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ABSTRACT. We have examined the role of drug structure and histone acetylation in DNA damage produced
by the enediyne antibiotic calicheamicjn' in nucleosomes reconstituted onto the 5S rRNA gene of
Xenopus borealis Consistent with previous observations, calicheamicin damage at-dr3f a purine

tract (positions—13 and—14) was enhanced in the nucleosome compared to naked DNA while damage
at other sites was somewhat reduced in the nucleosome. However, damage produced by esperamicin C,
an analog of calicheamicin missing the terminal sugar-aromatic ring in the side chain, showed no en-
hancement at positions13 and—14, and its sequence selectivity in naked DNA was markedly different
from that of calicheamicin. This highlights the importance of the intact tetrasaccharide side chain in
the recognition of the structural deformation occurring at ther®ls of purine tracts. Both drugs pro-
duced identical cleavage patterns in normal and hyperacetylated nucleosomes. Given the sensitivity of
calicheamicin to local DNA conformation, this observation is consistent with other studies that suggest
that histone acetylation alone does not significantly affect the local conformation of core DNA in the
nucleosome.

Considerable attention has been focused on understandingite in a nucleosome reconstituted onto a fragment of the 5S
the relationship between drug structure and the selection ofrRNA gene ofX. borealis(2, 4). Given the variation in
DNA targetsin vitro (e.g., ref 1). However, the structural nucleosome structure that occurs in different states of
perturbations associated with the incorporation of DNA into transcriptional activity, we have now investigated the effect
chromatin add another dimension to the complexity of target of histone acetylation on the selection of nucleosomal targets
recognition by small molecules. This is illustrated by by calicheamicin. We have also examined the role of the
previous studies of DNA damage produced by the enediynetetrasaccharide side chain of calicheamicin in the target
antitumor antibiotics in chromatin and reconstituted nucleo- recognition process.
somes 2—4). It was observed that calicheamicjn' is The enediyne family of antitumor antibiotics presents a
capable of damaging the constrained core DNA of the unique opportunity to study the relationship between drug
nucleosomeZ—4) and that the damage was enhanced at one structure and DNA conformation that is involved in the
recognition of DNA targets. Like other enediynes, cali-
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of the basic elements of chromatin structure, the nucleosome
consists of essentially two regions, core and lini&s, 29.
The core is composed of146 base pairs (bp) of DNA
wrapped~1.8 times in a left-handed superhelix around four
pairs of histone proteins, and the linker represents the 20
60 bp of DNA joining adjacent cores. In addition to the
bending-induced changes in minor groove width, there are
several features of core DNA structure pertinent to target
recognition by calicheamicin. These include (1) both helical
underwinding 25) and an S-shaped bend in the0 bp of
core DNA surrounding the dyad axi®8); (2) helical
overwinding of the remaining-120 bp of core DNA 25);
and (3) sharp bending of the core DNA at four sites
symmetrically positioned at one and four helical turns from
the dyad axis 46, 27).

Recent studies in nucleosomes reconstituted onto a frag-

CHqSSS ment of the 5S rRNA gene oX. borealis suggest that
calicheamicin recognizes features of DNA conformation
ot associated with nucleosomes. We and others observed that,
while calicheamicin-induced damage was generally re-
duced in the core DNA, damage was enhanced severalfold
) i at the 3-end of a purine tract positioned approximately one
refs 5 and 6). The resulting damage consists almost en-pajical turn away from the dyad axig,(4). This enhance-
tirely of bistranded lesions produced by a single drug ment of DNA damage may reflect the formation of a more

molec_ule (7_)' _ i _ favorable binding site by bending of the DNA in the
While this chemistry has been firmly established, the [, cleosome.

