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Abstract: We have studied intercalation of ethidium bromide (EB) to genomic DNA encapsulated
in a nanospace of an anionic AOT reverse micelle (RM). Circular dichroism (CD) study on the
DNA in the RM reveals its condensed form. Here, we have used temporal decay-associated spectra
(DAS) and time-resolved area normalized emission spectral (TRANES) techniques to investigate
EB-binding to condensed DNA because the interference of emission from unbound EB in the RM
makes conventional steady state and picosecond resolved fluorescence spectroscopic techniques
challenging. The binding affinity of the ligand EB with the DNA in the RM is found to increase with
the size of the RM, reflecting the effect of lessening of DNA condensation on the binding affinity.
CD spectra of the DNA in the RM with various sizes indicate the structural change of the condensed
DNA with reverse micellar size. DAS and TRANES techniques along with dynamic light scattering
studies of the EB-DNA complex in the RM further reveal two kinds of binding modes of the ligand
with the condensed DNA even in essentially monodispersed RMs. To investigate the role of RM on
the ligand binding and secondary structure of the DNA, we have also studied complexation of EB
with two synthetic self-complimentary oligonucleotides of sequences (CGCAAATTTGCG)2 and
(CGCGCGCGCGCG)2 in the RM. # 2006Wiley Periodicals, Inc. Biopolymers 83: 675–686, 2006
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INTRODUCTION

The molecular recognition of DNA by small ligand

molecules is important for the design of novel phar-

maceutics.1 As the common conformation of DNA in

a physiological condition is in a condensed form (e.g.

chromatin), the mechanism of molecular recognition

must get addressed in the compact form of DNA. A

number of condensing agents including neutral and

anionic polymers and salts were reported to demon-

strate the condensation of DNA in vitro.2–6 Encapsu-

lation of DNA in anionic AOT (bis(2-ethylhexyl)sul-
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fosuccinate) reverse micelles (RM) is also found to

be an efficient and convenient technique for the con-

densation of oligomolecular form of DNA molecule

in the solution phase.7–10 In one of these studies,10

hybridization of a DNA in the RM was investigated

and found to be retarded significantly when compared

with that in bulk buffer. In a recent study from our

group11 by using steady-state and time resolved fluo-

rescence energy transfer technique, we show that the

compactness of the DNA in the RM depends on the

degree of hydration.

In the present study we use a DNA intercalator

ethidium bromide (EB) as a probe ligand. EB is

known since a long time as a very convenient probe

of DNA structure,12,13 particularly a tool for deter-

mining the structure of DNA inside chromatin.14–17

One of the early studies14 confirmed the presence of

high affinity EB-binding sites in the chromatin but

not in the core particle, i.e. when linker is removed.

The study also showed two types of EB-binding sites,

namely, high affinity and cooperative, in the core par-

ticles. In this study, our major focus is to explore the

nature of EB-binding to synthetic and genomic DNA

upon encapsulation in anionic AOT RM. To investi-

gate the structural change of genomic and synthetic

DNA, we have used circular dichroism (CD) spec-

troscopy, and confirmed that genomic DNA in the

nanocage of RM assumes condensed form, which is

consistent with other reports.18,19 Dynamic light scat-

tering (DLS) experiments show the change in size of

the RMs upon encapsulation of the DNA molecules.

By using steady state and picosecond resolved fluo-

rescence spectroscopy we have measured binding

constants of EB with DNA molecules in buffer and in

the RM. One major problem of using fluorescence

technique to explore the nature of EB-binding to the

DNA in RM is the massive interference of EB emis-

sion from the unbound EB in the RMs without DNA.

