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Enhanced Emission Induced by FRET from a Long-
Lifetime, Low Quantum Yield Donor to a Long-
Wavelength, High Quantum Yield Acceptor
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We report observation of high quantum yield, long-lifetime fluorescence from ared dye BO-PRO-
3 excited by resonance energy transfer (RET). The acceptor fluorescence was highly enhanced upon
binding to the donor-labeled DNA. A ruthenium complex (Ru) was chosen as a donor in this system
because of its long fluorescence lifetime. Both donor and acceptor were non-covalently bound to
DNA. Emission from the donor-acceptor system (DA) at wavelengths exceeding 600 nm till
preserves the long-lifetime component of the Ru donor, retaining average fluorescence lifetimesin
the range of 30-50 ns. Despite the low quantum yield of the Ru donor in the absence of acceptor,
its overall quantum yield of the DA pair was increased by energy transfer to the higher quantum
yield acceptor BO-PRO-3. The wavelength-integrated intensity of donor and acceptor bound to
DNA was many-fold greater than the intensity of the donor and acceptor separately bound to DNA.
The origin of this effect is due to an efficient energy transfer from the donor, competing with non-
radiative depopulation of the donor excited state. The distinctive features of DA complexes can be
used in the development of a new class of engineered luminophores that display both long lifetime
and long-wavelength emission. Similar DA complexes can be applied as proximity indicators,
exhibiting strong fluorescence of adjacently located donors and acceptors over the relatively weak
fluorescence of separated donors and acceptors.

KEY WORDS: Enhanced emission; fluorescence resonance energy transfer; metal-ligand complex; BO-PRO-3;
DNA.

INTRODUCTION

Fluorophores with red or near infrared (NIR) emis-
sion are desirable for the biotechnology and medical
applications of fluorescence. Red and NIR® probes are
now routinely used in protein labeling, medical testing,

1 Department of Oral Biochemistry and Molecular Biology, College of
Dentistry, Pusan National University, Pusan 602-739, Korea.

2 Ingtitute of Experimental Physics, University of Gdansk, ul. Wita
Stwosza 57, 80-952, Gdansk, Poland.

3 Center for Fluorescence Spectroscopy, Department of Biochemistry
and Molecular Biology, University of Maryland at Baltimore, 725
West Lombard Street, Baltimore, MD 21201.

4To whom correspondence should be addressed.

97

and DNA analysis[1-2]. An advantage of many red-NIR
fluorophoresistheir high extinction coefficient, whichin
turn allows high-sensitivity detection. However, the high
extinction coefficients are also a disadvantage because a
high probability for absorption also resultsin a high rate
of emission, which results in short decay times [3], and
most known red-NIR fluorophores display lifetimes
below 4 ns. Red and NIR fluorophores typically display

5 ABBREVIATIONS: A, acceptor; bp, base pair; bpy, 2,2'-bipyridine;
CT-DNA, calf thymus DNA; D, donor; DA, donor-acceptor; dppz,
dipyrido[3,2-a:2’,3'-c]phenazine; DM SO, dimethyl sulfoxide; EDTA,
ethylenediaminetetraacetic acid; LED, light-emitting diode; MLC,
metal-ligand complex; RET, resonance energy transfer; NIR, near
infrared; PMT, photomultiplier tube.
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small Stokes' shifts, and scattered light is most difficult
to eliminate at wavelengths close to the excitation wave-
length.

In recent publications we described a new approach
to creating fluorophores that display larger Stokes' shifts,
red or NIR emission, and decay times over 30 ns [4-5].
These probes are based on resonance energy transfer
(RET) using a long-lifetime donor and a red-emitting
high quantum yield acceptor. These luminophores are
typified in scheme I, which shows a long-lifetime donor
(D) that is covalently linked to an acceptor (A). In this
example the D-to-A distance is assumed to be 0.7 Ry,
where R, is the Forster distance. This separation results
in approximately 90% transfer efficiency. The donor is
a luminescent transition metal-ligand complex (MLC),
which can display a wide range of absorption and emis-
sion wavelengths and long decay times ranging from 100
nsto 10 ps[6—7]. These complexes have been developed
for use as luminescent probes[8-9] for studies of protein
dynamics, immunoassays, and chemical sensing [10-13].

Although the MLCs are useful luminophores, they
possess several disadvantages. The extinction coefficients
arelow, typically near 10,000 M ~*cm™?, and theemission
spectraare broad. Broad emission spectraresult in signifi-
cant spectral overlap of the emission spectra of different
MLCs and an inability to use at multiple-emission wave-
lengths to resolve multiple species. Broad emission spec-
tra also reduce sensitivity because the autofluorescence
over the wide range of wavelengths contributes to the
measured intensity.

