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Dynamics in the DNA Recognition by DAPI: Exploration of the Various Binding Modes
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Two distinct modes of interaction of the fluorescent prohé-diamidino-2-phenylindole (DAPI), depending

on the sequence of DNA, have been reported in the literature. In the present study, the dynamics of solvation
has been utilized to explore the binding interaction of DAPI to DNA oligomers of different sequences.
Picosecond-resolved fluorescence and polarization-gated anisotropy have been used to characterize the binding
of DAPI to the different oligomers. In the double-stranded dodecamer of sequence CGCGAATTCGCG (oligol),
the solvation relaxation dynamics of the probe reveals time constants of 0.130 ns (75%) and 2.35 ns (25%).
Independent exploration of the minor-groove environment of oligol using another well-known minor-groove
binder Hoechst 33258 (H258) shows similar timescales, further confirming minor-groove binding of DAPI

to oligol. In the double-stranded dodecamer (oligo2) having the sequence GCGCGCGCGCGC, where
intercalation has been reported in the literature, no solvation is observed in our experimental window. DAPI
bound to oligo2 shows quenching of fluorescence compared to that of DAPI in a buffer. The quenching of
fluorescence of DAPI intercalated in DNA is also borne out by the appearance of a fast component of 30 ps
in the fluorescence lifetime, revealing electron transfer to DAPI from GC base pairs, between which it
intercalates. In addition to this, the excited-state lifetime of the probe in the BBRA complex also shows

a time constant similar to that of the dye in a buffer, indicating that the excited-state photoprocesses associated
with the free dye is also operative in this binding mode, consistent with the binding geometry of the DAPI

in the DNA. The dynamics of DAPI in calf thymus DNA having a random sequence of base pairs is similar

to that associated with the DNA minor groove. Our studies clearly explore the strudygmamics correlation

of the DAPDNA complex in the two distinct modes of interaction of DAPI with DNA.

Introduction solvation has evolved as an efficient technique to explore the
binding interactions of ligands with biological macromolecules
like DNA and proteing>-22 Although a variety of techniques
like X-ray crystallography, NMR, DNAse footprinting, circular
dichroism, and electric linear dichroism techniques have been
employed to study DAP+DNA interactions, to date, solvation

Complexes with DAPI bound in the minor groo¥&? major studies have not been used to explore the binding of DAPI to

groove? and by intercalatiot®14 have been proposed on the different DNA sequences.

basis of a variety of experimental observations with DNA having ~ Characterization of the binding of DAPI to two double-
different sequences. The X-ray crystal structure of DAPI bound Stranded DNA dodecamers having the sequences CGCGAAT-
to a DNA oligomet having the sequence CGCGAATTCGCG TCGCG (oligol) and GCGCGCGCGCGC (aligo2) by using
shows that the dye binds to the minor groove in the central the dynamics of solvation reported by the probe is the motivation
AATT region. It has been suggested that the minor-groove Of this study. The efficacy of DAPI to report the dynamics of
binding of DAPI requires the presence of four consecutive AT/ solvation in restricted environments like biomimetics has been
TA sequence. However, a stufdyas shown that in a decamer established in a separate study (to be published elsewhere). The
having the sequence CGCGAATTCG, the probe shows off- time-resolved data have been acquired by a picosecond-resolved
centered minor-groove binding. In DNA oligomer sequences time-correlated single-photon counting technique (TCSPC).
having no consecutive AT base pairs or having GC base pairsPicosecond-resolved fluorescence and polarization-gated ani-
only, it has been suggested that DAPI intercalates between theSOtropy have been used to characterize the rigidity of the probe
GC base paird®14The intercalative binding mode of DAPIto ~ €nvironments in the DAPtDNA complexes. A parallel inves-
DNA is also controversial, and many workers have suggested tigation of the environmental dynamics of the minor groove of
alternative binding modes like electrostatic attractamd major- ~ ©ligol is carried out with the well-known minor-groove binder
groove binding for DAPI in GC DNA. In addition to the above- Hoechst 33258 (H258). Our experimental observations show
mentioned modes of binding to DNA, several unique binding @ Slow solvation characteristic of minor-groove binding in the
modes likez—z stacking interactiondnonclassical intercala- ~ DAPI—oligol complex, whereas in oligo2 there is no solvation
tion,12 and allosteric bindin& of DAPI to DNA have also been ~ in our experimental time window in accordance with an

