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The fluorescence of 4',6-diamidino-2-phenylindole (DAPI) bound to DNA at a [DAPI]/[DNA base] ratio of
0.005 was quenched by meso-tetrakis(N-methylpyridinium-4-yl)porphyrin (TMPyP) or cis-bis(N-methylpyridinium-4-yl)porphyrin (BMPyP) when both DAPI and either porphyrin spontaneously bound to the same DNA
strand. The quenching was investigated using the “one-dimensional inner sphere” and the “Förster resonance
energy transfer” (FRET) models. Total quenching occurred when DAPI and TMPyP were up to 19.3 base pairs
or 66 Å apart. BMPyP could quench the fluorescence up to 13.9 base pairs or 47 Å. TMPyP, which intercalated
between the DNA base-pairs, appeared to be a better acceptor than BMPyP, which stacked along the DNA
stem. The higher quenching and higher resonance energy transfer efficiency of TMPyP was due to the larger
overlap integral between its absorption spectrum and the emission spectrum of DNA-bound DAPI.
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Introduction
DNA has been an interesting subject for generations of
biological, chemical, and physical scientists as the vehicle
for inheritance in cellular life. Understanding the processes
that damage DNA and cause mutations takes on great
importance for this reason. Energy and charge transfers
between DNA-bound or free drugs to DNA bases can
damage DNA, with the stacked π-orbitals of the DNA base
pairs forming a good medium of energy transfer,1 which
frequently occurs with the transfer of electrons.2-6 One of the
first examples of electron transfer along DNA involved
metallo-intercalators non-covalently bound to DNA. DNA
mediated hole transfer has also been studied, because holes
can oxidatively damage DNA damage in vivo, leading to
mutations. Holes generated by the one-electron oxidation of
DNA can travel over 200 Å through the DNA by hopping
between guanine bases.7-13 The biological importance of
charge transport through DNA has been highlighted by the
discovery of distance oxidative DNA damage in cell nuclei.14,15
The concepts of DNA-mediated charge transport could also
aid the development of nanodevices, e.g. the design of
nanometer-sized self-assembling molecular wires.16-19
The excited energy of DNA-bound donors can transfer to
acceptors.20-29 Generally, the emission energy level of a
donor molecule coincides with the absorption energy level
of the acceptor, in the DNA mediated excited energy
transfer, thus, is resonance energy transfer (RET) type in its
nature. The excited energy of 4',6-diamidino-2-phenylindole
(DAPI, Figure 1) has been reported to transfer to DNA
intercalating [Ru(1,10-phenanthroline)2dypyrido[3,2-a:2'3'c]phenazine]2+ at high binding densities.24-27 The DAPI
donor binds at the minor groove of DNA30-32 and the acceptor

intercalates at the major groove as DAPI saturates the minor
groove. Therefore, energy transfers across the DNA stem.
The intercalating acceptor meso-tetrakis(N-methylpyridinium4-yl)porphyrin (TMPyP, Figure 1) facilitates more efficient
energy transfer from DAPI than that predicted by the “sphere
of action model”.28,29 Important factors that affect the efficiency of RET include spectral overlap and the relative
orientation of the donor and the acceptor molecules.33 Cisbis(N-methylpyridinium-4-yl)porphyrin (BMPyP, Figure 1)
has been reported to stack along DNA.34,35 Their different
binding modes to DNA allow investigation of the effects of
spectral overlap and relative orientation in RET. DAPI was
used at a concentration ratio to DNA bases of 0.005, one
DAPI molecule per 200 bases. Such low binding density

Figure 1. Chemical structure of 4',6-diamidino-2-phenylindole
(DAPI), meso-tetrakis(N-methylpyridinium-4-yl)porphyrin (TMPyP)
and cis-bis(N-methylpyridinium-4-yl)porphyrin (BMPyP).
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avoids direct contact between DAPI and the porphyrins.
Experimental
Materials. Calf thymus DNA (Sigma-Aldrich, Seoul, Korea)
was dissolved in 5 mM cacodylate buffer and used without
further purification. TMPyP, BMPyP (Frontier Scientific,
Logan, UT) and DAPI (Sigma-Aldrich) were used without
further purification. Concentrations were spectrophotometrically determined using the extinction coefficients: A258nm =
6700 cm−1M−1, A342nm = 27000 cm−1M−1, A421nm = 245000
cm−1M−1 and A420nm = 140000 cm−1M−1 for DNA, DAPI,
TMPyP and BMPyP, respectively. The porphyrins were
always added last, immediately before measurement, as the
mixing order can affect their binding mode.36
Measurements. Absorption and circular dichroism (CD)
spectra were recorded using a Cary 100 spectrophotometer
(Varian, Palo Alto, CA) and a Jasco J710 spectropolarimeter
(Tokyo, Japan), respectively. Fluorescence intensities were
measured on a Jasco FP-777 spectrofluorometer. During
titration of the DAPI-DNA complex by porphyrins, small
aliquots of the latter were added to the sample solution and
volume corrections were made. The emission intensity of
DAPI was monitored using excitation at 360 nm and emission
at 450 nm. These wavelengths allowed changes in DAPI
fluorescence to be monitored without interference from the
porphyrins' fluorescence. The fluorescence decay time of
DAPI was measured using an IBH 5000U Fluorescence Life
Time System. An LED source (nano-LED-03) produced 360
nm excitation radiation with full width at a half-maximum of
~1.3 ns to excite the DNA-bound DAPI. Slit widths of 32
nm were used for both excitation and emission.