We circumvented the disadvantages of the MLCs
by the use of a tandem probe in which a long-lifetime
MLC is the donor and a high quantum yield but short-
lifetime fluorophore is the acceptor (Scheme I). In such
luminophores, RET occurs throughout the donor decay,
providing along-lifetime component in the acceptor emis-
sion. Assumethedonor lifetimein the absence of acceptor
istp = 1000 ns. The presence of a single acceptor at a
distance of 0.7 R, will reduce the lifetime to about 100

r=0.7R,
D A
Tp = 1000 ns ,=1ns
Tpa = 100 ns Tap = 100 ns
Q,=0.05 Q=10
Qp.ay = 0.90

Scheme |. A potential long-wavelength, long-lifetime luminophore
based on a long-lifetime donor (D) and a short-lifetime acceptor (A).
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ns. Because the acceptor lifetimeis short (14 = 1 ns), the
acceptor intensity will closely follow the donor intensity.
Hence the acceptor will display the same decay time(s)
as the donor. Most will display some absorption at the
donor excitation wavelength. In this case the acceptor
emission will typically display an ns component as a
result of a directly excited acceptor, and a long decay
time near 100 ns resulting from RET from the donor.
The long-lifetime emission acceptor can be readily iso-
lated with gated detection, which is readily accomplished
with photomultiplier tubes (PMTs) [14—16].

An important advantage of such a RET probe
(scheme 1) is an increase in the effective quantum yield
of the long-lifetime D-A pairs. This increase in quantum
yield occurs because the transfer efficiency can approach
unity even though the donor quantum yield is low. The
result of efficient RET from the donor is that the wave-
length integrated intensity of the D-A pair can be larger
than that of the donor or acceptor alone. For 100% transfer
efficiency the overall quantum yield becomes the quan-
tumyield of the acceptor. Thustandem RET probes based
on MLC donors can be used to create long-lifetime
probes, with red-NIR emission, with the added advantage
of anincreased quantum yield for the DA pair. The modu-
lar design of these probes allows adjustment of the spec-
tral properties, including the excitation and emission
wavelengths and the decay times.

Given the simplicity of this idea, we examined the
literature for suggestions of designing luminophores
using low quantum yield donors. There are numerous
primary reports and review articles on RET, and the con-
cept of using the acceptor emission is not new [17-20].
The novelty of our approach is recognition that the effec-
tive quantum yield of the luminophore could beincreased
by rapid energy transfer. Such an increase in effective
quantum yield was not important for the biochemical uses
of RET [17-20], because most donors had good quantum
yields. The value of the RET-enhanced quantum yield
becomes apparent because of the development of the
long-lifetime MLC probes and their low quantum yields.
In retrospect, the possibility of increasing the effective
guantum yield of the donor was observed by the enhance-
ment of lanthanide emission when bound to essentially
non-luminescent DNA or nucleotides [21-23]. However,
to the best of our knowledge, our use of the RET-enhanced
effective quantum yield with low quantum yield donors
to create long-lived red-NIR emission is novel.

THEORY

The theory and application of RET have been
described in numerous reviews [24—26]. Here we discuss
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those aspects of RET needed to demonstrate the occur-
rence of the RET-enhanced quantum yield and long
acceptor decay time. The rate of energy transfer from a
donor to an acceptor is given by:

6
= (50) @

T\ T

where T, is the donor lifetime in the absence of acceptor,
r is the donor-to-acceptor distance, and R, is the Forster
distance at which RET is 50% efficient.

It is known that the transfer efficiency can be meas-
ured using the intensity of the acceptor emission [17].
The transfer efficiency as seen from the acceptor (E,) is
given by

_ & (Fo
e 22 @

where €, and ¢p are the molar extinction coefficients
of the acceptor and donor at the excitation wavelength,
respectively, and F and Fap are the acceptor intensities
in the absence and presence of the donor, respectively.
The use of €5 and €p is only appropriate for a one-to-
one ratio of donor to acceptor. In the present report the
donors and acceptors are not covaently linked and are
not present in a one-to-one molar ratio. In this case, Eq.

