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Abstract: UV —vis and CD spectroscopy reveal that a tricationic cyanine dye spontaneously assembles into a
helical J-aggregate in the presence of a double-helical DNA template. The stability of the J-aggregate is strongly
dependent on the dye concentration and DNA length in a manner that reflects a high degree of cooperativity
in formation of the aggregate. Slight changes in environmental conditions such as temperature and ionic strength
result in interconversion between J- and H-aggregates. The aggregate likely consists of dimeric units assembled
in an offset, face-to-face orientation within the minor groove of the DNA template, analogous to an earlier
report of H-aggregation on DNA by a related cyanine dye. A model is proposed that relates the two aggregate
structures by translation of one monomer from a given dimer along the floor of the minor groove. This translation
requires adjacent monomers to also translate, leading to the observed cooperativity.

Introduction

Noncovalent interactions are responsible for the generation
of the secondary, tertiary, and quaternary structures required
for the function of biomolecules such as proteins and nucleic
acids. While assembly of higher order structure through non-
covalent forces avoids many of the difficulties inherent in
forming covalent bonds (e.g. chemoselectivity), much weaker
interactions are involved in stabilizing the structure. Thus,
effective noncovalent synthesis requires an ensemble of interac
tions (hydrogen bonding, electrostatic, van der Waals, and
solvophobic) to assemble well-defined, supramolecular struc-
turest The information required to specify a supramolecular
structure can be encoded within the structures of the molecular
component3.A wide variety of structures has been formed from
the programmed self-assembly of individual componénts.

An alternative approach for the synthesis of supramolecular
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structures is to encode at least part of the information within a
template on which the molecular components will spontaneously
assemble. In this approach, the template defines the structure
of the resulting complex, which would not form in the absence
of the template. Planar organic molecules that form helical,
stacked aggregates in the presencexdfelical peptides—1°

or double-helical DNAS20 are representative examples of this
strategy.

We recently demonstrated that the symmetrical cyanine dye
DiSCy(5) (Chart 1) spontaneously assembles into right-handed
helical aggregates in the presence of certain double-helical DNA
template€! In the absence of the templat®jSC,(5) and a
variety of other organic dyes aggregate in water to form
s-stacked structure-31 The polarizability and hydrophobicity
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CH, are relatively weak, the length of the aggregate is strictly

(CHay (é\Hm determined by the length of the DNA: once the groove is filled,

N N growth of the aggregate is terminated. The same dye also forms
NWN B helical aggregates on templates consisting of peptide nucleic
((:3H2)3 CHy), acid (PNA) oligomer® or sugar-polypeptide conjugat&s’s

COzH o although the stoichiometries and binding sites are less well

defined in those cases.

» . We now wish to report on the DNA-templated aggregation
of the dye are critical features for formation of stable aggregates ¢ DiSCs+(5), a tricationic analogue ddiSC,(5) (Chart 1). In

of this type?®*! Because the same forces that stabilize a dimer ,qgition to providing insight into the importance of electrostatic
also stabilize higher aggregates such as trimers and tetramerSinieractions in assembling helical cyanine dye aggregates on
there is Ilt'gle cpntrol_ over the st0|ch|ometry_of the aggregate. DNA, the results described herein suggest how to use charged
The situation is quite different for the helical aggregate of gy psituents to control the overall structure of the aggregate.

DiSC,(5) formed on DNA. The basic unit of the aggregate is a
cofacial dimer (rather than a monomer) that is inserted into the
minor groove of the DNA template, analogous to binding of
the natural product distamyc# synthetic polyamide®3°>and

an aromatic dicatio# to duplex DNA. The two dye monomers
within a given dimer exhibit little translational offset; i.e., there
is extensiver-stacking between the two monomers. This leads
to a hypsochromically shifted absorption band, characteristic
of H-aggregate structurés38(Offsetting the two chromophores
within a given dimer yields a J-aggregate structure, characterize
by a bathochromically shifted absorption ba#d9 Since the
minor groove is only sufficiently flexible to accommodate two

dye molecules simultaneously, the aggregate cannot grow

beyond a dimer in the face-to-face dimension. However,
insertion of a dimer within the minor groove forces the groove
to widen3241423 structural perturbation that facilitates binding
of another dimer directly adjacent to the first dimer. This
cooperativity leads to propagation of the aggregate in the end-
to-end dimension, ultimately yielding a helical aggregate

hundreds of angstroms in length that cannot form in the absence,

of the DNA (Scheme 1). Moreover, since the interactions
between adjacent dimers within the groove of the DNA template
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Results

