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ABSTRACT: DNA binding modes of distamycin (DST) were investigated via comparative binding studies
with oligomeric duplexes of the form d(GCG-X-GC@JCGC-Y-CGC), where Y is complementary to X

and X= 4- or 5-base binding site. It was found that 1:1 and 2:1 ¢haigplex complexes exhibit distinctly
different circular dichroic (CD) spectral characteristics and can, thus, serve as diagnostic tools for binding
mode differentiation. CD intensity profiles at 265 or 275 nm as a function of drug to DNA ratios can
reveal the extent of binding cooperativity for 2:1 complex formation (i.e., the relative binding affinities
of 2:1 vs 1:1) at a 5-base-paired binding site. Comparison of these profiles leads to the following qualitative
ranking for the binding cooperativity for the studied sites: AAGTT, ATABAAAACT > AATAA,
AAATA, AAAGT > AATAT > TAAAA = AAATT = AAAAA = ATAAA, AAAAT. The plausibility

of this ordering is strengthened by its agreement with the ranking established by earlier NMR studies on
some of the sequences. The significantly slower DST dissociation kinetics of the 2:1 complexes as
compared to those of 1:1 made the kinetic measurements of SDS-induced dissociation by the stopped-
flow technique possible. The results indicate that the AAGTT site exhibits the slowest DST dissociation
rate, with a characteristic time of 35 s. The rates of dissociation in general correlate reasonably well with
the cooperativity order found via equilibrium CD measurements (the higher the binding cooperativity,
the slower the rate of dissociation). Base sequence specific binding of DST was also found for the 1:1
complex formation at the 4-base-paired sites, with AAAA, TTTT, ATTT, and AAAT sequences exhibiting
the highest binding affinities.

Sequence-specific recognition of DNA by proteins and antibiotics, netropsin (NET) and distamycin A (DST), have
small molecules is a central element in the regulation of many received considerable attention as models of sequence-
biological processes. Understanding the structure, sequencepecific nonintercalative DNA binding molecules. These two
specificity, and forces responsible for the binding of antibiot- oligopeptides are potent antibacterial, antiviral, and antineo-
ics to DNA is an important first step in the design of new pjastic agents whose pharmacological activity has been
drugs and sequence-specific probes. Two closely relatedcgyrelated to their abilities to bind to DNALY, They form
noncovalent complexes with duplex DNA in the minor
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binding affinity which is in some cases significantly larger binds to the SATTT-3' sequence, although other sites with
than that of typical intercalating drug®)( Until recently, four A-T base pairs were available in this oligomer.

physical studies have focused mainly on the smaller NET  Most interestingly, NMR studies have further indicated
molecule, and the results from such studies were thenthat binding sites of at least five base pairs in length can
extended by analogy to the larger DST molecules. Recentaccommodate two DST molecules side-by-side in an anti-
years, however, have seen the upsurge of interest in usingparallel orientation0, 13). In this 2:1 complex, each ligand
DST as a model for the DNA minor groove binding with preserves all the molecular recognition elements of minor
A-T preference. groove binders. The extent of binding cooperativity (i.e.,
There have been numerous structural studies characterizinghe ease of forming a complex of 2:1 vs 1:1 DSduplex)
the DNA complexes of these antibiotics. In most of the depends strongly on the DNA sequence. Recently, Geier-
crystallographic complexes studied thus far, a single ligand stanger et al.12) have observed that DST can also bind to
is bound per binding site of several successiv@ Aase 5-base-paired sequences which contai€® @s well as AT
pairs. The ligand is bound deep in the minor groove, making base pairs. When DST is titrated into a sample containing
van der Waals contacts with both sides of the groove andthe binding site AAGTTAACTT, a single set of new
forming hydrogen bonds between amides of the ligand and resonances is observed, saturating at a final stoichiometry
the acceptor groups of the bas8y (The positively charged ~ of two DST molecules per DNA duplex. In addition, a
end groups of the ligands are positioned to favorably interact crystal structure of the side-by-side complex of DST with
with the electrostatic potential of the DNA. All of these [d(IC)4]2 has been reported 8). While DST binds exclu-
factors contribute to the high affinity of these molecules for sively 2:1 to AAGTT-AACTT and ATATA-TATAT even
DNA. The preference of NET and DST binding toT®  atlow [ligand]/[duplex] ratios, only 1:1 DST complexes are
sequences was further rationalized in terms of the protrusionobserved with AAAAATTTTT at [ligand]/[duplex] ratios
of the amino group of guanosine into the minor groove which of up to 1. At higher ratios, DST also forms 2:1 complexes
interferes sterically with binding at sites containing3airs ~ With AAAAA -TTTTT (14). The AAATT site was found
(4). This assertion, however, was being challenged by a to be intermediate in its cooperativity for 2:1 DST binding
study with poly(d2NHA-dT) indicating that despite the (10). These results indicate that the DST binding modes
presence of the 2-amino group this polynucleotide exhibits are strongly dependent on the base sequence of the binding
significant binding to NET and DSTH]. site. In contrast to DST, the dication NET binds only as a