mechanism by which enediynes select their DNA targets is
not well understood. Calicheamicin is unusual among small
molecules for its DNA sequence selectivity, which was
initially associated with tetrapurine sequences such as
AGGA, AAAA, and GAGA (8—10). However, more recent
studies have revealed that the drug generally targets'the 3
ends of purine tracts, both runs of adenine, and mixed A/G
sequencesd( 11). Calicheamicin binds in the minor groove
with its aglycone positioned’ 3o the purine tract and with

its carbohydrate tail directed toward theend of the purine
tract (12—16). The major element of target selection has
been ascribed to the aryltetrasaccharite (7, 1§. While

the aglycone cleaves DNA without apparent sequence
selectivity (18), the aryltetrasaccharide binds to DNA in
roughly the same location as the parent drdg, (19.
Progressive removal of the components of the tetrasaccharid
reduces the sequence selectivity of calicheamicin. Espe
ramicin C, an analog of calicheamicin missing the D and E
rings of the carbohydrate tail (Figure 1), has a broad sequenc
selectivity similar to esperamicin Al (e.g., TG, CG, tripy-
rimidine sequencex20), while further removal of ring C
results in a sequence nonselective pattern of damage simila

to the aglyconeq). the altered DNase | cleavage, Bawgral. observed no

Recently, it has been established that DNA conformation o,5nqe in the hydroxyl radical cleavage of DNA in acetylated
and dynamics play a critical role in target recognition by nucleosomes3Q).

calicheamicin. Calicheamicin binding appears to cause
bending of the DNA 21) possibly as a result of a hinge-
like flexibility or other structural perturbation associated with
the 3-ends of purine tracts. It is possible that this bending
occurs toward a compressed major groove given the NMR
studies that indicate widening of the minor groove around
the aglycone 12, 13, 1. Additionally, calicheamicin
binding produces changes in circular dichroism consistent
with DNA overwinding, and it induces negative writhing of Materials Calicheamiciry;' was generously provided by
plasmid DNA (LaMarret al., submitted for publicatior22). Dr. George Ellestad (Wyeth-Ayerst Research). Esperamicin
These features of calicheamicin targets in naked DNA are C was prepared by acid-catalyzed methanolysis of esperami-
analogous to the conformation of DNA in nucleosomes. One cin Al as described elsewhergg]. The plasmid pXP-10,

Ficure 1: Structures of calicheamicip' and esperamicin C.

The reconstituted nucleosome used in the previous studies
is a model for a canonical nucleosome associated with
transcriptionally silent DNA. However, there are several
variations in nucleosome structure associated with transcrip-
tionally active genes, one of which involves acetylation of
lysine residues in the N-terminal tails of core histone proteins
(reviewed in refs 28 and 29). Neutralization of the positive
charge of lysine by acetylation appears to alter several
features of nucleosome structure. While the question of
unwinding of the ends of the core DNA remains controversial
(30, 31, acetylation increases the accessibility of the DNA
to binding of transcription factors3), reduces the linking
number change associated with incorporation of DNA into
a nucleosome3d), and increases the electrophoretic mobility
(34) and sedimentation of nucleosome35) Thermal
Senaturation and DNase | digestion studies suggest that
“acetylation relaxes proteifDNA contacts throughout the

nucleosome, with an increased overall susceptibility to DNase
§ cleavage that is most markeds0 bp from the ends of the
core DNA (35). This DNase | sensitive site is located near
the calicheamicin target that experiences more damage when
the DNA is incorporated into a nucleosor.( In spite of

To help resolve these issues, we have examined the effect
of histone acetylation on calicheamicin target selection in
nucleosomes. In addition, we have attempted to define the
role of the tetrasaccharide side chain in the recognition of
nucleosomal DNA targets.