Aggregation of DiSG+(5) on DNA. The benzothiazole-
derived dicarbocyanine dy@iSC;4(5) is a tricationic analogue
of the monocationi®iSC,(5), on which our earlier studies were
based (Chart 13! While the additional positive charges on
DiSCs+(5) should enhance the electrostatic contribution to the
free energy of binding to DNA, they should also destabilize

dboth the cofacial dimer and extended aggregate forms of the

dye assembled on DNA. This effect is evident in comparing
the aggregation of the two dyes on [Poly(dI-dCH polymeric
DNA duplex that consists of alternating deoxyinosine-deoxy-
cytidine base pairs and is a particularly good template for
preparing helical cyanine dye aggregafeBSigure 1 shows UV

vis spectra acquired as the DNA template was titrated into
solutions containing the cyanine dyes. Aggregation of the dye
is revealed by the blue-shifted absorption maximum (denoted
by an asterisk in Figure 1): this feature dominates the spectra
for the monocationic dye but is never more than a minor feature
for the trication. The blue-shift is attributed to assembly of an
H-aggregate structure in which two dyes form a cofacial dimer
within the minor groove of the DNA and adjacent dimers fill
the groove along the length of the DNA.At low DNA
concentrations, the spectra DiSCy(5) exhibit splitting of the
H-band due to electronic delocalization between adjacent dimers.
As the DNA concentration increases, the splitting is lost, likely
because the dimers begin to spread out along the groove, thereby
reducing the electronic communication with other dimers. The
intensity of the H-band is never strong f@iSCs.(5) and
decreases with increasing DNA concentration, suggesting that
the greater positive charge density on the dye precludes assembly
of an extended H-aggregate within the groove under these
conditions (10 mM sodium phosphate, 20% methanol).
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Figure 1. Effect of [Poly(dI-dC)} on UV—vis spectra recorded at 15 ~ and J-aggregate (J) bands are labeled. Spectra were recordé at 5
°C for solutions containing 5.0M DiSCy(5) or DiSCs+(5). DNA was intervals, beginning at 60C, with a 5 min equilibration at each

titrated in 2.0uM base pair (bp) aliquots. Buffer contained 10 mM  temperature: (AJl = 60-35°C, (B) T = 30-5 °C.

sodium phosphate (pHE 7.0) and 20% methanol. The H-aggregate . .
band is marked with an asterisk (). Arrows indicate increasing DNA the shift to lower energy (i.e. longer wavelength) suggest that

concentration. Note: the H-band initially increases, then decreases forthis band is due to a J-aggregated form of the dyé9(®)

DiSCs+(5). The DNA template Tn = 64 °C in the presence of
o DiSCs4(5)] is double-stranded throughout the temperature range
In an attempt to enhance aggregation®$Cs;(5) on the of the experiment, so the spectral shifts shown in Figure 2 cannot

DNA template, we began varying a number of parameters, pe attributed to changes in the DNA secondary structure.
including dye and DNA concentration, temperature, buffer Moreover, the red-shifted J-band is not observed if the experi-
composition, and ionic strength. A full description of the results ment is repeated in the absence of the DNA template (data not
will be given elsewhere; however, an unexpected result emergedshown), suggesting that the aggregate is bound to the DNA.
from a number of these experiments: the appearanceed-a  Repeating the experiment shown in Figure 2 but using circular
shifted absorption band, indicative of a different aggregate dichroism (CD) to monitor formation of the DNA-bound H-
structure for the tricationic dye. For example, Figure 2 illustrates and J-aggregates provides confirmation of this hypotH@ésis.
UV—vis spectra recorded as a function of temperature for a Figure 3 illustrates CD spectra recorded over two temperature
sample containing ZM DiSCs+(5), 10 uM base pairs [Poly-  ranges: 66-35 and 35-5 °C. At 60 and 55°C, two features
(dI-dC)L in 10 mM sodium phosphate (pH 7.0), and 40 MM are evident in the CD spectrum: a positive band at 675 nm and
NaCl. At the highest temperature, the spectrum is dominated . . _ —
by a peak at 651 nm, which we assign to monomBi&Cs: (5) Sin(ggr))cl)(r(;t’)alyé%sgl, TJ-AggregatesKobayashi, T., Ed.; World Scientific:
(M). As the temperature decreases, the monomer band falls  (47) only the DNA-bound dye should be detectable by CD due to
steadily, while the absorbance at 598 nm initially increases. This induction of chirality in the dye absorption bands when bound to the chiral
peak corresponds to the blue-shifted H-aggregate (H). Once thePNA template. Reference 58 describes the spontaneous generation of chiral
aggregates from achiral dyes, but a statistical mixture of enantiomeric
temperature falls below 3%, the H-band decreases and a new ygqreqgates was produced. in our case, only a single enantiomer is observed,
band appears at 756 nm. The sharpness of the transition andhamely, right-handed helical aggregates.
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monitoring absorbance at 756 nm as the temperature was increased

600+ I from 2 to 60°C at 1.0°C/min. Transition temperaturd@4) was estimated
from the maximum in the first-derivative ploD[SC;.(5)] = 7.0uM;
4007 i [DNA] = 10 uM bp.
'E 200 I shift is indicative of J-aggregation; however, the lack of splitting
T o | in the band indicates that only isolated J-dimers are formed.
5 Once the sample is cooled below 36, the intensity of the

