1150 Biochemistry1996,35, 1150-1161

Cooperativity in the Binding of Echinomycin to DNA Fragments Containing
Closely Spaced CpG Sites

Christian Bailly*# Franmis Hamy! and Michael J. Waring?®

Department of Pharmacology, Wmrsity of Cambridge, Tennis Court Road, Cambridge CB2 1QJ, U.K.,
Institut de Recherches sur le Cancer, INSERM U124, Place de Verdun, 59045 Lille Cedex, France, and Ciba-Geigy Ltd.,
Pharmaceutical Diision, Basel 4002, Switzerland

Receied July 24, 1995; Résed Manuscript Receed October 3, 1995

ABSTRACT. Quantitative footprinting has been used to investigate cooperative binding of the antitumor
antibiotic echinomycin to DNA fragments containing closely spaced CpG steps. The sequences of the
designed DNA fragments contained two pairs of strong echinomycin binding sites: a pair of ACGT sites
together with an ACGT site and a TCGA site, either directly adjacent or separated by two or-four A
base pairs. The results demonstrate that the binding of echinomycin to the sequences ACGTACGT and
TCGAACGT is highly cooperative. The extent of cooperativity depends on the nature of the sequences
clamped by the antibiotic and diminishes as the distance between the binding sites is increased. Various
methods of extracting the information necessary to establish cooperativity have been compared. Beyond
the specific interest in echinomyeiDNA interaction, the present quantitative footprinting study provides

a model that may be generally applicable for designing investigations into cooperativity i DINA

recognition.

Echinomycin (Figure 1) is a cyclic octadepsipeptide o LTI
antibiotic that selectively inhibits DNA-directed RNA syn- 7 na ‘\< T L-meval \‘
thesis in a variety of biological systems (Waring, 1979, ( Gy [ \“3C\IE*_CH3 g
1993). lIts antitumor activity is believed to result from its JPRN N/g—é’\N\g/%/N\—g\co A
capacity to bind tightly to DNA by a mechanism of bis- . Ju ‘;c/ R al_ e 0 b-ser' .
intercalation (Waring & Wakelin, 1974). Footprinting stud- ©i DT L eny T, ( D
ies have established that echinomycin binds preferentially N <‘|5Hz y 'Z/c AT T
to sites surrounding CpG steps in DNA (Low et al., 1984; e C\Hic/g\,{\:_gj/ i, !
Van Dyke & Dervan, 1984). Its sequence selectivity is /H: clc_" V0 10 b )
apparently mediated by the formation of three hydrogen L ey e
bonds between the alanine residues of the ligand and the N bnemeval /s N7

~ -

N3 and 2-amino groups of the guanosine nucleotides in the
recognition site. Recent studies from our laboratory have
emphasized t.he determma}nt role .Of the exocyclic 2-amino Table 1: Structures of Oligonucleotigd€uinoxaline Antibiotic
group of guanine exposed in the minor groove for sequence-complexes Determined to Atomic Resolution

specific recognition between echinomycin (as well as several

Ficure 1: Structure of echinomycin.

other antibiotics) and DNA (Marchand et al., 1992; Bailly S drug—DNA complex relfe(rence)
et al., 1993; Bailly & Waring, 1995a). triostin A-CGTACG Wang etal. (1984
. y . 9 ) echinomycin-CGTACG Ughetto et al. (1985)
The three-d_men;mnal structures of numerous co_mplexes triostin A—GCGTACGC Quigley et al. (1986)
between a quinoxaline antibiotic and an oligonucleotide have echinomycin-ACGT Gao and Patel (1988)
been solved at atomic resolution by X-ray crystallography echinomycin-TCGA Gao and Patel (1988)
or NMR spectroscopy (Table 1). Studies on 1:1 echinomy- &chinomycir-GCGC Gao and Patel (1989)
. . . echinomycin-CCGC Gao and Patel (1989)
cin—DNA complexes have revealed the exact orientation of - gchinomycin-AAACGTTT Leroy et al. (1992)
the antibiotic molecule inserted around a CpG step. Struc- echinomycir-CCAAACGTTTGG  Leroy etal. (1992)
tural studies of 2:1 echinomyciroligonucleotide complexes eCE!nomyC!r‘rﬁgglﬁggZ g!:ger: ang Ee!gon Eigg%
i H ecninomycin- lpert an eigon
ha;]/? Shed. light on the .e.ﬁeCt 0:} ﬂagkmg Eeque?lces on echinomycin-rACGTATACGT Gilbert and Feigon (1992)
echinomycin-CpG recognition. It has been shown that tWwo  ostin A-GACGTC Addess and Feigon (1994a)
triostin A—GGACITCC Addess and Feigon (1994b)
triostin A—ACGTACGT Addess and Feigon (1994c)
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AICR, and the Sir Halley Stewart Trust (to M. J. W.). Portions of the
research were presented at the 39th meeting of the Biophysical SocietySit€S either juxtaposed (ACGTACGT) (Gilbert & Feigon,

(San Francisco, February 1995). 1991) or spaced by two additional-A base pairs (ACG-
; Address correspondence to this author. TATACGT) (Gilbert & Feigon, 1992). By contrast, there
(INSERM U124. is no cooperativity between juxtaposed TCGA sites: two
University of Cambridge. . . .
I Ciba-Geigy. echinomycin molecules clamp independently around each
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CB1 (TA); - TCGA - TATA - ACGT - (AT)4- ACGT - A

5'- AATTCGAGCTCGCCCGGGGATCCTATATATATATATATCGATATAACGTATATATATACGTACGTATATAAGCTTGGCACTGGCCGTCGTTTTACAACGTCG.. ...,
3= AAGCTCGAGCGGGCCCCTAGGATATATATATATATAGCTATATTGCATATATATATGCATGCATATATTCGAACCGTGACCGGCAGCAAAATGTTGCAGC. ...

CB2 (TA)7 - TCGA - TA - ACGT - (AT)s - ACGT - AT - ACGT - (AT).

EcoRI 10 20 30 40 50 60 90 100

|

EcoRI 10 20 30 40 50 60 70 80 90 100

5'- AATTCGAGCTCGCCCGGGGATCCTATATATATATATATCGATAACGTATATATATACGTATACGTATATAAGCTTGGCACTGGCCGTCGTTTTACAACGTCG. ...