(2) becomes:
_ ODa (Fap .
Ba = ODp, (FD 1) &

where ODp and OD4 refer to the optical density of the
donor or acceptor at the donor excitation wavelength.
What is the overall quantum yield for the tandem
luminophore? One can readily show that the total emission
from a tandem luminophore F; = Fp + Fa is given by

Fr = kepQp(1 — E) + k(ea + €0E)Qa (4)

where Qp and Q, are the quantum yields of the donors
and acceptors, respectively, E is the actual transfer effi-
ciency, and k is a constant containing the excitation
intensity, concentration, and instrumental factors. This
expression assumesthe sampleisdilute so that the amount
of light absorbed is directly proportional to the concentra-
tion. In the absence of energy transfer the total intensity
is given by:

Fr = k(epQp + €aQn) )

as expected for a mixture of two non-interacting fluoro-
phores. Suppose the transfer efficiency is 100%. In this
case the overall quantum yield of the tandem lumino-
phore becomes:
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Fr = k(€a + €0)Qa (6)

This result shows that al the photons absorbed by the
donor are transferred to the acceptor, and the effective
guantum yield becomesthat of the acceptor. Examination
of Eq. (4) shows that as the transfer efficiency increases
the absorbed energy is shifted from the low quantumyield
donor to the high quantum yield acceptor, irrespective of
the quantum yield of the donor.

It is informative to consider the time-dependent
decaysof the donor and acceptor inthe presence of energy
transfer. These expressions can be obtained using the
known solution for a reversible excited state reaction
[27—-29] and setting the reverse transfer rate to zero.
Assuming the donor emission and the acceptor emission
can be observed separately, the time-dependent changes
of the donor and acceptor are then given by:

Ipa(t) = Cpap exp(—t/Tpa) (7)
lap(t) = CalBa eXp(—t/7a) — Ba Xp(—t/1pa)] (8)

In these expressions ap and B, are the time zero ampli-
tudes of theintensity decays, and Cp and C, are constants
that depend on the sample concentration and the experi-
mental apparatus. Also, we have assumed the donor and
directly excited acceptors display a single exponential
decay. The pre-exponential factors for the acceptor decay
are equal and opposite and are given by:

_ kT)\A
BA_FD_FA+ kT (9)

In this expression A\, is the radiative decay rate of the
acceptor, and I'p and I' are the decay rates of the donor
in the absence of acceptors and of the directly excited
acceptor, respectively. These values are the reciprocals
of the decay times in the absence of energy transfer,
FD = TDil and FA = ’TAil.

Suppose the rate of transfer is very rapid (Tpa - 0
or kt - ). Then the acceptor decay becomes such that
would be observed if the acceptor were directly excited:

lap(t) = Cala eXp(—t/Tp) (10)

The more interesting result occurs when the decay time
of the donor is much longer than that of the acceptor,
that is, 1o > 7. The acceptor decay becomes:

AkT A

S fexp(—tr75,) — exp(~tim] (11
A T

lan(t) =

Following decay of the short component with a decay
time 7, the acceptor decay displays alifetime equivalent
to the donor decay timein the presence of energy transfer:
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lap(t) = C exp(—t/pa) (12)

where C is a constant.

MATERIALS AND METHODS

Materials

Calf thymus DNA (CT-DNA), Tris-HCI and ethyl-
enediaminetetraacetic acid (EDTA) were obtained from
Sigma (St. Louis, MO). [Ru(bpy).(dppz)]?* (bpy = 2,2'-
bipyridine, dppz = dipyrido[3,2-a:2’,3'-c]phenazine)
(Ru-BD) was synthesized by the method described pre-
viously [30-31] and BO-PRO-3 was purchased from
Molecular Probes, Inc. (Eugene, OR). All reagents were
used without further purification, and water was deion-
ized with a Milli-Q system. To convert CT-DNA into
linear fragments comparable in length to one persistent
length, about 5 mg/ml solution of CT-DNA was sonicated
approximately 10 minutes while submerged in an ice
bath. The sonicated DNA solution was centrifuged for 1
hour at 75,000 X g to remove titanium particles and
undissolved DNA. All experiments were undertaken at
room temperature in 2 mM Tris-HCI, pH 8.0, containing
0.1 mM EDTA.

