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Abstract

We describe a new approach to making luminophores that display long emission wavelengths,
long decay times, and high quantum yields. These luminophores are covalently linked pairs with a
long-lifetime resonance-energy-transfer (RET) donor and a long-wavelength acceptor. The donor
was a ruthenium (Ru) metal-ligand complex. The acceptor was the Texas Red. The donor and
acceptor were covalently linked by polyproline spacers. The long-lifetime donor results in a long-
lived component in the acceptor decay, which is due to RET. Importantly, the quantum yield of the
luminophores approaches that of the higher quantum yield acceptor, rather than the lower quantum
yield typical of metal-ligand complexes. The emission maxima and decay time of such tandem
luminophores can be readily adjusted by selection of the donor, acceptor, and distance between
them. Luminophores with these useful spectral properties can also be donor-acceptor pairs
brought into close proximity by some biochemical association reaction. Luminophores with long-
wavelength emission and long lifetimes can have numerous applications in biophysics, clinical
diagnostics, DNA analysis, and drug discovery.

In fluorescence spectroscopy, the information available from an experiment is largely
determined by the spectral properties of the fluorophore. For example, the anisotropy decay
of fluorophores that display nanosecond decay times can be used to measure motions on the
nanosecond time scale. If slower motions on the microsecond time scale are of interest, then
it is necessary to use fluorophores that display microsecond decay times. Furthermore,
intracellular fluorophores that require UV excitation result in a background of undersired
emission due to the intrinsic fluorescence of cells and tissues. This autofluorescence from
biological samples is mostly on the nanosecond time scale, and its intensity decreases at
longer excitation and emission wavelengths. For these reasons, there is a need for
fluorophores that display both long emission wavelengths and long decay times. To our
knowledge, there are no luminophores that display the desired spectral properties of long
decay times, long excitation and emission wavelengths, and high quantum yields.

During the past decade, a good number of fluorophores that display red or near-infrared
(NIR) emission1~2 have become available. Such probes are widely used in the biochemical
and medical applications of fluorescence, including protein labeling, DNA sequencing,3-2
and in vivo measurements.10-13 Many of the red/near infrared (NIR) fluorophores display
high extinction coefficients and good quantum yields, both of which indicate the absorption
and emission electronic transitions are strongly allowed. Consequently, the decay times of
the red/NIR probes are typically under 2 ns, as is predicted by theory.14 The longest lifetime
for red/NIR fluorophores is under 5 ns, which is found for some phthalocyanines and similar
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structures.1>-17 We are not aware of any approach to increasing the decay times without the
use of an alternative process, such as phosphorescence.

We now describe a new approach to creating red/NIR luminophores that display both long
decay times and high quantum yields. This approach is illustrated by the tandem
luminophore in Scheme 1. This luminophore is based on resonance energy transfer (RET)
from the ruthenium metal-ligand complexes (MLC) donor to the Texas Red (TR) acceptor.
We use the term luminophore because emission from the MLCs displays both singlet and
triplet character. We use a metal-ligand complex as the donor because the transition from the
triplet excited state to the singlet ground state is not allowed, and these molecules display
long lifetimes ranging from 100 ns to 10 £5.18-20 Some MLCs that display still longer decay
times from 50 to 260 52923 are known. Because of the long lifetimes, ease of synthesis,
and range of spectral properties, the MLCs have been developed as luminescent probes in
physical, analytical, and biophysical chemistry.24-31

Although the MLCs display some favorable spectral properties, other properties are less
favorable. The MLCs display low extinction coefficients, typically less than 20 000 M=t cm
=1 which is one reason for the long decay times,14 but which result in decreased sensitivity.
Additionally, most MLCs display low quantum yields, which rarely exceed 0.1, and the
quantum yields of the MLCs with the longest decay times are often smaller.29-23 Finally, the
emission spectra are broad, which makes it more difficult to quantify the MLC emission in
the presence of autofluorescence, because the background is also widely distributed across
the wavelength scale.

