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Abstract: 3,3-DiethylthiadicarbocyanineiSC,(5)) is a symmetrical cationic cyanine dye consisting of two
N-ethylated benzothiazole groups linked by a pentamethine bridge. Spectroscopic analysis indicates dimerization
of the dye in the presence of duplex DNA sequences consisting of alternating adenine/thymine (A/T) or inosine/
cytosine (I/C) residues, based on the following observations: (i) the absorption maximum shifts from 647 to
590 nm, (ii) exciton splitting is observed in the induced circular dichroism spectrum, and (iii) fluorescence
from the dye is strongly quenched. Dimerization on I/C, but not G/C sequences indicates that the cyanine
dimers insert into the minor groove, a conclusion that is supported by viscometric analysis. Spectroscopic
studies with short synthetic oligonucleotide duplexes demonstrate that dimerization is highly cooperative: binding
of one dimer greatly facilitates binding of a second dimer. For longer binding sites, this cooperativity leads to
the formation of extended helical cyanine dye aggregates consisting of dimers aligned in an end-to-end fashion
within the minor groove of the DNA. The DNA structure strictly controls the dimensions of the aggregate,
permitting distinction between inter- and intradimer interactions.

Introduction Chart 1
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dye structure consists of two heteroaromatic fragments linked i . : :

by a polymethine chain (Chart 1). The extensive conjugation

in the cyanines leads to long-wavelength absorption maxima
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Figure 1. UV—vis analysis of titration of [poly(dA-dT}]into DiSC4(5) in 10 mM sodium phosphate (pH 7.0) and 10% methanolDjSCy(5)]
= 5.0uM. DNA was added in 1.&M aliquots, and spectra were recorded at°85

tophysical and photochemical properties of these aggregateswater at concentrations in the low micromolar rafg&. The
have been studied in great detail and are often quite distinct polarizability and hydrophobicity of the dye drive dimerization,
from the monomeric dye. For example, Khairutdinov and overcoming the Coulombic repulsion between the two dye
Serpone found that aggregated cyanine dyes can have longemonomers. This dimerization reaction occurs at even lower dye
excited singlet lifetimes yet smaller fluorescence quantum yields concentrations in the presence picyclodextrin molecules,
than in their monomeric stat8.The aggregates usually arise where the hydrophobic interior of the cyclic oligosaccharide
from the cofacial association of individual dye monomers to provides stabilizing van der Waals’ interactions with the cyanine
form dimers?324 Subsequent addition of monomers to either dimer and excludes watét.3* The benzothiazole units in the
end of the dimer leads to formation of higher aggregates that cyanine dye are critical: benzoxazole analogues require more
extend in the face-to-face direction. The spatial dimensions of than 10-fold higher concentrations in order to dimerize.

these aggregates are largely uncontrollable due to the minor Titration of [poly(dA-dT)L (i.e., double-helical DNA in which
energetic differences between differently sized aggregates. adenine and thymine bases alternate on each strand)i@y-

To control the dimensions of the aggregate, some type of (5) results in significant attenuation of the absorbance at 648
template is required to restrict the growth of the aggregate. For nm and the growth of a new band at 590 nm (Figure 1A), clearly
example, aggregation of ionic dyes on helical nucleic aids, demonstrating binding of the cyanine dye to the double-helical
peptides’® and lipid assembli@é has been demonstrated. This DNA. However, the lack of a single isosbestic point indicates
report concerns the use of DNA as a nanotemplate for the that more than two dye species are present during the titration.
spontaneous assembly of novel cyanine dye aggregates. Thdlotting the absorbance at 648 nm versus the concentration of
double-helical structure of the DNA enforces a helical structure added DNA (expressed in base pairs, bp) reveals that the binding
for the dye aggregates. Moreover, the length and width of the is nearly complete between 12 and 48! bp, corresponding
DNA minor groove determine the corresponding length and to a ratio of ca. 2.5 bp per dye (Figure 1B).
width of the dye aggregates. The ability to control these spatial Cyanine dyes exhibit modest solvatochromism. For example,
dimensions permits a detailed investigation into the relationship the absorptiordmax for DISCy(5) shifts to longer wavelength as

between aggregate length and photophysical properties. the solvent polarity decreases (Table 1). Given that binding of
the dye to the DNA should place the dye in a lower polarity
Results environment than in the aqueous buffer, the ca. 60 nm blue