3= AAGCTCGAGCGGGCCCCTAGGATATATATATATATAGCTATTGCATATATATATGCATATGCATATATTCGAACCGTGACCGGCAGCAAAATGTTGCAGC........
CB3 (TA); - TCGA - ACGT - (AT)s - ACGT - ATAT - ACGT - (AT),
EcoRT 10 20 30 40 50 60 70 80 90 100

-

5'- AATTCGAGCTCGCCCGGGGATCCTATATATATATATATCGAACGTATATATATACGTATATACGTATATAAGCTTGGCACTGGCCGTCGTTTTACAACGTCG. ...,
3~ AAGCTCGAGCGGGCCCCTAGGATATATATATATATAGCTTGCATATATATATGCATATATGCATATATTCGAACCGTGACCGGCAGCAAAATGTTGCAGC.......

Ficure 2: Sequences of the DNA fragments containing the inserts CB1, CB2, and CB3 (bold characters). In each case the plasmid was
double digested witliecaRI plus Pyull and then 3- or 5-end labeled at th&cdRl site (underlined).

1991). Cooperative binding of echinomycin and related HCI, pH 7.0, 10 mM NacCl, and methanol so as to yield a
drugs to DNA was also evidenced in early equilibrium final methanol concentration of 10% (v/v) in the footprinting
binding studies (Lee & Waring, 1978; Fox et al.,, 1982; reactions. Methanol-containing buffer was used for the drug-
Shafer & Waring, 1982) and more recently in footprinting free control samples. Under our conditions methanol is
studies (Sayers & Waring, 1993; Bailly & Waring, 1995b) known not to affect deoxyribonuclease activity (Low et al.,
which showed that echinomycin binds much more strongly 1984; Portugal et al., 1988). An extinction coefficient of
to the CpG steps in the sequences ACGACGT and AC- 11500 M cm™ was used to determine echinomycin
GACGG than to sequences containing an isolated CpG concentration from absorbance measurements at 325 nm
dinucleotide step. These several observations have promptedwaring, 1979).

the conclusion that the stability of echinomyeibNA Chemicals and BiochemicalsAmmonium persulfate,

complexes depends to a.con3|de_rable extent on the seqUeNGeig_pase [Tris(hydroxymethyl)amino methane], acrylamide,
at and adjacent to the binding site. bisacrylamide, ultrapure urea, boric acid, tetramethylethyl-
We have sought to examine in greater detail the cooper- enediamine, and dimethyl sulfate were from BDH. Formic
ativity of binding of echinomycin to DNA by measuring the  acid, piperidine, hydrazine, and formamide were from
strength of binding to DNA fragments containing closely Aldrich Chemicals, Inc. Photographic requisites were from
spaced CpG steps. A series of 52-mer oligonucleotides werekodak. Bromophenol blue and xylene cyanole were from
cloned into pUC12, each containing two pairs of classical sjgma Chemical Co. Bovine pancreatic deoxyribonuclease
echinomycin binding sites (ACGT and TCGA) in direct | (DNase I, EC 3.1.21.1, Sigma Chemical Co.) was stored
juxtaposition or spaced by two or fourAbase pairs (Figure a5 a 7200 units/mL solution in 20 mM NaCl, 2 mM Mggl
2). Footprinting experiments using DNase | as cleaving 2 mm MnCl,, pH 7.3, at—20 °C and was freshly diluted to
agent were performed to investigate binding of the antibiotic the desired concentration immediately prior to use. Restric-
to these sites at nucleotide resolution. Quantitative analysistion endonucleases were purchased from Boehringer Man-
of the footprinting patterns was undertaken to provide an pnheim and used according to the supplier's recommended
accurate estimate of the relative drug occupancy at each CpGprotocoI in the activity buffer provided. Alkaline phos-
step and thus to permit direct determination of the influence phatase, AMV reverse transcriptase, and T4 polynucleotide
of a neighboring site on the recognition of a particular CpG kjnase were from Pharmacia-[3P]dATP andy-[*P]ATP
step by echinomycin. The results establish unambiguously 5000 Ci/mmol) were purchased from New England Nuclear.
that the binding of echinomycin to DNA can be highly ypapeled forms of ATP and dATP (ultrapure grade) were
cooperative and that the extent of cooperativity depends ONpurchased from Pharmacia. All other chemicals were

the nature of the sequences clamped by the antibiotic. 3na) tical grade reagents, and all solutions were prepared
Beyond the specific interest for echinomyeiDNA interac- by using doubly deionized, 0.2&n Millipore-filtered water.

tion, the present study illustrates the usefulness of the L . . .
quantitative footprinting methodology as a sensitive means DNA Punflca}tmn and Label|ng.PIa§m|ds were isolated
of detecting cooperativity in drugDNA recognition. from ESCheI‘IChI.a colby a standard sodium d'o'decyl sulfatg
sodium hydroxide lysis procedure and purified by banding
MATERIALS AND METHODS in CsChethidium bromide gradients. Ethidium was re-
moved by several isopropanol extractions followed by
Antibiotic. Echinomycin was obtained from Parke-Davis exhaustive dialysis against Tris-EDTA buffer. The purified
(New Jersey) and dissolved to a concentration oftBDin plasmid was then precipitated and resuspended in appropriate
10 mM Tris-HCI, pH 7.0, 10 mM NacCl containing 40% (v/  buffer prior to digestion by the restriction enzymes. To clone
v) methanol. The stock solution was diluted to working the AT-rich inserts (Figure 2), a synthetic 52-mer oligo-
concentrations with appropriate volumes of 10 mM Tris- nucleotide and its complement were mixed at a 1:1 ratio,
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heated to 70C, and slowly cooled to form the duplex. The

Bailly et al.

Densitometry To achieve an accurate and sensitive

sequences of the oligonucleotides were designed so that theylensitometric analysis of the footprinting data, we tested two

could be cloned between thdindlll and BanH]I sites of
the pUC12 vector. The vector plasmid pUC12 was double
digested withBanH| and Hindlll prior to ligation with the
insert. The resulting plasmid construct (pCB1, pCB2, and
pCB3) was transformed int&. coli TG1 cells. The DNA
fragment for footprinting was prepared by-[3?P]-end
labeling of theEcdRl—Puull double digest of pCB plasmid
using a-[3P]dATP (6000 Ci/mmol) and AMV reverse
transcriptase or by §%?P]-end labeling of th&coRl/alkaline
phosphatase treated plasmid using®?P]JATP (6000 Ci/
mmol) and T4 polynucleotide kinase followed by treatment
with Puull. The digestion products were separated on an
8% polyacrylamide gel under non-denaturing conditions in
TBE buffer (89 mM Tris-borate, pH 8.3, 1 mM EDTA).