Usually, ligand–DNA complex in nano-compart-

ments (micelles, RM, vesicles, etc.) where there is a

possibility of partitioning of the ligand to various

microenvironments the background emission be-

comes unavoidable.11 In our study we note that the

relative concentration of the unbound EB in the RMs

without DNA is up to 80% of the total RM in our

sample. Exploration of EB binding with the DNA in

such smaller number of RM would be a challenge to

other standard experimental techniques including sin-

gle molecule spectroscopy. We also show that even

standard fluorescence techniques namely solvatochro-

mic shift and time-resolved emission spectral (TRES)

analyses are not good enough to address the nature of

EB binding to DNA in RMs. To selectively address

the nature of EB-binding with the DNA in the RM in

the presence of huge background emission of EB in

the RM without DNA, picosecond resolved decay-

associated spectral (DAS) technique has been suc-

cessfully employed in this study. We confirm the

presence of two types of binding modes of EB with

the DNA in RMs, namely rigidly bound and loosely

bound. The effect of concentration of AOT surfactant

on the binding interaction has also been explored.

Our time resolved fluorescence, CD, and DLS studies

on the complexation of EB with two types of self-

complimentary synthetic oligonucleotides [(CGC-

AAATTTGCG)2 and (CGCGCGCGCGCG)2] clearly

demonstrate the nature of ligand binding and struc-

ture of small DNA molecules in the RM.

EXPERIMENTAL DETAILS

DNA (from salmon testes) and bis(2-ethylhexyl)sulfosucci-

nate (AOT) were purchased from Sigma and used as

received. Ethidium bromide (EB) and isooctane were from

Molecular Probes and Spectrochem respectively. The puri-

fied (reverse phase cartridge) synthetic DNA oligonucleo-

tides of 12 bases (dodecamer) with sequences CGCAAAT-

TTGCG and GCGCGCGCGCGC were obtained from Gene

Link. To reassociate the single strand DNA into self-com-

plimentary ds-DNA [(CGCAAATTTGCG)2, (oligo1), and

(GCGCGCGCGCGC)2, (oligo2)] thermal annealing was

performed as per the methodology prescribed by the ven-

dor. The aqueous solutions of the oligonucleotides were

dialyzed exhaustively against Millipore water prior to fur-

ther use. The oligonucleotides of two different sequences

were chosen because oligo1 is AT rich that binds EB differ-

ently than the GC rich oligo2. It has been noted that binding

of EB to the oligonucleotides decreases with the increase in

the ionic strength of the host solution. Aqueous sample solu-

tions of genomic DNA were prepared in phosphate buffer

(50 mM, pH 7). The procedure for making genomic DNA

aqueous solution is similar to that described in Refs. 20 and

21. In the present study, the concentration of base pair of a

DNA is considered as the overall concentration of the

DNA. The nucleotide concentrations were determined by

absorption spectroscopy using the average extinction co-

efficient per nucleotide of the DNA (6600M�1 cm�1 at

260 nm)20 and found to be 5.0 mM (synthetic) and 21.45 mM
(genomic). In other words, the base-pair concentrations in

the stock solutions of synthetic and genomic DNA were

measured to be 2.5 and 10.7 mM respectively. The DNA

included RM with various w0 ([water]/[AOT]) was prepared

by injecting known amount of aqueous EB and DNA into

measured volume of AOT–isooctane solution.

Steady-state absorption and emission were measured

with Shimadzu Model UV-2450 spectrophotometer and

Jobin Yvon Model Fluoromax-3 fluorimeter respectively.

CD spectra were taken in a Jasco-810 spectropolarimeter

using a quartz cell of path-length 0.2 cm. Dynamic light

scattering (DLS) measurements were done with Nano S

Malvern instruments employing a 4 mW He-Ne laser (� ¼
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632.8 nm) and equipped with a thermostatted sample cham-

ber. All the scattered photons were collected at 1738 scatter-
ing angle at 298 K. The scattering intensity data were pro-

cessed using the instrumental software to obtain the hydro-

dynamic diameter (dH) and the size distribution of the

scatterer in each sample. The instrument measures the time-

dependent fluctuation in intensity of light scattered from the

particles in solution at a fixed scattering angle. Hydrody-

namic diameters (dH) of the particles were estimated from

the intensity auto correlation function of the time-depend-

ent fluctuation in intensity. dH is defined as,

dH ¼ kT=3��D ð1Þ

where k is Boltzmann constant, T is absolute temperature, �
is viscosity, and D is translational diffusion coefficient. In a

typical size distribution graph from the DLS measurement x-
axis shows a distribution of size classes in nanometer, while

the y-axis shows the relative intensity of the scattered light.