Absorption and Steady-State Fluorescence
M easurement

Ru-BD served as a donor, and BO-PRO-3 was used
as an acceptor. About 5-10 mM stock solution of Ru-
BD was prepared in dimethylformamide, and the concen-
tration of DNA was quantified using a molar extinction
coefficient of 13,300 M ~'cm™* (expressed as bp) at 260
nm. The DNA concentration was 1 mM base pair (bp)
whilethe concentration of Ru-BD was 20 wM. Concentra-
tions of Ru-BD and BO-PRO-3 were determined using
the extinction coefficients in Table I. The highest BO-
PRO-3 concentration was 120 wM. Because BO-PRO-3
was supplied asa1l-mM stock solution in dimethyl sulfox-
ide (DM SO), the maximum percentage of DM SO in DA
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pairswas 12%(v/v). In preliminary experiment, we found
that DM SO increases the steady-state fluorescence inten-
sity of Ru-BD (data not shown). So, we added aliquots
of DMSO to make 12%(v/v) DMSO in al Ru-BD-BO-
PRO-3 DA pairs to equalize the effect of DMSO. UV/
visible absorption spectrawere measured with a Hewlett-
Packard 8453 diode array spectrophotometer. Steady-
state fluorescence measurements were carried out using
an SLM Model 8000 spectrofluorometer (Spectronic
Instruments, Inc., Rochester, NY') using magic angle con-
ditions. Theexcitation wavel ength of Ru-BD was423 nm.

Freguency-Domain Fluorescence M easurements

Measurements were performed using the instru-
ments described previously [32] and modified with a data
acquisition card from ISS, Inc. (Urbana, IL) [33]. The
excitation source was a blue light-emitting diode (L ED)
LNG992CFBW (Panasonic, Japan) with luminous inten-
sity of 1,500 mcd, and an LED driver LDX-3412 (ILX
Lightwave, Boseman, MO) provided 30 mA of current
at frequenciesfrom 1-9.3 MHz. A 450RD55 interference
filter (Omega Optical, Inc., Brattleboro, VT) and a 4-96
color glass filter (Corning Glass Work, Corning, NY)
were used to isolate excitation wavelength. Sample fluo-
rescence was observed through a 640 = 10 nm interfer-
ence filter (Intor Inc., Socorro, NM). Rhodamine B in
water (1 = 1.68 ns) was utilized as a lifetime standard.

RESULTS

Steady-State Spectra

We used DNA with a non-covalently bound donor
and acceptor to create a long-lifetime luminophore with
high quantum yield. We chose Ru-BD as the donor and
BO-PRO-3 as the acceptor (Fig. 1). Figure 2 shows the
emission spectraof Ru-BD bound to DNA with increasing
amounts of acceptor. The emission from the D-A system
is considerably larger than that of the donor alone bound

Tablel. Quantum Yields (Q), Decay Times (), and Molar Extinction Coefficients (e/\a) Of Fluorophores in DNA

Probe Donor/Acceptor Q ()2 (ns) &M\ (M~ 1ecm™Ynm) &M ma (M~ 1em™Ynm)
RuBD Donor 0.008° 124.0 12,400/423 13,000/440
BO-PRO-3 Acceptor 0.62° 290/423 81,000/575

a Mean lifetimes were calculated using T = X f; 7, where f; is the fractional steady-state contribution of each component to the total emission.
b Quantum yield reference: 4-dicyanomethylene-2-methyl-6-( p-dimethylaminostyryl)4H-pyran in methanol (Q = 0.38).

¢ From Molecular Probes, Inc.
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Fig. 1. Chemical structures of [Ru(bpy).(dppz)]?* (Ru-BD) and BO-

PRO-3.
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Fig. 2. Emission spectra of Ru-BD in the presence and absence of
varying concentrations of the BO-PRO-3 acceptor bound to calf thymus
DNA. Thelong dashed line shows the emission spectrum of the acceptor
alone, 120 .M BO-PRO-3. The BO-PRO-3 concentrations are shown
in uM.
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Fig. 3. Absorption (top) and uncorrected excitation (bottom) spectra
of Ru-BD with 120 uM BO-PRO-3 donor-acceptor pair (short dashed
lines) and the acceptor aone, 120 WM BO-PRO-3 (long dashed line)
bound to calf thymus DNA. Ratios of two absorption (top) and two
excitation (bottom) spectra are shown in solid lines.

to DNA or the acceptor alone bound to DNA (dashed
line).

The absorption and excitation spectra are shown in
Fig. 3 (dashed lines). If the transfer is 100% effective,
the intensity of the acceptor is proportional to (ex + €p)/
€a. According to Tablel, thisratio isnear 44. Examination
of Fig. 3 (bottom) indicates that the acceptor intensity
enhancement is near 8. On the same relative scale the
acceptor alonedisplaysessentially no emission upon exci-
tation at 423 nm (Fig. 3, bottom).