EXPERIMENTAL PROCEDURES
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containing the 5S rRNA gene of. borealis,was kindly
provided by Dr. Alan Wolffe [NIH/NICHHD; 87)].
Purification of Normal and Hyperacetylated Histones.
Hyperacetylation of histone proteins was achieved by grow-
ing HelLa S3 cells (American Type Culture Collection) to a
density of~4 x 1P/mL in Joklik-modified minimal essential
medium (Sigma) supplemented with 10% newborn bovine
serum and bringing the culture to 10 mM sodium butyrate
24 h prior to nucleus isolatior88, 39. Nuclei were isolated
as described elsewher® except that all solutions contained
10 mM sodium butyrate to inhibit histone deacetylase activity
(38, 39. Following centrifugation at 25@f) the nuclear
pellet was rinsed twice with 1 mM HEPES, 0.1 mM EDTA,
and 10 mM sodium butyrate (or 10 mM NacCl for normal
chromatin), pH 7. The nuclei were then subjected to three
10 s bursts of sonication in the same buffer at a DNA
concentration of 0.4 mg/mL with a Branson Model 250
Sonifier equipped with a microprobe and at the lowest

setting. The suspension was subjected to centrifugation at

9000y for 3 min and the resulting supernatant saved for
histone isolation. Following DNA quantitation by absor-

bance at 260 nm, core histone proteins were isolated by
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FIGURE 2: Characterization of acetylation levels in preparations of
HelLa cell histones. Purified histones from normal (lane 1) and
butyrate-treated (lane 2) HelLa cells were resolved on an acid-urea
gel as described in Experimental Procedures. The identity of the
core histones is noted in the margin.

from unincorporated DNA on a 4.5% polyacrylamide nucle-
oprotein gel prepared as described elsewhédg, except
that the drug-treated samples were loaded onto the gel
following addition of glycerol to a final concentration of
10%. The drug-damaged nucleosome remains intact during
this purification due to the low level of DNA damage [data
not shown 2)]. Hydroxyl radical footprinting studies were

hydroxylapatite chromatography essentially as described byPerformed on naked and nucleosomal DNA as described

Simon and Felsenfeld4(Q) except that a batch preparation
was performed rather than column chromatography (0.34 mg
of DNA/mL Bio-Gel HTP; Bio-Rad). The purified core
histone proteins elutedni2 M NaCl, 50 mM sodium
phosphate (pH 7), 1 mM EDTA, and 10 mM sodium butyrate
(or 10 mM NaCl) were exhaustively dialyzed against 10 mM

elsewhere (42), and the damaged nucleosomes were also
resolved on a nucleoprotein gel. In all cases, nucleosomes
were eluted from the gel by overnight agitation in 300 mM
sodium acetate and 1 mM EDTA, pH 7, at’€, and the
DNA was purified by phenol/chloroform extraction and
ethanol precipitation. The purified DNA was then resolved

HEPES and 1 mM EDTA, pH 7. To concentrate the histone " @n 8% sequencing gel along with Maxa@ilbert

proteins, the samples were lyophilized and redialyzed agains
the same buffer. Histone protein was quantified by absor-
bance at 230 nm4Q) and by reference to histone standards
on 15% SDS polyacrylamide gels. The level of acetylation

of the histones was characterized by electrophoresis on a

15% polyacrylamide gel (37.5:1 acrylamide:bisacrylamide)
containing 6.3 M urea and 5% acetic acid. The wells were
loaded with 6.3 M urea, 5% acetic acid, and 0.5 M
cysteamine, and the gel was prerun in 5% acetic acid for 3
h. Following lyophilization to dryness, the histones were
redissolved in 5uL of 4 M urea, 5% acetic acid, 0.02%
pyronin Y, and 5% 2-mercaptoethanol, heated at©@Gor
2 min, cooled, and loaded onto the gel. When the pyronin
Y had migrated to the bottom of the gel, the gel was fixed
and stained with Coomassie Blue, destained, and dried.
Reconstitution of Nucleosomes on 5S rDNFhe 215 bp
EcaR1/Ddd fragment of pXP-10 was 'gend labeled with
[32P] at theEcoRI site as described previousi#)( Nu-

{Sequencing standardd3). Dried gels were subjected to

phosphorimager analysis as described elsewh&re To
compensate for lane-to-lane variation in sample loading,
radioactivity in each band was expressed as a percentage of
the total radioactivity in the lane.