Figure 2. Absorption spectra of TMPyP (panel a) and BMPyP
(panel b) in the absence (curve a) and presence (curve b) of DNA.
The presence of DAPI did not alter the porphyrins' absorption
spectra (curve c). [DNA] = 100 µM, and [porphyrin] = 2.5 µM.

Results
Absorption and CD Spectra of Porphyrins Bound to
DNA in the Presence and Absence of DAPI. Figures 2(a)
and 2(b) respectively show absorption spectra of 2.5 mM
TMPyP and BMPyP bound to DNA. The presence of DAPI
did not alter the spectra, suggesting that it did not affect the
porphyrins' binding modes. Spectra recorded at porphyrin
concentrations of 0.5, 1.0, 1.5 and 2.0 μM were identical
when normalized with respect to concentration and are
hence not shown. The binding of TMPyP to DNA resulted in
large, 37.7%, hypochromism with a 19 nm red shift compared with that in the absence of DNA. BMPyP’s absorption
spectrum showed a red shift of 9 nm with 32.4% hypochromism, in accordance with previous results,34 indicative
of the molecules' different binding modes. Achiral porphyrins
can induce CD signals, particularly in the Soret absorption
region, upon binding to DNA due to the interactions of Bx
and By electric transitions and the chirality of the DNA
bases' electric transition moments. The shape of the induced
CD in the Soret region reflects the porphyrin's binding
mode. Upon binding to DNA, TMPyP produced a negative
CD band and no CD signal was observed for BMPyP, as
reported elsewhere.34 These CD signals represent the inter-

Figure 3. CD spectra of DNA-bound TMPyP (curve a) and
BMPyP (curve b). The presence of DAPI did not affect the CD
spectra (dotted curves). Concentrations are as per Figure 2.

calation of TMPyP and the binding of BMPyP outside the
DNA stem, possibly stacking along it. The presence of
DAPI at the low binding density used here did not alter the
shape of either porphyrin's induced CD spectrum. This
indicates that the binding of DAPI at DNA's minor groove
did not affect the binding mode of either porphyrin (Figure 3).
Quenching of DAPI Fluorescence by Porphyrins. The
fluorescence intensity of DNA-bound DAPI gradually decreased with increasing porphyrin concentration (Figure 4).

DNA Mediated Energy Transfer from 4',6-Diamidino-2-phenylindole

Bull. Korean Chem. Soc. 2012, Vol. 33, No. 2

531

Figure 5. The Stern-Volmer plots constructed from the data in
Figure 4. Red circles denote fluorescence quenching by TMPyP;
blue triangles, BMPyP. The solid curves represent the best fits
according to Equation (4).

Figure 4. Fluorescence emission spectra of DAPI bound to DNA
with increasing concentrations of TMPyP (panel a) and BMPyP
(panel b). [DNA] = 100 µM, [DAPI] = 0.5 µM. Porphyrin
concentrations of 0, 0.5, 1.0, 1.5, 2.0 and 2.5 µM were testing,
increasing in the direction of arrow. DAPI-DNA complexes were
excited at 360 nm and 5 nm slit widths were used for both
excitation and emission.

The decrease was more pronounced with TMPyP. The decrease in the emission at ca. 460 nm was accompanied by a
small increase in emission near 660 nm, attributable to the
porphyrins emitting their excitation energy. This increase of
fluorescence was more pronounced with BMPyP. Fluorescence quenching can be analyzed through Stern-Volmer
plots,33 in which the ratio of fluorescence intensity in the
absence of quencher to in its presence is plotted with respect
to the concentration of quencher:
F0
----- = 1 + KSV [ Q]
F

(1)

Where F0 and F denote the fluorescence intensities of the
fluorophore (here DNA-bound DAPI) in the absence and
presence of quenchers, respectively. [Q] is the concentration
of quencher (here TMPyP or BMPyP). The quenching constant, KSV, represents the equilibrium constant for the formation
of nonfluorescent fluorophore-quencher complexes in the
static quenching process. In the dynamic-collision quenching mechanism, the quenching constant is related to the
frequency of collisions and the lifetime of the excited state
of the fluorophore. Upward bending Stern-Volmer plots
were observed for both TMPyP and BMPyP; TMPyP showed more efficient fluorescence quenching (Figure 5). The