This is therefore known as an intensity distribution graph.

All fluorescence decays were taken by using picosec-

ond-resolved time correlated single photon counting tech-

nique. The commercially available setup is a picosecond

diode laser pumped time resolved fluorescence spectropho-

tometer from Edinburgh Instrument, UK. It has an instru-

ment response function (IRF) �80 ps. The picosecond exci-

tation pulse from Picoquant diode laser was used at 409

nm. A liquid scatterer was used to measure the FWHM of

the IRF. Fluorescence from the sample was detected by a

microchannel plate photo multiplier tube (Hammamatsu)

after dispersion through a grating monochromator. For all

decays, the polarizer in the emission side was adjusted to be

at 54.78 (magic angle) with respect to the polarization axis

of the excitation beam.

Methods of Data Analysis

The observed fluorescence transients are fitted by using a

nonlinear least square fitting procedure (software supplied by

Edinburgh Instruments) to a function ðXðtÞ ¼ R t
0
Eðt0Þ

Rðt� t0Þdt0Þ comprising of convolution of the IRF (E(t))
with a sum of exponentials ðRðtÞ ¼ AþPN

i¼1 Bie
�t=�iÞ with

pre-exponential factors (Bi), characteristic lifetimes (� i),
and a background (A). Relative concentration in a multiex-

ponential decay is finally expressed as fn ¼ ð�nBn=PN
i¼1 Bi�iÞ � 100: The quality of the curve fitting was eval-

uated by reduced chi-square (0.90–1.09) and residual data.

The purpose of the fitting is to obtain the decays in an ana-

lytic form suitable for further data analysis.

To construct TRES we follow the technique described in

Refs. 22 and 23. As described earlier, the emission intensity

decays are analyzed in terms of the multiexponential model,

Ið�; tÞ ¼
XN
i¼1

�ið�Þ exp½�t=�ið�Þ� ð2Þ

where �i(�) are the pre-exponential factors, with S�i(�) ¼
1.0. In this analysis we compute a new set of intensity

decays, which are normalized so that the time-integrated in-

tensity at each wavelength is equal to the steady-state intensity

at that wavelength. Considering F(�) to be the steady-state

emission spectrum, we calculate a set of H(�) values using

Hð�Þ ¼ Fð�ÞR1
0

Ið�; tÞdt ð3Þ

which for multiexponential analysis becomes

Hð�Þ ¼ Fð�ÞP
i �ið�Þ�ið�Þ ð4Þ

Then, the appropriately normalized intensity decay func-

tions are given by

I0ð�; tÞ ¼ Hð�ÞIð�; tÞ ¼
XN
i¼1

�0
ið�Þ exp½�t=�ið�Þ� ð5Þ

where �0
i(�) ¼ H(�)�i(�). The values of I

0(�, t) are used to

calculate the intensity at any wavelength and time, and thus

the TRES. The values of the emission maxima and spectral

width are determined by nonlinear least-square fitting of the

spectral shape of the TRES. The spectral shape is assumed

to follow a lognormal line shape,22

Ið��Þ ¼ I0 exp � ln 2
lnð�þ 1Þ

b

� �2
" #( )

ð6Þ

with � ¼ 2bð�����maxÞ
b i � 1 where I0 is amplitude, ��max is

the wavenumber of the emission maximum and spectral

width is given by � ¼ � sin hðbÞ=b½ �: The term b is an

asymmetry parameter and Eq. (6) reduces to a Gaussian

function for b ¼ 0.