- J-band increases, ultimately reaching ca. 5-fold greater intensity

than the H-band (Figure 3B). Moreover, exciton coupling is

r readily apparent, with the positive peak at 756 nm and the

negative band at 698 nm, indicating that the dimers have

coalesced into an extended aggregate. The positive band at 756

nm correlates with the position of the red-shifted absorption

— —— T band in the UW-vis, while the negative band at 698 nm

500 550 600 650 700 750 800 850 correlates with a shoulder observed in the s spectrum
Wavelength (nm) (Figure 2B). Once again, the order of the bands is consistent

Figure 3. Effect of temperature on CD spectrum of 7l DiSCs(5) with a right-handed, helical J-aggregatdi$Cs,(5) assembled

on 10uM bp [Poly(dI-dC)}. Spectra were recorded at a rate of 200 on the DNA template.

nm/min and represent the averages of four or eight scans. Spectra were - Simijlar experiments were performed with [Poly(dG-dCH

recorded at BC intervals, beginning at 6C, with a 5 min equilibration polymeric DNA duplex analogous to [Poly(dI-dggxcept for

at each temperature: ()= 60-35°C, (B) T = 35-5°C. the presence of an amino group on guanine, which projects into

an exciton couplet centered at 598 nm (Figure 3A). We the minor groove of the DNA and blocks access of ligands to
tentatively assign the former band to some fraction of the dye the groove®*°The red-shifted absorption band is not observed
that is bound to the DNA as a monomer, although we cannot " [Poly(dG-dC)j, providing indirect evidence that the minor
assign a specific binding mode based solely on this result. The 9ro0ve of [Poly(dI-dC)] templates the assembly of (&5Cs+(5)
position of the latter band (598 nm) is indicative of a cofacial J-2ggregate (data not shown). ,

dimer with minimal translational offset between the two  Formation of the J-aggregate occurs over a relatively narrow
monomers, giving a blue-shifted H-band. The splitting of the temperature range. We next performed an experiment in which

band into positive and negative peaks arises from end-to-endth€ absorbance at 756 nm was monitored as a function of
interaction between adjacent dimers in the minor grddviene temperature as the sample was heated from 2 t05(Figure

order of the bands, namely positive at long wavelength, negative 4). The first-derivative plot shOV\_/n in the inset rev_eals a transition
at short wavelength, is indicative of a right-handed helical {emperature y= 28 °C, reflecting the cooperative disruption
orientation of the adjacent dimef&as expected for binding to ~ (‘melting”) of the aggregate. The lack of a simple Gaussian
the right-handed helical DNA template. Thus, the CD results shape for the first-derivative plot indicates that the observed
at these temperatures are similar to what we observed previouslyMelting transition is not a simple two-state process. In particular,
for the monocationi®iSCy(5).2L the decreasind\;ss in the rangeTl = 2—20 °C likely reflects

As the sample is cooled to 3%, the band at 675 nm is (49) Geierstanger, B. H.; Wemmer, D. Ennu. Re. Biophys. Biomol.

depleted and replaced by a positive band at 738 nm. The red-Struct. 1995 24, 463.

(50) Wilson, W. D. Reversible Interactions of Nucleic Acids with Small
(48) Nakanishi, K.; Berova, N.; Woody, R. WCircular Dichroism: Molecules. InNucleic Acids in Chemistry and BiologBlackburn, G. M.,

Principles and ApplicationsVCH Publishers: New York, 1994. Gait, M. J., Eds.; Oxford University Press: Oxford, 1996; pp 33%4.
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Table 1. Effect of [DiSC3.(5)] and [NaCl] on Thermal Stability dimer binding site was extended from 5 to 6 bp to account for
(Ty) of DiSCs+(5) J-aggregate on [Poly(dl-dG)] the translational offset expected for the dyes in a “J” arrange-
[DiSCs+(5)] (uM) [NaCl] (mM) T, (°C)? ment, which increases the effective length of the dimer.)
25 40 <2 We first used temperature-dependent ths to compare
5.0 40 16.6 binding of DiSCs(5) to [Poly(dI-dC)}, IC12, andIC6. The
7.5 40 30.6 ratio of dye:6 bp sites was held constant for each sample to
7.0 0 27-28 permit comparison among the different templates. As shown in
; 8 4218 g? g Figure 5, J-aggregation occurs readily on the polymeric template
70 60 235 at T < 40°C, and the J-band at 756 nm is the dominant feature
7.0 80 5.6 in the spectrum at the lowest temperatures. J-aggregation of
7.0 100 <2.0 DiSC;4(5) is also evident oriC12, but the J-band is much
weaker than for the polymeric template, indicating that the

a Determined from maximum of first-derivative plot. Estimated error:
+0.5°C. b Broad transition. truncated template leads to a J-aggregate of much lower thermal

stability. Finally, a slight amount of J-aggregation is suggested
reorganization of the aggregate prior to the cooperative melting on IC6 on the basis of a minor increase in the absorbance
transition. Identical results were obtained at heating rates of 0.5between 700 and 750 nm and verified by CD measurements
and 1.0°C/min, indicating that the premelting behavior is not  (vide infra), but otherwise the only effect observed is promotion
a kinetic artifact of the experiment but rather reflects equilibrium of H-aggregation as the temperature decreases. These results
melting behavior. demonstrate that formation of staldéSCs.(5) J-aggregates is

