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ABSTRACT: Information on the structure and dynamics of condensed forms of DNA is important in
understanding both natural situations such as DNA packaging and artificial systems such as gene delivery
complexes. We have established the fluorescence of bisintercalator 1,1′-(4,4,8,8-tetramethyl-4,8-
diazaundecamethylene)bis[4-[[3-methylbenz-1,3-oxazol-2-yl]methylidine]-1,4-dihydroquinolinium] tet-
raiodide (YOYO-1) as a novel probe for DNA condensation. When the level of DNA-bound YOYO-1 is
sufficiently large, condensation by either polyethylenimine (PEI) or the cationic detergent cetyltrimethyl-
ammonium bromide (CTAB) leads to electronic interaction among YOYO-1 molecules bound on the
same DNA molecule. This interaction results in an excitonic blue shift of the absorption spectra of YOYO-1
and dramatic decrease in the fluorescence quantum yield. These observations constitute a signature of the
condensation of DNA. We further examined the comparative properties of DNA condensed by PEI, CTAB,
or Co(NH3)6

3+ through the steady-state and dynamic fluorescence of YOYO-1. Condensation by either
PEI or CTAB was associated with a blue shift in the absorption spectra of YOYO-1, although the magnitude
of the shift was larger in the case of PEI when compared to that of CTAB. In contrast, condensation by
Co(NH3)6

3+ was not associated with a measurable shift in the absorption spectra. These results were
interpreted as signifying the varying level of compactness of the DNA condensates. Quenching of
fluorescence by acrylamide showed that condensation by all three agents led to an increase in the level
of solvent exposure of the base pairs. Observation of the decay of fluorescence intensity and anisotropy
of DNA-bound YOYO-1 showed that while condensation by either PEI or CTAB froze the segmental
mobility of the helix, condensation by Co(NH3)6

3+ enhanced the flexibility of DNA. The relevance of our
findings to functions such as efficiency of gene delivery is discussed.

Condensation of DNA is a ubiquitous phenomenon
encountered in a variety of both natural and artificial
situations. Chromatinized DNA in the nucleus of mammalian
cells (1) and DNA packed into phage heads (2) exemplify
the phenomenon of natural condensation. Gene delivery
systems in which DNA is condensed by polycations (3, 4)
and cationic lipids (5, 6) and detergents (7) and used to
transfect cells both in vitro and in vivo (8-11) represent
the major part of artificial condensation. While the phenom-
enon of DNA condensation (for a review see ref12) has
been extensively studied by a variety of imaging (13-17),
single-molecule (7, 18), hydrodynamic (19), thermodynamic
(20), and transfection (21) techniques, there is a relative lack
of understanding of the driving force for the condensation
process (22).

Atomic force microscopy (13-16) and some electron
microscopy observations (17) have revealed that the con-
densed form of DNA is characterized by toroidal and rodlike

structures of dimensions in the range of 50-100 nm. Recent
studies have also captured the images of the various types
of intermediates formed during the condensation process (16).
Although there are some structural studies using X-ray
scattering (23, 24) and X-ray diffraction (1) on condensed
forms of DNA, the atomic level high-resolution structures
are lacking. For example, even the question of whether the
DNA is wrapped around the condensing agent or vice versa
is debatable, although it has been shown that condensation
leads to protection from nucleases (25). Similarly the
information on the base pair and backbone dynamics of
condensed DNA is relatively scarce. It has been recognized
that condensation of extended DNA polymer into compact
particles is essential for entry into cells mainly by the
endocytic pathway (26). However, the pathway of trafficking
of these condensed particles in the cells and the mechanism
of transcription of the trafficked DNA are largely unknown.
Can transcription occur in the condensed form or only after
the dissociation of the condensing agent? Why are some of
the condensing agents more efficient than other agents?
Answers to such questions require information on the
structure and dynamics of condensed DNA apart from the
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knowledge of the interaction of condensed DNA with as yet
unidentified cellular constituents. Knowledge derived from
such information could also be used to model the mechanism
of transcription of nuclear DNA apart from understanding
the overall mechanism of gene delivery. In this work we
have established that the bisintercalator YOYO-11 (Figure
1, inset) is a useful probe for monitoring DNA condensation.
Subsequently we used steady-state and time-resolved fluo-
rescence intensity and anisotropy of YOYO-1 in visualizing
some aspects of the structure and dynamics of DNA
condensed by a variety of condensing agents. Our study
brings out comparative information on hindered rotational
dynamics of base pairs and the restrained tortional dynamics
of the backbone of condensed DNA.

MATERIALS AND METHODS

Materials.pCMV-luc plasmid (5.2 kbp) was propagated
and purified as described (40). Branched chain PEI (25 kDa)
was a gift from Prof. J.-P. Behr, Illkirch, France. YOYO-1
(491/509) was obtained from Molecular Probes Inc. CTAB,
acrylamide, and Co(NH3)6Cl3 were from Sigma Chemical
Co.

Samples.Plasmid DNA-YOYO-1 complexes were made
by mixing equal volumes of solutions of DNA and YOYO-1
in 20 mM HEPES, pH 7.4. The mixed solution was incubated
at room temperature for at least 5 h before use. This
procedure ensured uniform distribution of YOYO-1, which
binds very tightly to DNA. Complexes of plasmid DNA-
YOYO-1 with PEI were formed by adding PEI to a solution
of DNA followed by vortexing for about 1 min and incuba-
tion at room temperature for about 30 min. The( charge
ratio R refers to the ratio of the primary nitrogen of PEI (or
the concentration of CTAB) to the phosphate of DNA.

