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We extended the measurable time scale of DNA dynamics
to submicrosecond using a long-lifetime metal-ligand
complex, [Ru(phen),(dppz)]** (phen =1,10-phenanthroline,
dppz = dipyrido[3,2-a:2',3'-c]phenazine) (RuPD), which
displays a mean lifetime near 350 ns. We partially
characterized the fluorescence resonance energy transfer
(FRET) in calf thymus DNA from RuPD to nile blue (NB)
using frequency-domain fluorometry with a high-intensity,
blue light-emitting diode (LED) as the modulated light
source. There was a significant overlap of the emission
spectrum of the donor RuPD with the absorption
spectrum of the acceptor NB. The Forster distance (R,)
that was calculated from the spectral overlap was 33.4 A.
We observed dramatic decreases in the steady-state
fluorescence intensities of RuPD when the NB
concentration was increased. The intensity decays of
RuPD were matched the closest by a triple exponential
decay. The mean decay time of RuPD in the absence of the
acceptor NB was 350.7 ns. In a concentration-dependent
manner, RuPD showed rapid intensity decay times upon
adding NB. The mean decay time decreased to 184.6 ns at
100pM NB. The FRET efficiency values that are
calculated from the mean decay times increased from
0.107 at 20 pM NB to 0.474 at 100 pM NB concentration.
The use of FRET with a long-lifetime metal-ligand
complex donor is expected to offer the opportunity to
increase the information about the structure and dynamics
of nucleic acids.
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Introduction

Fluorescence resonance energy transfer (FRET) is the transfer
of the excited state energy from an initially excited donor to
an acceptor (Forster, 1948). The rate of energy transfer
depends upon the extent of spectral overlap of the emission
spectrum of the donor with the absorption spectrum of the
acceptor, the quantum yield of the donor, the relative
orientation of the donor and acceptor transition dipoles, and
the distance between the donor and acceptor molecules. The
distance dependence of FRET resulted in its widespread use
as a “spectroscopic ruler” to determine the distance (generally
10-80 A) between a donor and an acceptor molecule
(Steinberg, 1971; Stryer, 1978; Sung and Kim, 2000).
However, FRET has been especially used to study protein
structures. FRET applications to nucleic acids recently
attracted interest because of the advances in automated
oligonucleotide synthesis, as well as the convenient site-
specific labeling of synthetic oligonucleotides with suitable
probes.

There is currently a great deal of interest in the interaction
of transition metal-ligand complexes (MLCs) with DNA. This
is partly because of the potential of these compounds as novel
probes of DNA conformation and dynamics. Long-lifetime
MLCs, which display decay times that range from 100 ns to
more than 10ps, have only recently become available
(DeGraff and Demas, 1994; Terpetschnig et al., 1997;
Lakowicz er al., 2000). They have favorable chemical,
photochemical, and photophysical properties. Because of the
large Stokes’ shift, the MLCs do not self-quench
(Terpetschnig et al., 1997; Lakowicz et al., 2000). In addition,
the MLCs show good water solubility, as well as high
chemical and photochemical stability (Terpetschnig et al.,
1997; Lakowicz et al., 2000). Another favorable property of
MLCs is their polarized emission, which makes them useful
for microsecond dynamics (Terpetschnig et al, 1997;
Lakowicz et al., 2000). Finally, the long lifetimes of MLCs
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allow the use of gated detection, which can be employed to
suppress interfering autofluorescence from biological
samples, thus providing increased sensitivity (Haugen and
Lytle, 1981). Barton and co-workers (Friedman et al., 1990;
Jenkins ez al., 1992; Murphy and Barton, 1993) reported that
the dipyrido[3,2-a:2',3'-c]phenazine (dppz) complexes of
ruthenium appear to be prime candidates for a spectroscopic
probe for nucleic acids because of their “molecular light
switch” properties for DNA. Since the Iuminescent
enhancement upon DNA binding is 210 there is essentially
no background with the dppz complexes of ruthenium.

We extended the measurable time scale of DNA dynamics
to submicrosecond using a dppz complex of ruthenium,
[Ru(phen),(dppz)]** (phen = 1,10-phenanthroline) (RuPD),
which displays a mean lifetime near 350 ns. To show the
usefulness of RuPD for DNA dynamics, we examined the
FRET in calf thymus DNA from RuPD to nile blue (NB)
using a frequency-domain fluorometry. As a convenient
model system, we chose random labeling of calf thymus DNA
with RuPD and NB, which are DNA intercalators. For this
study we used a high-intensity, blue light-emitting diode
(LED) as the modulated light source. With this LED we were
able to directly modulate the excitation light up to 100 MHz
without the need for an external modulator like a Pockels cell.
We were able to obtain very reliable time-resolved intensity
decays.