Several NMR studies of 1:1 DSTDNA complexes have ;ingle r.nole_culle.per binding s.ite, suggesting that charge
provided further insights into both the specificity and the interactions inhibit the side-by-side arrangement of two NET

forces responsible for the tight binding of this drug. The molecules in Fhe mllnor groove..

structure of the DSTd(CGCGAATTCGCG) complex was These studlgs reinforce the importance of base sequence
determined by a combination of 2D NMR experiments and ©n the formation of both 1:1 and 2:1 complexes. Under-
molecular mechanics calculatiory.( It was found that the ~ Standing the factors which govern the formation of these two
minimal binding site consists of just four-& base pairs ~ yPes of complexes will be of value in discovering new
and that DST fits snugly into thé BATT-3' minor-groove ligands, which can be optimized for binding in specific
binding site. This complex is characterized by van der Waals Modes to specific sequence targets. Therefore, a systematic
contacts between adenine C2H and drug H3 protons, Séquencespecific binding study of DST was carried out,
potential three-center hydrogen bonds between drug amideutilizing oI_|gonucIe0t|de_s containing binding sites of 4 and
and adenine N3 and thymine O2 atoms that protrude from 5 base pairs. Spgctral titrations and comparisons of spectral
the minor groove, and stacking of DNA Odtoms over each charact_erlsn_cs using these two types of_ohgomers.were made
of the three pyrrole rings. The first two rings of the drugs 0 Provide binding parameters and to find a possible means
are approximately parallel, while the third ring is turned to Of differentiating these two modes of binding. CD spectral
conform to the rotation of the helix. No large structural Measurements were found to be most promising since a dimer
changes were observed for the DNA. It was suggested thatormation devoid of plane or center of symmetry can lead
the dipole-induced dipole interactions of the sugat @ams 0 the formation of an exciton-type of CD couplet. This
and the thre&l-methylpyrrole rings contribute to the stability SPectral feature is very distinct from that of monomer
of the complex and provide a molecular basis for the fact binding. The results of this study were then compared with

that binding is enhanced by the additionsiethylpyrrole  those of NMR works already carried out on some of the
fings. sequences. This report describes our efforts and findings.

Calorimetric studiesq) have shown that DST binds tightly MATERIALS AND METHODS
to the same four-base-paired site within the sequence
d(GCGAATTCGC), with a binding constant of 2.% 10° Synthetic oligonucleotides were purchased from Research
M~ This is in striking contrast to the binding constant of Genetics, Inc., Huntsville, AL, and used without further
2 x 10° M~* reported for the BTATA-3' site within the purification. These oligomers were purified by the vendor
sequence d(GGTATACG)obtained by quantitative analysis  via reverse-phase oligonucleotide purification cartridges and
of footprinting data 8). Although the discrepancies may exhibited single-band electrophoretic mobilities in denaturing
largely be attributed to the sequence length and experimentalpolyacrylamide gel electrophoresis with stated purities of
techniques, sequence specificity of this drug may also be =95%. Concentrations of these oligomers (per nucleotide)
the culprit. The possible sequence specificity of this drug were determined by measuring the absorbances at 260 nm
is further underscored by a recent crystallographic study of after melting, with the use of extinction coefficients obtained
DST with d(CGCAAATTTGCG) (9) revealing that the drug  via nearest-neighbor approximation using mono- and di-
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Ficure 1: CD spectral comparison at room temperature faMi(in duplex) d(GCG-ATTA-GCG)(CGC-TAAT-CGC) (panel A) and
d(GCG-AAGTT-GCG)d(CGC-AACTT-CGC) (panel B) in the presence of varying amounts of DST. The corresponding difference spectra,
having the DNA spectral contributions subtracted off, are shown in panels C and D, respectively.

nucleotide values tabulated in Fasmd5)( DNA hetero- length. CD spectral titrations were made by starting with
duplexes were formed by annealing complementary oligo- an oligomer of 8QuM (in nucleotide) which is followed by
mers via heating equal molar mixtures to 95 for 5 min subsequent progressive additions of aliquots of DST stock.

and slowly cooling back to ambient temperature. DST was Ellipticities at 330 nm were used to construct equilibrium
purchased from Sigma and used without further purification. binding isotherms. Stopped-flow kinetic measurements were
The extinction coefficient of 34 000 M cm™t at 303 nm made with an Olis RSM-1000 system.