Cyanine dyes constructed from benzothiazole units, such asShift of Zmax is inconsistent with a monomeric binding mode.
DiSCy(5) (Chart 1), are known to form face-to-face dimers in 16\%238) Kasatani, K.; Ohashi, M.; Kawasaki, M.; Sato,Ehem. Lett1987,

(21) Owen, D. J.; VanDerveer, D.; Schuster, G.JBAm. Chem. Soc. (29) Kasatani, K.; Ohashi, M.; Sato, i@arbohydrate Resl989 192
1998 120, 1705. 197.

(22) Khairutdinov, R. F.; Serpone, N. Phys. Chem. 8997, 101, 2602. (30) Ohashi, M.; Kasatani, K.; Shinohara, H.; Sato,JHAm. Chem.

(23) West, W.; Pearce, S. Phys. Chem1965 69, 1894. Soc.199Q 112, 5824.

(24) Herz, A. H.Photogr. Sci. Eng1974 18, 323. (31) Buss, V.Angew. Chem., Int. Ed. Engl991, 30, 869.

(25) Gibbs, E. J.; Tinoco, I., Jr.; Maestre, M. F.; Ellinas, P. A.; Pasternack, (32) Buss, V. InMinutes, Sixth International Symposium on Cyclodex-
R. F. Biochem. Biophys. Res. Commu®88 157, 350. trins; Chicago, IL, 1992; p 160.

(26) Cooper, T. M.; Stone, M. Q.angmuir1998 14, 6662. (33) Wenzel, S.; Brinschwitz, T.; Lenzmann, F.; BussJMncl. Phenom.

(27) (a) Nakashima, N.; Kunitake, J. Am. Chem. So&982 104, 4261. Mol. Recognit. Chenill995 22, 277.
(b) Nakashima, N.; Ando, R.; Fukushima, H.; Kunitake JTChem. Soc., (34) Roos, C.; Buss, VJ. Incl. Phenom. Mol. Recognit. Chet097,

Chem. Commuri982 707. 27, 49.
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Table 1. Solvatochromism oDiSCy(5)
solvent (dielectric

solvent (dielectric

constant) Amax(nmM) constant) Amax(NM)
water (78.5) 646 2-propanol (18.3) 656
acetonitrile (38.8) 650 ethyl acetate (6.0) 658
methanol (32.6) 651 benzene (2.3) 680
acetone (20.7) 653 water 579
ethanol (24.3) 655 y-cyclodextrir? 580

aUnder conditions wher®iSCy(5) dimerizes.

Chart 2

5'-CGC-ATATA-CGC-3'

ATS 5 GCG-TATAT-GCG-S'

5'-CGC-ATATA-TATAT-CGC-3'
AT-10 3 GCG-TATAT-ATATA-GCG-5'

Dimeric DiSCy(5) exhibits an absorption band at 579 nm in
water23 quite close to that observed upon binding to [poly(dA-
dT)]2 (590 nm). Moreover, dimers @iSCy(5) occluded within
the interior of y-cyclodextrin cavities exhibit similarly blue-
shifted absorption spectfaThese observations suggested that
DiSC,(5) was binding to the DNA not as a monomer, but rather
as a face-to-face dimer.

A short synthetic duplex was used to determine unambigu-
ously the binding stoichiometry for the cyanine dye Am-5,

a sequence of five alternating A/T base pairs is flanked on both
ends by three G/C base pairs (Chart 2). The choice of five A/T
pairs was determined by the results of the WS titration
shown in Figure 1, which revealed saturation of binding at
approximately 2.5 bp per dye molecule, or five bp per dimer.
In addition, no dimerization oDiSC,(5) was observed in the
presence of [poly(dG-dG)|vide infra) so the three 6C base
pairs flanking the binding site serve to stabilize the duplex
without precluding dimerization of the dye. Addition of this
duplex toDiSCy(5) results in the expected shift of the absorption
Amax 10 590 nm (Figure 2A). Spectra were next recorded for
various ratios of dye:duplex, leading to the Job fishown in
Figure 2B. The sharp inflection observed at a mole fraction
(Xaye) Of 0.65 corresponds to a stoichiometry of 1.9 dye
molecules per duplex, consistent with a dimeric binding mode.
Significantly, no inflection is observed &g = 0.5, corre-
sponding to a 1:1 complex. This indicates that dimeric binding
of the dye to the DNA is strongly favored over monomer
binding.