Materials and Methods

Materials Calf thymus DNA was obtained from Sigma (St.
Louis, MO, USA). RuPD was synthesized by the method described
previously (Malak et al., 1997). NB was from Aldrich (Milwaukee,
WI, USA). All of the reagents were used. without further
purification. Water was deionized with a Milli-Q system. To convert
calf thymus DNA into linear fragments that were comparable in
length to one persistent length, about a’s mg/ml solution of calf
thymus DNA was sonicated approximately 10min while
submerged in an ice bath. The sonicated DNA solution was
centrifuged for 1 hr at 75,000 X g to remove titanium tip particles
and undissolved DNA. All of the experiments were undertaken at
room temperature in 2mM Tris-HCl, pH 8.0, that contained
0.1 mM ethylenediaminetetraacetic acid.

Absorption and steady-state fluorescence measurement About
2-5 mM of the stock solutions of RuPD and NB were prepared in
dimethylformamide. The DNA concentrationr was 1 mM base pair
while the concentration of RuPD was 2 OuM. The concentrations of
DNA and RuPD were determined using molar extinction
coefficients of 13,300 M'cm™ (expressed as base pair) at 260 nm
and 21,000 M'em' at 440 nm, respectively. Quantum yield
measurements were performed according to the previously
established method using 4-dicyanomethylene-2-methyl-6-(p-
dimethylaminostyryl)4H-pyran in methanol (Q=0.38) as a
reference (Demas and Crosby, 1971). The optical densities of both
the sample and reference were kept below 0.05 at the excitation

wavelengths in order to avoid the inner filter effects, and the
emission intensities were integrated throughout the whole spectra.
Ultraviolet-visible absorption spectra were measured with a
Hewlett-Packard 8453 diode array spectrophotometer. Steady-state
fluorescence measurements were carried out using a SLM Model
8000 spectrofluorometer (Spectronic Instruments, Inc., Rochester,
NY, USA). The excitation wavelength was 440 nm.

Frequency-domain intensity decay measurements
Measurements were performed with the instruments described
previously (Lakowicz and Maliwal, 1985) and modified with a data
acquisition card from ISS, Inc. (Urbana, IL, USA) (Feddersen ef al.,
1989). The excitation source was a blue LED LNG992CFBW
(Panasonic, Japan) with a luminous intensity of 1,500 mcd. A LED
driver LDX-3412 (ILX Lightwave, Boseman, MO, USA) provided
30 mA of the current at frequencies from 0.1 to 10 MHz. A
450 £ 20 nm interference filter and a 620 nm cut-off filter were
used for isolating the excitation and emission, respectively.
Rhodamine B in water (T=1.68 ns) was utilized as a lifetime
standard.

The intensity decays were recovered from the frequency-domain
data in terms of a multiexponential model:

T
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where the preexponential factors ¢ are the amplitude of each
component, Z¢; = 1.0, T; are the decay times, and » are the numbers
of exponential components. These values were determined by a
nonlinear least squares analysis, as described previously (Gratton et
al., 1984; Lakowicz et al., 1984). Mean lifetimes were calculated
by:
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where f is the fractional steady-state contribution of each
component to the total emission, and X f; is normalized to unity. f; is
given by
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where Vv is the number of degrees of freedom, and ¢, and m,,are the
experimental phase and modulation, respectively. The subscript ¢ is
used to indicate calculated values for the assumed values of o and
v, and 8¢ and dm are the experimental uncertainties. Here, the
values of 8¢ and 8m were set at 0.2° and 0.005, respectively.
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Theory for Fluorescence Resonance Energy
Transfer

Forster (1948) pioneered the study of FRET. The theory for
FRET can be summarized as follows (Lakowicz, 1999). The
rate of energy transfer from a donor to an acceptor (k) is
given by

o = L(R) ©

Tp\ F

where 1, is the decay time of the donor in the absence of an
acceptor, R,is the Forster distance, and r is the donor-acceptor
distance. The Forster distance R,is the distance at which
FRET is 50% efficient and given by

Ro=(JAKOpn ™" x9.78 X 10° (6)

where J(A) is the spectral overlap integral of the donor
emission and acceptor absorption, K is the orientatiorr factor
for the dipole-dipole interaction, Q,, is the quantum yield of
the donor in the absence of an acceptor, and # is the refractive
index of the medium. The overlap integral J(L) expresses the
degree of spectral overlap between the donor emission and the
acceptor absorption

J0y = | Fp(M)e, (WA dh )
0

where Fp(A) is the corrected fluorescence intensity of the
donor in the wavelength range A to A + AA, with the total
intensity (area under the curve) normalized to unity, and &,(A)
is the extinction coefficient of the acceptor at A, which is
typically in the unit of M'cm'™.