RESULTS

Characterization of the Reconstituted NucleosoniBse
level of acetylation of histones isolated from control and
butyrate-treated HelLa cells is shown in the acid-urea gel in
Figure 2. Core histones from butyrate-treated cells are highly
acetylated as illustrated most clearly by the multiple bands
representing histone H4.

The nucleosomes reconstituted from normal and hyper-
acetylated histones were characterized by hydroxyl radical
footprinting as shown in the gel in Figure 3 and in the
line graph in Figure 4A. In both cases, the DNA has the
same rotational and translational setting on the histone core

cleosomes were reconstituted from the labeled DNA and as indicated by the identical hydroxyl radical cleavage
purified histones by dialysis from high salt-urea essentially profiles (Figure 3). The sinusoidal variation in cleavage
as described elsewhed (except that sonicated calf thymus frequency is due to positioning of the DNA on the histone
DNA (~500 bp average) was used as cold carrier and the core, with maxima and minima occurring where the minor
ratio of histone to DNA was 1:1. The degree of incorpora- groove faces away from and toward the histone core,
tion of the DNA into nucleosomes ranged from 75 to 95% respectively 25).
(data not shown). Calicheamicin Damage in Naked and Nucleosomal 5S
DNA Damage Reactions and Hydroxyl Radical Footprint- rDNA. The damage produced by calicheamicin in naked
ing. Drug reactions were performed by adding@Llaliquot DNA and in nucleosomes containing normal and hyper-
of a methanolic solution of the drug to naked or nucleosomal acetylated histones is shown in the gel in Figure 3 and in
DNA (30 ug/mL) in a total of 20uL reaction volume the line graphs in Figure 4 (panels B and C). To ensure
containing 10 mM glutathione, 15 mM HEPES, and 1 mM that the cleavage patterns apparent in the sequencing gels
EDTA, pH 7; final drug concentrations were 160 nM for reflected the true frequency of damage at each site, the
calicheamicin and 1.BM for esperamicin C. After incuba-  studies were performed with a calicheamicin concentration
tion at 37°C for 30 min, nucleosomal DNA was resolved (0.16 xM) that produced on average one or fewer damage
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1 234 5 67 8 9 101112 13 14 15 16 cheamicin-induced damage are identical in both naked DNA
- and nucleosomes with low levels of acetylati@4). This
confirms the constancy of nucleosome structure for the two

e
4§ o o different reconstitution procedures.
E E E = — "" f :Igg Damage Produced by Esperamicin C in Naked and
- B - — 450 Nucleosomal 5S rDNA To investigate the role of the
- i dn i tetrasaccharide side chain of calicheamicin in the recognition
. - - +40 .
~= 430 of nucleosomal DNA targets, we examined the damage
- * produced by esperamicin C in naked and nucleosomal DNA.
ol SN - +20 As shown in the gel in Figure 3 and in the line graphs in
= —+10 Figure 5B, esperamicin C behaves in a manner similar to
= calicheamicin with damage generally reduced in the nucleo-
= -+l some compared to the naked DNA and with damage sites
— _‘_‘10 abolished when the minor groove faces the histone proteins.
T Again, there is no effect of histone acetylation on the
= O esperamicin C damage patterns (Figure 5C). However, there
- <20 is no obvious similarity of the sequence selectivities of
- esperamicin C and calicheamicin and, unlike calicheamicin,
~ .30 there is no increase in damage at positiers3 and—14
o (Figure 5B).
> DISCUSSION
- -40