We next investigated the sequence dependen&auE,(5)
dimerization on DNA. In [poly(dA-dT)], adenine and thymine

J. Am. Chem. Soc., Vol. 121, No. 1398999

analogue. Nevertheless, we observe effective dimerization of
DiSC,(5) on a duplex containing an embedded (ATATAT)
sequence, but significantly less dimerization on (AAATTT),
demonstrating that the preference for alternating A/T sequences
is maintained in short sequences (Supporting Information,
Figure S2).

Interactions between Dimeric DiSG(5) and DNA. The high
level of discrimination between alternating and nonalternating
A/T sequences is not without precedent. Distamycin A (Chart
1), a cationic oligopyrrole with antibiotic properties, binds within
the minor groove of duplex DNA at A/T-rich sequend@4!
Distamycin binds as a dimer to a variety of A/T sequerfée®,
but strongly prefers alternating A/T sequen¢e$his dimeric
binding mode, in which two distamycin molecules insert into
the minor groove in a face-to-face orientation, has also been
observed for several synthetic analogues of distanffchs.
Although the minor groove has to widen to accommodate the
dimer, van der Waals’ contacts, hydrogen bonds, and electro-
static attractions stabilize the complex, overcoming the energetic
penalty incurred by distorting the DNA structure to bind the
dimer.

The similar sequence preferences for dimerizatioDi&iC,-

(5) and distamycin on DNA suggested a similar binding mode
for the two compounds. To probe binding of dimeBiSCy(5)
within the minor groove, a comparison of binding to [poly(dG-
dC)L, and [poly(dl-dC)} was madé4 [Poly(dI-dC)} is analo-
gous to [poly(dG-dC}] with the exception that the exocyclic
amino group present in guanine is replaced with a hydrogen in
inosine (Scheme 1). Thus, the array of functional groups in the
major and minor grooves of [poly(dI-dG)fesemble those of
[poly(dG-dC)} and [poly(dA-dT)}, respectively. Distamycin
readily binds as a dimer within the minor groove at I-C
sequence®4*but not at corresponding G-C sequences, due in
part to the presence of the amino group projecting into the minor
groove for the latter sequences.

Figure 3 illustrates the effect of titrating either [poly-
(dG-dC)} or [poly(dl-dC)L into DiSCx(5). The dye binds to
[poly(dG-dC)} based on the attenuated absorption at 648 nm,

(38) Alexeev, D. G.; Lipanov, A. A.; Skurativskii, |. YNature 1987,
325, 831.

(39) Marky, L. A.; MacGregor, R. B. Biochemistry199Q 29, 4805.

(40) Wemmer, D. E.; Geierstanger, B. H.; Fagan, P. A.; Dwyer, T. J.;
Jacobsen, J. P.; Pelton, J. G,; Ball, G. E.; Leheny, A. R.; Chang, W.-H.;
Bathini, Y.; Lown, J. W.; Rentzeperis, D.; Marky, L. A.; Singh, S.; Kollman,
P. In Structural Biology: The State of the Art, Proceedings of the Eighth
Corversation on Biomolecular Stereodynami&arma, R. H., Sarma, M.
H., Eds.; Adenine: Guilderland, NY, 1993; Vol. 2, p 301.

(41) Kopka, M. L.; Yoon, C.; Goodsell, D.; Pjura, P.; Dickerson, R. E.
Proc. Natl. Acad. Sci. U.S.A985 82, 1376.

(42) Chen, X.; Ramakrishnan, B.; Rao, S. T.; SundaralingamiNt.

bases alternate on each strand. Thus, any two strands will beStruct. Biol.1994 1, 169.

complementary to one another, leading to formation of an
alternating copolymer duplex. In contrast, poly(dA)-poly(dT)

is a homopolymeric duplex consisting of adenines on one strand

and thymines on the complementary strand. A-tNs experi-
ment revealed that the hypsochromic shift to 590 nm is not
observed in this case, indicating tiASC,(5) does not dimerize
on poly(dA)-poly(dT) (Supporting Information, Figure S1).
Instead, the absorption maximum red-shifts by 14 nm. This
indicates that dimerization of the dye requires alternating A/T
sequences.