was used for the DST concentration determination. Absorp-

tion spectral measurements were made with a Cary 1ERESULTS

spectrophotometric system. Thermal denaturation experi- CD Spectral Characterization of 1:1 and 2:1 DSDuplex
ments were carried out with 1 cm semimicro cells by complexes.As mentioned earlier, a 4-base-pair site can only
monitoring absorbances at 275 nm and maintaining a heatingpind one DST molecule whereas the AAGTT site can bind
rate of 0.5°C/min by the temperature controller accessory. wwo molecules to form an exclusively 2:1 complex. Oligo-
Absorption spectral titrations of Job-type were carried out mers containing ATTA and AAGTT were selected as
at 25°C by making spectral measurements of two separate prototypes for the 1:1 and 2:1 binding modes to investigate
cells originally containing @M DST and DNA (in duplex),  their possible spectral differences and to obtain binding
respectively. Simultaneous transfer of a given volume from parameters. DST is not optically active when free in
one cell to the other is then made, and the spectra were agairgg|ytions. In the presence of DNA, however, a sizable CD
taken. The process continued with progressive volume gpectrum can be induced upon complex formation. CD
increases at strategic points. Absorbance changes at 350 Nnngpectral characteristics are compared in Figure 1 for d(GCG-
were used to obtain equilibrium binding isotherms. Since ATTA-GCG)[d] (panel A) and d(GCG-AAGTT-GCG)[d]
DST is not very stable in aqueous solutions, the drug solution (panel B) in the absence and in the presence of increasing
was prepared the same day the measurements were mad@mounts of DST, where [d] designates the DNA hetero-
All experiments were carried out in 10 mM HEPRS$-(2- duplex. Itis apparent that the two modes of binding induce
hydroxyethyl)piperazin@¥-propanesulfonic acid] buffer so-  distinctly different CD spectral characteristics. DST binding
lution of pH 8 containing 0.1 M NaCl and 1 mM Mg€l {0 the ATTA-containing decameric duplex results in a CD
Circular dichroic (CD) spectra were measured at room intensity enhancement of a band centering around 325 nm,
temperature with a Jasco J-500A recording spectropolarim-with surprisingly little spectral alterations below 300 nm,
eter using water-jacketed cylindrical cells of 2 cm path except for some changes near 250 and 230 nm (panel A).
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The maintenance of an isoelliptic point near 240 nm suggestsband near 275 nm resulted in the appearance of an additional
a two-component process, with the complex being of 1:1 isoelliptic point at 265 nm for the -AAAT-, -AAAA-, and
drug:duplex ratio. In contrast, binding of DST to -AAGTT- -TTTT-containing decameric duplexes (see panels A, E, and
results in a more dramatic spectral change. In addition to F, respectively). Notice also the significantly smaller induced
the maintenance of the isoelliptic point at 241 nm and a CD intensities of the 325 nm band for the -AATA- and
somewhat larger intensity enhancement with a slight red shift -ATAA- sites (panels B and C, respectively), evidence of
of the 325 nm band, gross spectral alterations were seen inless favorable DST binding preference at these sequences.
the spectral region below 300 nm. The appearance of aSimilar studies were also made with oligomers containing
negative indentation near 291 nm and the presence ofthe sequence isomers ATTT, TATT, TTAT, and TTTA.
additional isoelliptic points around 284 and 306 nm are quite Again some sequence-dependent spectral features were
noteworthy (see panel B). The presence of these isoellipticobserved (results not shown).
points again signifies a two-component binding process, with  Ellipticities at 330 nm were used to construct Scatchard
the bound species now being the 2:1 complexes as deterplots, and the binding parameters extracted via linear least-
mined by an earlier NMR experimerit). The general CD  squares fits are shown in Table 1. Binding constants ranging
spectral features appear to be similar to those observed forfrom 1.5 x 107 to less than 2x 10° M~! were obtained,
the DST-d(CGC-AAATT-GGC)Yd(GCC-AATTT-GCG) sys- underscoring some sequence specificity of this drug. Con-
tem (16). sistent with the 1:1 complex formation, the extracted binding
The CD spectral alterations of these two binding modes densities at strong binding sites are found to be slightly larger
can be more clearly seen if presented as difference spectrathan 1 drug molecule bound per duplex. Comparison of the
where the DNA spectral contributions have been subtractedextracted binding constants led to a qualitative ranking on