Spectroscopic Measurements.Absorption spectra were
recorded on a Cary 400 spectrophotometer. A SLM 48000
spectrofluorimeter was used for steady-state fluorescence
measurements. Other experimental conditions are given in
the figure captions.

Quenching of fluorescence intensity,I, by acrylamide was
analyzed by the equation

whereI0 is the intensity in the absence of the quencher, Q,
andKSV is the Stern-Volmer quenching constant. Nonlinear
quenching curves (I0/I vs [Q]) were analyzed by the two-
population model (41, 49):

wherea and b are the fractional contributions to the total
fluorescence intensity of the two populations characterized
by the quenching constantsKSV1 andKSV2, respectively.

Time-resolved fluorescence intensity and anisotropy mea-
surements on DNA-YOYO-1 complexes and their con-
densed forms were performed by using the frequency-
doubled output of a Ti-sapphire laser (Spectra Physics). The
excitation wavelength was 480 nm, and the emission was
collected at 515 nm by using a single-photon-counting
microchannel plate photomultiplier (Hamamatsu R3809U).
Other details are given elsewhere (28). The resolution of the
time-correlated single-photon-counting setup was 25.5 ps,
and the width of the instrument response function was∼40
ps.

Fluorescence intensity decays obtained at the magic angle
were deconvoluted with the instrument response function and
analyzed as a sum of exponentials:

whereI(t) is the fluorescence intensity collected at the magic
angle at timet andRi is the amplitude of theith lifetime, τi,
such that∑Ri ) 1.

Time-resolved fluorescence anisotropy decays were ana-
lyzed by the following equations:

wherer0 is the initial anisotropy andâi is the amplitude of
the ith rotational correlation time,æi, such that∑âi ) 1. I|

andI⊥ are the intensities collected at emission polarizations
parallel and perpendicular, respectively, to the polarization
axis of the excitation beam. While the kinetics of anisotropy
decay was analyzed, the values ofRi andτi (obtained from
the analysis ofI(t)) were kept fixed to reduce the number of
floating parameters. This procedure results in better estimates
of anisotropy decay parameters.

RESULTS

YOYO-1 as a NoVel Probe for DNA Condensation.Figure
1 shows the fluorescence emission spectra of YOYO-1 in

1 Abbreviations: CTAB, cetyltrimethylammonium bromide; DMSO,
dimethyl sulfoxide; FRET, fluorescence resonance energy transfer; PEI,
polyethylenimine; YOYO-1, 1,1′-(4,4,8,8-tetramethyl-4,8-diazaundeca-
methylene)bis[4-[[3-methylbenz-1,3-oxazol-2-yl]methylidine]-1,4-dihy-
droquinolinium] tetraiodide.

FIGURE 1: Fluorescence emission spectra of the DNA-YOYO-1
complex in the presence of PEI. The charge ratio,R, is given for
each spectrum. The concentrations of DNA (phosphate) and
YOYO-1 were 10 and 0.2µM, respectively (D:P ) 1:50). The
medium was 15 mM HEPES, 0.2 mM EDTA at pH 7.4. The inset
shows the plot of integrated fluorescence intensity as a function of
R. Curve A corresponds to aD:P ratio of 1:50, and curve B cor-
responds to aD:P ratio of 1:2000. The excitation was at 470 nm.

I0/I ) 1 + KSV[Q] (1)

I/I0 ) {a/(1 + KSV1[Q]) + b/(1 + KSV2[Q])} (2)

I(t) ) ∑Ri exp(-t/τi) (3)

I|(t) ) I(t)[1 + 2r(t)]/3

I⊥(t) ) I(t)[1 - r(t)]/3

r(t) ) [I|(t) - I⊥(t)]/[ I|(t) + 2I⊥(t)] ) r0∑âi exp(-t/æi)
(4)
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the presence of DNA and varying concentrations of PEI.
Increasing concentration of PEI led to a dramatic decrease
in the fluorescence quantum yield of DNA-bound YOYO-
1. In these experiments, the ratio of the concentrations of
YOYO-1 and nucleotide (D:P) was 1:50. The fluorescence
intensity of YOYO-1 in the absence of DNA was several
orders of magnitude lower when compared to that of the
YOYO-1-DNA complex (data not shown), similar to
observations by other workers (27, 28). In contrast to the
behavior seen at aD:P ratio of 1:50, the fluorescence
intensity did not show any decrease when the ratioD:P was
reduced to 1:2000 (Figure 1, inset). This suggested that the
decrease in fluorescence intensity observed atD:P ) 1:50
cannot arise from any change in the environment of
individual intercalated YOYO-1 molecules when DNA
condensation occurs.