Figure 6. Panel a: Decay of fluorescence intensity of DNA-bound
DAPI with respect to the time in the absence (curve a, black) and
presence of BMPyP (curve b, blue) and TMPyP (curve c, red).
[DNA] = 100 µM, [DAPI] = 0.5 µM and [TMPyP] = 2.5 µM.
Excitation was at 360 nm and emission was at 450 nm. Panel b:
Ratios of fluorescence decay times of DNA-bound DAPI in the
absence and presence of TMPyP (red circle) and BMPyP (blue
circle). The error bar represents the standard deviation from 4
measurements. The conditions for measurement are as in panel a.
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plots' shapes suggest that the quenching mechanism was
neither simple static nor dynamic-collisional.
Fluorescence Decay Times. Combined static and dynamic
quenching can also results in upward bending Stern-Volmer
plots. Dynamic quenching is expected to shorten the fluorescence decay time of the fluorophore. Fluorescence decay
profiles of DNA-bound DAPI in the presence of TMPyP and
BMPyP are compared in Figure 6(a). Fluorescence decay
times of DNA-bound DAPI of 1.72 ns and 3.87 ns were
observed in the absence of porphyrins with relative amplitudes
of 0.129 and 0.871 respectively, in agreement with reported
values.37,38 BMPyP did not significantly alter the decay
profile of the DNA-bound DAPI. TMPyP resulted in decay
times of 1.33 ns and 3.67 ns with respective amplitudes, a1
and a2, of 0.393 and 0.607. The reduction of decay times by
TMPyP reflect either the presence of DNA-bound TMPyP
or the shortening of decay times through DAPI's interaction
with TMPyP. The average decay time determined by
2
2
(a1 τ1 +a2 τ2 /(a1τ1+a2τ2) was 3.22 ns in the presence of 2.5
mM TMPyP, indicating negligible dynamic contribution.33
This was more clearly observable by plotting the ratio of the
average decay times of DNA-bound DAPI in the absence
and presence of TMPyP (Figure 6(b)). BMPyP had little
effect on the decay time; 2.5 μM TMPyP reduced it by ca.
5%, showing that the fluorescence quenching had negligible
dynamic contributions.
Overlap Integrals J(λ). Although absorption in the Soret
band is dominant, porphyrins absorb radiation over most of
the UV/visible range, making them good acceptors for energy
transfer. The fluorescence emission spectrum of DNAbound DAPI overlapped with the absorption spectra of the
porphyrins: normalized absorption spectra of the DAPIDNA-TMPyP complex are shown in Figure 7; the fluorescence emission spectrum of DNA-bound TMPyP is also
shown. Using BMPyP acceptor gave similar results. The
overlap integrals (see below), J(λ) correspond to the comm-
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on area under the emission spectrum of DAPI and the
absorption spectra of the porphyrins. TMPyP showed a
larger overlap integral than BMPyP: 10.102 × 10−13 cm3mol−1
vs. 6.435 × 10−13 cm3mol−1. The quantum yield, QD of DNAbound DAPI in the absence of porphyrins was calculated
from the relative area of the respective emission spectrum.
Discussion
Inner Sphere Model and Energy Transfer Distance.
Given the negligible change in the fluorescence decay time
of DNA-bound DAPI in the presence of porphyrins, a
simple combination of static-dynamic quenching could not
account for the upward bending Stern-Volmer plots. An
alternative mechanism to elucidate such quenching behavior
is the “inner sphere model”.
F
-----0 =(1+KD[Q])exp([Q]VN/1000)
F

Where, KD is the dynamic quenching constant, and V and N
denote the volume of the sphere and Avogadro’s number,
respectively. The upward tending Stern-Volmer plot observed
in the presence of TMPyP suggests the applicability of the
inner sphere model (Equation (2)), with totally efficient
quenching occurring when the fluorophore and quencher
were within a certain distance (the sphere of action). In this
equation, the dynamic quenching constant, KD=kqτ, can be
estimated from the ratios of the fluorescence decay time in
the absence and presence of TMPyP at various concentrations. The fluorescence decay profiles of DNA-bound
DAPI were described by a single exponential decay component; a short component appeared with increased TMPyP
concentration, which was likely caused by the fluorescence
decay of DNA-bound TMPyP, as a similar decay was
observed in the absence of DAPI. Even if it were treated as a
shortened DAPI decay time for the quenching of TMPyP,
the averaged decay time remained constant, indicating a
negligible contribution of KD in Equation (2). This is
plausible because both DAPI and porphyrin bound to DNA,
preventing free collision between the two molecules.
Therefore, Equation (2) could be reduced to Equation (3).
F
-----0 =exp([Q]VN/1000)
F

Figure 7. Rescaled absorption spectra of TMPyP (curve a, red)
and BMPyP (curve b, blue) and the fluorescence emission spectra
of DAPI (curve c, black), showing the spectral overlap when each
porphyrin and DAPI bound to DNA simultaneously. Each
spectrum was normalized to unity at its maximum.