Poly(dA)-poly(dT) is known to have a non-B-form struc-
ture’”38and is hydrated quite differenf§from the alternating

(35) Seifert, J. L.; Armitage, B. A. Unpublished data.

(36) Job, PANnNn. Chim. (Paris)}1928 9, 113.

(37) Arnott, S.; Chandrasekan, R.; Hall, I. H.; Puigjaner, LNDcleic
Acids Res1983 11, 4141.

(43) Chen, X.; Ramakrishnan, B.; Sundaralingam,JWol. Biol. 1997,
267, 1157.

(44) Fagan, P.; Wemmer, D. H. Am. Chem. S0d.992 114, 1080.

(45) Pelton, J. G.; Wemmer, D. Proc. Natl. Acad. Sci. U.S.A989
86, 5723.

(46) Rentzeperis, D.; Marky, L. A.; Dwyer, T. J.; Geierstanger, B. H.;
Pelton, J. G.; Wemmer, D. Biochemistryl995 34, 2937.

(47) Chen, F.-M.; Sha, Biochemistry1998 37, 11143.
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(49) Browne, K. A.; He, G.-X.; Bruice, T. C1. Am. Chem. S0d.993
115 5, 7072.

(50) Kopka, M. L.; Goodsell, D. S.; Han, G. W.; Chiu, T. K.; Lown, J.
W.; Dickerson, R. EStructure1997 5, 1033.

(51) Kielkopf, C. L.; White, S.; Szewczyk, J. W.; Turner, J. M.; Baird,
E. E.; Dervan, P. B.; Rees, D. Gciencel998 282 111.

(52) Geierstanger, B. H.; Mrksich, M.; Dervan, P. B.; Wemmer, D. E.
Sciencel994 266, 646.
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but no corresponding dimer band at 590 nm is evident, indicating of the dimer band at low DNA/dye ratios, an effect that is
that the dye binds to this sequence as a monomer (Figure 3A).not evident when the dye is titrated with [poly(dA-dd)]
However, a strong dimer band is observed upon addition of (Figure 1).

[poly(dI-dC)], (Figure 3B), consistent with a binding mode in A classical technique for analyzing DNA binding modes is
which the cyanine dimers insert into the minor groove of the viscometry?>5¢ This method involves measurement of the
DNA. Binding in this manner is logical in that the walls of the  viscosity of a DNA solution both in the absence and the presence
minor groove protect the exterior faces of the dimer from of a ligand. Most DNA-binding small molecules either inter-
exposure to water, reminiscent of dimerization within the interior ™55y Conen, G.; Eisenberg, Biopolymers1969 8, 45.

of a cyclodextrin host. Another interesting feature is the splitting ~ (56) Suh, D.; Chaires, J. Bioorg. Med. Chem1995 3, 723.
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10% methanol. DiSC,(5)] = 5.0 uM. DNA was added in 1.:M aliquots, and spectra were recorded at°85
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bind dimericDiSCy(5) will cause a local distortion of the DNA
structure. In particular, the minor groove will be wider than
normal on either side of the bound dimer. This could promote
binding of additional dimers directly adjacent to the bound
dimer, i.e. binding of separate dimers could be cooperative. To
probe this issue, we studied binding@ISC,(5) to AT-5, AT-

10, and [poly(dA-dT)}.

AT-10 has a 10 bp A/T sequence flanked by three GC pairs
(Chart 2) and should be capable of binding two dimers, arranged
in an end-to-end fashion. UWis analysis reveals th&iSCy-

(5) readily binds to this duplex (Figure 5A). In this case, a Job
plot reveals an inflection at approximately 0.8, corresponding

to binding of 4 dyes per duplex, or two dimers (Figure 5B).

The lack of an inflection at a 2:1 stoichiomet¥{dye = 0.67)

indicates that binding of the two dimers is indeed cooperative.
Effect of Dimerization on Induced Circular Dichroism.