independent methods. In the first approach, we employed
phosphor screen storage technology (Johnston et al., 1990),
which permits rapid and sensitive quantitative analysis and
claims to provide a linear response over an extremely wide
range of band densities. In this case, the ImageQuant
software from Molecular Dynamics was used to measure the
radioactivity profiles of the gel lanes and to quantify band
intensities. In the second approach, bands on an autorad-
iograph (i.e., a photographic film exposed for a critical time
carefully adjusted to provide optimal sensitivity) were
quantitated by a nonlinear least-squares program using the
software package GELTRAK specifically developed for
quantitative footprinting (Smith & Thomas, 1990). Unlike
ImageQuant, GELTRAK allows the operator to fit each band

After autoradiography, the band corresponding to the 168 on the autoradiograph with a Gaussian line shape and thus
base pair fragment was excised, crushed, and soaked irpermits accurate measurement of band intensities, particularly

elution buffer (500 mM ammonium acetate, 10 mM mag-
nesium acetate) overnight at 3€. This suspension was
filtered through a Millipore 0.22m filter and the DNA was
precipitated with ethanol. Following washing with 70%

of closely spaced bands. In any event, no important
differences between the results obtained from the two
procedures were noticed. By virtue of its speed and
convenience, the phosphor screen imaging system is the

ethanol and vacuum drying of the precipitate, the labeled method of choice.

DNA was resuspended in 10 mM Tris adjusted to pH 7.0
containing 10 mM NacCl.

DNase | Footprinting. DNase | experiments were per-
formed essentially according to the original protocol (Low

A Molecular Dynamics 425E Phosphorlmager was used
to collect the data from storage screens exposed to dried gels
overnight at room temperature. Base line-corrected scans
were analyzed by integrating all of the densities between

et al., 1984). Reactions were conducted in a total volume two selected boundaries using ImageQuant version 3.3

of 10 uL. Samples (3u«L) of the labeled DNA fragment
were incubated with L of the buffer solution containing
the desired echinomycin concentration. After 60 min of
incubation at 37°C to ensure equilibration of the binding
reaction, the digestion was initiated by the addition pfi.2

software. Footprinting data are presented in the forr)in(

— In(f representing the differential cleavage at each bond
relative to that in the controf{is the fractional cleavage at
any bond in the presence of the drug, &nid the fractional
cleavage of the same bond in the control). The results are

of the endonuclease solution whose concentration had beerdisplayed on a logarithmic scale for the sake of convenience;
adjusted to limit the digestion to less than 30% of the starting positive values indicate enhanced cleavage whereas negative
material so as to minimize the incidence of multiple cuts in values indicate blockage. Each resolved band on the
any strand (“single-hit” kinetic conditions). Optimal enzyme phosphorimage was assigned to a particular bond within the
dilutions were established in preliminary calibration experi- DNA fragment by comparison of its position relative to the
ments. Typically, DNase | experiments included 0.01 unit sequencing standards generated by treatment of the DNA
of enzyme/mL, 20 mM NaCl, 2 mM MgGl 2 mM MnCl, with dimethyl sulfate (G), formic acid (G- A) or hydrazine

pH 7.3. At the end of the reaction time (routinely 3 minat (T + C) followed by piperidine-induced cleavage at the
room temperature), the digestion was stopped by freeze-modified bases.

drying. After lyophilization each sample was washed once Data Reduction.Peak areas were stored on a disk as an
with 50 uL of deionized water then lyophilized again prior ASCIl file and subsequently transferred into standard
to resuspending in 4L of an 80% formamide solution  spreadsheet programs (Cricket Graph and Kaleidagraph)
containing tracking dyes (purchased from Sigma). Samplesusing a Macintosh personal computer. The final data set
were generally electrophoresed immediately, but they canconsisted of 55 band positions (positions—2@) for each

be stored (at 2C for up to 24 h) prior to resuspending in
the dye solution. Samples were heated af@dor 4 min
and chilled in ice for 4 min prior to electrophoresis.
Electrophoresis and Autoradiographyleavage products
resulting from the DNase | reactions were resolved by

polyacrylamide gel electrophoresis under denaturing condi-

tions (0.3 mm thick, 8% acrylamide containing 8 M urea).

strand of each insert fragment. At a given nucleotide
position, data were obtained for a total of 17 echinomycin
concentrations. Peak areas were determined in duplicate and
were averaged. Over 10 000 individual peak areas were thus
determined in our analysis. The procedure used to derive
the footprinting plots was based on previous methods (Ward
et al., 1987; Dabrowiak & Goodisman, 1989; Sayers &

Electrophoresis was continued until the bromophenol blue Waring, 1993). In the first stage, peak areas were corrected

marker had run out of the gel (about 2.5 h at 60 W, 1600 V
in TBE buffer, BRL sequencers model S2). Gels were
soaked in 10% acetic acid for 15 min, transferred to
Whatman 3MM paper, dried under vacuum at €0 and
subjected to autoradiography-a70 °C with an intensifying
screen. Exposure times of the X-ray films (Fuji R-X) were

for slight differences in the total amount of DNA loaded
per lane by multiplying the peak area by a specific correction
factor. This factor is determined from a total cut plot, i.e.,
a plot of the sum of all band intensities in a given larse
the total echinomycin concentration. These individual cor-
rections yield the “corrected” or “normalized” band intensi-

adjusted according to the number of counts per lane loadedties which are used to construct the footprinting plots. In

on each individual gel (usually 24 h).

the present case, each total cut plot was a line of near-zero
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slope. Footprinting plots were then constructed by plotting (Figure 2) were 3 or 5-end labeled at th&cdRl site on

R vs ¢ wherec is the ligand concentration. The relative one or the other of the complementary strands. A series of
band intensityR corresponds to the ratik/l,, wherel, is mixtures containing one of the thre&P-labeled DNA

the intensity of the band at a given concentratipandl, is fragments and a large distribution of echinomycin concentra-
the intensity of the same band in the control lane, i.e., in the tions was prepared and, after 1 h of incubation at@#o
absence of the antibiotic. ¥gvalues were obtained by fitting  establish equilibrium (Fox et al., 1981), the DNA in these
the experimental data in each footprinting plot using a samples was exposed to the nicking activity of DNase |.

nonlinear iterative curve fitting a sigmoid function Echinomycin concentrations varying from 0.1 to/8@ were
chosen so as to generate solutions in which the fractional
=A— (A — B)(10) (eq 1, fit 1) occupancy of DNA binding sites varied from a few percent
(109 + (100) ' to near 100%. Typical autoradiographs obtained with each
insert are shown in Figure 3. The rate of cleavage by the
(A — B)(10YP° enzyme is subject to considerable modulation through local

= (10‘)D N (lOC)D (eq 2, fit 2) binding of echinomycin. Although visual inspection of the
gels will suffice to ascertain that the antibiotic binds
whereA is the top plateauRnay), B is the bottom plateau  specifically to the CpG steps, it is necessary to conduct an
(Rmin), Cis the log 1Go (—plCsg), andD is the slope. The  accurate densitometric analysis of autoradiograms from each
fitting was performed using the software package Kaleida- footprint titration in order to construct binding isotherms
graph running on a Macintosh computer. whence the strength of binding can be determined.