(2)

(3)

This equation was used to establish the best-fit curves to
determine the radii of the spheres of action. The radius of the
sphere of action corresponded to an implausible 1.58 × 106
bases for the DAPI-DNA-TMPyP complex because the
quenching interactions were assumed to occur in 3-dimensional spheres in Equation (3), which is not the case for
DNA-bound complexes. The DNA should be assumed to be
a one-dimensional polymer for modeling the binding of the
donor and acceptor. Using a 1-dimensional quenching
model, Pasternack et al. proposed Equation (4) to describe
the quenching behavior between DNA-bound donors and
acceptors.37
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⎧
F
2σ[ Q ] - ⎫
-----0 =exp ⎨ -----------------------------------2+ ⎬
F
⎩ [ DNA] – 2[ D ] ⎭

(4)

where [Q] is the concentration of porphyrin quencher and
[D2+] is the concentration of DAPI. σ denotes the minimum
number of base-pairs between DAPI and the porphyrins
required to permit energy transfer between them. The numbers
of base-pairs calculated using equation (4) from the result in
Figure 5 were 19.3 (66 Å) and 13.9 (47 Å) for TMPyP and
BMPyP, respectively. DNA mediated fluorescence quenching
is sometimes associated with electron transfer. However, this
was not so here because the reduction potentials of porphyrins are generally high and the very short component of the
donor's fluorescence decay time, which reflects the production of radical species, was not observed. Thus, the observed
fluorescence quenching should be understood through the
Förster-type resonance energy transfer without photon
emission.
Resonance Energy Transfer Model. Förster-type energy
transfer is based on the degree of transition dipole coupling.
The distance at which RET is 50% efficient, R0, is related to
the spectral overlap between the emission spectrum of the
donor and the absorption spectrum of the acceptor (J(λ)), the
relative orientation of the transition dipoles of the donor and
the acceptor (κ), the quantum yield of the donor in the
absence of acceptor (QD), and the refractive index of the
medium (n).
R0=(J(λ)κ2QDn−4)1/6 × 8.79 × 10−25 in cm
4
∞
F ( λ )εA(λ )λ dλ
0 D

(5)

Where J( λ )= ∫
with FD(λ) denoting the
normalized fluorescence intensity of the donor and εA(λ ) ,
the molar extinction coefficient of the acceptor. The overlap
integrals, J(λ) in Equation (5), corresponding to the common
areas under the emission spectrum of DAPI and the absorption spectra of the porphyrins, were estimated from
Figure 7 to be 10.102 × 10−13 cm3mol−1 and 6.435 × 10−13
cm3mol−1 for TMPyP and BMPyP respectively. Within DAPITMPyP and DAPI-BMPyP cases, the Förster distances are
7.49 × 107κ1/3 and 6.94 × 107κ1/3 cm respectively.
In the Förster-type resonance energy transfer model, in
addition to the distance between the donor and acceptor,
their relative orientation also determines the efficiency of the
energy transfer. Here the DAPI donor, bound at the minor
groove of the DNA, had a fixed orientation. Differences in
the binding geometries of the acceptors, TMPyP and BMPyP,
resulted in different relative orientations. The binding modes
of TMPyP and BMPyP to DNA and to selected synthetic
polynucleotides has been investigated by polarized light
spectroscopy,34,35 with TMPyP found to intercalate between
DNA base-pairs and BMPyP stackinf along the DNA stem.
Therefore, their transition dipoles would be differently
oriented relative to the DAPI. The orientation factor, κ2, can
range from 0 to 4,33 depending on the relative orientation of
the donor and acceptor molecules:κ2=4 indicates parallel
head-to-tail orientation and κ2=1 indicates parallel orientation. However, varying κ2 from 1 to 4 contributes to a difference in active distance of only 26% because the sixth root of
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this factor is considered (Equation 5). Therefore, the orientation factor cannot be the main factor leading to the observed
difference in the energy transfer efficiency of TMPyP and
BMPyP. The values obtained from both of the s and R0 are
the evidenced for higher fluorescence energy transfer of
DAPI-TMPyP.
Conclusion
The energy of excited DAPI can transfer to cationic porphyrins across large distances when both are simultaneously
bound to DNA. Overlap integrals (J(λ)) and the porphyrins'
binding modes are at least in part responsible for the
observed differences of RET efficiency.
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