To ascertain two types of binding modes of EB with the

DNA in the RM, we further follow time resolved area nor-

malized emission spectral (TRANES) technique, which has

been established in the literatures.24–26 As described in the

Refs. 24–26, TRANES is a model free modified version of

TRES mentioned earlier. A useful feature of the method is

that an isoemissive point in the spectra involves two emitting

species, which are kinetically coupled either irreversibly or

reversibly or not coupled at all. The selective information of

the EB molecules with DNA in the RM comes from time

resolved decay-associated spectra (DAS). As discussed in

detail later, EB-DNA complex in buffer shows single expo-

nential fluorescence decay with time constant of 22 ns. EB in

RM without DNA reveals biexponential fluorescence decays

with time constants of 1.5 and 4.5 ns. In the RM with DNA,

EB shows three exponential fluorescence decays with two time

constants (1.5 and 4.5 ns) similar to that in RM without DNA

and third component varies from 11 to 22 ns depending on the

detection wavelength. Our constructed DAS are the TRES of

the longest components (11–22 ns) of the EB emission in the

DNA-filled RM. However, the numerical fitting of the con-

structed DAS is performed by using sum of two lognormal

functions [Eq. (6)] in the case of 100 and 200 mM AOT con-
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taining RMs. The goodness of the least square fitting of the

constructed DAS as evidenced from reduced �2 reflects the ex-
istence of two kinds of population of the probe EB revealing

two types of binding modes of the probe with DNA in the RM.

RESULTS AND DISCUSSIONS

EB is a well-known fluorescent probe that readily

intercalates into DNA double helix.27,28 Figure 1a

shows absorption and emission spectra of EB-DNA

(genomic) complex with various [DNA]:[EB]. Com-

pared to bulk buffer, emission intensity and lifetime

of EB increases nearly 11 times when it intercalates

into the DNA double helix.29 The observed stokes

shift decreases with the increase in [DNA]:[EB] ratio.

In bulk buffer, the emission maximum of EB-DNA

complex (605 nm at [DNA]:[EB] ¼ 8:1) shows 25 nm

FIGURE 1 (a) Steady state spectra of EB-DNA complex

in buffer with various [DNA]:[EB]. (b) Fluorescence transi-

ents of various EB-DNA complexes in buffer. (c) Binding

constants (10% standard error) of EB with DNA in buffer.

Solid line is guide to the eye.

FIGURE 2 (a) Steady state spectra of EB in the RM (w0

¼ 20) with and without the genomic DNA. (b) Picosecond

resolved fluorescence transients of EB-DNA complex in

RM with various sizes. Inset shows the transient of EB in

RM (w0 ¼ 20) without the genomic DNA for comparison.

(c) Binding constants (10% standard error) of EB-DNA

complex in RM with various w0 values. Solid line is guide

to the eye. Here [DNA]:[EB] ratio is maintained at 8:1.
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blue shift when compared with free EB (630 nm).

Picosecond resolved transients of EB in buffer and in

EB-DNA complexes having different [DNA]:[EB]

are shown in Figure 1b. EB in bulk buffer and com-

pletely complexed with DNA ([DNA]:[EB] ¼ 8:1)

show essentially single exponential fluorescence

decays of time constants 1.5 and 22 ns respectively.

In the transients, 1.5 ns component increases with the

decrease in [DNA]:[EB] ratio, reflecting population

of free EB in solution. By observing the relative per-

centage of 22 ns component in a fluorescence tran-

sient of a sample, which is the signature of the total

population of EB bound to DNA molecules (EBDNA

complex) and knowing the total concentrations of EB

and DNA molecules, we calculate the binding con-

stant (K) of the ligand EB with the DNA in the sam-

ple by using following equation.

K¼ ½EBDNA�
ð½EB��½EBDNA�Þ�ð½DNA��½EBDNA�Þ ð7Þ

As shown in Figure 1c, the binding affinity of EB to

the DNA at low [DNA]:[EB] ratio is relatively lower.

It has been shown from other groups30,31 that binding

of EB with a genomic DNA can be categorized into

two types, weak binding at lower [DNA]:[EB] ratio

(binding constant 4 � 104M�1) and strong binding at

higher [DNA]:[EB] ratio (binding constant 100

� 104M�1). The measured strong binding constants

at [DNA]:[EB] > 6:1 are consistent with the inter-

calative mode of binding of the ligand EB reported in

the literatures.12,30–33

EB is extremely soluble in water (buffer) and com-

pletely insoluble in isooctane. Upon encapsulation

into the RM, the cationic probes prefer to stay in the

AOT–water interface.29 The absorption (520 nm) and

emission maxima (640 nm) of EB in the RM ([AOT]