Concentration DependenceThe J-aggregate melting curve  strongly dependent on the length of the DNA template.
shown in Figure 4 is reminiscent of the thermal behavior  |nduced CD spectra for DNA-templat@iSC,(5) aggregates
exhibited by helical H-aggregates DiSC,(5) assembled on  \ere particularly informative since single dimers gave weak
PNA-DNA and PNA-PNA duplexe$ In those cases, the positive bands while multiple adjacent dimers exhibited exciton
thermal stability of the aggregates exhibited a strong dependencesoupling, leading to splitting of the CD band into intense positive
on the dye concentration due to cooperativity inherent in and negative componerisEigure 6 demonstrates that this effect
assembly of the H-aggregate. To verify that the assembly of js carried over to the aggregates formedRi$Cs.(5) on the
the DiSCs+(5) J-aggregate on DNA was a cooperative process, |C6 andIC12 templates. The solid line in Figure 7 (expanded
we measured melting curves at three different dye concentrationsin the inset) corresponds to the induced CD spectrum for
(Table 1). The results illustrate a dramatic dependence of the piSC;(5) in the presence oC6. Both H- (600 nm) and J-
aggregate stability on dye concentration: the transition tem- (700 nm) bands are observed. (The band at 650 nm likely arises
perature shifts from<2 °C for 2.54M dye to 30.6°C for 7.5 from some fraction of the dye that is bound to the DNA as a
uM dye. This extreme concentration-dependent stability is not monomer.) The lack of exciton splitting in either of these bands
unique to our system: Daltrozzo and co-workers reported a indicates that only one dimer d»iSCs.(5) is bound to the
similar effect for J-aggregates formed in pure water by pseudo- template. Meanwhile, the dashed line spectrum in Figure 6
isocyanine 2, Chart 1)>* However, much higher dye concentra-  corresponds tdiSCs(5) bound tolC12. In this case, both
tions were required in their case (6:10 mM), illustrating the  the H- and J-bands exhibit exciton coupling, reflecting end-to-
role of the DNA template in facilitating J-aggregation by end alignment of two dimers in a right-handed helical super-
DiSCs+(5). _ _ structure.

Oligonucleotide Duplex Templateslf the melting behavior The spectroscopic results clearly demonstrate that formation
evident in Figure 4 is truly indicative of the denaturation of an of 3 DiSC,,(5) J-aggregate on DNA templates is strongly
extended J-aggregate, then there should be a strong dependenggipendent on the length of the template. In particular, the
of the aggregate stability on the DNA template length, as well opservation that the J-aggregate is considerably more stable
as the dye concentration. The ready availability of short DNA gn the polymeric template, where up to-3€0 dimers may
oligonucleotide duplexes with any desired length and sequencepjng simultaneously, than on the oligonucleotide duplex tem-
facilitates investigation of the dependence of dye aggregation pjates where only one or two dimers can bind, demonstrates
on the template length. This strategy was particularly effective that there is substantial cooperativity involved in assembly of
for our previous work wittDiSCy(5), in which we demonstrated  the J-aggregate. This length-dependent structural stability is
the formation of helical H-aggregates on DNAIn those reminiscent of the cooperative folding transitions exhibited by
experiments, we observed that a single cyanine dimer bound topoth natural and synthetic oligomé¥s.

a 5 base pair (bp) template sequence while two such dimers  gjectrostatic Control of Aggregation. J-aggregation by
bound in an end-to-end alignment to a 10 bp sequence.i, aqueous solution was facilitated by inclusion of inorganic
(Modeling indicated that 5 bp was sufficient to accommodate gaits, which presumably permitted neutralization of the high
one dimer within the minor groove of the template DNA.) positive charge density of the extended aggregfeBansidering

We followed a similar strategy to investigate the dependence the aqditional two positive charges located onltkeubstituents,
of J-aggregation bPiSCs(5) on DNA template length. Thus,  \ye anticipated that electrostatic factors would be at least as
oligonucleotide duplexesC6 and IC12 were designed 10 jmportant in stabilizing the DNA-templated J-aggregate of

IC6 5-GCG-ICICIC-GCG-3' DiSCs(5). To test this hypothesis, we monitored the absorbance

3.CGC-CICICI-CGC-5' at 756 nm (i.e. the J-band) as a function of temperature for a
range of ionic strengths. Figure 7 illustrates the results of melting
IC1z 5'-GCG-ICICIC-ICICIC-GCG-3 curves collected between 0 and 100 mM NacCl; first-derivative

¥-CGC-CICICI-CICICT-CGC-5 curves used to extract the J-aggregation temperadiaee also

shown. In the range-840 mM NaCl,T;is relatively independent

accommodate one or tvidiISCs+(5) dimers, respectively. (The i . S
) P y-( of NaCl concentration (Table 1). However, the first-derivative