In preliminary tests it was established that the reproduc- For both strands of each DNA fragment, we have
ibility of determination of IG values from independent examined the footprinting patterns over the complete range
experiments was generally better tha6%, i.e., comparable  of echinomycin concentrations up to 3@M so as to
to the range of variation observed when using different determine the full concentration-dependence profile at all
methods of curve fitting (see below). In a few instances CpG sites and at AT sequences proximal and distal to the
where the top platealRf..) was not well defined, it was set  binding sites. The densitometric analyses were naturally
to 1.0, which is the limiting value corresponding to nil limited to regions where the bands were sufficiently well
footprinting effect which must apply at antibiotic concentra- resolved to permit unambiguous quantification. However,
tions tending to zero. Here again, tests to investigate thethanks to the high quality of the original polyacrylamide gels,
effect of choosingRmax Within the range actually observed the entire region of the inserts could be accurately analysed
at other bonds produced no differences g tBat exceeded  on both the 3 and 3-labeled fragments. The corresponding
the confidence limits derived from the curvefitting procedure differential cleavage plots in Figure 4 show the exact location
[Sayers and Waring (1993) and unpublished observations]. of the footprints (negative values) as well as regions where

The following equation was used to calculate Fhealue the cleavage by the nuclease is enhanced in the presence of
for a comparison of the fits provided by the two models:  the antibiotic (positive values). The plots reveal unambigu-

ously that the sites of reduced DNase | cleavage (presumptive
— (SS ~ S9/(SS/df,) drug-binding sites) are located around the ACGT and TCGA
(df, — df,) sites, as expected, with the customary®bp stagger in the
. 5" — 3 direction due to binding of the peptide ring in the
where S$and S$ are the sum of squares of the residuals minor groove. Adjoining the CpG-containing binding sites,
from fit 1 and fit 2, respectively, and gdiand dp are the  there are sequences which are rendered hypersensitive to
degrees of freedom of fit 1 and fit 2, respectively. The pNase | attack in the presence of the drug. Enhancement
degrees of freedom were calculated as the number ofof pNase | cutting occurs characteristically at the AT tracts
echinomycin concentrations used to construct the footprinting fianking the ACGT and TCGA binding sites. When those
plots, from which was subtracted the number of floating binding sites are separated by fourTAbase pairs, the two
parameters used in the curve fit (i.e., three for fit 1 and four 5otprints are well defined. For example, the two adjacent
for fit 2). TheF test indicated that fit 2 was sometimes better qtected regions in CB1 around positions 38 and 46 coincide
than fit 1, i.e., that the inclusion of an additional parameter very well with the TCGA and ACGT sites, respectively.
improved the goodness of fit of the regression curve to the Similarly, the two ACGT sites in CB3 which are separated
data set. However, the igvalues determined fromfit1 or — py four A-T bp give rise to two well-defined footprints
fit 2 were very little different (the maximum variation  clearly identifiable on both strands of the insert sequence.
observed was 4.2%). _ _ The two footprints tend to merge when the binding sites are

Another procedure employed to estimate the relative girectly juxtaposed or separated by only tweTAbp. In
affinity of the antibiotic for defined sites consisted of using  g,ch cases, a broad region of DNase | protection covering
the first four or five concentrations in each footprinting plot, - the two binding sites is observed, but it remains possible to
determining the initial slope by fitting them to a straight line, distinguish those two sites. For example, the binding of
and then dividing the slope of the line by ty@ntercept.  echinomycin to the two ACGT sites in CB1 (positions-56
The more negative the slope, the higher the binding constantsg ang 60-63) yields a large footprint encompassing the
of the antibiotic at that site (Dabrowiak et al., 1989; Stankus 1 tetranucleotides, but at moderate echinomycin concen-

etal, 1992; Shubsda et al., 1994). trations the bimodal shape of the differential cleavage plots
RESULTS at th_ls position is properly accounted for by the presence of
two individual sites.
Sequence-Specific Recognitiofhe three DNA fragments Cooperatve Binding of Echinomycin to GpC-Containing
(168 bp) containing the insert sequences CB1, CB2, and CB3Sites. To determine precisely whether (and to what extent)
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Differential Cleavage

CCTATATATATATATATCGATATAACGTATATATATACGTACGTATATAAGCTTGG
20 30 40 50 60 70
GGATATATATATATATAGCTATATTGCATATATATATGCATGCATATATTCGAACC

Differential Cleavage

Differential Cleavage

CCTATATATATATATATCGATAACGTATATATATACGTATACGTATATAAGCTTGG
20 30 40 50 60 70
GGATATATATATATATAGCTATTGCATATATATTAGCATATGCATATATTCGAACC

Differential Cleavage

-
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Differential Cleavage

CCTATATATATATATATCGAACGTATATATATACGTATATACGTATATAAGCTTGG

20 30
GGATATATATATATATAGCTTGCATATATATATGCATATATGCATATATTCGAACC

Differential Cleavage

Ficure 4: Differential cleavage plots comparing the susceptibility of the DNA containing the sequences CB1, CB2, and CB3 to cutting by
DNase I in the presence of various concentrations of echinomycin8D4M). The panel above each lettered sequence shows differential
cleavage of the'Habeled strand, the lower panel shows that of the complementdap&@ed strand. The ordinate scales for the two strands

are inverted, so that deviation of points toward the lettered sequence (negative values) corresponds to a ligand-protected site and deviation
away (positive values) represents enhanced cleavage. Vertical scales are in unity ofIm{f.), wheref, is the fractional cleavage at any

bond in the presence of the drug &k the fractional cleavage of the same bond in the control, given a closely similar extent of digestion

in each case. The lines drawn represent a three-bond running average of individual data points, calculated by averaging thefyalue of In(