0.00 0.02 0.04 0.06 0.08 0.10 0.12 014
[Ligand]/[DNA]

Figure 4. Viscometric analysis of DNA binding bRiSC,(5). Sample T . . . .
contained 15@&M bp [poly(dA-dT) in 10 mM sodium phosphate (pH Binding of_ the achlrgID|SC2(5) to the. chlrgl, rl_ght-handed
= 70) and 100 mM NaC|D|SC2(5) or ethidium bromide was added double-helix of DNA induces circular dichroism in the absorp-

in 4.0 uM aliquots. Flow times were measured after equilibration at tion spectrum of the dye. This is demonstrated in Figure 6, for
28°C, and the individual data points represent the average of at leastbinding of DiSCx(5) to [poly(dA-dT)],, [poly(dl-dC)L, and
three trials. [poly(dG-dC)}. For the first two sequences, a strong biphasic
signal is observed, centered at 590 nm. This type of signal arises

calate between adjacent base pairs or insert into the minorfrom exciton coupling between nearby chromophores and
groove. In the first case, the base pairs at the intercalation siteprovides further evidence in support of a dimeric binding mode
must increase their separation to accommodate the intercalatorfor the dye®59 Additionally, a weaker, positive band is observed
This results in a lengthening of the DNA duplex for each at 675 nm in [poly(dA-dT)}; we tentatively assign this band to
intercalation event and is transmitted into an increase in the DiISC,(5) bound to the DNA as a monomer. In contrast, virtually
solution viscosity. Minor groove binders typically have little no induced CD is observed for [poly(dG-dg)indicating that,
effect on the viscosity of DNA solutions since no lengthening although the dye binds to this sequence, it is not oriented
of the duplex is required to form a suitable binding site. effectively upon binding.

Figure 4 illustrates the respective helix-lengthening abilities  a surprising result was obtained upon measurement of the

of DiSC(5) and ethidium bromide (a known intercalditQr induced CD spectrum foDiSCy(5) in the presence oAT-5:
measured by the effect of the ligands on the viscosity of a [poly-

(dA-dT)]» solution. Whereas the intercalator causes significant
lengthening of the DNA, the cyanine dye has a very minor
effect. These results reinforce the conclusion Bi&C,(5) binds
alternating A/T sequences within the minor groove.

(57) LePecq, J. B.; Paoletti, . Mol. Biol. 1967, 27, 87.

(58) Nakanishi, K.; Berova, N.; Woody, R. WCircular Dichroism:
Principles and ApplicationsVCH Publishers: New York, 1994.

(59) Rodger, A.; Norde, B. Circular Dichroism and Linear Dichroism
Oxford University Press: Oxford, U.K., 1997; Vol. 1.
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Figure 7. CD spectra recorded fdiSCy(5) bound toAT-5, AT-10,

Figure 6. CD spectra recorded foDiSC,(5) bound to alternating and [poly(dA-dT)}. [DISCy(5)] = 5.0uM, [AT-5] = 5.0uM duplex,

DNAs. [DiSCy(5)] = 10 uM; [DNA] = 50 uM base pairs in 10 MM [AT-10] = 2.5uM duplex, and [[poly(dA-dT)]] = 25 uM base pairs

sodium phosphate (pH 7.0) and 10% methanol. Spectra were recorded jn 10 mM sodium phosphate (pH 7.0) and 10% methanol. (Note

at 20°C. Four or eight scans were averaged for each sample. that in each case the concentration of 5 bp A/T sites wasl()
Spectra were recorded at 20. Four or eight scans were averaged for

no exciton band was observed under conditions where theeach spectrum.

majority of the dye was bound to the duplex (Figure 7). Instead, . . .

a weak positive band was observed at 590 nm. SKE& can rescence or nonrad!atlve _decay arising from twisting of t_he dye

bind only a single dimer oDiSCy(5), this result suggested that ~aPout the polymethine bridd€.Inhibiting the twisting motion

the exciton coupling observed in the presence of [poly(dAdT)] DY dissolving the dye in a viscous fluid solvéithy freezing

was due not to interaction between the individual monomers it in alow-temperature gla$sor by conformationally restricting

within a single dimer, but rather to interaction between adjacent th€ bridge through synthetic modificatfSrtypically leads to

dimers on the DNA. To test this hypothesis, binding of the enhanced fluorescence since the nonradiative decay path is

cyanine dye tAT-10 was investigated. The induced CD spec- (60) Sahyun, M. R. V.; Serpone, N. Phys. Chem. A997, 101, 9877.
trum recorded for this sequence exhibits a pronounced exciton (61) Sundstim, V.; Gillbro, T. Chem. Phys1981, 61, 257.