(51) Daltrozzo, E.; Scheibe, G.; Gschwind, K.; HaimerlPRotogr. Sci.
Eng.1974 18, 441. (52) Gellman, S. HAcc. Chem. Red.998 31, 173.
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Figure 5. Effect of template length on J-aggregation BiSCs(5). [DiSCsz+(5)] = 16.8 uM; [Poly(dI-dC)}, = 24 uM bp; [IC12] = 2.0 uM
duplex; [C6] = 4.0 uM duplex. Spectra were recorded at® intervals from 60 to 5C. Arrows indicate decreasing temperature.
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H-aggregate on the basis of the band at 596 nm, but again no
J-aggregate is present. In the absence of DNA, the two dyes
also form an H-aggregate, but the absorption band is very broad,
is of low intensity, and appears at 585 nm (data not shown).
Thus, the H-band is attributed to a DNA-bound heteroaggregate
assembled from the two dyes.

Circular dichroism verifies that the zwitterionic dye blocks
formation of the J-aggregate BiSCs(5) by forming a DNA-
bound H-heteroaggregate. In particular, the intense couplet
centered at 725 nm, indicative of J-aggregation, is missing from
the spectrum for the 1:1 mixture @iSCs(5) and1 and is
replaced by a distinct H-aggregate band (Figure 8B). These
observations indicate that electrostatic interactions between the
substituents on the dyes are important for determining the type
of aggregate that is assembled on DNA templates.

Discussion

Earlier work from our group demonstrated that the mono-
cationic cyanine dy@iSCy(5) spontaneously assembles into
an extended, helical H-aggregate within the minor groove of
certain duplex DNA sequencés.The data presented above
indicate that the tricationic cyanine dy®@iSCsz+(5) behaves

Figure 6. CD spectra recorded at 2& for DiSCs+(5) bound tolC12

or IC6. Scans were collected at 200 nm/min, with four scans averaged
for IC12 and eight scans averaged f@6. Other conditions are given

in Figure 6. Inset shows expanded view of spectrum|@8§.

similarly, although the ability to form the aggregate is apparently

hindered by electrostatic repulsion between the individual dye

molecules. A more interesting observation RISC;.(5) was

the formation of a J-aggregate, characterized by a narrow, red-

curve becomes narrower as the NaCl concentration increaseshifted absorption band, under appropriate conditions of tem-
in this range, suggesting a higher degree of cooperativity. At Perature, dye concentration, and ionic strength. The J-aggregate
60 mM NaCl, the transition exhibits similar width, bTgshifts IS most likely formed within the minor groove of the [Poly(dI-

by ca. 4°C to lower temperature. Further increase in the sodium dC)l2 DNA template and adopts a right-handed helical super-

chloride concentration to 80 and 100 mM leads to nearly Structure. .
complete destabilization of the J-aggregate. These results Figure 9 illustrates the arrangement of two or f@iSCs.(5)
underscore the importance of electrostatics in determining the monomers within H- and J-aggregate structures. (The offset or

thermal stability of the DNA-templatediSCs+(5) J-aggregate. ~ “brickstone” structure proposed for the J-aggregate is analogous
In a separate experiment, we tested the effect of the to that originally proposed by Kuhn and co-workers to describe

zwitterionic cyanine dyel (Chart 1) on the J-aggregation of J-aggregates in soluticd) At the dimer level, single bands are

DiSCs.+(5). Figure 8A shows UV-vis spectra recorded at°’® observed in the UWvis and CD spectra, while at the double

in the presence of [Poly(dI-dG)jor DiSCs+(5) and1 individu- ~ dimer (i.e. aggregate) level, splitting of the BVis and CD

ally and mixed in a 1:1 ratio. The J-band, clearly evident in the

spectrum forDiSCs.(5) alone, is not observed fat alone.

Mixing the two dyes together leads to formation of an

(53) Kuhn, H.; Kuhn, C. Chromophore Coupling EffectsJbAggregates
Kobayashi, T., Ed.; World Scientific: Singapore, 1996; pp4D, and
references therein.
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Figure 8. (A) UV —vis spectra recorded at 5C for DiSCs+(5)
(14 uM, dotted line),1 (14 uM, dashed line) or a 1:1 mixture of
0.00- y ree the two dyes (7.QuM each, solid line) in the presence of 201 bp
' T T T LN [Poly(dI-dC)L. (B) CD spectrum recorded at & for a 1:1 mixture
1020 30 40 350 60 of DiSCs+(5) and 1 in the presence of 2&M bp [Poly(dl-dC)}.
Temperature (°C) Eight scans were averaged to give the final spectrum.
Figure 7. Effect of [NaCl] of thermal stability ofDiSCs(5) J- this translation would reduce the intensity of the transition to
aggregate. NaCl concentration given in the legend; other experimentalthe upper state but allow transition to the lower state, accounting
conditions given in Figure 4. for the observed red-shift in the absorption spectrum. Consid-

eration of the extended aggregate within this model can

bands is expected. This model is consistent with the results fromthen account for the relatively narrow temperature range over
the oligomeric template#C6 and IC12: single positive CD  which the transition occurs. Translation of one dye monomer
bands are observed at 700 and 600 nmi@8§, to which only  from a given dimer necessarily requires the adjacent monomer
a single dimer should bind (Figure 6). A@12, on which two from the next dimer in the groove to also translate. Thus,
dimers can simultaneously assemble in an end-to-end fashionpne monomer cannot translate without monomers from every
splitting of both the H- and J-bands is evident (Figure 6), other dimer in the aggregate also translating. This should
reflecting a right-handed helical arrangement of the two dimers. introduce an element of cooperativity into the process, a feature