The observation of a decrease in fluorescence intensity at
high levels of bound YOYO-1 (D:P ) 1:50 or lower)
suggests interaction among DNA-bound YOYO-1 molecules.
To check such a hypothesis, the fluorescence lifetime of
DNA-YOYO-1 was measured at various concentrations of
PEI. The dominant lifetime of aqueous YOYO-1 was about
60 ps (Table 1), consistent with its very low quantum yield.
Intercalated YOYO-1 (atD:P ) 1:50) showed two lifetimes.
Addition of PEI caused a decrease in the values of the two
lifetime components and the appearance of a short one (0.33
ns). However, the very short lifetime value (∼60 ps) of the
aqueous YOYO-1 was not observed, indicating the absence
of free YOYO-1 when the condensation occurred. In contrast
to the condensation-induced decrease in the lifetime values
at D:P ) 1:50, the lifetime values did not show appreciable
changes when the YOYO-1 was sparse in the plasmid DNA
(D:P ) 1:2000) as shown in Table 1. These results when
seen in conjunction with steady-state fluorescence data
(Figure 1) suggest the presence of interaction among
YOYO-1 molecules bound within a plasmid condensed by

the binding of PEI. This interaction results in a decrease in
the quantum yield of YOYO-1.

Interaction among YOYO-1 molecules proposed above
was confirmed from their absorption spectra. Figure 2A
shows that the absorption spectrum of DNA-bound YOYO-1
(at aD:P ratio of 1:50) undergoes dramatic changes following
PEI-induced condensation of DNA. Such changes were not
observed when the level of YOYO-1 was reduced (D:P >
1:200, data not shown). Various types of intermolecular
interactions leading to electronic delocalization have been
observed (29, 30, 31 and references therein) in organic dye
molecules. J-type and H-type dimers and aggregates are
known to have specific signatures in their absorption spectra
(32). The observed blue shift of the absorption peak (Figure
2A) indicates an H-type geometry as predicted by exciton
theory (32) of molecular interactions. A similar blue shift
of the absorption peak has been observed in many other
intermolecular interactions (29, 30).

One of the signatures of close proximity of fluorescent
molecules is the donor-donor energy migration leading to
fluorescence depolarization (33). Figure 3 shows the fluo-
rescence anisotropy decay kinetics of YOYO-1 in PEI-
condensed DNA atD:P values of 1:50 and 1:2000. The
striking observation was the significant reduction in the value
of zero time anisotropy,r0, from ∼0.2 to ∼0.1 when the
D:P ratio was increased from 1:2000 to 1:50 (YOYO-1
concentration increase). Such observations have been made
in several other systems and modeled extensively (33-35).
Taken together all these observations point out that the
significant decrease in fluorescence intensity of YOYO-1 (at
D:P > 1:50) is due to interaction among YOYO-1 molecules
in the condensed DNA and that this signal could be used as
an identification and measure of DNA condensation.

DNA Condensation by PEI, CTAB, and Co(NH3)6
3+. The

main aim of the current work is to delineate the structure
and dynamics of condensed DNA. In this regard it would

Table 1: Parameters Associated with the Decay of Fluorescence Intensity

fluorescence lifetimesb (amplitudes), ns

samplea D:P τ1 (R1) τ2 (R2) τ3 (R3) τmean
c

(1) YOYO-1 in buffer 0.44 (0.03) 0.060 (0.97) 0.070
(2) DNA-YOYO-1,

uncondensed form
1:50 4.97 (0.50) 1.97 (0.50) 3.45

(3) DNA-YOYO-1-PEI (R ) 3) 1:50 4.17 (0.04)d 1.60 (0.09)d 0.33 (0.08)d 1.61
(4) DNA-YOYO-1,

uncondensed form
1:2000 5.40 (0.39) 2.23 (0.61) 3.43

(5) DNA-YOYO-1-PEI (R ) 1) 1:2000 5.40 (0.52) 2.27 (0.48) 3.93
(6) DNA-YOYO-1-PEI (R ) 5) 1:2000 5.10 (0.70) 2.10 (0.30) 4.18
(7) DNA-YOYO-1-PEI (R ) 10) 1:2000 5.20 (0.72) 2.02 (0.28) 4.36
(8) DNA-YOYO-1-CTAB (R ) 1) 1:2000 5.1 (0.56) 2.16 (0.44) 3.83
(9) DNA-YOYO-1-CTAB (R ) 5) 1:2000 5.2 (0.73) 2.15 (0.27) 4.39
(10) DNA-YOYO-1-CTAB (R ) 10) 1:2000 5.4 (0.75) 2.22 (0.25) 4.65
(11) DNA-YOYO-1-Co(NH3)6