‘Wavelength (nm)

band (Figure 7). loiG%égEimenko, V.; Chibisov, A. K.; Gmer, H.J. Phys. Chem. A997,
Fluorescence SpectroscopyExcited-state cyanine dyes (63) O'Brien, D. F.; Kelly, T. M.; Costa, L. FPhotogr. Sci. EngL974

decay to the ground state by two predominant pathways: fluo- 18, 76.
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2500 such as minor groove shape, flexibility, and hydration determine
the binding site for the dye. Lown and co-workers studied the
binding of thiazole-containing analogues of distam§tiand
netropsirf® For the netropsin analogue, a strong preference for
alternating A/T sequences was observed, unlike the parent
compound, which exhibits little preference for alternating or
nonalternating A/T sequences. However, those compounds still
possessed several amide groups for hydrogen bonding interac-
tions with the DNA. These results indicate that benzothiazole
groups could have utility as minor groove recognition moieties.
The Job plots in Figures 2 and 5 demonstrate predominantly
2:1 binding b a 5 bp A/Tsite and 4:1 binding to a 10 bp A/T
site. The lack of an inflection in Figure 4B for a stoichiometry
of 2:1 indicates that the binding is highly cooperative: binding

2000 1

1500

1000

Fluorescence Intensity (Arb. Units)

500 =

0 L R | T T T T

60 60 60 60 70 720 740 760 T80 800 of the first dimer greatly facilitates binding of the second. This
Wavelength (nm) is not surprising when one considers the requirement that the

Figure 8. Effect of [poly(dA-dT)L on DiSCy(5) fluorescence. DNA minor groove widen to accommodate a dimer. Binding of the

was titrated intoDiSCy(5) in 10 mM sodium phosphate (pH 7.0) dimer will leave the minor groove distorted locally, thereby

and 10% methanolOiSCy(5)] = 5.04M. DNA was added in 2.aM providing a lower energetic penalty for binding of an adjacent

aliquots, and spectra were recorded af@0 Samples were excited at

dimer in comparison with binding of the second dimer to a
615 nm.

separate duplex. We are currently evaluating dimerization of
DiSC,(5) on DNA duplexes containing (A/F)sites separated

by a variable number of nonalternating base pairs to determine
Show far the widening of the minor groove is transmitted along
the DNA duplex.

Extrapolating to the case of the extended [poly(dA-d&)jd
[poly(dI-dC)],, cooperative binding of the dimers leads to
formation of a complex consisting of the double helical DNA
with a helical aggregate of cyanine dimers extending end-to-
end throughout the length of the minor groove. The spatial
dimensions of this aggregate are completely determined by the
DNA: the minor groove width and flexibility restrict the dye
to a dimeric state in the face-to-face direction, while the length
of the DNA determines how many of the dimers align end-to-
end. The polymeric duplexes are a few hundred base pairs long,
so the dye aggregate can contain tens of individual dimers. This
is a unique phenomenon as most aggregates form stacks of chro-
mophores, whereas in this case, the helical structure of the DNA
enforces an end-to-end structure for the cyanine dye aggregate.
Thus, the double-helical DNA acts as a template upon which
the cyanine dimers assemble into a helical aggregate, the length
of which can be varied in ca. 1.7 nm (5 bp) increments.