reported. It is to be noted that over the years, the dynamics of intercalative binding mode. The environmental dynamics of calf
thymus DNA of random sequence is also reported for com-
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The fluorescent probé€ &-diamidino-2-phenylindole (DAPI)
is an efficient DNA bindet. Studies on DAP+DNA complexes
have shown that DAPI exhibits a wide array of interaction of
varying strength and specificity with DNA:1* The binding of
DAPIto DNA s strongly dependent on the DNA sequeficE!12
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SCHEME 1: Schematic Representation of the Probe
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Materials and Methods
Calf thymus (CT) DNA and phosphate buffer were obtained

from Sigma. The probes DAPI (Scheme 1) and Hoechst 33258

(H258) were obtained from Molecular Probes. The DNA
oligomers having sequences CGCGAATTCGCG (oligol) and
GCGCGCGCGCGC (oligo2) were obtained from GeneLink
(USA), purified by Reverse Phase Cartridge (RPC) technique,

and checked by gel electrophoresis. The gel electrophoresis
result indicated a single spot consistent with pure dodecamer

DNA. All the solutions were prepared in 50 mM phosphate
buffer (pH= 7.0) using water from the Millipore system. The
oligomers were dialyzed in phosphate buffer4ach for furthur
use. The probeDNA (oligol, oligo2, and CT DNA) solutions

were prepared by adding the requisite amount of probe stock

solution (prepared in water) to DNA and stirring for 1 h. To
ensure complete complexation of the probe with the DNAs, the
probe concentration was much lessy M) than that of the
DNAs ([oligol] = 6 uM, [oligo2] = 6 uM, and [CT DNA] =
100uM (base pairs)]. The melting points of oligol and oligo2
are reported to be 40 and 48, respectively. To ensure that
oligol and oligo2 are in their double-stranded form, the
experiments are done at 2C.

Steady-state absorption and emission are measured with
Shimadzu UV-2450 spectrophotometer and a Jobin Yvon

Fluoromax-3 fluorimeter, respectively. Fluorescence transients
are measured and have been fitted by using a commercially

available spectrophotometer (LifeSpec-ps) from Edinburgh
Instrument, U.K. (excitation wavelength 375 nm, 80 ps instru-
ment response function (IRF)). The quality of the curve fitting
is evaluated by reducegdsquare and residual data. The Time-

Resolved Emission Spectra (TRES) and the Time-Resolved Area

Normalized Spectra (TRANES) are constructed according to
the methodologies described in our previous stutiésThe
solvation correlation functiorC(t) is constructed according to
the following the equation:

() — ()
0= 0 =)

wherev(0), v(t), andwv(w) stand for the wavenumber in crh

at the emission maxima at time zetgand infinity, respectively.
For anisotropy r(t)) measurements, emission polarization is
adjusted to be parallel or perpendicular to that of the excitation
and anisotropy is defined as
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whereG, the grating factor, is determined following the long-
time tail-matching techniqideto be 1.2.
Results and Discussion

Figure 1a shows absorption and emission spectra of DAPI
bound to oligol. The absorption spectrum shows a red-shift
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Figure 1. The absorption and emission spectra (a), the temporal decay
of fluorescence (b), and fluorescence anisotropy (inset) of DAPI
([DAPI] = 1 uM) bound to the double-stranded dodecamer of sequence
CGCGAATTCGCG (oligol) ([oligol}= 6 uM). The emission spectrum

(a) and the temporal decay of fluorescence (b) of DAPI in buffer (50
mM phosphate buffer pi 7) are shown for comparison (green). The
instrument response function IRF is also shown in black (b).