out. The results are shown in panels C and D for the -ATTA- the DST binding affinities to the 4-base-paired sites studied.
and -AAGTT-containing oligomers, respectively. In addition The results are (in descending binding affinity) as follows:
to a stronger 330 nm band, a large positive CD band is TTTT, AAAA, ATTT = AAAT >TAAA, TTTA, TTAT >
induced near 265 nm upon DST binding to the -AAGTT- TATT > ATAA > AATA.
site with a magnitude slightly larger than that of the 330 nm  DST binding also enhances DNA duplex stability. Melting
band. The presence of three isoelliptic points (at 306, 284, temperature increases upon DST binding for the oligomers
and 241 nm) and the induction of a negative CD maximum studied are included in Table 1 for comparison. Although
near 291 nm are much more transparent in the differencethe extent of melting temperature increase does not cor-
CD spectra (panel D). respond exactly to the established binding order, the general
The observation of distinctly different CD spectral char- trend of larger and smaller melting temperature increases
acteristics induced by the binding of DST at the -AAGTT- for higher and lower DST binding affinities appears to be in
site when compared to the -ATTA- site is consistent with order.
2:1 complex formation at this 5-base binding site. An  Sequence Specificity and Binding Mode Characterization
exciton-type CD couplet is to be expected for some absorb- of 5-Base-Paired Sitega CD Titration. Sequence-specific
ance bands if the drug dimer bound to the DNA minor groove binding and CD spectral characterization of DST at the
is devoid of a plane or center of symmetry. Indeed, the 5-base-paired sites were investigated by comparative studies
dramatic positive and negative CD intensity enhancementswith undecameric duplexes of the form d(GCG-X-GCG)-
near 265 and 230 nm, respectively, and the appearance of 4d], where X = AAAAA, AAAAT, AAATA, AATAA,
negative maximum near 291 nm are consistent with the ATAAA, TAAAA, AAATT, AATAT, ATATA, AAACT,
presence of exciton couplets centering near 240 and 285 nmand AAAGT. Difference CD spectra of some representative
respectively. titrations are shown in Figure 3. The gross spectral features
CD Spectral Characteristics and Sequence-Specific Bind- of DST binding at these 5-base-paired binding sites are quite
ing of DST at the 4-Base-Paired Binding SiteBo further distinct from those of the 4-base-paired counterparts. The
investigate the feasibility of using CD spectral features to appearance of a negative difference CD spectral maximum
characterize the DST binding mode and to elucidate its near 291 nm and somewhat larger positive CD intensity
possible sequence specificity, a series of oligomers wereenhancements around 330 and 265 nm are the outstanding
studied. As a first step in elucidating the tetranucleotide features of DST binding at the 5-base-paired binding sites.
sequence specificity of DST, binding studies were carried For the -AAAAA- and -AAAAT-containing oligomers
out on decameric duplexes of the form d(GCG-X-GEG) (panels A and B, respectively), the initial progressive
d(CGC-Y-CGC), where Y is complementary to X and=X intensity increase of the weak negative CD band around 275
AAAA, AAAT, AATA, ATAA, TAAA, ATTT, TATT, nm and the maintenance of an isoelliptic point near 265 nm
TTAT, TTTA, and TTTT. Representative CD difference are clearly evident for [DST]/[duplex 1. These spectral
spectral characteristics are shown in Figure 2. The generalfeatures are very similar to those observed for the 4-base-
[DST]-dependent spectral features (especially those of paired sites -AAAA- and -AAAT- (see Figures 2E and 2A,
TAAA, see panel D) are similar to those observed for the respectively.) For [DST)/[duplex] ratios greater than 1,
-ATTA-containing oligomer presented earlier (see Figure however, the 265 nm isoelliptic point is no longer maintained.
1C). These are a sizable positive CD intensity enhancementinstead, CD intensities near this wavelength become progres-
near 325 nm and the presence of an isoelliptic point near sively more positive to result in the appearance of a new
240 nm flanked by weak positive and negative intensity isoelliptic point in the 285290 nm region. These spectral
enhancements at 250 and 230 nm, respectively. Somealterations differ significantly from those of -AAGTT-, where
sequence-dependent spectral differences, however, are alsthe maintenance of the 285-nm isoellptic point is evident
evident. For example, the progressive induction of a negative throughout the titration (see Figure 1D). These results