The temperature-dependent absorption data shown in Figurewhich is evident in the dye-concentration and template-length
2 demonstrate that on the polymeric DNA template, at temper- dependencies of the J-aggregate stabilities. Meanwhile, the
atures above 35°C, the H-aggregated form of the dye short templatedC6 andIC12 show only minor amounts of
predominates. However, as the sample is cooled, the J-aggregat@-aggregate over the full temperature range of the experiment.
is assembled. The model shown in Figure 9 illustrates the This reflects another aspect of the J-aggregation transition:
relationship between H- and J-aggregates: these structures arshifting of one monomer with respect to its partner within a
related simply by translating one monomer by a certain distance given dimer necessarily decreases the favorable van der Waals
along the minor groove of the DNA. The offset introduced by interactions between the two dyes. If there is an adjacent dimer
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Figure 9. Proposed H- and J-aggregate structures and corresponding energy level diagram illustrating allowed electronic transitions for monomer,
dimer, and extended aggregate structures.

in the groove, then the destabilization introduced by translation is by shifting one dye relative to the other, thereby minimizing
can be at least partially compensated by interactions with the the electrostatic repulsion (at the expense of stacking interac-
untranslated dye in the next dimer. Thus, the penalty paid for tions). Precedent for this explanation is offered by phase
the H-J transition due to these end effects should be substan-transitions in ordered, amphiphilic assemblies such as lipid
tially lower in an extended aggregate than in an isolated dimer bilayers®® In these structures, hydrophobic alkyl chains in all-
or pair of dimers, as indicated by the data in Figure 5. The ability trans conformations are packed into a gellike phase at low
to form the J-aggregate is strongly dependent on both the dyetemperature. Increasing temperature introduces gauche rotamers
concentration and on the template length, since only extendedinto the chains, disrupting the packing and inducing a coopera-
aggregates can be stabilized when the two monomers within ative transition to a liquid crystalline-like phase.
given dimer are offset. A similar argument has been made to  An electrostatic basis for the-HJ transition is supported by
account for the high aggregation numbers required to form stablethe ionic strength dependence shown in Figure 7. The severe
J-aggregates dt.5! destabilization of the J-aggregate when [Na€0 mM likely

The physical basis for the rather sharp transition fromJH  arises from electrostatic screening between the anions in solution
aggregate is not immediately obvious. Similar behavior has beenand the cationic alkylammonium groups. As the chloride
reported for aqueous J-aggregates of ®@ but a key concentration increases, the repulsion between the cationic
difference between the two systems lies in Mwubstituents, substituents should decrease, allowing the H-aggregate to form
which do not electrostatically repel one another 2n For at lower temperatures than is observed at lower ionic strengths.
DiSC3+(5), decreasing temperature evidently induces a changeThe results from zwitterionic dy& provide further support
in either the dye or DNA structure that promotes the-H for this hypothesis: the mixed aggregate formed framt
transition. We consider it unlikely that the DNA structure is DiSCs:(5) adopts an H-structure, presumably to facilitate ion
affected, since we detect no significant changes in the DNA pairing between the substituents on the two dyes. We are
CD spectrum in this temperature range (data not shown). The currently synthesizing the bis-sulfopropyl analogud of order
two components of the dye structure that should exhibit to allow ion pairing on both substituents.
temperature-dependent conformational mobility are the propyl- Under no conditions were we able to form structures that
ammonium substituents and the pentamethine bridge. The bridgeyielded exclusively red-shifted spectroscopic features. The
conformation of cyanine dyes in solution is clearly affected by band observed at 590 nm in both the Ywis and CD spectra
temperature, since the quantum yield of fluorescence is well- could be due to (i) a separate H-aggregate structure that coexists
known to decrease as the temperature fi$etwever, motion with the J-aggregate or (ii) formation of a single structure in
about the bridge should be severely restricted in the minor which transition to both the upper and lower excited manifolds
groove by the adjacent dye monomer and the wall of the groove. (Figure 9) is allowed. We currently favor the latter explanation
Thus, it seems most likely that the temperature dependence ison the basis of the temperature-dependent spectra shown
due to theN-substituents. One possible explanation is that as in Figures 2 and 3. In the CD spectra, the intensity of both the
the sample is cooled, gauche rotamers are frozen out and theH- and J-bands increases with decreasing temperature. If the
substituents adopt all-trans conformations. This should have aspectral changes were due simply to interconversion between
significant impact on the stability of the H-aggregate structure: H- and J-aggregates, then we would expect to see the J-band
when gauche rotamers are present, the cationic ammoniumincrease at the expense of the H-band. (This is in fact observed
centers can avoid one another, permitting maximum overlap of in the UV—vis spectra in Figure 2.) The fact that both bands
the twom-systems. However, when in the all-trans conforma- increase in intensity as the temperature decreases indicates that
tions, the cationic centers will be forced into close proximity. they arise from the same structure, namely the J-aggregate. Both
One way in which the aggregate can respond to this situation H- and J-bands can be observed from a single structure when