¼ 100 mM) in the presence and absence of DNA

show similar features (Figure 2a). The fluorescence

decay (at 640 nm) of EB in the RM (w0 ¼ 20) (inset

of Figure 2b) without DNA shows two time constants

of 1.6 ns (10.14%) and 4.1 ns (87.65%). RMs con-

taining EB-DNA show (Figure 2b) an additional lon-

ger decay component of 22 ns. This component indi-

cates intercalation of EB in the DNA because the sin-

gle-exponential decay of EB-DNA in buffer solution

has a similar time constant of 22 ns (Figure 1b). The

increase in the hydration level (w0) hence the size of

FIGURE 3 CD spectra of the genomic DNA in (a) buffer

and (b) the RM (w0 ¼ 5) are shown.

FIGURE 4 (a) CD spectrum of the genomic DNA in the

RM (w0 ¼ 20) is shown. (b) DLS of RM (w0 ¼ 20, [AOT]

¼ 100 mM) with and without the genomic DNA.
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the RM (radius of the water pool of the RM & 2

� w0
34) expectedly affect DNA condensation by

decreasing the curvature of the DNA.35 In the fluores-
cence transients (Figure 2b), the increase of the pre-
exponential values of time constant 22 ns (from 3 to
20%) with w0 (from w0 ¼ 5 to 20) is clear evidence

of the decrease of DNA curvature, which makes the

stacking of EB into the DNA relatively more stable.

Our studies of the EB-DNA complex in the RM with

various w0 also reveal enhance efficacy of intercala-

tion in the nanospace upon increase in degree of

hydration or size of the RM (Figure 2c). Recently,

steady-state quenching studies on EB-DNA complex

in a neutral RM revealed similar effect of perturba-

tion of intercalation and concluded to be due to bend-

ing of the DNA in the nanospace.4 The decrease in

the EB affinity for the DNA in the RM (0.2–0.8

� 103M�1) when compared with that in buffer solu-

tion (80 � 105M�1) clearly indicates that the stacking

of the probe EB into the DNA in the RM is perturbed

when compared with the efficient stacking (intercala-

tion) of the probe in the DNA in bulk buffer.

CD spectra of the genomic DNA in the RM with

various w0 values are shown in Figures 3 and 4. The

structural studies indeed show the change in the form

of the DNA in the RM when compared with that in

buffer (Figure 3a), which is the characteristic of B

form DNA.18,19 The CD spectrum of the DNA in RM

at w0 ¼ 5 (Figure 3b) undergoes a sharp change, char-

acteristic of the B? -form transition.19 The transi-

tion is associated with the condensation of the DNA

in the nanospace. In contrast to the CD spectrum of

the DNA in the buffer solution, in the RMs with w0

¼ 10, 15, and 20, the spectra show (spectrum of the

DNA in RM at w0 ¼ 20 is shown in Figure 4a) fol-

Table I DLS Data of RMs (w0 = 20) with and Without Genomic DNA

System

First peak Second peak

dH (nm)a Peak width (nm) dH (nm)a Peak width (nm)

RM (w0 ¼ 20) without DNA

100 mM AOT 7.8 (84.9) 2.2 118.9 (15.1) 36.8

200 mM AOT 9.1 (100) 3.2 — —

300 mM AOT 9.8 (100) 4.0 — —

400 mM AOT 8.8 (100) 2.7 — —

RM (w0 ¼20) with DNA (mM AOT)

100 mM AOT 7.4 (46.4) 1.7 186.7 (53.6) 71.0

200 mM AOT 8.1 (35.6) 1.8 231.3 (64.4) 96.6

300 mM AOT 8.1 (60.8) 1.5 147.0 (39.2) 23.4

400 mM AOT 9.9 (100) 3.8 — —

dH indicates hydrodynamic diameter of the RMs.

Peak width represents full width at half maximum of a particular scattering peak.
a Values in parenthesis indicate relative percentage of scattered light intensity.

FIGURE 5 TRES of (a) EB in buffer, (b) EB-DNA

(genomic) in buffer, (c) EB in RM (w0 ¼ 20) respectively.