Differentiation of Distamycir-DNA Binding Modes Biochemistry, Vol. 37, No. 32, 19981147

204 (p) 204 (B)
10 104
B =)
] D
h-] k-]
E E
0_7 04
-10] d(GCG-AAAT-GCG)[D] -10{ d(GCG-AATA-GCG)[D}
230 250 270 290 310 330 350 370 230 250 270 290 310 330 350 370
WAVELENGTH (nm) WAVELENGTH (nm)
204 (C) 20+ (D)
10 10
a -
g g
E g
Py by
0 0.
-104 d(GCG-ATAA-GCG)[D] 104 d(GCG-TAAA-GCG)[D]
230 250 270 290 310 330 350 aro 230 250 270 280 310 330 350 370
WAVELENGTH (nm) WAVELENGTH (nm)
204 (E) 204 F
10 104
B B
() []
b
E E
< ==}
04 7 o4
-104 d(GCG-AAAA-GCG)[D] -104 d(GCG-TTTT-GCG)[D]
230 250 270 280 30 330 350 370 230 250 270 280 310 330 350 370
WAVELENGTH (nm) WAVELENGTH (nm)

Ficure 2: Comparison of induced CD difference spectra of DST at representative 4-base-paired binding sites. The spectra shown correspond
to 4 uM DNA duplex in the presence of 0.86, 1.72, 2.58, 3.44, and 4/ODST. Oligomers shown are d(GCG-AAAT-GCECGC-
ATTT-CGC) (panel A), d(GCG-AATA-GCGH(CGC-TATT-CGC) (panel B), d(GCG-ATAA-GCEJ(CGC-TTAT-CGC) (panel C), d(GCG-
TAAA-GCG)-d(CGC-TTTA-CGC) (panel D), d(GCG-AAAA-GCGI(CGC-TTTT-CGC) (panel E), and d(GCG-TTTT-GC@(|CGC-
AAAA-CGC) (panel F).

suggest the formation of a 1:1 complex when [DST]/[duplex] binding than those of AAAAA- and AAAAT-containing
is <1 and is subsequently followed by 2:1 complex formation oligomers, a result consistent with the earlier NMR finding
when the ratios are greater than 1. This interpretation is (14). As for the titrations of the AAACT-containing
consistent with earlier NMR titrations of the AAAAA oligomeric duplex (panel D), the spectral changes are
TTTTT site showing that 1:1 complexes are formed up to a characterized by an immediate progressive positive intensity
[DST]/[duplex] ratio of 1 with subsequent 2:1 complex enhancement near 265 nm (instead of the presence of an
formation only after saturation of the 1:1 binding mode.  initial isoelliptic point) and the maintenance of an ap-
Although no clear-cut presence of an isoelliptic point near proximate isoelliptic point near 285 nm. These spectral
265 nm is evident during the [DST]/[dupleq 1 phase of features are reminiscent of those of the AAGTT site,
titration for the -AAATT-containing oligomeric duplex (panel  suggesting nearly exclusive 2:1 complex formation at the
C), the induction of a significantly larger CD intensity near AAACT site, bypassing the 1:1 complexation stage.
265 nm during the [DST]/[duplext 1 phase of titration is Single-Waelength CD Intensity Profiles and Coopetéty
clearly apparent. These results suggest the presence of af 2:1 Complex Formation.As noted earlier, 1:1 complex
2-step binding process with a higher cooperativity for 2:1 formation at most sequences is accompanied by little or no
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Table 1: Comparison of Distamycin A Binding Parameters and Melting Temperatures

oligomer K uM™1) n (/duplex) % (°C)? tm (°C)? Atm (°C)
d(GCG-AAAA-GCGYd(CGC-TTTT-CGC) 14.9 1.1 38.0 53.1 15.1
d(GCG-AAAT-GCG)Yd(CGC-ATTT-CGC) 10.9 1.4 45.0 53.5 8.5
d(GCG-AATA-GCGYd(CGC-TATT-CGC) <0.2 435 475 4.0
d(GCG-ATAA-GCG)Yd(CGC-TTAT-CGC) 0.33 39.8 45.0 5.2
d(GCG-TAAA-GCGYd(CGC-TTTA-CGC) 15 37.5 45.0 8.5
d(GCG-ATTT-GCG)d(CGC-AAAT-CGC) 14.4 1.1 46.0 55.5 9.5
d(GCG-TATT-GCG)d(CGC-AATA-CGC) 1.0 1.1 43.7 52.0 8.3
d(GCG-TTAT-GCG)d(CGC-ATAA-CGC) 1.2 413 48.1 6.8
d(GCG-TTTA-GCG)d(CGC-TAAA-CGC) 1.3 1.2 435 475 4.0
d(GCG-TTTT-GCGYI(CGC-AAAA-CGC) 15.5 1.1 45.4 53.3 7.9

210, andty are melting temperatures of 40 (base) oligomeric duplexes in pH 8 buffer containing 0.1 M NaCl and in the absence and in the
presence of LM DST, respectively.
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Ficure 3: Comparison of induced CD difference spectra of DST at representative 5-base-paired binding sites. The spectra shown correspond
to 4 uM DNA duplex in the presence of 0.86, 1.72, 2.58, 3.44, 4.30, 5.16, 6.88, 8.60, 10.3, 12.1, andi1B8T. Oligonucleotides
represented are d(GCG-AAAAA-GCEGCGC-TTTTT-CGC) (panel A), d(GCG-AAAAT-GCEJ(CGC-ATTTT-CGC) (panel B), d(GCG-
AAATT-GCG)-d(CGC-AATTT-CGC) (panel C), d(GCG-AAACT-GCGJ(CGC-AGTTT-CGC) (panel D).