In the present report, we describe a generic approach to overcoming these limitations of the
available MLC and red/NIR probes, as typified in Scheme 1. The luminophore consists of a
MLC, which displays a long lifetime, that is covalently linked to a high-quantum-yield
acceptor. The luminophore is excited at a wavelength where the MLC absorbs, typically near
450 ns for the ruthenium (Ru) MLCs. The emission is red-shifted to longer wavelengths by
RET to the red/NIR emitting acceptor. Some long wavelength probes have low absorption
near 450 nm, so that most of the incident light is absorbed by the donor. Much, if not most,
of the acceptor emission is, thus, due to energy transfer from the MLC. Following pulsed
excitation, the excited state population of the MLC becomes the only excitation source for
the acceptor, which continues to emit as long as MLCs remain in the excited state. Such
luminophores can still display long decay times in the presence of RET. For instance, if the
MLC donor displays a lifetime of 1 /s in the absence of RET, the lifetime of the
luminophore is expected to decrease to 100 ns if the RET efficiency is 90%. A decay time of
100 ns is still significantly longer than that seen with known red/NIR probes and also
significantly longer than most autofluorescence, which typically decays in 10 ns. With a 10-
LS-decay-time donor, 90% transfer efficiency will result in a 1-45 component in the acceptor
decay. An important feature of a MLC tandem luminophore is an increased quantum yield.
When energy transfer is rapid, most of the energy is transferred from the MLC to the
acceptor. In this case, the quantum yield of the luminophore approaches the higher value of
the directly excited acceptor rather than the lower value of the MLC.
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We demonstrated the practical usefulness of these tandem luminophores using the covalently
linked donor—acceptor (D-A) pairs shown in Scheme 1. These D—A pairs can be considered
to be the probe or reagent, in the same manner that linked DNA pairs have been developed
for DNA sequencing.32-33 Alternatively, this unique long-lifetime high-quantum-yield
emission can be the result of protein or nucleic acid association reactions.

MATERIALS AND METHODS

The Texas Red iodoacetamide with a C5 linker was purchased from Molecular Probes, Inc.
The [Ru(bpy), (amino phenanthroline)]2* was a gift from Dr. Jonathan Dattelbaum. The Ru
MLC was synthesized following published procedures.18:19.24.25 |t was converted into
isothiocyanate by treating with 500 4L of thiophosgene in 1 mL of acetone for 3 h. Both the
solvent and the thiophosgene were removed under a stream of nitrogen, and the
isothiocyanate was used immediately.

The oligoproline peptides with a cysteine at the C-terminus were synthesized at the
biopolymer facility of the University of Maryland School of Medicine, Baltimore. The crude
peptides were purified by RP-HPLC on a C18 column using a gradient of 100% acetonitrole
containing 0.05% TFA in 0.1% TFA. The molecular weights of the peptides were confirmed
by mass spectroscopy.

The peptides were labeled first with the acceptor. Typically, a millimolar solution of the
peptide in 0.2 M bicarbonate buffer, pH 8.5, was reacted with a 2-fold excess iodoacetamide
for 6 h. The resulting peptide was purified from the free probe using a column of Sephadex
G-15 running in 20% DMF solution. The labeled peptide was further purified by HPLC.

To prepare the double-labeled peptide, the acceptor-labeled peptide was further reacted with
a 5-fold excess Ru isothiocyanate in 0.2 M bicarbonate, pH 9.0, for 6 h. The peptide was
separated from the free probe by passing through a Sephadex G-15 column and was further
purified on HPLC. To prepare the donor-only peptide, the sulfydryl group was first blocked
using a 5-fold excess iodoacetic acid at pH 8.5 for 1 h, and to the same reaction mixture, a 5-
fold excess of the isothiocyanate was added, the pH was adjusted to 9, and it allowed to react
for 6 h. The free dye was separated on a Sephadex G-15 column, and the donor-labeled
peptide was purified by HPLC. The purified peptides were lyophilized and stored as water
solutions at 4 °C.