Note that the scattered plots are the experimental data and

line plots are the lognormal fitting data. Here, [DNA]:[EB]

ratio is maintained at 8:1.
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lowing common features: (i) an increase in both posi-

tive and negative molar ellipticities, (ii) a shift in

crossover point, (iii) a negative absorption at around

260 nm, and (iv) an appreciable absorption at longer

wavelengths. The spectral characteristics are consist-

ent with the formation of aggregated form of the

genomic DNA.18,36

The intensity distribution of the scattered light

from DLS measurement on the RM (w0 ¼ 20, [AOT]

¼ 100 mM) in the presence and absence of the

genomic DNA is shown in Figure 4b. The expected

hydrodynamic diameter of the RMs at this hydration

level is �9 nm.34 From DLS studies (Table I), exis-

tence of larger-sized RMs are evidenced. It was also

observed that the concentration of the larger-sized

RM increases upon addition of DNA to the RM solu-

tions at 100 mM AOT. DLS studies on the RMs (100

mM AOT concentration) with DNA at various w0 (5–

20) also show (data not shown) the presence of larger

particle size (�150 nm). Previously, it has been

shown18 that the possibility of residence of DNA in

the larger RMs is relatively higher. Thus, any hetero-

geneity in the binding efficacy of EB with the DNA

in the RM is expected to be because of two different

kinds of population of the condensed DNA in the

RM. However, our studies confirmed (see later) the

heterogeneity of EB binding sites of the DNA even in

monodispersed RM solutions.

TRES constructed from the transients of EB in

buffer (Figure 5a), EB-DNA (genomic) in buffer

(Figure 5b), and EB in RM (w0 ¼ 20) (Figure 5c) do

not show significant spectral change. The TRES of

EB-DNA complex in the RM (w0 ¼ 20) shows an

apparent spectral blue shift (D� ¼ 1028 cm�1, Figure

6a). The shift is due to the presence of faster time

constants (1.5 and 4.1 ns) in the red side and rela-

tively longer one (22 ns) in the blue side of the emis-

sion spectrum. DAS for faster and slower components

of the TRES of the probe give information of EB in

the RMs (w0 ¼ 20) without (Figure 6b) and with

(Figure 7a) the DNA respectively. The DAS for the

faster decay components, which is a signature of EB

FIGURE 6 (a) TRES. (b) DAS (faster component) of

EB-DNA (genomic) complex in RM (w0 ¼ 20, [AOT] ¼
100 mM) are shown. Note that the scattered plots are the

experimental data and line plots are the lognormal fitting

data. Here, [DNA]:[EB] ratio is maintained at 8:1.

FIGURE 7 (a) DAS (slower component). (b) Time-

resolved area normalized DAS (TRANES, slower compo-

nent) of EB-DNA (genomic) complex in 100 mM AOT/iso-

octane RM (w0 ¼ 20). Note that the scattered plots are the

experimental data and line plots are the double-lognormal

fitting data. Here, [DNA]:[EB] ratio is maintained at 8:1.
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in the RMs without DNA, do not change with time

(Figure 6b). The DAS for the slower decay compo-

nents reflecting dynamical events of EB in the RMs

with the DNA show (Figure 7a) a unique feature,

indicating the presence of two types of DNA-bound

ligands in the nanospace. Numerical fit (solid line) of

the spectra by two lognormal spectral functions (two

peaks) shows gradual decrease of one of the peaks at
14,925 cm�1 and corresponding rise at 15,886 cm�1.

The blue shifted and red shifted peaks in the DAS are

consistent with the EB emission in free and DNA
bound state respectively (Figure 1a). In Figure 7a, the

blue-shifted peak at 15,886 cm�1 and red-shifted
peak at 14,925 cm�1 of EB are assigned as strong

interaction (intercalative-type) and binding to a par-

tially perturbed site of the DNA respectively. To as-
certain the possible coexistence of two species in the

nanospace, we further used TRANES technique. An
isoemissive point at 15,384 cm�1 is clearly evident in

the TRANES (Figure 7b).

