation of the polymer f(kyky) ~ f(K LK) = J
such that the ends are more favorably aligned for cyclization. 12 c
To rule out both sequence-independent effects and the
contribution of helical rotation, we repeated the DNA
cyclization experiment with the out-of-phase, mixed-site
DNA construct. The results are shown in Figure 6. While
there is a slight shift to smaller circle sizes in the presence
of similar concentrations of calicheamicén drug binding
to the out-of-phase construct did not produce the large shift
seen with the in-phase construct. Similar data were obtained
with identical-site monomer (data not shown). This observa-
tion ruled out options 1 and 3 since, for either to be true,
the out-of-phase constructs would have to exhibit the same
behavior as the in-phase constructs (Figure 6). In the latter
case, this is because localized twisting of the helical axis
affects the alignment of the ends regardless of where in the
strand it occurs.

The small shift in the mean circle size for the out-of-phase
construct may be the result of different binding affinities
between the two sites, incomplete cancellation of the bend
components, or some degree of drug-induced twist. However,
since a significant calicheamicin-induced reduction in circle The b — o5 of the AATT g mhe § .
size was apparent only with the n-phase consiructs, we , _TH P22 AT nergedse of e AT ovetins n e Fagment
conclude that a major portion of the change observed in the sygies are estimated to be quite similang ~ —0.8 and—0.9 kcal/
cyclization properties must be a response to bending. mol, respectively %).

whereK. andK, are the equilibrium constants for cyclization
and bimolecular association, respectively, drd the ring
closure probability (JacobserStockmayer factor in units of
molar concentration). Changes in the probability of cycliza-
tion reflect bending and twisting of the DNA helix.

Figure 7 shows examples of the time-dependent ligation
products of the 273 bp polymer at two different calicheamicin
€ concentrations. The individual rate constants were estimated
at several drug concentrations (810 uM) and the prob-
ability of cyclization was determined (Figure 8); drug
concentrations of 31 and 100M were not used in the
kinetics calculations since they produced only circular
products. In the absence of calicheamigjrthe probability
of cyclization is 8 x 1078 M (Figure 8B). This value is
similar to that obtained by Shore and Baldwin for a 250 bp
DNA fragment with a four nucleotide AATT overhah(f),
but it is somewhat higher than other similarly sized DNA
fragments {, 43). On the other hand, our value of-8108
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A 0 g sequence recognition per se is not the primary determinant
of target selection. These observations imply that DNA
structure and dynamics mediate, at least in part, the binding
of calicheamicin. We now provide evidence that this is
indeed the case and that calicheamicin bends DNA.

103

10764

kq, g1
J, molar

Lo 1074 We have shown that two different high-affinity cali-
e . — — cheamicin binding sites are not inherently curved and that
107 1076 105 10 10 10 ; o 9

Calicheamicin &, M Calicheamicin ¢, M calicheamicin binding to these target sequences alters the
627 .00 direction of the helix axis. The results of our studies do not
% 6] € permit a quantitative assessment of the magnitude or direc-
7 554 - tionality of the drug-induced DNA bend. As illustrated by
G 567 mof Hagerman and Ramadewi4), the estimation of bend angle
£ 54 g from the most prevalent circle size in oligonucleotide
%52 + polymerization studies can lead to significant error. However,
2501 it is clear from Figure 8C that increasing the calicheamicin
- - . . . Lo.o1 € concentration over the range of T6-10°°> M produces
0 w7 we wd gt 107 parallel changes id and mean circle size (i.e., increase in

Calicheamicin ¢, M

J and decrease in circle size). The similar behaviors of the
Ficure 8: DNA cyclization kinetics for the 273 bp polymer as a )

function of calicheamicir concentration. (A) Rate of cyclization, two systems suggests t.hat 'there IS a quantltatlve.relatlgnshlp
ki (s°9). (B) Probability of cyclization,) (M). Rates were determined ~ Detween the molar cyclization factor and mean circle size, a
from data partially represented in Figure 7 as described under relationship that warrants further investigation.

Materials and Methods. (C) Comparisonof®) and mean circle The observed deformation of DNA structure upon binding
size (0) as a function of calicheamicia concentration. of calicheamicin provides direct physical evidence for a
model in which the drug alters local DNA conformation to
optimize a constellation of drugDNA bonding interactions.
Recognition of binding sequences by calicheamicin involves
hydrogen bonds with several bases and phosphate oxygens

M is less than that expected for an intrinsically curved
polymer consisting of phased A-trac&5( 46). As revealed
in the analyses performed by Hagerman and Ramaddyi (

and Shore and Baldwirl), J is heavily dependent on the in the minor groove 16, 17, 19) as well as van der Waals

torsional alignment of the ends of a DNA molecule and thus contacts between the oligosaccharide tail and the pyrimidine
on the sequencejdependent helical repeat of the DNA bases of the purine trac21, 22). Hydrophobic interactions
fragment. The relatively largévalue for the 273 bp fragment = appear to play an important role in calicheamicin binding

us_ed in the present studies may th.us reflect an optimalj HnA (23), possibly by virtue of the increase in entropy
alignment of the ends of the fragment; phased curvature hasaccompanying expulsion of water molecules from homo-

been ruled out in the gel mobility studies. purine sequences, which are more hydrated than mixed-
The most important result of this experiment is the smooth sequence DNAZA4).