The steady-state measurements were performed in an aqueous 5 mM hepes, 100 mM NaCl
solution, pH 8. The measurements in propylene glycol were without buffer, with the
propylene glycol at least 98%, the remainder being water. The peptide concentrations were
<2 M for the steady-state measurements and about 10 ¢M for the time-resolved
measurements. An aqueous solution of rhodamine B with a lifetime of 1.68 ns was used as
the reference. The frequency-domain lifetime measurements were performed on a SLM
instrument equipped with an LED emitting at 450 nm as a light source. The emission was
observed through a 630/40-nm band-pass filter. The details of the instrumentation are
published elsewhere.34
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Resonance Energy Transfer

The theory and application of RET have been described in numerous reviews.35-37 Here, we
discuss those aspects of RET that are needed to demonstrate the occurrence of a RET-
enhanced quantum yield and the appearance of a long-lifetime component in the acceptor
decay. The rate of energy transfer for a donor to an acceptor is given by

)

where TOD is the donor lifetime in the absence of acceptor, ris the donor-to-acceptor distance,

and Ry is the Forster distance at which RET is 50% efficient. The value of /& can be
accurately calculated from the spectral properties of the donor and acceptor.

Consider the donor-acceptor pair (Scheme 1). Assume the donor has a lifetime TOD =1 usand

the acceptor, a lifetime of T% = 1 ns when directly excited. The efficiency of energy transfer

is given by the ratio of the transfer rate to the total rate of donor deactivation, which is the
reciprocal of the lifetime. Hence, the transfer efficiency (E) from the donor is given by

kr+Tp

ky

E
/ID+kD+kT

)
0

where I'py = (TD)_I = (A + k)~ ! is the decay rate of the donor in the absence of acceptor,

and Ap and Ap are the radiative and nonradiative decay rates, respectively (Scheme 2). The
transfer efficiency (£) can be determined experimentally from the relative intensities of the
donor in the absence (/p) and presence (/pa) of acceptor
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The transfer efficiency can also be determined from the donor decay times in the absence
(ey) or presence (zp) of acceptors,

T
E=1-=
D

(4)

This expression is valid only when the donor decay is a single exponential. The decay time
of the donor in the presence of acceptor is given by

T = 1/(kT+ FD)

®)

which is the reciprocal of the sum of the deactivation rates of the donor.

Steady-State Theory for Long-Wavelength Long-Lifetime High-Quantum-Yield
Luminophores

The possibility of using rapid RET to improve the system quantum yield with low quantum
yield donors can be seen from the equations that describe the donor (/p) or acceptor (Fa)
intensities. Consider the kinetic scheme shown in Scheme 2. The intensity of the donor and
acceptor is proportional to the amount of light absorbed or the extinction coefficient (ep and
€p) and the fraction of the absorbed light that is emitted. Hence, in the absence of RET

AnE
o _ DD _ 0. _ 0
FD_m_QDeD_TD/lDGD
(6)
An€
o _ ATA 0. _ 0
FA_AA_FkA_QAeA_TAﬂAEA
()
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where e and ep are the extinction coefficients at the wavelength used to excite the donor.
The lifetimes of the unquenched donor and the directly excited acceptor are given by

(TOD)_l = Ap +kpand (Tg)_l = A, + k4. The quantum yields of the donors or acceptors in the
absence of energy transfer are given by the ratio of the emissive rates (1p or 1) to the sum
of the rate process that depopulates the excited state (1p + Ap) or (1a + Aa). There is
usually some acceptor emission, even in the absence of RET due to direct absorption
(excitation) of the acceptor resulting from the nonzero value of €. For clarity, we dropped

the proportionality constant that should be on the right side of both eqs 6 and 7.