As evidenced in Figure 4b, two kinds of reverse

micellar population (�9 and �150 nm) might be re-

sponsible for the binding heterogeneity of EB to

DNA in the RM (w0 ¼ 20, 100 mM [AOT]). Our

DLS studies on the RM (w0 ¼ 20) show that the pop-

ulation of larger-sized RM (�150 nm) depends on the

concentration of the AOT surfactant in the reverse

micellar solution (Figure 8). The RMs without DNA

show the existence of larger particles at 100 mM
AOT concentration (Figure 4b and Table I). In con-

trast, the RMs with DNA continue to show the pres-

ence of larger-sized particles up to 300 mM AOT

FIGURE 8 DLS data of RM (a) without and (b) with the

genomic DNA at various AOT concentrations.

FIGURE 9 DAS of EB-DNA complex in the RM at w0

¼ 20 (a) with 200 mM AOT (b) with 400 mM AOT concen-

trations. Note that the scattered plots are the experimental

data and line plots are the (a) double and (b) single lognor-

mal fitting data. (c) TRANES of the slower component of

EB-DNA complex in RM at 400 mM AOT concentration.

Solid lines are guides to the eye. Here, [DNA]:[EB] ratio is

maintained at 8:1.
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concentration (Figure 8b and Table I). We also

observed that in the presence of the DNA, the relative

population of larger-sized RMs increases with the

concentration of AOT up to 200 mM and then starts

decreasing to a vanishingly small value at 400 mM
[AOT] (Figure 8b and Table I). Thus, the studies of

EB-DNA complex in the RM with 400 mM AOT

concentration give us opportunity to investigate the

nature of EB-binding to the DNA in the nanospace

without any structural heterogeneity of the RM.

DAS and TRANES spectra of the probe EB with

the genomic DNA in the RM with various AOT con-

centrations are shown in Figure 9. The DAS spectra

for the slower time constants of EB-DNA complexes

in the RMs (w0 ¼ 20) with 200 mM AOT concentra-

tion is shown in Figure 9a. The temporal nature of the

DAS shows similar behavior to that of RM with 100

mM AOT giving loosely and strongly bound EB at

15,384 and 15,870 cm�1 respectively. In contrast to

100 mM AOT-RM, the emission peak for the loosely

bound EB (15,384 cm�1) is blue shifted, indicating

relative reclamation of relaxed state of the DNA in

the 200 mM AOT-RM. The less-condensed relaxed

state of the DNA in the 200 mM AOT RM could be

due to the incorporation of the DNA molecules in the

larger-sized water pools of the RM.18

In the RM with 400 mM AOT concentration,

where the distribution of the reverse micellar size is

essentially monodispersed, the slower component

DAS (Figure 9b) shows two binding modes of the

probe EB with the DNA reflecting loosely and

strongly bound EB at 14,969 and 16,105 cm�1

respectively. The positions of the peaks at earlier and

longer times are similar to those in 100 mM AOT

RM. The constructed TRANES (Figure 9c) also show

an isoemissive point at 15,625 cm�1, reflecting the

presence of two emissive species in the RM. Our

studies clearly demonstrate that two types of binding

FIGURE 10 CD spectra of the genomic DNA in the

RMs (w0 ¼ 20) with various AOT concentrations.

FIGURE 11 Picosecond resolved fluorescence transients

of EB with various oligonucleotides in water and in the RM

(w0 ¼ 20) are shown.
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modes are possible in the condensed DNA entrapped

in the RMs with uniform size distribution and hence

can be assigned as the nature of the ligand binding of

the condensed DNA. The structural changes of the

DNA in the RM are evidenced from CD spectro-

scopic studies as shown in Figure 10. The DNA struc-

tures in the RM up to 300 mM AOT are similar in na-

ture, which is consistent with the aggregated form of

the DNA in the nanospace.18,36 In 400 mM AOT RM

(Figure 10c), the DNA structure is somewhat differ-

ent than those in 100–300 mM AOT RMs with w0

¼ 20, particularly increased absorption in the nega-

tive direction (�250 nm) relative to that in the posi-

tive direction (�300 nm). However, the overall

feature of the CD spectrum (Figure 10c) is also con-

sistent with the aggregated form of the DNA.