Calicheamicin is a DNA-damaging enediyne antibiotic that
Ficure 3: Comparison of DNA damage produced by calicheamicin recognizes the '@&nds of purine tracts in naked DNAL(
(160 nM) and esperamicin C (1:BV) in normal and hyperacety- . : o .
lated nucleosomes. Lanes 1, 6, 7, and 14: naked DNA. Lanes 2, 8,1.1)' Our p'r(.-:'VIOUS StUdleS.re.Vealed that, vyhen a calicheami
9l and 15: norma| nuc|eosomesl Lanes 3’ 10’ 111 and 16: Cin rE‘COgnItIOI’I Sequence IS II’ICOI’pOI'ated |nt0 a nUC|6050me,
hyperacetylated nucleosomes. LanesSluntreated controls. Lanes the associated changes in DNA conformation and dynamics
6, 8, and 10: calicheamicin. Lanes 7, 9, and 11: esperamicin C. can create high-affinity binding sites for the dry 4). We
Lanes 14-16: Fe-EDTA. Maxam-Gilbert sequencing standards: haye now systematically extended this observation in two

A+G, lanes 4, 12; €T, lanes 5, 13. Position in the 5S rDNA - . . .
construct is denoted in the left margin relative to the transcription ways. First, we have examined the effect of a biologically

start site ¢-1); the likely location of the dyad axis is denoted by important modification of nucleosome structure, histone
the arrow p5). acetylation, on the recognition of nucleosomal targets by

calicheamicin. Second, we have defined the role of drug
events per DNA fragment. The fact that there was no structure in this target recognition process.

increase in the level of unincorporated DNA in drug-treated  Histone Acetylation Does Not Affect Enediyne Target
samples indicates that the damaged nucleosomes remaineftecognition in NucleosomesAlthough the basis for target
intact on the nucleoprotein gel (data not shown). selection by calicheamicin has not been fully defined, it has

As shown in Figures 3 and 4, the damage produced by been established that the drug is sensitive to changes in DNA
calicheamicin in the naked DNA and in “normal” nucleo- conformation. For instance, the extent of DNA damage at
somes, reconstituted from purified histones, is virtually a particular site is influenced by flanking sequend@s4d,
identical to that observed previously by tal. using a 5S 45), while incorporation of DNA into a nucleosome causes
rDNA nucleosome reconstituted by histone exchange from poth increases and decreases in DNA damage even when
core particles4). This attests to the similar nucleosome the minor groove is fully accessible to the dry. (In light
structures produced by the two different reconstitution of the present results, the sensitivity of enediynes to DNA
methods. In general, calicheamicin produced damage onlyconformation suggests that, at least at sites of drug-induced
at sites where the minor groove faced away from the DNA damage, histone acetylation alone does not significantly
nucleosome core; these sites are indicated by maxima in thealter the local conformation of core DNA in the nucleosome.
hydroxyl radical cleavage patterns (Figure 4A). As observed This conclusion is supported by the virtually identical
previously, calicheamicin-induced damage is increased 3 tocleavage profiles in normal and hyperacetylated nucleosomes
4-fold at one site approximately one helical turn away from for both esperamicin C and calicheamicin (Figures 4C and
the putative dyad axis of the nucleosome (positieri$ and 5C). Our results also suggest that histone acetylation does
—14 in Figure 4). not affect the rotational or translational setting of DNA on

It is also apparent that histone acetylation does not af- the histone core. In addition to superimposible hydroxyl
fect the identity of calicheamicin target sites or the frequency radical cleavage profiles, DNA damage produced by espe-
of cleavage at any site, as suggested by the identical cleavageamicin C and calicheamicin is inhibited to the same extent
profiles in normal and hyperacetylated nucleosomes in Figurein normal and hyperacetylated nucleosomes when the minor
4C. This lack of an acetylation effect cannot be ascribed to groove of a binding site faces the histone proteins, as shown
the reconstitution technique or to the quality of nucleosomes. in Figures 4B and 5B. These conclusions are tempered,
The results of the present studies of calicheamicin-inducedhowever, by the possibility that the calicheamicin and
damage in 5S rDNA nucleosomes are identical to those esperamicin C may not be sensitive to certain changes in
observed earlier in which a different reconstitution technique DNA conformation or to changes that occur outside damage
was employed 4). The location and frequency of cali- sites.
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Ficure 4: Cleavage profiles for calicheamicin and hydroxyl radical in normal and hyperacetylated nucleosomes. The gel shown in Figure