— In(fo) at any bond with those of its two nearest neighbors. The results are displayed on a logarithmic scale for the sake of convenience.
The filled rectangles show the positions of the ACGT and TCGA sites.
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Ficure 5: “Total cut” plots showing the summed cleavage of the 168 bp DNA fragments CB1, CB2, and CB3 as a function of echinomycin
concentration. Intensities on tlyeaxis, representing the summed intensities of all bands in a given gel lane, are expressed in arbitrary units.

the binding of echinomycin to the designed DNA fragment of the recognition site and the distance between the two CpG
is cooperative, we considered the variation of band intensitiessteps, as illustrated graphically in Figure 7. With each insert,
as a function of antibiotic concentration. Prior to using band the G value at the TCGA site is much higher than that at
intensities to derive the so-called footprint plots (Dabrowiak the neighboring ACGT site, indicating that echinomycin
& Goodisman, 1989), the raw data were normalized to a prefers the latter type of site having a purifgyrimidine
common base by summing all band intensities in a given alternation over the former type of site. Thg &t the TCGA
lane on the autoradiogram. Typical plots of the total intensity site is significantly lower when the nearest ACGT site is
in each lane as a function of echinomycin concentration are directly juxtaposed to it (CB3) rather than when the TCGA
shown in Figure 5. In each case, the best fit to the summedand ACGT sites are separated by two or foufAp. The
data points is a linear plot with slope close to zero, indicating same is true for the two closely spaced ACGT sites: the
that the total amount of cleavage on the restriction fragment Csq values determined for both CpG steps in the sequence
remains practically constant. Decreases in cleavage intensityACGT(A-T),ACGT are significantly reduced when there are
within the CpG-containing echinomycin binding sites are only two intervening AT bp and are further diminished when
roughly compensated by increases in cleavage where the drughe two sites are directly adjacent.

does not bind, i.e., at (Af)sequences. The total cut plots  ap alternative procedure to estimate binding affinities of
allow band intensities to be corrected for gel-loading and echinomycin for each CpG-containing site consists in
errors in digestion time via multiplication of each band measuring the initial slopes of the footprinting plots. The
intensity by a correction factor equal to the ratio between affinity of the drug for a given site is inversely proportional
the fitted line and the experimental point for a given g the relative slope of the plot: the more negative the slope,
echinomycin concentration in the total cut plot. Corrected the higher the affinity constant of the antibiotic for a given
band intensities thus determined were used to construct theoinding site (Dabrowiak et al., 1989; Stankus et al., 1992;
footprinting plots. Shubsda et al., 1994). The results shown in Figure 8 agree
Figure 6 shows a collection of footprinting plots corre- perfectly with those in Figure 7 insofar as the binding of
sponding to each CpG step present in the inserts CB1, CB2,echinomycin at an ACGT site is facilitated when a second
and CB3. In every case, the cleavage intensity decreasesite, ACGT or TCGA, is adjacent to the first site. The
rapidly with increasing echinomycin concentration. The relative slope of the footprinting plot for echinomycin binding
decrease reflects the direct effect of the DNA-bound to ACGT becomes more negative when the distance between
antibiotic molecules which impede access of DNase | to the the two contiguous ACGT sites diminishes. Similarly, the
CpG sites. Each plot reflects the fractional saturation at a relative slope at TCGA is more negative when the TCGA
given CpG site, but the fractional saturation is not equal to site is directly adjacent to ACGT than when the two sites
R because the plateau value at high antibiotic concentrationare separated by two or four-A bp. Cooperative binding
is manifestly not on the abscisda € 0), and it varies from to GC sites can evidently be exploited by echinomycin to
site to site. The asymptote at highis determined by the increase the occupancy at the weaker site TCGA. Both
effectiveness of bound antibiotic at inhibiting DNA cleavage Figures 7 and 8 concur that the occupation of one CpG-
which may be wholly unrelated to its thermodynamic binding containing site by echinomycin increases the binding affinity
constant as previously discussed (Goodisman & Dabrowiak, at an adjacent CpG site for the second echinomycin molecule.
1992; Sayers & Waring, 1993). lItis thedvalue, the drug That the extent of cooperativity differs for adjacent ACGT
concentration required for half-maximal footprinting, which and TCGA sites suggests a role for the sequence-dependent
holds the thermodynamic data, and the important questionconformation of DNA.

is how such information may best be harvested. Effects of Echinomycin on AT Sequences Flanking Strong
The plots were fitted satisfactorily according to eq 1 or 2 Binding Sites. It can be seen in the control lanes of Figure
described in the Materials and Methods section v@lues 3 that the DNase | cleavage within the alternating (AT)
were automatically measured from the fitting procedure sequences consists of an alternating pattern of bands with
(calculated from the parameter C in eqs 1 and 2). The C strong cleavage at ApT and little or no cleavage at TpA, as
values determined for each CpG step within the three insertpreviously reported by others (Suggs & Wagner 1986;
sequences vary markedly depending on both the sequencéicClellan et al., 1986; Fox, 1992). The data in Figure 3
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FIGure 7: Variation of the G value (drug concentration required
for half-maximal footprinting) at each CpG step within the three
insert sequences. Under the conditions of these footprinting
experiments, a large proportion of the added echinomycin molecules
is likely to remain free, such thatsgvalues will approximate to
thermodynamic dissociation constants for binding to individual sites
(Dabrowiak & Goodisman, 1989). Data are given as mean
standard error.

of echinomycin the cleavage at TpA steps increases consid-
erably whereas cleavage at ApT steps is little affected. Not
all ApT and TpA steps exhibit the same susceptibility to
DNase | attack in the presence of echinomycin. Footprinting
plots for selected TpA and ApT steps within each insert are
presented in Figure 9. In several instances (e.g., ApT 31
and 66), the relative band intensit® increases with
increasing echinomycin concentration (the initial slope is
positive). Increases in the cleavage rate of the enzyme are
often observed in footprinting experiments with drugs,
especially with echinomycin (Sayers & Waring, 1993; Bailly
& Waring, 1995b). Enhancements most likely occur as a
result of the large-scale local deformation of the double helix
(48° unwinding, stiffening, and lengthening of the sugar
phosphate backbone by 6.8 A per echinomycin molecule)
induced by bis-intercalation of the antibiotic into DNA
(Waring, 1979). Echinomycin-induced distortion of-{A,
stretches flanking the site of bis-intercalation has been