Time-Resolved Decays

We examined the time-resolved decay of the donor,
acceptor, and combined emission. Frequency-domain
intensity decays are shown in Fig. 4. In the absence of
acceptor, the mean Ru-BD lifetime is near 124 ns. The
Ru-BD lifetimeisdecreased by the acceptor. For instance,
aratio of 0.03 acceptors per bp results in a mean donor
lifetime of near 43 ns (Table Il). The directly excited
acceptor shows a lifetime of 4.4 ns. Hence it is clear the
BO-PRO-3 is being excited by RET from the Ru donor.

It is informative to examine the intensity decays
in the time-domain reconstructed from the frequency-
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Fig. 4. Frequency-domain intensity decays of Ru-BD in the absence
(top) and presence (bottom) of 30 WM BO-PRO-3 bound to calf thymus
DNA. The middle panel presents the frequency responses of the BO-
PRO-3 acceptor alone bound to DNA. The solid circles represent the
phase or modulation values, and the solid lines show the best muilti-
exponentid fits to the data.

domain data (Fig. 5). The decays of the directly excited
acceptorsare short, and emission fromthedirectly excited
acceptors will not be observed if the detection is off-
gated for the first 10-20 ns after the excitation pulse.
The donor decays, even in the presence of acceptors, are
long lived. Also, after a brief transition period out to 40
ns, the acceptor decay rates are comparable to those of
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Fig.5. Time-domain representation of intensity decaysof Ru-BD bound
to DNA in the absence and presence of 30 .M BO-PRO-3 bound to
calf thymus DNA. Theintensity decay of the BO-PRO-3 acceptor alone
is also shown.

the quenched donors. This long-lived emission from the
donor can be used for biophysical or analytical purposes.
An important conclusion from this experiment is that the
apparent acceptor decays are adequately long for off-
gating of the autofluorescence from biological samples.
Hence the use of MLC-acceptor pairs can be used to
obtain luminophores that display long lifetimes, high
guantum yields, and long-emission wavelengths.

DISCUSSION

An advantage of the RET probes described above
is that the emission spectra of red and NIR fluorophores

Tablell. Multiexponential Intensity Decay Analyses of the Donor (Ru-BD), Acceptor (BO-PRO-3), and Donor-Acceptor (DA) Pairs Bound to Calf

Thymus DNA?

Sample Acceptor concentration (bp~) T ay SSl, T ay SSl, T3 Qg SSl, (1)P X&
Donor 0 157 0.41 0.71 46.0 0.59 0.29 124.0 14
Acceptor 0.09 44 100 1.00 4.4 1.2
DA 0.03 119 0.03 0.24 30.7 0.16 0.41 5.2 0.81 0.35 434 0.9
DA 0.06 114 0.02 0.19 30.0 0.16 0.41 5.8 0.82 0.40 35.6 0.8
DA 0.09 131 0.01 0.18 26.6 0.17 0.40 5.7 0.82 0.42 36.2 0.7

2 LED excitation was at 440 nm, and emission was observed at 640 = 10 nm. There was no spectral separation between the donor and acceptor

fluorescence.

b Mean lifetimes were calculated using () = f; 7, where f; is the fractional steady-state contribution of each component of the total emission.



Enhanced Emission Induced by FRET

are typicaly narrow on the wavelength scale, whereas
the emission spectra of the MLCs are broad. Because
autofluorescence from biological samplesistypically dis-
tributed broadly on the wavelength scale, the concentra-
tion of the emission into a narrow spectral range by the
acceptor should improve detectability. These lumino-
phores may be used for DNA hybridization [34—-35],
fluorescence in-situ hybridization (FISH) [36], or as
molecular beacons [37]. When using our approach, most
of the species labeled with donor or acceptor alone will
display little emission. In contrast the D-A pairs due to
macromolecular association will be brightly fluorescent.
Additionally, the acceptor emission will be long lived.
Using time-gated detection brightly fluorescent spots may
become apparent against background of weakly stained
chromatin and/or short decay time. These spectral proper-
ties could be useful for detection of oligonucleotide
hybridization on DNA arrays [38—39], which are becom-
ing widely used for analysis of gene expression [40—41].
This approach can also be used to create D-A pairs that
act as a single luminophore, or this effect can be used to
detect interactions in samples containing species labeled
with the donor or acceptor. And, finally, one can imagine
the use of the enhanced emission, and inhibition of the
enhancement, for use in macromolecular binding assays
in high-throughput screening [42—43]. There appear to be
numerous applications of long-wavelength long-lifetime
probes in biochemical and biomedical research.
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