3+,
[Co3+] ) 5 µM

1:2000 4.1 (0.09) 1.25 (0.61) 0.35 (0.30) 1.22

(12) DNA-YOYO-1-Co(NH3)6
3+,

[Co3+] ) 15 µM
1:2000 3.1 (0.06) 0.98 (0.61) 0.19 (0.33) 0.85

(13) DNA-YOYO-1-Co(NH3)6
3+,

[Co3+] ) 40 µM
1:2000 3.2 (0.03) 0.95 (0.09) 0.11 (0.89) 0.29

a The concentration of DNA was 10µM phosphate and that of YOYO-1 was 5 nM for all the samples. The medium was 15 mM Hepes, 0.2 mM
EDTA at pH 7.4.b The uncertainties in the parameters are about 5% forτ1 andτ2 and about 10% forτ3. These estimations are based on several
observations on the same sample and also analyses on repeat samples. The value ofø2 was between 1.1 and 1.3 for all the samples.c τmean) ∑Riτi.
d The amplitudes,Ric, were recalculated from the experimental amplitudes,Ri, according toRic ) Ri(1 - R0) to take into account the relative
amplitude of the dark species,R0. This latter parameter is calculated byR0 ) 1 - 〈τ〉DNA/〈τ〉DNA-PEIR′, where〈τ〉DNA is the mean lifetime of YOYO-1
in the DNA-YOYO-1 complex in the absence of PEI,〈τ〉DNA-PEI is the measured mean lifetime of YOYO-1 in the corresponding complex with
PEI, andR′ is the ratio between the steady-state fluorescence intensity of the complex in the absence of PEI and that in the presence of PEI.
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be of interest to compare the dynamic aspects when the
condensation is caused by a variety of agents. We chose the
cross-linked cationic polymer PEI, cationic detergent CTAB,
and classical multivalent cation Co(NH3)6

3+ as typical
condensing agents for our comparative study. Figure 4 shows
the titration of the fluorescence intensity of DNA-bound
YOYO-1 by these condensing agents. It can be seen that
the condensation signal (i.e., the extent of decrease in
fluorescence intensity at aD:P ratio of 1:50) was stronger
with PEI when compared to CTAB. This observation
indicates that PEI is more efficient in condensing the DNA
when compared to CTAB. The condensation signal was
absent when the level of YOYO-1 was reduced (D:P ratio
of 1:2000) as expected. In contrast to the behavior of PEI

and CTAB, condensation by the multivalent cation Co-
(NH3)6

3+ resulted in a dramatic decrease in the fluorescence
intensity at all theD:P ratios (Figure 4e,f). This suggests
that the mechanism of quenching of the fluorescence of
YOYO-1 during condensation by Co(NH3)6

3+ is unlikely to
be due to excitonic interaction among YOYO-1 molecules.
This quenching of fluorescence could have been caused by
one or more of the following factors: (i) An increased level
of solvent exposure of bound YOYO-1 caused by the binding
of Co(NH3)6

3+. (ii) Fluorescence resonance energy transfer
between YOYO-1 and Co(NH3)6

3+. The weak absorption
band of Co(NH3)6

3+ overlaps the emission band of YOYO-
1, leading to a Forster critical distance,R0, of 16 Å. Hence,
any decrease in the fluorescence intensity of YOYO-1 by

FIGURE 2: Condensation-induced excitonic blue shift in the absorption spectra of DNA-bound YOYO-1. Curves a correspond to uncondensed
DNA (10 µM phosphate,D:P ) 1:50). Curves b-d correspond to DNA condensed by PEI (R ) 6), CTAB (R ) 6) and Co(NH3)6

3+ (180
µM), respectively. The upward shift in the spectra of condensed DNA is due to light scattering.
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this mechanism would demand the distance between YOYO-1
and Co(NH3)6

3+ be∼16 Å. (iii) The presence of cobalt could
result in fluorescence quenching due to heavy-metal-induced
intersystem crossing. In fact, intersystem crossing is favored
by spin-orbit coupling whose efficiency has aZ4 dependence
(Z is the atomic number).

Figure 2 shows the absorption spectra of DNA-bound
YOYO-1 in the presence of the various condensing agents
used in this work. The ratioD:P was 1:50 in these experi-
ments. The extent of condensation-induced blue shift was
significantly less with CTAB when compared to PEI. In the
case of Co(NH3)6

3+ there was no observable change in the
absorption spectrum, indicating the absence of discernible
interaction among DNA-bound YOYO-1 molecules.

To gain more information on the comparative structures
of DNA condensed by the various agents, the accessibility

of bound YOYO-1 to the fluorescence quencher acrylamide
was monitored. In these experiments the ratioD:P was
1:2000, and hence, condensation-induced interaction among
YOYO-1 molecules will be negligible. Stern-Volmer plots
in Figure 5 show that intercalated YOYO-1 is not accessible
to acrylamide in uncondensed DNA. Condensation of DNA
by all three agents led to an increase in the value of the
quenching constantKSV (see the Figure 5 caption), which
could be interpreted as increased exposure of the intercalated
YOYO-1 (see the Discussion). Two other points are worthy
of comment: (i) In the case of CTAB the quenching of
fluorescence was more efficient at anR value of unity when
compared toR ) 5. (ii) Quenching in the presence of either
Co(NH3)6

3+ or CTAB (R ) 1) was nonlinear, indicating the
presence of more than one type of population (41) of bound
YOYO-1 in these samples (see the Figure 5 caption).

Dynamic fluorescence parameters such as fluorescence
lifetime and fluorescence depolarization time give deep
insights into the environment and dynamics of macromo-
lecular systems (36). We measured the fluorescence intensity
decay of DNA-bound YOYO-1 at aD:P ratio of 1:2000. As
mentioned earlier at this ratio YOYO-1 reports mainly the
changes in its environment uncomplicated by interactions
among YOYO-1 molecules. Table 1 shows typical param-
eters obtained from the analysis of fluorescence intensity
decay kinetics. It was found that the decay kinetics required
a sum of at least two exponentials for acceptable fits. It is
likely that the two lifetime values of 2.2 ns (61%) and 5.4
ns (39%) represent two modes of binding of YOYO-1.
Condensation of DNA by either PEI or CTAB led to a slight
increase in the level of population of the longer lifetime
component, resulting in an increase in the mean lifetime and
hence the fluorescence quantum yield. In contrast, condensa-
tion by Co(NH3)6

3+ resulted in significant reduction in the

FIGURE 3: Decay of the fluorescence anisotropy of DNA-bound
YOYO-1 in PEI-induced DNA condensate atD:P ) 1:50 (A) and
1:2000 (B). Note the apparent decrease in initial anisotropy,r0,
from ∼0.2 to∼0.1 when theD:P ratio was increased from 1:2000
to 1:50 (increase in the level of YOYO-1). The time resolution
was 25.5 ps per channel.