In the absence of RET, the total intensity (F%) of the donor (FOD) and acceptor (FOA) is that due

to direct excitation of both species

Ap€p An€n
/ID + kD AA + kA

0 _ 0 0 _ _ A0 0
Fr=Fp+F,= =0pep+ 046y

®)

where F1° is the total emission in the absence of transfer. Now assume that RET occurs at a
rate, k7. The intensities of the donor and acceptor are given by

AnE
DfD
Fh=———" =Q.¢
DA +kp +kp D™D
)
ZIIN krep Aa

F. =
AT Ay +ky  Apthkythkpdy+ky

(10)

The intensity or quantum yield of the donor, O = Ap/(Ap + Ap + A7), is decreased by an
additional rate A7 that depopulates the donor (eq 9). The intensity of the acceptor is
increased by the transfer rate, &r. The transfer efficiency term, £ = kt/(Ap + kp + A7), in eq
10 can be understood as the fraction of absorbed photons absorbed by the donor that are
transferred to the acceptor. These transferred photons are emitted at a quantum yield, Qa =
Aal(Aa + kp). The energy received from the donor is emitted at the quantum yield of the
acceptor. The combined emission intensity of the donor and acceptor is given by
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T D A D*D A\"A D DD A\"A D

(11)

It is instructive to consider the limits of very slow (kr — 0 and £— 0) and very fast (kt —
00) energy transfer. In the limit of no energy transfer, the total intensity becomes equal to
that of a mixture of two noninteracting fluorophores (eq 8). In the limit of rapid transfer (&t
— 00 and £— 1), the total intensity becomes

_ Aplen +ep)

Fr= Ay +ky = 0xes +e€p)

(12)

This is an important result that indicates that the total intensity is proportional to both the
sum of the extinction coefficients and the quantum yield of the acceptor. This occurs because
the energy transfer can occur with an efficiency of 1, even if the donor quantum yield is low.
If the rate of energy transfer is fast and if the acceptor absorbs weakly at the excitation
wavelength (e < €p) then

(13)

This equation shows that with rapid energy transfer and no directly excited acceptor, the
acceptor emission intensity is proportional to the amount of light absorbed by the donor and
the quantum yield of the acceptor. The donor-acceptor pair becomes essentially a new
“fluorophore” with an extinction coefficient ep and a quantum yield Qa.

Kinetic Equations

It is informative to consider the time-dependent decays of the donor and acceptor and the
total emission. These expressions are similar to those known for an excited-state reaction.
38-41 In our case, the reverse transfer rate from A to D is zero (Scheme 2). Additionally,
since both donor and acceptor are present all times, there is some direct excitation of the
acceptor in addition to the acceptor that is excited by RET from the donor. The time-
dependent changes in the donor and acceptor populations are given by
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AP) (0 4 k)ID] + L)
(14)
AL~ L [AL+ kD] + €, L)

(15)

where L(9) is the excitation function. The square brackets are taken to indicate the excited-
state population of each species. The time-dependent decays of the donor and acceptor are
given by

In(0) = Ngexp[— (T + k1)r]

(16)

15(t) = Aexp|— (T + k)] + (N3 — A)exp[—T /]

17)

where N% and NOA are the number of excited donors and acceptor molecules at £=0. The

preexponential factors in eqs 16 and 17 are proportional to epL(#) and epL(2), respectively,
but are not shown. The factor A

0 0
A= NDkT _ _NDkT
l—‘A_FD_kT l—‘A_FD_kT

(18)

depends on the efficiency by which the acceptor is pumped by the donor. According to eq
16, the donor decay /(9 is the usual decay rate of a donor having a transfer rate, &r. The
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acceptor decay contains a component with the lifetime of the acceptor, rg, and a component

with the lifetime of the quenched donor, zp.