change in the CD intensity near 265 nm whereas a dramaticintensity starts to take off becomes progressively smaller for
intensity enhancement is induced at this same wavelengththe AAATT, AATAT, and AAATA sites at approximate
upon formation of 2:1 complexes. This suggests that values of 0.8, 0.6, and 0.4, respectively. These results
monitoring of the CD intensity at this wavelength may suggest that the 2:1 complex formation becomes more
provide useful information in differentiating binding modes cooperative and begins at a lower and lower drug/duplex
at different sites. CD intensities at 265 nm were plotted ratio. For the ATATA and AAACT sites, the intensity
against [DST)/[duplex], and the results for some representa- enhancement begins immediately at the start of the titration.
tive oligomers are shown in Figure 4. For the oligomer The intensity profile for the prototypical AAGTT sequence
containing the -AAAAT- site, the intensity remains near zero (not shown) is very similar to those exhibited by these two
until the [DST]/[duplex] ratios surpass 1, wherein the 265 sites. These results are consistent with their nearly exclusive
nm intensity becomes more enhanced. These results ardormation of the 2:1 complexes even at low drug/duplex
consistent with the formation of 1:1 complexes when the ratios. Intensity monitoring at 275 nm may in fact be more
[DST]/[duplex] ratios are below 1 and 2:1 complex formation informative since its intensity becomes slightly more negative
when they exceed 1. The [DST]/[duplex] ratio at which the during 1:1 complex formation for some sites whereas its
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Table 2: Comparison of SDS-Induced DST Dissociation Kinetic
Parameters at 28C for the 5-Base-Paired Sites

oligomer K(s™h 7 (S)
d(GCG-AAAAA-GCG)d(CGC-TTTTT-CGC) 2.46: 0.04 0.41
d(GCG-AAAAT-GCG)Yd(CGC-ATTTT-CGC) 2.53t 0.01 0.40
d(GCG-AAATA-GCG)Yd(CGC-TATTT-CGC) 0.28t 0.003 3.57
d(GCG-AATAA-GCGYd(CGC-TTATT-CGC) 0.6H 0.01 1.63
d(GCG-ATAAA-GCGYd(CGC-TTTAT-CGC) 2.16= 0.04 0.46
d(GCG-TAAAA-GCGYd(CGC-TTTTA-CGC) 1.04t 0.02 0.96
d(GCG-AAATT-GCGYd(CGC-AATTT-CGC) 0.69+ 0.004 1.45
d(GCG-AATAT-GCG)d(CGC-ATATT-CGC) 2.23t 0.05 0.45
d(GCG-ATATA-GCG)d(CGC-TATAT-CGC) 0.144+ 0.001 6.94
d(GCG-AAGTT-GCG)d(CGC-AACTT-CGC) 0.0284t 0.0003 35.2
d(GCG-AAAGT-GCG)d(CGC-ACTTT-CGC) 1.98: 0.05 0.51
d(GCG-AAACT-GCG)d(CGC-AGTTT-CGC) 2.02t 0.07 0.50

a Measurements were made by mixing a solution containing¥15
DST/75uM DNA (in nucleotide) with an equal volume of 2% SDS
solution. The time-dependent absorbance profile at the-347 nm
region was used for curve-fit.

suggesting the formation of complexes having 2 drug
molecules bound per duplex.

Binding Mode Differentiationia Kinetic Measurements.
Due to the ability of the DST dimer to make extensive
hydrogen bonding and van der Waal contacts with both walls
of the minor groove, it is anticipated that both their
association and their dissociation kinetics will be consider-
ably slower than the corresponding 1:1 complexes. Thus,
stopped-flow kinetic measurements were made. The rates
of association kinetics appear to be too fast to give meaning-
ful rate information, although there are indications that the
rates of DST binding at the 5-base-pair sites are indeed
slower than at the 4-base-pair sites. Although the rates of
dissociation from the 4-base-paired sites are too fast to be
measured by the stopped-flow technique, those of 5-base sites

exhibited in the binding isotherms are the consequence of not beingare amenable for such measurements. The extracted SDS-

able to reach equal drug concentrations in our two-cell Job-type
titrations.

intensity turns more positive with subsequent 2:1 complex
formation. Therefore, the distinction of these two modes of
binding can more readily be made with the intensity
monitoring at this wavelength by noting the slope change
from negative to positive (results not shown). Based on the
comparison of [drug]/[dupleX] ratios at the intensity takeoff
of these profiles, the extent of binding cooperativity for the
formation of 2:1 complexes can be ranked approximately as
follows: AAGTT, ATATA = AAACT > AATAA, AAA-
TA, AAAGT > AATAT > TAAAA = AAATT = AAAAA
> ATAAA, AAAAT.