FIGURE 4: Effect on the integrated fluorescence intensity of DNA-
bound YOYO-1 on condensation by PEI (a, d), CTAB (b, c), and
Co3+ (e, f). Curves a, b, and f correspond to aD:P ratio of 1:50
and curves c-e correspond to aD:P ratio of 1:2000.R is the charge
ratio in the cases of PEI and CTAB. The concentration of DNA
phosphate was 10µM in the cases of curves e and f.
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mean lifetime, similar to the observations with fluorescence
intensity (Figure 1). Further, the complexity of the fluores-
cence decay kinetics increased, and a minimum of three
exponentials were required for satisfactory fits (Table 1). This
suggests that significant changes occur in the environment

and dynamics of bound YOYO-1 succeeding Co(NH3)6
3+-

induced condensation.
The fluorescence depolarization kinetics of DNA-bound

YOYO-1 was measured at aD:P ratio of 1:2000. Typical
kinetic traces of fluorescence anisotropy decay are shown

FIGURE 5: Stern-Volmer plots for the quenching of DNA-bound YOYO-1 by acrylamide.I0 and I are the fluorescence intensities in the
absence and in the presence of acrylamide, respectively. In all the panels, curve a corresponds to uncondensed DNA (D:P ) 1:2000). (A)
Curves b and c correspond to the presence of PEI atR ) 1 and 5, respectively. The values ofKSV calculated from the slopes are 0.1 and
0.6 M-1 for curves b and c, respectively. (B) Curves c and b correspond to the presence of CTAB atR ) 1 and 5, respectively. The values
of KSV are 0.41 M-1 for curve b (R ) 6) and 8.4 M-1 (27%) and 0.15 M-1 (73%) for curve c (R ) 1). The nonlinear curve c was fitted
with eq 2 given in the text. (C) Curve b corresponds to 40µM Co(NH3)6

3+. The fitting of this nonlinear curve (eq 2) gave the values of
KSV as 9.1 M-1 (18%) and<10-2 M-1 (82%).
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in Figure 6. The decay kinetics in uncondensed plasmid could
be satisfactorily fitted to a sum of two exponential functions
with time constantsæ1 ≈ 0.1 ns andæ2 ≈ 4 ns (Table 2).
The requirement of fitting to a sum of two exponentials rather
than to a single exponential arises from the need to keep the
value of the initial anisotropy,r0, at∼0.31, the value obtained
for YOYO-1 in a viscous solvent (25% DMSO-75%

glycerol, Figure 6E), where the rotational dynamics is
expected to be highly damped. A single-exponential fit gives
r0 as 0.21, which is unrealistic.æ1 could represent the internal
fast motion of YOYO-1, whereasæ2 could correspond to
the motional dynamics of segments of the double-stranded
DNA (see the Discussion). Condensation of DNA by any of
the three agents led to dramatic changes in the fluorescence

FIGURE 6: Typical traces of the decay of the fluorescence anisotropy of DNA-bound YOYO-1: (A) uncondensed form of DNA; (B) DNA
condensed by PEI (R ) 6); (C) DNA condensed by CTAB (R ) 6); (D) DNA condensed by Co3+ (40 µM); (E) YOYO-1 in 25% DMSO-
75% glycerol. The time resolution was 25.5 ps per channel. Parameters obtained from the analysis of these decay curves are given in Table
2.

Table 2: Parameters Associated with the Decay of Fluorescence Anisotropy

rotational correlation timesb (amplitudes), ns

samplea R æ1 (â1) æ2 (â2) æ3
c (â3)

Initial Anisotropy
r0

(1) DNA-YOYO-1,
uncondensed form

0 0.11 (0.41) 4.2 (0.59) 0.31

(2) DNA-YOYO-1-PEI 1 0.12 (0.36) 1.1 (0.20) >50 (0.44) 0.30
(3) DNA-YOYO-1-PEI 2 0.11 (0.36) 2.1 (0.17) >50 (0.47) 0.30
(4) DNA-YOYO-1-PEI 5 0.08 (0.37) 1.4 (0.13) >50 (0.50) 0.31
(5) DNA-YOYO-1-PEI 10 0.06 (0.35) 2.1 (0.16) >50 (0.49) 0.27
(6) DNA-YOYO-1-CTAB 1 0.10 (0.45) 1.3 (0.10) >50 (0.45) 0.31
(7) DNA-YOYO-1-CTAB 2 0.08 (0.43) 1.4 (0.12) >50 (0.45) 0.31
(8) DNA-YOYO-1-CTAB 5 0.07 (0.39) 2.1 (0.10) >50 (0.51) 0.30
(9) DNA-YOYO-1-CTAB 10 0.11 (0.41) 3.7 (0.09) >50 (0.50) 0.30
(10) DNA-YOYO-1-Co(NH3)6