increase in J as a function of drug concentration over the - gpservation of DNA bending by calicheamicin is
range of 0.5-35% binding site occupancy (based on an qqngistent with a deformation of the DNA helix that
association constant of & 10" M™% see refs26 and 46). accompanies or exists prior to the formation of these bonds.
The 31 and 10Q:M calicheamicine concentrationsthat On the basis of NMR data, Kahne and co-work&®@ pave
caused oonly circle formationare calculated to produce 62%  on6sed that the relatively rigid carbohydrate tail exerts
and 85% occupancy, respectively. The increasé & a  gieric pressure on the pyrimidine strand, which leads to
function of calicheamicir concentration is consistent with widening of the minor groove at the binding sites( 16).
drug-induced DNA bending. Drug-induced twisting cannot 16,41 our data do not permit determination of the direction
fu_llylexplaln the results since itis expeqteq that th(.a.2.73 PP of DNA bending, minor-groove widening suggests bending
binding-site construct would display a similar sensitivity 10 144 the major groove. This would be consistent with the
twist-mediated end-alignment effects as the 2334 bp observed reduction of calicheamicin damage occurring as a

fragments employed by Shore and Baldwl). We would o5t of protein-induced bending and subsequent narrowing
therefore expect that progressive changes in twist caused by,¢ the minor groove 6).

drug binding would produce an oscillatory behavior in the

| h h h e 5 h Drug-induced deformation of the helix may thus be a
values. The smooth curve shown in Figure 8 suggests thatgin, e consequence of optimizing the various bonding
intermediate drug concentrations will not produce wide

X X interactions at the target site. Since DNA deformation must
swings inJ. occur prior to or in concert with drug binding, it would be
argued that calicheamicin binding sites are not necessarily
curved, such as the AAAATTT damage site, but are

Calicheamicin is a potent antitumor antibiotic that causes instead DNA sequences that can be bent or “trapped” in a
sequence-selective oxidation of the deoxyribose of DNA conformation that fosters drug binding. The preferred targets
(6, 8, 9, 48). Although the drug makes several base-specific of calicheamicin binding, the'3nds of oligopurine tracts
contacts along the minor groove, the broad range of (13, 14), may thus be characterized by unique properties of
sequences bound@—14), the sensitivity of calicheamicin-  conformation or dynamics. This is consistent with observa-
induced DNA damage to neighboring sequencEs 27), tions of A- and G-tract DNA that suggest the existence of a
and the modulation of drug binding by protein-induced structural discontinuity at the’'3end of the homopurine
alterations of the target sitd 3§, 25, 26, 49) all suggest that  sequence$(l, 52). However, it is important to note that our

DISCUSSION
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studies do not permit the assessment of DNA flexibility. This

would require a systematic determination of persistence
lengths, helical repeats, and torsional elastic constants for
calicheamicin binding site constructs, which is beyond the

scope of the present studies.

Although it is important to the recognition process, we
are not proposing that DNA deformation is the solitary
determinant of calicheamicin binding. In fact, it is clear that

calicheamicin target selection is a complex process involving

Biochemistry, Vol. 39, No. 25, 20000611

10. Zein, N., Poncin, M., Nilakantan, R., and Ellestad, G. A. (1989)
Calicheamicinyl' and DNA: molecular recognition process
responsible for site-specificitygcience 244697—699.

11. Walker, S., Landovitz, R., Ding, W. D., Ellestad, G. E., and
Kahne, D. (1992) Cleavage behavior of calicheamjcimnd
calicheamicin TProc. Natl. Acad. Sci. U.S.A. 89608-4612.

12. Zein, N., Ding, W.-D., and Ellestad, G. A. (1990) Interaction
of calicheamicin with DNA, inMolecular Basis of Specificity
in Nucleic Acid-Drug Interactions(Jortner, B. P. a. J., Ed.)
pp 323-330, Kluwer Academic Publishers, Dordrecht, The
Netherlands.

several interactions that are optimized by the conformational 13 v, | Salzberg, A. A., and Dedon, P. C. (1995) New insights

alterations of specific DNA sequences. In cases where the

DNA is bent, such as Asequences, the energetic cost of

into calicheamicir-DNA interactions derived from a model
nucleosome systenRioorg. Med. Chem. ,3729-741.

drug binding is reduced by external forces that either bend 14.Mah, S. C., Price, M. A., Townsend, C. A., and Tullius, T. D.

or move the DNA. However, for those DNA targets

considered “straight,” a balance must be achieved between
the intrinsic resistance of DNA to movement and those forces

(e.g., electrostatic and hydrophobic) involved in the binding
of calicheamicin to DNA. In addition, since the binding

characteristics of individual sequences are heterogeneous, we
should expect not one but several optimal binding scenarios,
each unique to a particular sequence. As a result, the amount

of bending induced need not be uniform across all cali-
cheamicin binding sites.
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