FiGURE 6: Footprinting plots for each of the four CpG bonds present reported (Fox & Kentebe, 1990). Long-range structural
in the CB1, CB2 and CB3 plasmid sequences. The relative band distortions of DNA remote from the site of intercalation are

intensity R corresponds to the ratig/l,, wherel. is the intensity
of the band at the ligand concentratiomnd|, is the intensity of
the same band in the absence of the antibiotic. Data points were

obtained from gels such as those shown in Figure 3.

also frequently observed with monointercalating drugs such
as proflavine (Neidle & Abraham, 1984; Neidle et al., 1987).
Although enhanced nuclease cleavage is usually interpreted
as arising from ligand-induced structural changes, there are

support a previous conclusion (Fox & Kentebe, 1990; two alternative explanations for the enhanced cutting ob-
Waterloh & Fox, 1991; Fox et al., 1991) that in the presence served: (@) attractive interaction between the nuclease and
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= 8 Ofigih oo Dog g
the drug, leading to locally increased DNase | concentration +f — O T alt . 11
around the drug-binding sites and (b) a mass-action effect, ) . . .. LI .
due to drug-induced displacement of the nuclease away from ° o ] 10 o1 . 10 0
the drug-binding sites and resultant increase of the effective concentration (1tM) concentration (uM)
nuclease concentration at other sites not recognized by the 2 e : : - r e 2
drug (Ward et al., 1988; qudisman & Dabrowiak, 1992). R TpA 24 ToA 51
The elevated DNase | cutting at particular AT sites may AN A
originate from some combination of all three explanations. 8 Al ahd CB3
At several positions, such as TpA 51 in CB1 and CB2, ' ARa, s, T Aa Aa A} 1!
the rate of cleavage of the phosphodiester bonds in the AT A A A
sequence shows little variation with increasing echinomycin ‘\ a
concentration. Just as we argued in the case of enhanced . ) .“A . . AM
cleavage, this surely reflects the inability of echinomycin to j [ ' R ' j
bind to the (AT), tracts flanking the CpG sites. In fact, R ApT 31 A apTss e
(A-T), stretches are often refractory to intercalative drug , | 1 1.
binding. However, Fox and co-workers have suggested that A A@ AA
echinomycin can bind in a cooperative manner to a dinucle- 2} AT L P
otide step ApT embedded in an alternating AT sequence A A 2 anl far
provided that the ApT site is proximal to a GC core (Foxet 'T 24,4 T &4aan 1
al., 1991; Waterloh & Fox 1991). In the present study, we o L ) ) ) ) ) .
have observed a weak but noticeable footprint at positions 04 1 10 0,1 1 10
24—26 (Figures 3 and 4), i.e., near the junction between the concentration (M) concentration (M)

(AT), tract and the very GC-rich sequence which lies just Ficure 9: Footprinting plots for selected TpA and ApT bonds in

outside the insert (Figure 2). At first sight it is tempting to the CB1, CB2, and CB3 sequences. Open and filled symbols refer,

speculate that this footprint, which occurs at the same respectively, to the'3and 3-labeled strands of the DNA fragment.
o . . Other details are as for Figure 6.

position and to roughly the same extent with each insert,

reflects the binding of echinomycin to a pure AT site. echinomycin concentration when the DNA is labeled on the

However, the footprint is detected only on thel&beled 5'-end but increases slightly when the DNA is labeled on

strand of the inserted sequence. As shown in Figure 9, thethe complementary strand'{8nd labeling). For this reason,

rate of cleavage at position TpA 24 decreases with increasingwe prefer to believe that the apparently one-sided footprint
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at this particular AT site does not indicate a secondary approach. These equations as used in the present study may
binding site for echinomycin but rather results from a peculiar not represent the exact binding configuration but the approach
local perturbation of the helix which slightly inhibits access is straightforward and applicable to a variety of situations
of the enzyme to one strand. Furthermore, no hypersensitiv-whatever the number and arrangement of drug-binding sites
ity to chemical probes such as DEPC and @&@s detected  on DNA. Accordingly the system employed here has the
at this AT site (data not shown) whereas binding of virtue of practicality and should prove useful to other
echinomycin to GC sites renders the bases adjacent to thewvorkers.

clamped step very susceptible to DEPC attack (Mendel & The quantitative footprinting analysis reported here es-
Dervan, 1987; Portugal et al., 1988; Bailly et al., 1994, Bailly tablishes unequivocally that binding of echinomycin to DNA

& Waring, 1995b). However, the origin of the weak is a sequence-specific and occasionally cooperative molecular
footprint at the AT site around positions226 does remain  recognition process. The results provide strong evidence for

enigmatic. a high degree of cooperativity in the binding of the antibiotic
to certain closely spaced ACGT and TCGA sites. As such,
DISCUSSION our findings fully agree with the NMR studies of echino-

o o mycin binding to the sequences ACGTACGT (Gilbert &
Quantitative DNase | footprinting has been used 10 Fejgon, 1991) and ACGTATACGT (Gilbert & Feigon, 1992)
determine the strength of binding to specific nucleotide where a cooperative interaction between antibiotic molecules
sequences of drugs such as netropsin and distamycin (Fisthound to each of the CpG steps was evidenced. Whereas
et al., 1988, Ward et al,, 1987, 1988), actinomycin D the NMR analysis showed no cooperativity between echi-