Evidence of 2:1 Complex Formatiomia Absorption
Spectral Titrations for the 5-Base-Paired Sitd3ST exhibits
an absorbance maximum at 303 nm when free in solutions.
Successive additions of DNA lead to slight bathochromic

induced DST dissociation rate parameters via single-
exponential fits are summarized in Table 2. It is apparent
that the measurable rates of DST dissociation vary greatly
among these 5-base-paired sites, ranging from a characteristic
time of 35.2 s for the AAGTT site to 0.4 s for the AAAAT
site. The ranking of the dissociation rates is (slowest at the
left): AAGTT > ATATA > AAATA >AATAA = AAATT
>TAAAA >AAAGT, AAACT, ATAAA, AATAT, AAAAA,
AAAAT. Except for AAACT and AAAGT, the ordering
appears to conform in general to that of 2:1 binding
cooperativity as suggested via equilibrium CD titrations. Our
observed SDS-induced DST dissociation rates of the 2:1
complexes appear reasonable since NMR studies of DST
binding with d(CGCAAATTTGCG,; revealed that the off-
rate for the drug from the 2:1 mode was found to be slow
on the NMR time scales, with a characteristic tinfebe at
30°C (11).

shifts and intensity enhancements near 330 nm. AbsorbanceDlSCUSSlON

changes at 350 nm (to avoid interference from the residual
DNA absorbance) were used to construct binding isotherms
and to obtain binding parameters. Binding isotherms via

Of all A-T specific minor groove binders studied thus far,
DST and its analogues appear to be the only molecules found

absorbance monitoring were constructed to provide evidenceto form both 1:1 and 2:1 complexes. Based on X-ray) (

for the formation of 2:1 complexes for oligomers containing
5-base-paired binding sites. Representative plotse of
(apparent) vs [duplex]/[DST] are shown in Figure 5. 1t is

and NMR @) data, this drug spans 4 base pairs in forming
a 1:1 complex. However, a 5-base-paired site can be
occupied simultaneously by two DST molecules side-by-

apparent that these binding isotherms (and indeed for all theside with the positively charged end groups pointing in

sequences studied) show breaks near [duplex]/[BST]5,

opposite directions1Q, 11). The degree of cooperativity,
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i.e., the relative binding affinities of the 2:1 vs 1:1 modes, complexes were observed. Indeed, all three of these sites
depends strongly on the DNA sequence. Our results indicateare high on our ranking order.

that these two binding modes exhibit distinctly different CD Based on their NMR results, Wemmer et al4) had
spectral characteristics. Thus, CD measurements can bespeculated that the binding behavior of DST reflects the local
employed to identify and differentiate the DNA binding variations in DNA groove geometry and flexibility, especially
modes and to obtain meaningful binding parameters for this the groove width. DST forms tight complexes with DNA
drug. only if it can provide close van der Waals contacts with the

Sequence specificity of DST for the formation of the 1:1 Walls of the minor groove, and the DNA minor groove must
complex is observed, and binding parameters extracted via®xPand to accommodate two DST molecules. A comparison
Scatchard plots suggest equilibrium binding constants ranging®f crystal structures suggests that the minor groove is
from 1.5 x 107 to less than 2x 1° M~L Sequences harrowest in poly(dA)-type sequencesd{21) and such
containirg a 3 or 4homo-base stretch appear to provide Séquences are also particularly stable against base-pair
stronger 1:1 bindings whereas the presence of alternating®Pening 22). The AAAAA-TTTTT and sites containing 3
sequences at the binding sites seems to significantly reduce®’ 4 homo-base, therefore, represent preferred 1:1 DST
their DST binding affinities. Our finding of strong DST  binding sites because of the narrowness of their grooves.
binding at the -ATTT- site appears to be consistent with the The slight extra width and greater flexibility may have
recent Crysta"ographic study of DS-'ﬂ(CGCAAATTTGCG} contributed to the Obser:ved Weak-er: DST affinities for 1:1
revealing that the drug bound to only one site, namely, 5 Complex formation at sites containing ATA or TAT and
ATTT-3', although other 4-base sites were also availa)le ( €nhanced cooperativity of 2:1 binding at ATATPATAT.

In addition, it was shown by NOESY experiments that DST NMR studps have further indicated that 2:1 complexes of
binds to the AAATT site as a 1:1 complex at low [DST)/ DST and its analogues are able to form close contacts and

[duplex] ratios and the AAAT/ATTT site is preferred by 2.2 tight complexes with the minor groove of mixed@A-T
to 1 over the AATT/AATT site {0, 1. sequences. This seems somewhat puzzling in view of the

Sequence-dependent spectral variations were also observef-glatCt that the AT specificity of NET and DST has been

for the 5-base-paired binding sites studied. CD intensity tribgtgd to the _steric interference with binding at sjtes
profiles at 275 and 265 nm vs [DST]/[duplex] provide containing GC pairs @), a consequence of the protruding

A L LI amino group of guanosine at the minor groove. However,
lndlcathns on the Co.operatlwf[y qf the 2'.1 binding mode at it has been seen in the crystal structure of B-form DNA that
these sites to result in a qualitative ranking. In contrast to