Suppose the acceptor decay is very rapid; that is, the directly excited acceptor displays a
short lifetime, 7o — 0 or ['p is very large. Then the acceptor decay becomes

1,(1) = Aexp|—(Tp + kp)t]

(19)

This result shows that in the limit of a short acceptor lifetime, the acceptor emission
resulting from energy transfer displays the same lifetime as the quenched donor. A similar
result is shown if one assumes zp K za or I'p K I'p. In this case, the rightmost term in eq
17 decays rapidly to zero, relative to the donor decay, and the acceptor decay resulting from
RET displays the same decay time as the donor. If there is no initially excited acceptor,

NOA = 0, the one obtains equal and opposite preexponential factors, and the acceptor decays

according to

I,() = Aexp[—(FD + kT)t] - Aexp[FAt]

(20)

We performed simulations to predict the spectral properties of the D—A pair for typical
decay times and quantum yields. For these simulations, we modified eq 11 to use the
normalized extinction coefficient ep” and ep”

0p = Qepy(1 — E) + 0% (¢)y + Eepy)

(21)

where

61’) = eD/(eD + eA)

(22)
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and

ex=cal(epten)
(23)

Figure 1 shows the total quantum yield expected for three D—A pairs for various transfer
efficiencies. We assumed the quantum yield of the acceptor was high, QOA = 0.9 (top),

intermediate Qg = 0.5 (middle) and low Qg = 0.1 (lower panel). Because most acceptors will

absorb at the donor excitation wavelength, we assumed the normalized extinction coefficient
of the acceptor was ea” eal/(ea + ep) = 0.10. As the transfer efficiency increases, the total
quantum yield approaches that of the acceptor. If the acceptor quantum yield is low (lower
panel), then energy transfer decreases the overall quantum yield. Importantly, if the quantum
yield of the acceptor is high (upper panel), the overall quantum yield approaches that of the
acceptor for high transfer efficiency.

We also simulated the intensity decays that are expected for the donor and acceptor in D-A
pairs for various transfer efficiencies (Figure 2). The assumed decay times were TOD = 1000 ns

and ‘rg = 10 ns. An important conclusion from these simulations is that the acceptor can

display long decay times. For example, suppose the transfer efficiency is 33% (Figure 2, top
panel). In this case the acceptor shows a decay time of z= 667 ns (Table 1). The transfer
efficiency can be as high as 90.9% and the acceptor still display a 91 ns decay time. These
simulations shows that usefully long decay times can be obtained even with high transfer
efficiency.

RESULTS

We examined the emission spectra of Ru—(pro)g-cys-TR (Scheme 1), which we will refer to
as the (pro)g D—A pair. As a control for the donor alone (D), we used the structure shown in
Scheme 1 with the sulfhydryl group blocked with iodoacetamide. For the acceptor (A), we
used the structure shown in Scheme 1 without the covalently linked donor. Emission spectra
of these three compounds are shown in Figure 3. These spectra were obtained using the
same molar concentrations of D, A, and D-A. The overall intensity of the D—A pair is about
5-fold larger than the sum of the donor and acceptor alone. This result demonstrates that a
tandem luminophore with a low quantum yield donor can display a higher quantum yield
than either species alone.

Figure 4 shows the absorption and excitation spectra of D, A, and D-A. The absorption
spectra of D—A was found to be essentially identical to the sum of the D-alone and A-alone
absorption spectra (top). Contrasting results were found for the excitation spectra (Figure 4,
bottom). In this case, the intensity of the long-wavelength emission with excitation at 450
nm is about 6-fold greater than that of the directly excited acceptor and about 20-fold larger
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than the donor alone. This result also demonstrates the role of energy transfer in increasing
the effective quantum yield of the donor.

The enhanced emission demonstrated in Figures 3 and 4 is determined by the relative
extinction coefficients of the donor and acceptor at the excitation wavelength. The ratio of
the donor to the absorption spectra is shown in the top panel of Figure 5. This ratio displays
a maximum near 6 at 450 nm, which is near the peak of the donor absorption and the
minimum of the acceptor absorption. The ratio of the excitation spectra shows the same
trend, with a maximum near 450 nm (Figure 5, bottom). These results demonstrate that the
enhancement at the acceptor emission is determined by the ratio of the light absorbed by
each species.