The spectral features of the cyanine aggregates are readily
explained on the basis of the model proposed by Kasha and
Discussion co-workers’6-68 Two chromophores can form a dimer in which
the transition dipoles adopt a range of orientations relative to
the molecular axis of the dimer (Scheme 2). When the dipoles
are aligned at a 90angle relative to the axis, the electronic
> . X transition to the lower state is forbidden while transition to the
[poly(dI-dC)] results in a hypsochromic shift @fax from 648 upper state is allowed. Thus, a blue-shifted absorption band will

to 590 nm. This shift is not observed for [poly(dG-d&)]  pe opserved, consistent with the BVis data shown above.
although the UV-vis data demonstrate that the dye binds to Moreover, the circular dichroism should only show a single

this sequence. The appearance of the 590 nm absorption ban ; P 3 :
for [poly(dA-dT)], and [poly(dl-dC)} but not for [poly(dG- rc?:rl’r({ f?)? ;Sstit:](z]lgajifn?rr binding A5, where there is only
dC)k i_s consiste_nt with a minor groove binc_iing '.“Ode for the Binding of a second dimer within the minor groove yields
?uyr?ctzggle the f|r§t two sequences have .|dent|cal arrays of an aggregate consisting of a pair of dimers arranged in an end-
groups in the minor groove. The viscometry data also
support a minor groove-binding mode. (64) Kumar, S.; Bathini, Y.; Joseph, T.; Pon, R. T.; Lown, J. W.
While DiSCy(5) and distamycin likely bind to DNA by similar ~ Biomol. Struct. Dynam1991, 9, 1.

: : : (65) Plouvier, B.; Balilly, C.; Houssin, R.; Rao, K. E.; Lown, J. W.;
modes, there is an important difference between the two Henichart, J.-PNucleic Acids Res1991 19, 5821

compounds: distamycin has numerous amide groups that are (66) Kasha, M.Physical Processes in Radiation Biologicademic

known to form hydrogen bonds to functional groups on the floor Press: New York, 1964. ' _

of the minor groove24345No such capability exists for the (67) Kasha, M.; Rawls, H. R.; El-Bayoumi, M. IRroceedings of the
. s " . VIIl European Congress on Molecular Spectroscdpytterworth: London,

cyanine dye. The absence of a “direct readout” mechanism for ;g65;  371.

binding of DiISC,(5) to duplex DNA indicates that properties (68) McRae, E. G.; Kasha, Ml. Chem. Phys195§ 28, 721.

blocked. Binding of a single cyanine dye molecule in the minor
groove would be expected to enhance fluorescence, since th
walls of the minor groove should inhibit excited-state twisting
of the dye. However, binding dDiSCy(5) to [poly(dA-dT)]
results in significant quenching of the dye fluorescence (Figure
8). Thus, the fluorescence data are inconsistent with a mono-
meric binding mode. Rather, aggregation of the cyanine dye
can account for the observed quenching (vide infra).
Molecular Modeling. A molecular model of dimeri®iSC,-
(5) within the minor groove of duplex DNA was constructed.
An X-ray crystal structure of distamycin bound as a dimer within
the minor groove of the self-complementary sequerideG
A-T-A-T-I-C-3' was recently reportééland served as a useful
starting point in the modeling. A dimer @iSCyx(5) was pre-
pared by positioning two dye molecules in a cofacial orientation
with a slight offset to prevent clashes between the ethyl groups.
The distamycin dimer was removed from the cocrystal structure
and replaced by the cyanine dimer. Twisting of the pentamethine
bridges of the dye molecules was required in order for both
benzothiazole groups to fully insert into the helical groove
(Figure 9). The model confirms that a dimer [BISCy(5) can
be readily accommodated within the minor groove of DNA.

Binding of DiSC,(5) to duplex DNA is clearly demonstrated
by the UV-vis, CD, fluorescence, and viscometric data
presented in the Results. Binding to either [poly(dA-dTOt
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Figure 9. Molecular model of dimeridiSCy(5) inserted into the minor groove of DNA. The DNA strands are colored blue and green, while the
cyanine dyes are colored magenta: (A) top view; (B) side view witfi8C,(5); (C) side view with dimeridDiSC,(5) inserted into the minor

groove.