(Rehfuss et al., 1990; Goodisman et al., 1992), chromomycin nomycin molecules bound to TCGATCGA (Gilbert &
(Stankus et al.,, 1992), daunomycin (Chaires et al., 1990), Feigon, 1991), we show here that cooperative interaction can
and echinomycin (Sayers & Waring, 1993). The methodol- pe detected when echinomycin binds to the sequence
ogy has also been exploited with signal success to investigatercGAACGT.
the cooperatiye binding of proteins to DNA (Senear et al., The extent of cooperativity depends on both the sequence
1986; Brenowitz et al., 1993), but, so far as we are aware, of the antibiotic binding sites and the distance between those
this study is the first one in which the methodology has been sjtes. Satisfying though that conclusion may be, it leaves
applied to evidence the cooperative binding to DNA of a ynresolved the question of the origin of the cooperativity. It
low molecular weight drug. Although different methods can might result either from direct liganeligand interactions or
be used to adduce evidence for the existence of cooperativity;5 the product of an altered DNA conformation induced by
in drug binding to DNA, only a few can provide information  the pinding of the drug. Both mechanisms are likely to be
pertaining to different sites within a single DNA fragment. jnfluenced by the spacing between the CpG sites and the
For example, NMR spectroscopy has been used to investigatesequences neighboring the CpG steps. Given both the NMR
the cooperative binding of echinomycin to DNA, but the and footprinting data, it is unlikely that the cooperativity
analysis is limited by the need to use short-(& bp)  originates from direct interaction between contiguously-
oligonucleotides and it demands rather large quantities of hound echinomycin molecules. Considering the observation
antibiotic and DNA. The great advantage of the footprinting that the cooperativity is sequence-dependent, we are inclined
titration experiment is the detailed view of the binding o pelieve, as surmised from previous equilibrium binding
behavior which it reveals at several sites within a relatively sty dies (Fox et al., 1982), that the cooperativity arises
long DNA fragment. The method allows us to examine the nrimarily as a result of a drug-induced progressive perturba-
binding of the drug simultaneously at each bond in DNA jon of the DNA helix. We have recently reported experi-
and thus to estimate the relative strength of interaction with ments indicating that DNA conformation plays a determinant
Placement of the sites distal or proximal to each other does 19954 c: Bailly et al., 1995). Cooperativity mediated via
not hinder the measurements but, by contrast, permits us toconformational changes in DNA has been envisaged with
evaluate the extent of cooperativity in the DNA binding monointercalating drugs such as daunomycin (Krugh et al.,
reaction. 1981; Chaires, 1983; Correia & Chaires, 1994), ethidium
Prior to discussing the results, it is appropriate to draw (Winkle et al., 1982), actinomycin, and certain anthracene-
attention to the mathematical procedure used to fit the dione derivatives. Cooperative binding of distamycin and
footprinting plots. Analysis of the interaction between DAPI into the minor groove of DNA and synthetic poly-
echinomycin and multiple or adjacent binding sites would nucleotides has also been reported (Samuelson et al., 1994).
ideally require consideration of a complex binding model It is entirely possible that cooperative binding of drugs to
incorporating specific parameters to describe cooperativity DNA may be an underlying principle for enhancing their
or anticooperativity (e.g., mutual exclusion between adjacent effect on DNA structure and metabolism.
binding sites). In such circumstances, it is hot an easy task Echinomycin is engaged in direct contacts only with the
to define appropriate equations which include all the neces-central CpG dinucleotide step in TCGA and ACGT se-
sary parameters in the correct functional form. Although quences. However, the present study reinforces the view
binding expressions which refer to two and more ligand that the flanking AT bp, which can only contact the
binding sites on DNA have been formulated [discussed in quinoxaline rings of the antibiotic via stacking interactions,
Dabrowiak and Goodisman, (1989) and in Brenowitz et al. is involved in the drug-DNA recognition process. It seems
(1993)], the equations are rather complex and not easily clear that both direct and indirect reading of the DNA are
accessible to the nonspecialist. Therefore, to simplify the necessary components of the cooperative, site-specific
numerical analysis, we adopted the binding expressions linteraction between echinomycin and its receptor sites. It
and 2 derived from a conventional statisticatechanical remains to be determined what structural elements in DNA
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contribute to the sequence-dependent cooperative bindingAddess, K. J., & Feigon, J. (1994bjucleic Acids Res. 25484
process. In recent studies we showed that, on the one hand, 9491 _ o

echinomycin (in common with numerous other antibiotics) Balllyz, C.. & Waring, M. J. (1995aNucleic Acids Res. 2885~

is extremely sensitive to the relocation of the 2-amino group Bailly,lc., & Waring, M. J. (1995b). Biomol. Struct. Dyn. 12
of guanine in DNA (Bailly & Waring, 1995a) and that, on 869-898.

the other hand, the exocyclic amino substituent on guanosinegBailly, C., & Waring, M. J. (1995c). Am. Chem. Soc. 117311
plays a critical role in governing DNA structure: in particular _ 7316. _

it seems to regulate the width of the minor groove (Bailly et Ba's"gé (:115M3a7r§23238§ & Waring, M. J. (1993) Am. Chem.
al., 1995). On the basis of these observations, it is temptingBai"y,'C_] Gentle, D., Hamy, F., Purcell, M., & Waring, M. J.
to propose that the facilitated binding of echinomycin atthe  (1994)Biochem. J. 300165-173.

TCGA site in the sequence TCGAACGT arises, at least in Bailly, C., Mgllegaard, N. E., Nielsen, P. E., & Waring, M. J. (1995)
part, from the change in the minor groove width at this site  EMBO J. 14 2121-2131.

; ; ; :«_ Brenowitz, M., Senear, D., Jamison, E., & Dalma-Weiszhausz, D.
induced by the clamping of the adjacent CpG step. Bis (1993) in Footprinting of Nucleic Acig-Protein Complexes

intercalation of echinomycin around a CpG step induces (Revzin, A., Ed.) pp +43, Academic Press, Inc., San Diego,
significant structural changes in the DNA helix. These CA.

changes are different for TCGA and ACGT oligonucleotides Chaires, J. B. (1983Biochemistry 224204-4211.

since upon binding of echinomycin the Rbp on the 5 Chaires, J. B., Herrera, J. E., & Waring, M. J. (198@chemistry
side of the CpG step remains Watsea@rick paired in the 29, 6145-6153.

S Correia, J. J., & Chaires, J. B. (199gthods E l. 24693
TCGA complex but becomes Hoogsteen paired in the ACGT Oérﬁllé ares (199Mpthods Enzymo

complex. The WatsonCrick — Hoogsteen base-pairing  Dabrowiak J. C., & Goodisman J. (1989)@hemistry and Physics
transition is presumed to reflect different intermolecular ~ of DNA-Ligand InteractiongKallenbach, N. R., Ed.) pp 143
stacking interaction between the quinoxaline chromophore _ 174, Adenine Press, Guilderland, NY.