We also investigate the effect of reverse micellar

environments on the secondary structure of short

DNA oligonucleotides having total length (�4.1 nm)

lesser than the diameter of the reverse micellar water

pool at w0 ¼ 20 (�9 nm). We have studied the com-

plexation of EB with oligo1 and oligo2. The fluores-

cence transients of the EB-oligonucleotide complexes

in water and in the RM (100 mM AOT and w0 ¼ 20)

are shown in Figure 11. The binding constants of EB

with oligo1 and oligo2 in water are 47 � 104 and 101

� 104 M�1 respectively. Temporal EB-fluorescence

transients show significant decrease in the ligand

binding affinity (binding constants are 5.0 � 102 and

16.6 � 102 M�1 for oligo1 and oligo2 respectively)

of EB to the oligonucleotides in the RM. The

decrease in the EB binding to the oligonucleotides in

the RM could be due to the significant affinity of the

probe towards the interface of the RM.11 The con-

structed DAS (data not shown) of the slower (22 ns)

components are featureless as the fluorescence transi-

ents across the emission spectrum of EB–oligonu-

cleotide complexes in the RM overlap with each

other. These observations rule out the possibility of

multiple binding sites of the probe EB with the oligo-

nucleotides in the RM. Structural studies (Figures

12a–12c) on the oligonucleotides in buffer and in the

RM show insignificant perturbation of the B-form

upon encapsulation of the synthetic DNA molecules

in the RM. Our observations are consistent with a

recent report of insignificant structural perturbation

of (GATGAGAGTTAGTGATGAGTG)2 oligonu-

cleotide in AOT RM.37 The structures of the RMs

FIGURE 12 CD spectra of the oligonucleotides in water (a and b) and in the RM (c) are shown.

Note that the CD spectrum of the (CGAAATTTGCG)2 is found to be similar to that of the

(CGCGCGCGCGCG)2 and hence not shown. The DLS data of the RM with (CGAAATTTGCG)2
is shown in (d). The DLS data of the (CGCGCGCGCGCG)2 is found to be similar to that of the

(CGAAATTTGCG)2 and hence not shown.
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with oligonucleotides as evidenced from DLS studies

(Figure 12d) are similar to that of the RMs with the

genomic DNA (Figure 4b). These observations

clearly indicate that the environments of the RM (w0

¼ 20) do not have any effect on the secondary struc-

ture of the DNA.

CONCLUSION

Our studies on the complexation of a ligand EB to a

genomic DNA (from salmon testes) in an anionic

(AOT) RM shows significant alteration of interaction

(intercalation) of the ligand to the DNA molecules in

the nanospace. CD spectroscopy reveals condensed

form of the DNA in the RM. From picosecond

resolved DAS of EB-DNA complex in the RM, selec-

tive information on the dynamics of EB-binding to

the condensed DNA is obtained. As evidenced from

our work, ordinary TRES of the complex are incapa-

ble of providing information about two types of EB

binding (namely strong and loose) in the condensed

DNA inside the RM because of the presence of huge

background EB emission from the RMs without

DNA. Analysis of time resolved DAS of EB in RMs

with the genomic DNA selectively explores the na-

ture of ligand binding of the DNA in the nanospace.

The studies indicate a temporal decay in the popula-

tion of loosely bound photoexcited EB (�15,000

cm�1) and corresponding rise in the strongly bound

EB (�16,000 cm�1) in the RM. The observation

clearly shows the presence of two types of EB-bind-

ing modes with the genomic DNA in the RM. The

picosecond resolved DAS and TRANES studies of

the DNA in RMs with various AOT concentrations

indicate that condensed DNA even in monodispersed

RMs offers two kinds of binding modes to the ligand

EB molecules. The studies of the EB-oligonucleo-

tides complexes in the RM reveal insignificant envi-

ronmental effect on the secondary structure and EB-

binding of the DNA molecules. Our observations

clearly demonstrate that the alteration of ligand bind-

ing mode of the genomic DNA compared to that in

the buffer solution is solely due to the condensation

of the DNA in the nanospace of the RMs. These ex-

perimental methodologies will be useful for further

studies into the mechanism of DNA condensation.

RS thanks UGC for the fellowship.
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