(54) Khimenko, V.; Chibisov, A. K.; Gmer, H.J. Phys. Chem. A997, (55) Chapman, D.; Dodd, G. H. Btructure and Function of Biological
101, 7304. MembranesRothfield, L. I., Ed.; Academic: New York, 1971; pp 381.
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there is a nonzero transition probability to both the upper and substituents. The interest in using chiral J-aggregates for
lower excited manifold8® The fact that the CD intensity of  nonlinear optical applications suggests future directions for this
the H-band increases while its UWis intensity decreases  work.5162

could arise if the structure that is being formed, namely the ) ]

J-aggregate, is inherently more chiral than the H-aggregate Experimental Section

precursor. The offset of the two chromophores within the Materials and Methods. DiSG(5) andDiSC; (5) were purchased
J-aggregate should result in a given dimer extending over afrom Molecular Probes (Eugene, OR) and used as received. The
longer section of the DNA compared with the analogous manufacturer estimates the purity:a85% for these dyes, on the basis
H-dimer, imparting greater helicity and, therefore, chirality ©of *H NMR and thin-layer chromatography. (Not&®iSCx(5) is no
within the dimer. The same explanation applies to the observa-0nger available from Molecular Probes; however, it is currently
tion that the J-band observed in the CD is significantly more S°!d by Aldrich Chemical Co.) Zwitterionic dykwas a generous gift
intense than the precursor H-band. We are currently performingfrom Prof. Alan Waggoner and Dr. Ratnakar Mujumdar of the NSF

lectronic struct lculati - ffort to det ine th Center for Light Microscope Imaging and Biotechnology at Carnegie
electronic structure calculations In an efiort to determine the ,q) o University. Dye stock solutions were prepared in methanol,

most likely structure for the aggregated dy€The inability to filtered through glass wool, and stored refrigerated. Concentrations

form stable J-aggregate structures on short oligonucleotide were determined spectrophotometrically in methanol using the follow-
duplexes precludes structure determination by NMR or X-ray ing extinction coefficients: DiSCs;(5), €ss3 = 166 000 Mt cm%;

diffraction methods.) DiSCy(5), €651 = 260000 Mt cm%; 1, egss = 150 900 Mt cm .
Finally, we note that De Rossi and co-workers recently [Poly(dI-dC)}L was purchased as a lyophilized powder from Amersham
; : il :~ ~ Pharmacia Biotech. The DNA was suspended in 10 mM aqueous
reported on the aggregation behavior of the amphiphilic cyanine "' .
dye 3 (Chart 1)%85° The dye spontaneously assembles into sodium phosphate buffer (pk 7.0) and stored at-4 °C. DNA

. 7 . concentration, in base pairs, was determined spectrophotometrically
J-aggregates upon dispersion in water. The-Wi$ absorption Usingezs: = 13 800 Mt cm-%. Synthetic DNA oligonucleotides (gel-

spectrum for J-aggregatedlis very similar to that which we fjiration grade, 200 nmole scale) were purchased from Integrated
observe for J-aggregat@iSCs,(5) on DNA, although shifted ~ DNA Technologies (www.idtdna.com) as lyophilized powders, re-
to shorter wavelength due to the shorter conjugation length in constituted in 10 mM aqueous sodium phosphate buffer, and stored
3. Moreover, J-aggregation Gfexhibits a pronounced temper- at —4 °C. Concentrations were determined spectrophotometrically
ature dependence, with no aggregate observed &C5but using the following extinction coefficients: ' &CGICICICGCG-3
complete formation of the structure at 2@. CD spectra €20 = 95600 M* cm™; 5-CGCICICICCGC-3, €260 = 89 250 M'*
revealed that helical aggregates formed, although formation of €M i 5-GCGICICICICICICGCG-3, ex0 = 136400 M cm'™