The efficiency of FRET (E) is the fraction of photons that
are absorbed by the donor, which are transferred to the
acceptor and calculated by

—1_2Ipa
E_l—TD (8)

where 1, and T,, are the mean donor decay times in the
absence and presence of the acceptor, respectively.

Results and Discussion

Steady-state spectra In this study, we partially characterized
the FRET in calf thymus DNA from a long-lifetime. donor
RuPD to the long-wavelength acceptor NB. The chemical
structures of RuPD and NB are shown in Fig. 1. Fig. 2 shows
the absorption and emission spectra of the RuPD-NB donor-
acceptor pair. There is a significant overlap of the emission
spectrum of the donor RuPD with the absorption spectrum of
the acceptor NB. The spectral overlap integral (J(A)) was used
to calculate the Forster distance R, according to Eq. (6). The
result is summarized in Table 1. The R, value for the RuPD-
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Fig. 1. Chemical structures of [Ru(phen),(dppz)]* (RuPD) and
nile blue (NB).
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Fig. 2. Emission spectrum (-) of the RuPD-calf thymus DNA
complex and absorption spectrum (---) of the NB-calf thymus
DNA complex. The spectral overlap shown in gray was used to
calculate the Forster distance R,.

NB pair was 33.4 A. In the calculation of R,, the value of ¥
was 1.25, which was previously used for FRET for a number
of DNA-bound fluorophores (Maliwal ef al., 1995; Murata et
al., 2000). The value of the refractive index (n) was taken as
1.5 (Maliwal et al., 1995; Murata et al., 2000). Fig. 3 shows
the emission spectra of RuPD that was intercalated into DNA
upon adding the acceptor NB. The steady-state fluorescence
intensities of RuPD with a peak at about 616 nm decreased
dramatically with an increase in the NB concentration. We
observed not only the quenching of the donor RuPD emission
but also the enhancement of the acceptor NB emission that
was centered at about 676 nm (Fig. 3). However, the
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Fig. 3. Emission spectra of the RuPD-calf thymus DNA complex
in the absence and presence of different concentrations of NB.

enhancement of the NB emission was much smaller for RuPD
than for the other dppz complex of ruthenium,
[Ru(bpy),(dppz)]** (bpy = 2,2-bipyridine) (RuBD) (Lakowicz
et al., 2001). We showed that the enhancement of the acceptor
emission from FRET is larger for RuBD, a low quantum yield
donor (Q = 0.008), than for the high quantum yield donors-
acridine orange (Q=0392) and ethidium bromide
(Q=0.219) (Lakowicz et al., 2001). Therefore, it seems that
the higher quantum yield of RuPD (@ =0.017, Table 1)
resulted in a lower enhancement of the acceptor NB emission
than RuBD did. This result of a larger enhancement with a
lower quantum yield donor can be understood by the theory
presented by Lakowicz et al. (2001). In the absence of energy
transfer, the total fluorescence intensity is given by

T = k(e,Q4 +€50p) ©9)

where €, and &, are the molar extinction coefficients of the
donor (g,) and acceptor (€,) at the excitation wavelength, and
Op and Q, are the quantum yields of the donor and acceptor,
respectively, and k is a constant that contains the excitation
intensity, concentration, and instrumental factors. In the
presence of 100% energy transfer, the total intensity is

Table 1. Donor quantum yield (Qp), spectral overlap integral
(J(\) and Forster distance (R,) of [Ru(phen),(dppz)]**-nile blue
donor-acceptor pair in calf thymus DNA

Q a J(x)h ROb
D (X103, M'em®) (A)
0.017 3.766 33.4

*4-Dicyanomethylene-2-methyl-6-(p-dimethylaminostyryl)4H-
pyran in methanol (Q =0.38) was used as a quantum yield refer-
ence.

®J(A) and R, were calculated according to Egs. (7) and (6),
respectively.
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Fig. 4. Frequency-domain intensity decays of the RuPD-calf
thymus DNA complex in the absence and presence of different
concentrations of NB. The symbols represent the measured phase
and modulation values. The solid lines show the best
multiexponential fits to the data. The middle and lower pancls
show plots of the residuals between the experimental data and
the fitted curve.