acompared to that of the probe in buffer, consistent with the

ground-state stabilization of a positively charged probe in
negatively charged DNA. The emission spectrum shows a blue-
shift, compared to the emission in bulk buffer, suggesting that
the excited-state dipole of the probe is less stabilized in the
less polar and hydrophobic DNA environment. In this regard,
it should be noted that although bound waters hydrate the DNA
minor groove, the polarity of the minor groove is less than that
of water?® The probe also shows a significant (28 times)
increase in the fluorescence intensity when bound to oligol
compared to that of DAPI in bulk buffer. The increase of
fluorescence is consistent with the high affinity binding in the
minor groove, as reported in other studieBhe X-ray crystal
structuré of DAPI bound to the oligomer of the same sequence
shows that the probe inserts itself edgewise into the narrow
minor groove, displacing the ordered spine of hydration. In this
mode of binding, DAPI and a single water molecule together
span the four AT base pairs present at the center of the duplex.
The indole nitrogen of the probe (Scheme 1) forms a bifurcated
hydrogen bond with the thymine oxygen atoms of the two
central base pairs, as with netropsin and Hoechst 33258 (H258).
Figure 1b shows the temporal decay of fluorescence of the
DAPI—oligol complex and that of free DAPI in buffer. The
time constants associated with the decay of DAPI in the DAPI
oligol complex are in the order of nanoseconds, compared to
the fast decay of the probe (100 ps), in bulk buffer. The inset
of Figure 1b shows the temporal decay of fluorescence anisot-
ropy of the DAPFoligol complex. The time constant associated
with the decay is 4.5 ns. The observed time constant is in close
agreement with the value of 4.6 ns reported by H258 in the
minor groove of the same DNA oligomer (see below). It is to
be noted that the time constant associated with the decay of
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Figure 2. The fluorescence transients (a), the solvation correlation
function (b), and TRANES (inset of b) of DAPI ([DAPH 1 uM)
bound to the double-stranded dodecamer of sequence CGCGAAT-
TCGCG (oligol) ([oligol]= 6 uM).

Figure 3. The absorption and emission spectra (a), and temporal decay
of fluorescence anisotropy (inset of b) and solvation correlation function
(b) of H258 ([H258]= 1 «M) bound to oligol ([oligol}= 6 uM).