3 was subjected to phosphorimager analysis presented here as line graphs of damage frequency along the 5S rDNA sequence. (A) Hydroxyl
radical cleavage of hyperacetylated nucleosomes; the pattern is identical to that produced in normal nucleosomes (data not shown). (B)
Overlay of the damage patterns produced by calicheamicin in naked DNA (gray) and normal nucleosomes (black). (C) Overlay of the
damage patterns produced by calicheamicin in normal (black) and hyperacetylated nucleosomes (gray). The sequenimeYdanis 5

right to left, with numbering according to the position in the 5S rDNA construct.

Our observations are consistent with the hydroxyl radical DNA contacts, as suggested by thermal denaturation studies
cleavage studies of Bauet al. (30). They proposed that (35). Reduced proteinDNA contacts caused by hyper-
histone acetylation alters the shape of the nucleosome andacetylation of histones may permit relatively large changes
thus the number of times the DNA wraps around the histone in DNA conformation upon binding of DNase | (MW
core, which explains the linking number change that occurs ~31 000), while small perturbations induced by the ene-
in acetylated nucleosome33). However, the results of the  diynes (calicheamicin MW= 1367) may be tolerated in both
present studies with enediynes and the hydroxyl radical normal and hyperacetylated nucleosomes.
cleavage studies of Bauet al. (30) indicate that this shape Role of Drug Structure in the Recognition of Nucleosomal
change does not significantly affect local DNA conformation DNA Targets The observed differences between cali-
in the nucleosome. ltis still not clear how these results relate cheamicin and an analog missing the terminal sugar and
to the increase in DNase | sensitivity of the core DNA in aromatic ring, esperamicin C, highlight the critical role
hyperacetylated nucleosomes observed by Ausio and vanplayed by the intact tetrasaccharide in calicheamicin target
Holde 35). One possible explanation for this observation recognition. At the level of naked DNA, the two drugs differ
is that histone acetylation affects the stability of the histone  significantly in the sequence-selectivity of DNA damage, as
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Ficure 5: Cleavage profiles for esperamicin C and hydroxyl radical in normal and hyperacetylated nucleosomes. The gel shown in Figure

3 was subjected to phosphorimager analysis presented here as line graphs of damage frequency along the 5S rDNA sequence. (A) Hydroxyl
radical cleavage of hyperacetylated nucleosomes; the pattern is identical to that produced in normal nucleosomes (data not shown). (B)
Overlay of the damage patterns produced by esperamicin C in haked DNA (gray) and normal nucleosomes (black). (C) Overlay of the
damage patterns produced by calicheamicin in normal (black) and hyperacetylated nucleosomes (gray). The sequenimeYdanin 5

right to left, with numbering according to the position in the 5S rDNA construct.

shown in Figure 4B and 5B. Calicheamicin shows a enhanced DNA damage at positiond3 and—14 and the
preference for the'3&nds of purine tract( 4) and to cause  different sequence selectivity of esperamicin C points to the
bending of the DNA upon binding2(l), with the tetrasac-  importance of the intact tetrasaccharide side chain in the
charide side chain responsible for this selectivity (A. A. targeting of purine tracts by calicheamicin and in drug-
Salzberg, and P. C. Dedon, unpublished observations).induced DNA bending.
However, truncation of the side chain to produce esperamicin
C results in a poorly definable sequence selectivity, except ACKNOWLEDGMENT
for a preference for pyrimidines and a lower affinity for
DNA. The latter is apparent in the higher concentration (1.5
uM) of esperamicin C required to produce levels of DNA
damage similar to calicheamicin (160 nM; Figure 3).

One of the most obvious differences between the two
molecules is their sensitivity to the nucleosome-induced REFERENCES
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