3+,
[Co3+] ) 40 µM

0.13 (0.47) 2.9 (0.53) 0.31

a All the samples had 10µM DNA (phosphate concentration) and 5 nM YOYO-1 in 15 mM HEPES, 0.2 mM EDTA at pH 7.4.b The levels of
uncertainties in the recovered parameters are∼50% in the value ofæ1, ∼20% in the value ofæ2, and∼10% in the values ofâi. c The value ofæ3

was fixed at>50 ns.
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anisotropy decay kinetics (Figure 6). In the cases of PEI and
CTAB the overall rate of decay of anisotropy became
dramatically slow. Analysis showed that the decays could
be satisfactorily fitted to a sum of three exponentials,æ1 ≈
0.1 ns,æ2 ≈ 1-3 ns, andæ3 > 50 ns (Table 2). In these
analyses also the value ofr0 was kept constant at 0.31(
0.01. The lower limit of 50 ns foræ3 arises due to the limited
time window (10-20 ns) offered by the fluorescence lifetime.
Again,æ1 could correspond to internal fast motion of YOYO-
1. The limit of ∼30 ps in the time resolution of our
experiments cautions us against the interpretation of changes
in the value ofæ1. The ∼4 ns component which could
represent the segmental dynamics in uncondensed DNA was
absent in the DNA condensed by either PEI or CTAB.
However, this is replaced by a low-amplitude intermediate
dynamics of 1-3 ns and a substantial extent of very slow
(>50 ns) dynamics. This could largely represent freezing of
the helical backbone by either PEI or CTAB. However, the
dynamics observed in the DNA condensed by Co(NH3)6

3+

was strikingly different as a contrast. In this case, the decay
of fluorescence anisotropy could be satisfactorily fitted to a
sum of two correlation times,æ1 ≈ 0.1 ns andæ2 ≈ 2.9 ns
(Figure 6 and Table 2). This enhancement of the rate of
depolarization could be due to a Co(NH3)6

3+-induced increase
in the flexibility of the double-stranded DNA. The amplitude,
â1, associated with the fast internal motion did not change
appreciably in the presence of any of the three agents,
indicating that condensation has no significant effect on the
fast internal motion of YOYO-1.

DISCUSSION

YOYO-1 as a Probe for DNA Condensation.In this work
we have shown that the DNA-intercalating dye YOYO-1,
when used at sufficiently high concentrations (D:P ratio of
1:50), could track the process of DNA condensation ef-
fectively. The condensation-induced dramatic reduction in
the fluorescence quantum yield of DNA-bound YOYO-1
arises only when the ratioD:P exceeds∼1:100. This suggests
that interaction among YOYO-1 molecules bound to the
same DNA molecule could be the cause of the decrease in
fluorescence. The most direct support for this model comes
from the absorption spectra of YOYO-1 (Figure 2), which
show the excitonic blue shift on condensation of DNA. The
distance,R, between the interacting chromophore dipoles
could be estimated from the spectral shift,∆ν, by (32, 37)

where U is the interaction energy (U ) hc∆ν), ε0 is the
permittivity of free space,µ2 is the square module of the
transition dipole,n is the refractive index of the medium,
andκ is the orientation factor between the two interacting
dipoles. In H-type geometry,κ ) 1 (29). The value ofR
calculated for a spectral shift of∼11 nm (Figure 2A) is∼12
Å (30). This value indicates the distance of closest approach
of YOYO molecules and is valid only if all the molecules
of YOYO exist as H-dimers. Since there is a possibility of
monomers of YOYO coexisting along with H-dimers (see
below), the estimate ofRshould be considered an upper limit.

H-type dimers seen in many systems (29, 30) show no
detectable fluorescence. Hence, we could expect a reduction
in the fluorescence intensity with no change either in the

individual fluorescence lifetimes or in the mean fluorescence
lifetime during the transition from monomer to dimer subject
to the condition that both monomers and dimers are present.
In contrast to this expectation, we see significant reduction
in the fluorescence intensity (Figure 1) as well as in the
lifetime values (Table 1) during the condensation process,
which brings about an interaction among YOYO molecules.
The radiative rate constant,krd, associated with the transition
from the lowest electronic excited state to the ground level
of the dimer is given by (29)

wherekrm is the radiative rate constant associated with the
monomer andθ12 is the angle between the transition dipoles
in the dimer. signκ ) +1 whenκ > 0, and signκ ) -1
whenκ < 0. This expression shows thatkrd is zeroonly for
a perfect H geometry for whichκ ) 1 and cosθ12 ) 1. A
nonzero value ofkrd would arise for any value ofθ12 other
than zero. Thus, the observed reduction in the lifetime values
could correspond to such a situation. The ratio between the
radiative rate constants is given by

whereτm andτd are the observed fluorescence lifetimes of
the monomer and dimer and theq values are the respective
quantum yields. Using the condensation-induced changes in
the values of the mean lifetimes (Table 1, lines 2 and 3) and
fluorescence intensities (Figure 1), we estimate the ratio of
the radiative rate constants as∼0.4, which gives us an
estimate ofθ12 as∼48°.