— - . : '-CGCICICICICICICCGC-3, €260 = 130300 Mt cm™. Synthetic
right-handed and left-handed helices occurred in a purely duplexesiC6 andIC12 were prepared by mixing equimolar amounts

statistic_al fashion, as expected for an aggregate constru_cted frorrbf the complementary strands in 10 mM sodium phosphate#D)

an achiral dye. Nevertheless, the CD spectra shown in ref 58 3y 40 mM NaCl, heating to 75C for 5 min, and then cooling to
for a right-handed aggregate ®fre virtually identical to those  room temperature over a period of 1 h. BVis spectra and melting
we show here in Figure 3, with the exception tBadoes not  curves were recorded on a CARY-3 spectrophotometer equipped with
exhibit a blue-shifted H-band. The authors initially proposed a a thermoelectrically controlled multicell holder. CD spectra were
herringbone structure for the aggregate. However, reevaluationrecorded on a JASCO J-715 spectropolarimeter equipped with a
of the data led Kuhn and Kuhn to propose a helical aggregate thermoelectrically controlled cell holder. Unless otherwise indicated,
structure that is essentially the same as that which we propose?!! experiments were performed in a 10 mM sodium phosphate buffer

for the right-handed helical aggregateiSCs, (5) templated ~ (PH = 7.0) with 40 mM NaCl. »
by the minor groove of the DNAS.60 DNA UV —Vis Titration . Samples were prepared containing 5.0

uM dye, 10 mM sodium phosphate (pH 7.0), and 20% methanol.
) (Methanol is required to prevent adsorption@iSC,(5) to the quartz
Conclusion walls of the cuvette. Methanol inhibits aggregation of cyanine dyes in
.. . general, but it was included in thBiSCsz.(5) sample in order to

The I‘esu|tS presented here demonstrate that a tr|cat|0n|CCOmpare results for the two dyesl) The Yvis absorption Spectrum
cyanine dyeDiSCz(5), spontaneously assembles within the was recorded at 15C, then a 2.QuL aliquot of a 1.0 mM base pair
minor groove of DNA templates to form H- and J-aggregates. stock solution of [Poly(dI-dC}](2.0uM base pair final concentration)
The type of aggregate that is formed is highly dependent on was added and the spectrum reacquired. The procedure was repeated
several factors, including DNA template length, dye concentra- Up to a final DNA concentration of 40M base pairs. _
tion, temperature, and ionic strength. The strong dependenciessa;ep’gzevzaetgi}zggreengigtr] ;?rﬁgtgromsg?/gwgoa I:X%';Z‘L %’;?;”{Sg&t-

. . . , 10u .

on these factprs are attnbu.t(.ed to the highly cooperative r)atu're(dl_dc)]z, 10 mM sodium phosphate (pH 7.0), and 40 mM NaCl
of J-aggregation and the critical role played by electrostatics in

h blv of th W | di (total volume= 1.0 mL). UV—vis or CD spectra were recorded at 60
the assembly of the aggregate. \We are currently expanding onec ey equilibrating for 5 min at that temperature. The sample was

these results through variation of the charged groups on thecggled to 55°C and equilibrated for 5 min prior to recording the next
- . . spectrum. The process was repeated down to a final temperature of 5
(56) Lu, L; Lachicotte, R. J.; Penner, T. L.; Perlstein, J.; Whitten, D.  oc_For melting curves, the samples were prepared with the components

6'857'?"\;;&%28"5',%%%213612;‘ ilﬁg'aheem | Kushon. S.- Seifert 3. L indicated in the figure captions. After cooling slowly from 60 t6,

Nonlinear Opt.2000, in press. data were collected from 2 to 6C at 0.5°C intervals. Data acquired
(58) De Rossi, U.; Diane, S.; Meskers, S. C. J.; Dekkers, H. P. J. M. at heating rates of 0.5 and 1°C/min were identical.
Angew. Chem., Int. Ed. Engl996 35, 760. Thermal denaturation curves were also recorded for [Poly(dl.dC)]

19.2)5%9)151?\,;'23'2?-; Kirstein, S.; De Rossi, U.; Dae, S.J. Phys. Chem. B (10 uM base pairs) in the absence and presence ofiMlDiSCs.(5).

(60) Recently, cryo-transmission electron microscopy has been used to  (61) Kobayashi, T.; Misawa, K. Femtosecond Nonlinear Optical Response
directly image J-aggregates &f The aggregates adopt a superhelical in J-Aggregates; Exciton Dynamics and Stimulated Raman Process. In
structure in solution, with multiple strands assembling into extended ropelike J-AggregatesKobayashi, T., Ed.; World Scientific: Singapore, 1996; pp.

structures: (a) von Berlepsch, H.; @zher, C.; Ouart, A.; Burger, C.; Dae, 161-180.
S.; Kirstein, SJ. Phys. Chem. B00Q 104, 5255-5262. (b) von Berlepsch, (62) Gadonas, R. Nonlinear Optical Properties of Pseudoisocyanine

H.; Bottcher, C.; Ouart, A.; Regenbrecht, M.; Akari, S.; Keiderling, U.;  J-Aggregates. InJ-Aggregates Kobayashi, T., Ed.; World Scientific:
Schnablegger, H.; Dme, S.; Kirstein, SLangmuir200Q 16, 5908-5916. Singapore, 1996; pp. 181197.
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Mixed Dye Experiments.Samples were prepared containingdv
DiSCs+(5), 14 uM 1, or 7.0uM each ofDiSCs+(5) and1 in 10 mM
sodium phosphate and 40 mM NaCl. [DNA]20 «M base pairs. UV
vis and CD spectra were recorded atG. JA002184N