rotational anisotropy of the probe in aqueous buffer is 100 ps. the well-known minor-groove binder H258 to independently
The absence of any subnanosecond component in the decay oprobe the dynamics of the minor groove of oligol. The binding
fluorescence anisotropy in oligol shows that DAPI fits tightly of H258 to oligol has been confirmed from X-ray crystal-
into the minor groove of oligol. lographic studied’ Figure 3a shows the absorption and emission
To construct the time-resolved emission spectrum (TRES), spectra of H258 in oligol. The red-shift in the absorption
the fluorescence transients are taken at the blue and red endspectrum and blue-shift in the emission spectrum of the H258
of the emission spectrum (Figure 2a). The transients show fastoligol complex, compared to that of H258 in a buffendicate
decay in the blue end and rise in the red end indicative of the binding of the probe to DNA. The time constant of 4.6 ns
solvation!” The constructed TRES show a spectral shift of 700 in the temporal decay of fluorescence anisotropy (inset of Figure
cm~tin a 10 ns window. To ascertain whether the associated 3b) depicts the overall tumbling motion of oligol. The absence
spectral shift is due to the environmental relaxation or is of any subnanosecond component indicates that the probe
associated with some intramolecular photoprocesses, (e.g.motion (500 ps in aqueous bufféy is frozen in the H258
formation of excited-state species) the time-resolved areaoligol complex. The solvation correlation function (Figure 3b)
normalized emission spectra (TRANES) are constructed. The decays with time constants of 110 ps (68%) and 2.58 ns (32%).
TRANES technique is widely used to determine the kind of The striking similarity of the time constants associated with
species present in the system and the environment around thenvironmental stabilization reported by H258 and DAPI clearly
specieg324A useful feature of the method is that an isoemissive shows that both the probes occupy the minor groove of oligo1.
point in the spectra involves two emitting species, which are Thus, the dynamics of solvation provides direct evidence of the
kinetically coupled either irreversibly or reversibly or not minor-groove binding of DAPI.
coupled at all. In recent literature, various other studies have Figure 4a shows the absorption and emission spectra of DAPI
also used the TRANES technique to confirm different emissive bound to oligo2. As observed earlier with oligo1, the absorption
species in micro-heterogeneous environméht$The inset of spectrum is red-shifted and the emission spectrum is blue-shifted
Figure 2b shows the constructed TRANES. The absence ofcompared to that of DAPI in bulk buffer. It is to be noted that
isoemissive points in the TRANES shows that a single the probe in oligo2 shows a much-quenched (2 times) fluores-
conformer is involved in the relaxation process, and the processcence compared to that of the probe in bulk buffer. According
indeed reflects environmental stabilization. The solvation cor- to the existing literaturthis is consistent with the low-affinity
relation function (Figure 2b) decays with time constants of 130 intercalative binding mode of the probe to DNA sequences
ps (75%) and 2.35 ns (25%), which reflect the environmental where there are no/nonconsecutive AT regions. The quenching
relaxation of the minor groove of oligol. of fluorescence suggests that there is an additional mode of
It is known that the dynamics of solvation represents the excited-state relaxation of DAPI in the DAPbligo2 complex,
environmental stabilization of the excited state of a probe. The compared to that in a buffer. It is known from ab initio stuéfes
environmental stabilization is independent of the nature of the that DAPI is a good electron acceptor and DNA bases, especially
probe molecule. In order to obtain a general picture of the guanine, are good electron donors. So electron transfer from
environmental dynamics of the minor groove, we have used DNA bases to DAPI could be a possible mode of excited-state
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Absorption Emission from DNA base pairs to DAPI in the DAP{oligo2 complex
1001 DAPI in oligo 2 gives further support to the intercalative binding mode in the
5 80 DAPI—oligo2 complex and rules out the possibility of major-
a buffer groove binding of DAPI in oligo2. The similarity of the
i 60 - fluorescence transients at the blue and red ends of the spectrum
N reveals that there is no solvation stabilization in the experimental
g 404 time window.
‘23 20 To explain the observation of proton transfer for DAPI bound
to oligo2, it is essential to have a clear picture of the intercalative
0 . . : binding mode. Molecular modeling studies of DAPI bound to
400 500 600 RNA sequence 4Ug, where the dye intercalates, have been used
Wavelength (nm) to determine the binding geometry of the probe in the interca-
lative binding modé# The results show that, in the intercalative
5000 - binding mode, the indole ring of DAPI is stacked between the
£ adenosines and the phenyl ring of the probe is between uracils.
4000 + z In this binding mode, the DAPI indotephenyl bond is twisted
” % approximately 8 to match the base pair propeller twist. The
€ 3000 - 2 amidine groups are rotated 3vith respect to the indole and
8 2000 - < 32° with respect to the phenyl ring to which they are bound
and project out into the major groove in the RNA complex.
1000 - ) X-ray analysis with intercalation complexes of dinucleotides
Time (ns)  (b) and modeling studies with intercalators in the segments of RNA
0 ' . : . and DNA have indicated that that the intercalation sites in both
0.0 05 10 15 20 types of nucleic acids are quite simif&This model provides
Time (ns) rationalization for the time constants associated with the decay

) . . of the fluorescence anisotropy. The 1.3 ns component associated
Figure 4. The absorption and emission spectra (a)_, the temporal decay with the decay of fluorescence anisotropy in the DABligo2
of fluorescence (b), and fluorescence anisotropy (inset of (b)) of DAPI . . -
(IDAPI] = 1 M) bound to the double-stranded dodecamer of sequence COMPIex reflects the hindered rotation of the amidino groups
GCGCGCGCGCGC (oligo2) ([oligo2l= 6 uM). The emission projected out in the major groove. It is to be noted that the
spectrum of DAPI in 50 mM phosphate buffer (green) is shown for excited-state relaxation of the DAPI in buffer takes place by an
comparison. intramolecular excited-state proton transfer from the 6-amidino
group to the riné through the intervention of the solvation shell
surrounding the molecufé.In the intercalative binding mode,
the amidino groups are projected in the major groove of the
oligo2. The average reorientation times of water present in the