An alternative model for explaining the dynamics of
YOYO during the condensation process could be as fol-
lows: When there is a sufficiently high level of YOYO
bound to DNA (D:P < 1:50), condensation leads to two
populations. One of them is the H-dimer with no detectable
level of fluorescence (krd ) 0), and the other is the residual
level of monomers of YOYO. The observation of lifetime
values (τ1 ≈ 4.2 ns andτ2 ≈ 1.6 ns, Table 1, line 3) similar
to that of the monomers (in the uncondensed DNA, Table
1, line 2) supports this model. To rationalize the time-
resolved data (Table 1, lines 2 and 3) with the observed
reduction in the fluorescence intensity (Figure 1), we
recalculate the amplitudes of the three lifetime components
(Table 1, line 3) by taking into account the presence of the
dark population of H-dimers. Such a calculation (shown in
Table 1, footnoted) shows that 79% of the YOYO molecules
are present as H-dimers, which represent the dark population.
The observation of a short-lifetime component (τ3 ≈ 0.33
ns) in the condensed DNA could originate from FRET from
a fraction of YOYO monomers to the dark H-dimers.
Estimates based on the absorption spectra of YOYO in
condensed DNA and the fluorescence emission spectra give
a value ofR0 ≈ 46 Å. Hence, we could estimate, from the
lifetime value of 0.33 ns, the distance of closest approach
between the monomer and the H-dimer to be∼32 Å. This
model (with dark H-dimers and fluorescent monomers)
appears more realistic when compared to the previous model
wherein we considered a uniform population of H-type
dimers having a nonzero fluorescence yield.

One could expect the population of monomers of YOYO
in condensed DNA to be quite close to each other. This could

U ) (1/4πε0)(µ
2/(n2R3))κ (5)

krd ) krm(1 - (signκ) cosθ12) (6)

krd/krm ) (τm/τd)/(qm/qd) (7)
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lead to excitation energy migration among the monomers
by the mechanism of homo-FRET (33-35, 38). Energy
migration results in time,t, dependent fluorescence anisot-
ropy, r(t)

according to the model of Tanaka and Mataka (38). The
energy-transfer rate,ω, is given by

where〈κ2〉 is the orientation factor,R0 is the Forster radius,
R is the distance to the nearest neighbor, andτd is the
fluorescence lifetime of the YOYO-1 monomer. The apparent
condensation-induced decrease in the value ofr0 from ∼0.2
to ∼0.1 (Figure 3) would require the time constant associated
with the energy-transfer-induced depolarization rate (eq 8)
to be<10 ps, which is the lower limit of our time resolution.
Estimates based on the values ofR0 (47 Å) andτd and lower
limit of the time constant (<10 ps) give the value ofR as
<25 Å. This is reasonable when we consider the overall
dimension of the condensed DNA (∼50-100 nm) and the
fact that nearly 250 molecules of YOYO are bound in a
single plasmid DNA.

Thus, the overall model for explaining the condensation-
induced decrease in the fluorescence intensity would involve
clustering of the YOYO molecules in a single molecule of
plasmid DNA. This clustering is expected to result in at least
two classes of distance between YOYO molecules: one with
very short distances, leading to excitonic interaction, and
another with longer distances, leading to fluorescence
resonance energy transfer. Furthermore, our results and
analysis show clearly that YOYO-1 remains bound to DNA
even after condensation, unlike other intercalating probes
such as ethidium, which gets expelled on condensation.

Structure and Dynamics of Condensed DNA.Although
condensation of DNA has been achieved by a large variety
of agents and procedures (3-11), only very few forms of
condensed DNA are effective as transfection agents. Con-
densates which interact with the extracellular side of the
plasma membrane are unable to achieve transfection since
the interaction leads to release of DNA, which gets trapped
on the cell surface (28). On the other hand, the reduced
efficiency of some compact condensates with dimerizable
detergents is attributed to the inability of the complex to
release the DNA (39). Hence, knowledge of the structure
and dynamics of condensed DNA would be useful in
designing efficient vectors.

PEI has been shown to be one of the very efficient nonviral
vectors when compared to other carriers such as CTAB or
cationic lipids (40). We observed that the level of compact-
ness is higher in the case of PEI when compared to CTAB
as seen from both condensation-induced quenching of the
fluorescence of YOYO-1 (Figure 4) and the excitonic blue
shift in the absorption spectra (Figure 2). The less compact
nature of the CTAB-DNA complex could have been the
cause for binding to lipid vesicle membranes and subsequent
premature release of DNA (28). The level of compactness
was further assessed through the fluorescence properties of
bound YOYO-1. Diffusional quenching of fluorescence by
acrylamide (Figure 5) showed that condensation by either

CTAB or PEI led to enhanced accessibility of the intercalated
YOYO-1. This conclusion is the outcome of the observations
that the Stern-Volmer quenching constant,KSV ()kQτ),
increases on condensation while the fluorescence lifetime is
largely invariant (Table 1,D:P ) 1:2000). This indicates an
increase in the value of the quenching rate constant,kQ.
Distortion of the secondary structure of DNA and bending
of the helix accompany condensation (12). Such structural
alterations could lead to exposure of the base pairs to the
solvent. However, this exposure is likely to be limited only
to small molecules and not to nucleases, against which
protection is offered by the condensing agents (25). In the
case of CTAB, the extent of the increase inkQ was
significantly larger in the case of charge ratioR ) 1 when
compared toR ) 5 (Figure 5). This counterintuitive result
could be rationalized on the basis of the model wherein
micelle-like clusters having a core of CTAB molecules
covered by the DNA are the predominant structures formed
at R ) 1 (28). Such curved DNA structures could result in
a high level of exposure of base pairs. A further increase in
the level of CTAB (R ) 5) could cover the DNA in an
overall manner, leading to a decrease in the level of
accessibility. Such a transition from one structural form to
another is unlikely in the case of the cross-linked polymer
PEI, which is likely to engulf the DNA at all concentrations.