Fr=k(e,+€p)04 = k(8404 +£p04) (10)

Hence, the enhancement of the total emission is given by

Fr _ €404 +€pQs an
Fy €aQatepQp

If the acceptor does not absorb at the excitation wavelength
(e4=0), the enhancement is then proportional to the ratio Q,/

Ob.

Time-resolved donor intensity decays To provide further
evidence for FRET from RuPD to NB, we carried out
frequency-domain intensity decay measurements. Fig. 4
shows the frequency responses of RuPD that is intercalated
into DNA upon adding NB. The intensity decays were
analyzed in terms of the multiexponential model, according to
Eqs. (1)-(4). The results are summarized in Table 2. In the
absence of the acceptor, the intensity decay of RuPD was
matched the closest by three exponential decays with a mean
decay time of 350.7 ns, which is comparable to the values
reported previously for calf thymus DNA (Jenkins et al.,
1992; Murphy and Barton, 1993; Holmin et al., 1998). To be
more specific, the intensity decay of RuPD in the absence of
an acceptor is intrinsically multi- or non-exponential. The
origin of this heterogeneity is unclear. In the presence of the
acceptor, the RuPD intensity decays became more
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Table 2. Multiexponential intensity decay analysis

NB Conc. T o £ <" XZb
(uM) (ns) ' ' (ns) R

0 691.2 0.068 0.417 350.7 1.9
117.5 0.505 0.524
15.7 0427 0.059

20 614.8 0.066 0416 313.3 29
1104 0.449 0.510
14.8 0485 0.074

40 596.8 0.058 0.399 293.0 43
104.2 0434 0.517
145 0.508 0.084

60 523.0 0.057 0.373 250.1 34
101.9 0415 0.526
154 0.528 0.101

80 450.1 0.054 0.354 209.7 36
929 0.381 0.520
15.1 0.565 0.126

100 3842 0.051 0.375 184.6 4.8
78.7 0.333 0497
11.0 0.615 0.128

“Fractional intensities f; and mean lifetimes <t> were calculated
using Egs. (3) and (2), respectively.

"The ¥ values were calculated by Eq. (4). The standard errors
of phase angle and modulation were set at 0.2 degree and 0.005,
respectively.

heterogeneous. This effect is due to a range of donor-acceptor
distances for the probes that are randomly distributed along
the double-helical DNA. The extent of heterogeneity in the
donor intensity decay can be recognized by the x; values for
the three-exponential fit. This value increased from 1.9 in the
absence of the acceptor to 4.8 with 100 pM NB (Table 2).
However, the intensity decays could still be more complex
because it is almost impossible to resolve the intensity decay
data into more than three exponential components (Small and
Isenberg, 1977). As the acceptor concentration increases, the
frequency responses shift to high modulation frequencies,
which indicates a decrease in the mean decay time (Fig. 4 and
Table 2). The mean decay time decreased to 184.6 ns at 100
UM NB. It is informative to examine the intensity decays in
the time-domain that was reconstructed from the frequency-
domain data (Fig. 5). The time-domain representation of the
multiexponential analysis data clearly shows the presence of a
fast component with increasing amplitude as the acceptor NB
concentration is increased. Table 3 shows the efficiency of
FRET (E). The transfer efficiency can be calculated from
either steady-state or time-resolved data. Because lifetimes are
independent of fluorophore concentration and other artifacts
that affect fluorescence intensity measurements, time-resolved
data are much more reliable than steady-state data. So, we
calculated the FRET efficiency from the time-resolved data
according to Eq. (8). The FRET efficiency values that were
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Fig. 5. Time-domain representation of the intensity decays of the
RuPD-calf thymus DNA complex in the absence and presence of
different concentrations of NB.

Table 3. The FRET efficiency (E)

NB Concentration (UM) E
20 0.107
40 0.165
60 0.2 87
80 0.402
100 0.474

*The FRET efficiency values were calculated according to Eq.
3.

calculated from the mean decay times increased from 0.107 at
20 uM NB to 0.474 at 100 uM NB concentration.