relaxation. The electron-transfer process is also evident from
the appearance of an additional fast component of 30 ps (40%)
in the temporal decay of fluorescence of DAPI in oligo2 (Figure . . . :
4b). This component is faster than that associated with the freeShaHOW major groove (average reorientation tires p§) of .
probe in a buffer (130 ps) and is indicative of the fast electron the DNA aressslmllar to that of free water (average reorlen.ta.tlon
transfer from DNA to DAPI. In addition to this 30 ps time = 1 ps)._ Hencg, the proton transfer from _the 6-amidino
component, DAPI shows another component of 150 ps, similar 9"°UP to the mqlole rng Of. DAPI takes plac_e with equal case.
to that of DAPI in a buffer. The similarity of the relatively This interpretation rationalizes the observation th:_;lt a consider-
slower time constants of 150 ps associated with the fluorescence?P!€ Portion of the fluorescence decay of DAPI in GC DNA
decay of the probe in the GC dodecamer (oligo2) and buffer is (0li902 in the present study) is buffer-like. The absence of
in accordance with a previously reported stadyhere it has solvation in the |ntercalat!ve binding mode could bg due to t'he
been interpreted as a nonintercalative electrostatic binding of fact that the faster solvation, reported for another intercalating
DAPI to GC DNA. However, perhaps due to limited resolution Y&’ is beyond our instrumental resolution.

(phase correlation technique), the faster component of 30 ps To render an interesting comparison, the environmental
has not been reported in the aforesaid study. The 150 psdynamics of the probe has been studied in calf thymus DNA
component in the excited-state relaxation of DAPI in the DAPI  having a random sequence. The absorption spectrum (Figure
oligo2 complex is associated with proton transfer (proton transfer 5a) of DAPI bound to calf thymus DNA shows a red-shift,
of DAPI in buffer is known from earlier studig®). This shows  similar to the probeoligol complex. The blue-shift and
that both intramolecular proton transfer and electron transfer increase in the fluorescence intensity of DAPI when bound to
from the DNA base to DAPI are associated with the excited- the genomic DNA indicate that the dye resides in a hydrophobic
state relaxation of DAPI in the DAPoligo2 complex. Since  environment. However, the increase in fluorescence intensity
the proton transfer in DAPI is intramolecular, it involves the is less than that of the probe bound to oligol. This difference
redistribution of positive charge density in the molecule itself, could be attributed to the difference in binding affinity of DAPI
hence, concomitant electron transfer can also occur. Concertedo a random DNA sequence. The possibility of DAPI binding
electron transfer and proton-transfer processes are reported ifo GC regions is less probable because of the stronger binding
the literaturé®233The temporal decay of fluorescence anisotropy of DAPI to AT base pairs (binding constast3 x 108 M~1),

of DAPI in oligo2 (inset of Figure 4b) also shows a fast compared to the binding in GC sequences (binding constant
component of 40 ps (20%) indicative of the electron transfer. 1.2 x 10> M~1).2 Also, in our study, the concentration of base
The additional time components of 1.3 ns (55%) and 6 ns (25%) pairs is 100 times more than that of the probe, ensuring that
associated with the decay of fluorescence anisotropy indicatethe probe is bound only in the high-affinity mode. Figure 4a
restricted motions of the probe and the overall tumbling motion shows the temporal decay of fluorescence intensity of DAPI
of DNA, respectively2* The observation of electron transfer bound to calf thymus DNA. The time constants associated with
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100 . TCGCG (oligol) and GCGCGCGCGCGC (oligo2) is explored.
£ Calfnﬁzms DNA The dynamics of the probe in oligol shows solvation timescales
L 80 of 130 ps (75%) and 2.35 ns (25%). As a parallel study, the
P minor-groove binding drug H258 is used to probe independently
3 60 the dynamics of the minor groove of oligol. The striking
% 40 - similarity of the observed timescales reported by both the probes
§ provides direct evidence of minor-groove binding of DAPI in
Z 20 qAbsorption oligol. In oligo2, the probe does not report any environmental

0 : . 1 relaxation in our experimental window. The absence of solva-
300 400 500 600 tion, the fluorescence quenching due to an electron-transfer
Wavelength (nm) process (30 ps, in our resolution), and the presence ofl&0
ps component in the fluorescence lifetime of DAPI both in
5000 A = oligo2 and in bulk buffer have been correlated with the
4000 4 1° z intercalative binding mode of the dye. The dynamics of DAPI
1 g in calf thymus DNA having a random sequence is similar to
£ 3000 - g that of DNA in the minor groove. Our studies clearly explore
2 < the structure-dynamics correlation of the DAPIDNA complex
© 2000 - in the two distinct modes of interaction of DAPI with DNA.
1000 .
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