Valuable information on the dynamics of condensed DNA
could be gained by time-resolved fluorescence of the
intercalated YOYO-1. First, the remarkable increase, by
several orders of magnitude, of the quantum yield and
fluorescence lifetime of YOYO-1 on binding to DNA has
been attributed mainly to the freezing of the internal motion
of YOYO-1. Internal-motion-mediated nonradiative decay
has been suggested to be the main pathway of deexcitation
(42). Hence, the insignificant changes in both the quantum
yield and lifetime during condensation induced by either PEI
or CTAB (under sparse levels of YOYO-1 such as aD:P
ratio of 1:2000) indicate that the internal motion of YOYO-1
and hence that of the base pair do not get enhanced. On the
contrary, the small but reproducible increase in both the
intensity and mean fluorescence lifetime seen after condensa-
tion suggests a further decrease in the level of flexibility.
Time-resolved fluorescence anisotropy offers more direct
information on the motional dynamics of YOYO-1 and hence
the dynamics of base pairs and the helical backbone. It should
be mentioned that the major contributor to the body of
information on the torsional dynamics of DNA is the studies
on fluorescence depolarization of intercalated ethidium
bromide (43-45). (Unfortunately we could not use ethidium
bromide in our studies since it gets expelled from condensed
DNA (28). The much stronger binding bisintercalator
YOYO-1 remains bound in condensed DNA and hence was
chosen for our studies.) The fluorescence depolarization
kinetics of DNA-bound YOYO-1 revealed the presence of
a fast (<0.2 ns) internal motion and a slower (∼4 ns) motion
which could be ascribed to segmental motion of the double
helix (see the Results). The relative amplitude of the fast
motion when plugged into the cone angle model of rotational
dynamics (46) gives us the cone angle associated with the
restricted fast motion as 34°. It is likely that this internal
motion of YOYO-1 is a reflection of the motional freedom
of DNA base pairs (47). Condensation by either PEI or
CTAB led to freezing of the slower segmental motion but

r(t) ) (1/10)((3- 3 cos2 θ12)e
-2ωt + 3 cos2 θ12 + 1) (8)

ω ) (3/2)〈κ2〉(R0/R)6τd
-1 (9)
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preservation of the faster internal motion. While freezing of
the segmental motion by the condensing agent could be
thought of as an expected result, the prevalence of the internal
motion, æ1, is somewhat surprising. The low-amplitude
intermediate level motional dynamics (æ2 ≈ 1-3 ns, Table
2) could correspond to residual level segmental flexibility
of the helix in the condensed form. Inspection of the
amplitude,â2, associated with this motion shows that this
motion is less prominent in the CTAB-DNA complex when
compared to PEI-DNA. This could indicate that the flex-
ibility of the helical backbone is less in the CTAB-DNA
complex and the overall compactness is also less when
compared to those of the PEI-DNA complex as seen from
both the extent of the condensation signal (Figure 4a) and
the excitonic blue shift (Figure 2). Such an inference may
not look contradictory when we note that the two (PEI-
DNA and CTAB-DNA) complexes have significantly
different structures and hence could have unrelated proper-
ties.

The behavior of DNA condensed by Co(NH3)6
3+ is

remarkably different from that condensed by either PEI or
CTAB. First, the strong quenching of the fluorescence of
YOYO-1 even at very sparse levels (aD:P ratio of 1:2000,
Figure 4e) indicates either that YOYO-1 and most likely the
base pairs get exposed to the solvent or that the internal
motion of YOYO-1 gets significantly enhanced. Quenching
of fluorescence by acrylamide has indicated at least two
populations withkq values of∼1010 and<107 M-1 s-1 (see
the Figure 5 caption). The decrease in the value of the
fluorescence lifetime and more importantly in the value of
the rotational correlation time (Table 2) ascribed to the
segmental motion of the helix indicates that condensation
by Co(NH3)6

3+ leads to increased flexibility of the helix. This
interpretation is in agreement with the observation that the
persistence length of DNA decreases in the presence of Co3+

(48). Binding of Co(NH3)6
3+ results in bending of the double

helix (48). Further, the DNA-Co(NH3)6
3+ complex is less

compact when compared to the complexes with either PEI
or CTAB as seen from the absence of detectable excitonic
interaction among bound YOYO-1 molecules in the presence
of Co(NH3)6

3+ (Figure 2). Such differences in the properties
of DNA condensed by either PEI or CTAB on one hand
and by Co(NH3)6

3+ on the other are surprising when one
looks at the microscopy images of DNA condensed by either
PEI (13) or Co(NH3)6

3+ (14). In both cases the main feature
of the structures is their toroidal nature. One could rationalize
these observations by noting that the AFM images are not
of atomic resolution and the differences observed by us are
a manifestation of subtle differences in the fine structure of
the condensates.
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