We then questioned if the enhanced red emission with usefully long decay times could be
obtained. This is an important consideration, because if the donor and acceptor are too close
or if the rate of transfer is too fast, then the donor decay time will be shortened toward the
nanosecond value characteristic of the directly excited acceptor. The frequency-domain
intensity decay of D, A, and D-A are shown in Figure 6 (prog linker) and Figure 7(proy
linker). In both figures, the top panel represents results that were obtained in buffer, and in
the lower panel are shown those obtained in propylene glycol. For ease of understanding, the
frequency-domain data were used to reconstruct the time-dependent decays (Figure 8). In
the absence of acceptor, the donor alone displays a mostly single exponential decay with a
decay time of 515 ns (top panel, Figures 6 and 7). The donor decay time is longer in
propylene glycol (bottom panel, Figures 6 and 7), near 820 ns. The decay time of the
directly excited acceptor is much shorter and is near 4 ns in either solvent.

The D-A pairs measured at the acceptor emission wavelength display a more complex
intensity decay, as can be seen from the frequency responses for D-prog-A (Figure 6) or D-
prog-A (Figure 7). One notices that the sensitized acceptor emission in both D-A pairs
displays a longer decay time, as seen from the shift to lower frequency. When the D-A pairs
are compared, the sensitized emission from D-prog-A is longer-lived than that from D-prog-
A. The intensity decay parameters obtained from multicomponent analysis are summarized
in Table 2. For a D-A pair at a single distance, one expects a single decay time for the donor.
The heterogeneous decays of the D—A pairs are the result of a range of D—A distances
because of the flexibility of the linkers, especially the linker to Texas Red. There are 12
chemical bonds between the last proline and Texas Red; however, it is possible to synthesize
an acceptor with a shorter linker, which should result in a more homogeneous decay.
Nonetheless, the D-prog-A displays a long decay time near 22 ns in water and 55 ns in
propylene glycol, and we observe times of 50 ns (buffer) and 130 ns (propylene glycol) in
the case of D-prog-A. The longer lifetimes in for D-prog-A are expected, because the D and
A are separated by a larger distance. We assigned these longer-lived components as due to
the acceptors that are being excited by RET from the excited donor population. In the case
of D-prog-A, the sensitized acceptor lifetime suggests a RET efficiency greater than 95%,
which is corroborated by the steady-state intensity results. It is also clear from the results
obtained with D-prog-A that long decay times exceeding 100 ns can be obtained using such
tandem luminophores.
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DISCUSSION

Many reports have appeared on the use of the acceptor emission to quantify the RET transfer
efficiency. These include numerous primary reports and review articles, so the use of the
acceptor emission to measure the transfer efficiency is not new.*2-45 In addition, Selvin and
co-workers have already noted the usefulness of measuring the long time acceptor emission
with lanthanide donors to selectively detect D-A pairs*6 and to modify the long decay time
of the acceptor using spacers.*’48 Additionally, covalently linked donors and acceptors,
both with short decay times, have been developed for use in DNA sequencing32:33 and as
high-affinity dyes that bind noncovalently to DNA.4%-50 The novelty in the present report is
recognition that the effective quantum yield of the luminophore could be increased by rapid
RET. Such an increase in effective quantum yield has not been important in the biochemical
uses of RET,#2-50 hecause most organic donors have good quantum yields. The increased
effective quantum yield of the donor has not been important for RET with the lanthanides,
because transfer from the organic chelates to the lanthanides is efficient, and the shielded
lanthanide donors often display quantum yields near unity. The value of the RET-enhanced
quantum yield becomes apparent only because of the development of the long-lifetime MLC
probes and their low quantum yield. In retrospect, the possibility of increasing the effective
quantum yield of the donor was “known” by the enhancement of lanthanide emission when
bound to essentially nonluminescent DNA or nucleotides.>1-53 However, to the best of our
knowledge, the practical utility of the RET-enhanced effective quantum yield with low
quantum yield donors has not been previously reported.