1:1 complex formation, sequences containing 3 or more the minor groove in regions containingGpairs is decidedly

homo-base stretches appear to provide a less favorableWider (20, 23, 24. It was thus suggested that the loss of
. i PP 0 P . . Shape complementarity and contact surface between ligand
environment while sequences with alternating bases provide

a more favorable environment for 2:1 complex formation and groove is more important than the depth of the groove
’ P " (14). A wider groove easily accommodates a 2:1 complex,

Binding isotherms via absorbance titration further confirm making AAGTT the most cooperative 2:1 binding site. This
the formation of 2:1 complexes at these 5-base-paired bindingsgme binding mode is observed for the sequences AAAGT
sites. In addition, SDS-induced drug dissociation experi- ACTTT and AAACT-AGTTT as well, indicating that the
ments indicate ConSiderable Variation in their rates Of drug G-C pair need not be in the center of the Site_ It shou'd be
dissociation, with AAGTT and AAAAT sites exhibiting the  pointed out, however, that our results indicate they exhibit
slowest and the fastest dissociation rates, respectively.distinctly different dissociation kinetic behaviors. The two
Except for some &-containing sequences, the ranking via sjtes with off-centered & exhibit 7-fold faster dissociation
dissociation rates appears to generally conform to that of rates than that with a central-G base pair.
binding cooperativity of the 2:1 complexes, with the highest  The notion that the introduction of a-G base pair into
cooperative binding exhibiting the slowest DST dissociation gn A-T stretch of DNA widens the minor groove locally and
rate. results in DST binding exclusively in the 2:1 mode appears

The validity of our cooperativity ordering on 2:1 complex plausible. This may also explain why the GG CC site
formation appears to be supported by earlier NMR studies only exhibits one type of complex with a 2:1 stoichiometry

on oligomers containing some of the same sequericgs (
NMR titrations of the AAAAATTTTT site have shown that
1:1 complexes are formed up to a [DST]/[duplex] ratio of
1, which is then followed by 2:1 complex formation. On

(25). It was shown that this complex is a 2:1 side-by-side
complex exactly as that observed with AAATRATTT. As
base pairs in the AAATTAATTT site are successively
replaced with 1C base pairs, DST binding becomes progres-

the other hand, the opposite behavior is seen with the sively more cooperative in proportion to the number of

alternating site ATATATATAT. Only a 2:1 complex is
observed for all [DST]/[duplex] ratios, even as low as 0.25
equiv of DST per DNA duplex. An intermediate case is
found for the sequence AAATBATTT in which NMR
results (1) indicate that at a [DST]/[duplex] ratio of 0.75:1
about 10% of the population of the bound DNA is already

substituted base pairs, apparently without any preference for
location in the sequence. Since€Clbase pairs contain the
same minor groove functional groups adi/Adase pairs, their
binding differences most likely are the consequence of
different groove geometry due to differences in base pair
stacking, propeller twist, and other structural parameters. It

in the 2:1 complex form. These results, thus, suggest thatwould be reasonabe to suspect that the structural attributes

the 2:1 binding cooperativity follows the order ATATA
AAATT > AAAAA (14), in agreement with our ranking.

of I-C are quite similar to those of-G.
Rentzeperis and Markylg) had carried out thermody-

Furthermore, their studies also suggested that in oligomersnamic characterization of NET and DST binding to an

containing a AAGTT, AAACT, or AAAGT site, only 2:1

AAATT-containing oligomer and found that binding of NET
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to this sequence occurs with favorable enthalpy and small

but also favorable entropy. The first DST binding yielded
similar affinities (~10” M~1) and more favorable enthalpy
contribution to that of NET binding. However, the binding

of the second molecule gives a much more favorable
enthalpy, which was interpreted as arising from increased
van der Waals interactions, a heat capacity effect, and much 10,

less favorable entropy, arising from a combination of ion

and water interactions.

favorable free energy of binding slightly less than that for

the

first DST molecule.

It should be noted in passing that DST complexation with

a nucleic acid triple helix has also been investigated recently ;5
(26). CD spectral analysis indicates that DST can bind to

the

triple-stranded form but its binding affinity is weaker

than the corresponding duplex form. The bound DST

appears to exhibit a conformation and an environment

slightly different from those bound to the corresponding

double-stranded form. Thermal denaturation experiments
demonstrate that DST binding destabilizes the triplex whereas
it stabilizes the duplex.
formation is not observed with the triple-stranded host. The 15.

Furthermore, the 2:1 complex

inability of the triplex to form 2:1 complex was rationalized
in terms of its failure to expand the minor groove to bind

bound at the major groove of DNA.

These results suggest that there are subtle differences in

the

that DST is a sensitive probe for these differences in the 18.
DNA structure.
should aid in the design of new drugs and should also provide

minor groove width for different DNA sequences, and

Information obtained from such studies

insight into both DNA conformational flexibility and protein
DNA interactions.
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