The use of FRET with a long-lifetime MLC donor as a
novel method for studying DNA structure and dynamics
Although other methods, such as nucleic magnetic resonance
(Jung et al., 1999; Cho et al., 2000; Lee and Choi, 2000) and
X-ray diffraction (Lilley, 2000) methods, can be useful for
distance determination, FRET is the only method that
provides information about the changes in the distance in the
process of conformational changes of biomolecules, both in
the solution and in living organisms in vivo (Lankiewicz et al.,
1997). FRET has already provided considerable information
about the solution structure of three- (Yang and Millar, 1996)
and four-way (Eis and Millar, 1993; Clegg et al., 1994) DNA
junctions, curved DNA (T6th et al., 1998), and the kinking of
DNA helices by bulged nucleotides (Gohlke er al., 1994).
FRET has also been employed to determine helical
handedness of double-stranded DNA in solution (Jares-
Erijman and Jovin, 1996), as well as to measure distances and
distance-distributions along the helix backbone in dye-linked
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DNA (Hochstrasser et al., 1992; Maliwal et al., 1995; Murata
et al, 2000). Other FRET studies investigated DNA
hybridization (Masuko et al., 2000), DNA triple helix
formation (Mergny et al., 1994; Scaria et al., 1995), DNA-
protein complexes (Hill and Royer, 1997), and the kinetics of
enzyme-catalyzed DNA cleavage (Ghosh er al., 1994).
However, the short decay times of about 1 to 20 ns that are
encountered in most of the studies of FRET have been a
serious limitation of the use of time-resolved FRET for DNA
structure and dynamics, since DNA is expected to display a
wide range of relaxation times (Allison and Schurr, 1979;
Barkley and Zimm, 1979). Only the nanosecond motions can
be effectively probed with the nanosecond-lifetime probes.

The use of long-lifetime MLCs to measure DNA dynamics
is just beginning (Malak et al., 1997; Terpetschnig et al.,
1997; Lakowicz et al., 1995, 2000). Because the interaction of
water with the nitrogen atoms on the dppz quenches the
luminescence, both RuPD and RuBD display no detectable
luminescence in the aqueous solution, but they luminesce
brightly in the presence of double-helical DNA. However, the
phen derivative RuPD has some advantages over the other bpy
derivative RuBD. The lifetimes of RuBD that are bound to
calf thymus DNA are about 100 ns (Jenkins et al., 1992;
Murphy and Barton, 1993; Lakowicz er al., 1995, 2001;
Malak et al., 1997). RuPD showed still longer lifetimes when
bound to DNA with a mean decay time of 350.7 ns (Table 2).
Also, the quantum yield of RuPD (Q = 0.017, Table 1) is more
than twice that of RuBD (Q = 0.008) (Lakowicz et al., 2001).
Because of a longer lifetime and higher quantum yield than
the bpy derivative, RuPD is expected to have a number of
applications in studies of nucleic acid structure and dynamics.
We believe that the use of FRET with a long-lifetime MLC
donor could increase opportunities for information about the
structure and dynamics of nucleic acids.

Donor-acceptor diffusion increases the efficiency of energy
transfer between covalently linked donor-acceptor pairs
(Lakowicz er al., 1994) and in the homogenous solution
(Steinberg and Katchalski, 1968). For the lifetimes of 1-20 ns
that are displayed by most DNA fluorophores, there is little
translational displacement during the lifetime of the donor.
However, diffusion-enhanced FRET was demonstrated in
millisecond-lifetime lanthanide complexes (Stryer et al.,
1982). Thus, it is possible that the FRET efficiency was
somewhat enhanced by diffusive processes in DNA during the
long decay time of RuPD (<71>=350.7 ns, Table 2). In
particular, RuPD dissociates from DNA and reassociates at
different locations. Further experimentation is required to
determine if the hopping of RuPD along DNA occurs on the
submicrosecond time scale. In the absence of diffusion,
Blumen and Manz (1979) derived an equation for the
ensemble averaged time decay of an excited donor in the
presence of randomly distributed acceptors in one dimension
in a lattice structure. Once we derive a proper mathematical
model that incorporates diffusion to the one-dimensional
FRET model of Blumen and Manz (1979), we will be able to

fully characterize the FRET in calf thymus DNA from RuPD,
a long-lifetime MLC donor to the NB acceptor.

The use of LEDs as the source of excitation An important
point of this study was our use of a high-intensity, blue LED
as the source of excitation. We were able to obtain
approximately 3 to S mW of excitation power, depending on
the LED current. Since its first introduction in 1995, a variety
of LED:s (such as the high intensity ultraviolet, blue, and green
GaN LEDs) have been developed as an inexpensive and
convenient light source. The use of the LED also allowed us a
simpler “turn-key” operation-i.e., less optical adjustments and
easier electronic operations. Direct electronic modulation of
up to 100 MHz eliminates the expensive and cumbersome
electro-optic modulators that are found in most frequency-
domain instruments (Sipior ef al., 1996). We expect that the
low cost of LEDs, together with its simpler mode of
operation, will allow laboratories to perform time-resolved
fluorescence measurements for a wide variety of applications.
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