Scheme 2

to-end fashion. The interaction between the two dimers will
cause an additional splitting of the energy levels. This splitting
is manifested experimentally in two ways. First, a distinct
splitting of the dimer band is evident in the titration DISC,-

(5) with [poly(dl-dC)], (Figure 3B). This splitting is only
observed at relatively low DNA concentrations, i.e. under
conditions where the dimers can effectively fill the minor

dyes that have found utility as near-IR fluorescent dijéthe
analogue 0DiSCy(5) having two additional methine groups in
the bridge,DiSCy(7), bound to calf thymus DNA and gave a
pronounced dimer band, which was attributed to stacking of
the dye on the exterior of the DNA. Our results indicate that
DiSCy(7) likely binds to DNA as a dimer in the minor groove.
This is to be distinguished from the exterior stacking mode that
has been proposed for certain DNA-binding cationic por-
phyrins?’®-73 In that model, the porphyrins form a helical,
columnar stack that follows the DNA helix and generally
requires high porphyrin and salt concentrations. In the case of
the cyanine dyes, dimer binding can be observed at very low
ratios (<0.25 dimers per binding site) and assembly into the
helical aggregate readily occurs under low salt conditions (10
mM sodium phosphate buffer).

One other example of symmetrical cyanine dye binding to
DNA has been reported. Shafer and co-workers described
binding of DIOCy(5), the benzoxazole analogue BDfSCy(5),
to guanine quadruplexé$These noncanonical DNA structures
are believed to exist in vivo in the telomeric regions at the ends
of chromosome®® Based on UV-vis, fluorescence, and CD
data the authors proposed a groove-binding mode for the dye.
While the grooves of a guanine quadruplex are obviously dif-
ferent from the minor groove of alternating A/T duplex se-

groove. As the DNA concentration increases, the dimers move guences, itis interesting to note that exciton Coup"ng was ob-

further apart and the interaction between dimers becomesserved in the CD spectra for certain sequences, suggesting a
weaker. (Note that the cooperativity inherent in binding dimers possible dimeric binding mode for the dye.

to adjacent sites partially counteracts this effect.) The second  one final point worth noting is the comparison of dimerization
feature that arises from the interaction between adjacent dlmersOy DiSCy(5) on [poly(dI-dC)} versus [poly(dA-dT)}. The CD

is the biphasic CD signal, which appears £r-10 and [poly-
(dA-dT)],, but not forAT-5 (Figure 7).
Dimeric cyanine dyes are known to exhibit significantly

(69) Davidson, Y. Y.; Gunn, B. M.; Soper, S. Appl. Spectroscl996
50, 211.
(70) Hudson, B. P.; Sou, J.; Berger, D. J.; McMillin, D.RAm. Chem.

quenched fluorescence. This effect is readily explained by the g4 1992 114 8997,

energy level diagram shown in Scheme 2. Although excitation

(71) Pasternack, R. F.; Giannetto, A.; Pagano, P.; Gibbs, E. Am.

to the lower excited state is forbidden, excitation to the upper Chem. Soc1991 113 7799.

state followed by rapid internal conversion to the lower state is |
allowed. This traps the excited dimer in a nonemissive state,

(72) Mukundan, N. E.; Pethds.; Dixon, D. W.; Kim, M. S.; Marzilli,
G. Inorg. Chem.1994 33, 4676.
(73) Mukundan, N. E.; Pethds.; Dixon, D. W.; Marzilli, L. G.Inorg.

leading to a lower fluorescence quantum yield, but a longer Chem.1995 34, 3677.

singlet lifetime, than its monomeric counterp#t.

Soper and co-workers recently reported a study of the DNA

(74) Chen, Q.; Kuntz, I. D.; Shafer, R. Rroc. Natl. Acad. Sci. U.S.A.
1996 93, 2635.
(75) Williamson, J. RAnnu. Re. Biophys. Biomol. Structl994 23,

binding properties of a series of symmetrical tricarbocyanine 703.
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data for the two DNAs demonstrated biphasic signals due to the minor groove of DNA and subsequent binding of additional
assembly of the extended dimer aggregates. However, for [poly-dimers to adjacent sites is highly cooperative. Experiments are
(dA-dT)],, an additional positive band was observed at 675 nm, underway to evaluate the role of the heterocyclic groups, poly-
tentatively assigned to monomeric dye. The lack of this band methine bridge length, and alkyl substituents on the cyanine
in the spectrum for [poly(di-dCjJindicates that alternating I-C  dye in promoting dimerization.

sequences are superior dimerization sitei&Cy(5). This is
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