: : Dabrowiak J. C., Kissinger, K., & Goodisman J. (19&gctro-
and the adenosine ring (Gao & Patel, 1988). If the same phoresis 10404-412.

differe_nce in stacking is.ap_t to occur in DNA_, itis plausiblg Fish, E. L., Lane, M. J., & Vournakis, J. N. (198Bjochemistry
to believe that the unwinding and concomitant changes in 27, 6026-6032.

minor groove width are also slightly different. These Fox, K. R. (1992)Nucleic Acids Res. 2487-6493.
structural changes at the primary binding site may propagateFox, K. R., & Kentebe (1990)ucleic Acids Res. 18957-1963.

differently to the second site and hence may be differently FogwaRéé\_’Vsa?k?eg”' L.P.G., & Waring, M. J. (198Bjochemistry

perceived by the second echinomycin molecule intercalating £ '« R Olsen R. K. & Waring, M. J. (198Bjochim. Biophys.
nearby. Acta 696 315-322.
In all events, the present results serve to indicate the FoX, K. R.. Marks, J. N., & Waterloh, K. (1991jucleic Acids

o o . Res. 196725-6730.
general utility of quantitative footprinting as a means of Gao, X., & Patel, D. J. (19883iochemistry 271744-1751.

eStainShing COOperatiVity in drug blndlng to DNA aCCOfding Gao, X., & Patel, D. J. (1989). Re. Biophys. 2293-138.

to our experimental design. For some purposes it could begGilbert, D. E., & Feigon, J. (19918iochemistry 302483-2494.
simplified by merely comparing, within a chosen DNA Gilbert, D. E., & Feigon, J. (1992)lucleic Acids Res. 2@411-
fragment, the binding to an internal “control” site with the =~ 2420.

binding to a couple of identical sites judiciously spaced by Golcgjéiman, J., & Dabrowiak, J. C. (19%ipchemistry 311058~

a neutral sequence like the ones we have studied here. Goodisman, J., Rehfuss, R., Ward, B., & Dabrowiak, J. C. (1992)
Although we do not fully understand the factors respon-  Biochemistry 311046-1058.

sible for the cooperativity, it is likely that the phenomena JOhEStO”’. R. F., Pickett, S. C., & Barker, D. L. (19%lgctro-

ass_ociated wi_th cqoperative bind!ng of echinomycin and other KrS gg,re;lsRll,;LS\ﬁﬁ;é(,sOS.. A., & Graves, D. E. (198Bjochem.

antitumor antibiotics to DNA are important in the therapeutic  Bjophys. Res. Commun. 9817—323.

activity of these substances. Synergy could be enhanced. ee, J. S., & Waring, M. J. (1978iochem. J. 173129-144.

further, or prevented, by interaction of the target sequencesLeroy, J. L., Gao, X., Misra, V., Guen, M., & Patel, D. J. (1992)

with other drugs. Quantitative footprinting may thus prove  Biochemistry 311407-1415.

- Low, C. M. L., Drew, H. R., & Waring, M. J. (198M)lucleic Acids
useful as a means to evaluate the effects of drugs used i Res. 12 4865-4879.

combination chemotherapy. Marchand, C., Bailly, C., McLean, M. J., Moroney, S., & Waring,
M. J. (1992)Nucleic Acids Res. 25601-5606.
ACKNOWLEDGMENT McClellan, J. A., Palecek, E., & Lilley, D. (1988 ucleic Acids

Res. 149291-9309.
We thank Dean Gentle for his invaluable technical Mendel, D., & Dervan, P. B. (198 ®roc. Natl. Acad. Sci. U.S.A.
assistance and are especially grateful to Dr. J. M. Smith and 84 910-914. _ _
Sir Aaron Klug for providing access to the GELTRAK \€dle. S., & Abraham, Z. (1984rit. Rev. Biochem. 1773~

program operated within the computing facilities of the Neidle', S., Pearl, L. H., & Skelly, J. V. (198 Biochem. J. 243

Medical Research Council Laboratory of Molecular Biology, 1-13.

Hills Road, Cambridge. C.B. thanks Dr. J. F. Goossens for Portugal, J., Fox, K. R., McLean, M. J., Richenberg, J. L., &

the use of the program Kaleidagraph. Waring, M. J. (1988)Nucleic Acids Res. 18655-3670.
Quigley, G. J., Ughetto, G., van der Marel, G. A., van Boom, J.

H., Wang, A. H.-J., & Rich, A. (1986%cience 2321255-1258.
REFERENCES Rehfuss, R., Goodisman, J., & Dabrowiak, J. C. (190hemistry
. . 29, 777—-781.
Addess, K. J., & Feigon, J. (1994Rjochemistry 3312386-12396. Samuelson, P., Jansen, K., Kubista, M. (1994Ylol. Recognit. 7

Addess, K. J., & Feigon, J. (1994B)ochemistry 3312397-12404. 233-241.



Cooperativity of Echinomycin Binding to DNA Biochemistry, Vol. 35, No. 4, 19961161

Sayers, E. W., & Waring, M. J. (199Biochemistry 329094— der Marel, G. A., van Boom, J. H., & Rich, A. (198&ience
9107. 225 1115-1121.
Senear, D. F., Brenowitz, M., Shea, M. A., & Ackers, G. K. (1986) Ward, B., Rehfuss, R., & Dabrowiak, J. C. (1987Biomol. Struct.
Biochemistry 257344-7354. ) Dyn. 4 685-695.
Shafer, R. H., & Waring, M. J. (198Biopolymers 212279~ Ward, B., Rehfuss, R., Goodisman, J., & Dabrowiak, J. C. (1988)
2290. o ) ) Biochemistry 271198-1205.
Shubsda, M., Kishikawa, H., Goodisman, J., & Dabrowiak, J. (1994) waring, M. J. (1979) inAntibiotics Mechanism of Action of
J. Mol. Recognit. 7133-139. o Antieukaryotic and Antiral CompoundgHahn, F. E., Ed.), Vol.
Smith, J. M., & Thomas, D. J. (199@omput. Appl. Biosci. 6 5, Part 2, pp 173194, Springer-Verlag, Heidelberg.
93-99. . ) ] . Waring, M. J. (1993) inMolecular Aspects of Anticancer Drtg
Stankus, A., Goodisman, J., & Dabrowiak, J. C. (19B@chemistry DNA InteractiongNeidle, S., & Waring, M. J., Eds.) Vol. 1, pp
31, 9310-9318. . ) 213-242, Macmillan, London.
Sug?fé\]' W., & Wagner R. W. (198B)cleic Acids Res. 18703~ Waring, M. J., & Wakelin, L. P. G. (1974)ature (London) 252
. 653-657.
Ughetto, G., Wang, A. H.-J., Quigley, G. J., van der Marel, G. A., aterloh, K., & Fox, K. R. (1991)Nucleic Acids Res. 1$719-
van Boom, J. H., & Rich, A. (1984Nucleic Acids Res. 13 6724.
2305-2323. ) Winkle, S. A., Rosenberg, L. S., & Krugh, T. R. (198R)icleic
Van Dyke, M. W., & Dervan, P. B. (1984%cience 2251122~ Acids Res. 108211-8223.
1127.

Wang, A. H.-J., Ughetto, G., Quigley, G. J., Hakoshima, T., van  BI951696P