From egs 12 and 13, it is obvious that the effective quantum yield of such probes will be
governed by the molar extinction of the donor and the quantum yield of the acceptor. The Ru
MLCs have significantly lower molar extinctions (<20 000 M~1 cm~1) when compared to
fluorescein-like organic fluorophores with molar extinctions approaching 100 000 M~ cm
~1. However, there are examples of Ru MLCs that are sensitized with organic fluorophores
and have molar extinctions comparable to those seen in fluorescein-like molecules (ref 20
and references therein). Another, and even more important, fact is that the longer lifetimes of
such tandem probes will allow off-gating of the nanosecond autofluorescence. The use of
gating with sensitized lanthanide emission has been shown to provide high sensitivity
detection in biological samples.54-56 We believe similar sensitivity will be available to these
probes when combined with appropriate gating.

We feel that our approach to tandem luminophores can be rationally used to obtain the
desired spectral properties. RET is a highly predictable phenomena, and the long acceptor
decay time could be increased by a longer spacer. Additionally, less spectral overlap of the D
and A could be obtained using shorter-wavelength rhenium MLC donors or longer-
wavelength acceptors. These tandem luminophores can be prepared in conjugatable forms
and used as a single reagent. And finally, this concept can be applied to the measurement of
protein or DNA association reactions in which the donor and acceptor are present in separate
molecules.
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Figure 1.
Effect of energy transfer efficiency on the total quantum yield.
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Simulated time-dependent decays of the donor and acceptor, each alone and in a D—-A pair.

For these simulations, <%, = 1000 ns, and 75 = 10 ns.
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Figure 3.
Emission spectra of the Ru—(pro)g donor (D) the TR acceptor (A) and the covalently linked

pair (D-A) in aqueous buffer.
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Absorption (top) and excitation (bottom) spectra of Ru—(pro)g(D), TR(A), and Ru—(pro)g-

TR (D-A) in aqueous buffer.
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Figure 5.
Ratio of the absorption spectra (top) and emission spectra (bottom) of the D—A pair divided

by that of the acceptor in aqueous buffer.
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Figure 6.
Frequency domain intensity decays of the donor alone (D), acceptor alone (A), and the

covalently linked D-prog-A pair in aqueous buffer (top) and in propylene glycol (bottom).
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Frequency domain intensity decays of the donor alone (D), acceptor alone (A), and the
covalently linked D-prog-cys-A pair in the aqueous buffer (top) and in propylene glycol

(bottom).
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Figure 8.
Reconstructed time-domain intensity decays of the donor alone (D), acceptor alone (A), and

the covalently linked pair (D-A) in water (top) and in propylene glycol (bottom). The solid
line, zpp, is for D-prog-A and the dashed—dotted (—s—e-) line, zpa, is for D-prog-A.
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Scheme 1. Chemical Structure of a Ru MLC Covalently Linked to Texas Red (D-A)2

4 The donor-alone control had the sulfhydryl group blocked with iodoacetamide. The

acceptor alone was the peptide without the MLC group.
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Scheme 2. Jablonski Diagram for an Irreversible Excited-State Process
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Expected Lifetimes and Total Quantum Yields for D-A Pairs”

Table 1.

transfer efficiency E

acceptor fluorescence t; ns

lifetimes ¢, ns

total quantum yield of the system Qr = Qp + Qa

Page 25

0 10 0.108
0.091 10 909 0.180
0.333 10 667 0.372
0.500 10 500 0.504
0.667 10 333 0.636
0.833 10 167 0.768
0.909 10 91 0.829
0.950 10 48 0.860
0.980 10 20 0.884
ar% = 1000 ns, T% = 10ns, QOD =0.02, QOA = 0.90. For these calculations, we assumed the extinction coefficient of the donor is 9-fold

larger than that of the acceptor at the excitation wavelength.
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Table 2.

Page 26

Multiexponential Intensity Decay Analysis for the Donor, Acceptor, and D—A Pairs Shown in Scheme 1°

solvent/compd water Q aib
Water
D-prog 0.0333  0.099
0.901
prog-A 0.360 1.0
D-prog-A 0.33 0.469
0.353
0.178
D-prog-A 0.784
0.137
0.079

Propylene Glycol
D-pro-g 0.125
0.875
prog-A 1.0
D-prog-A 0.803
0.178
0.069
D-prog-A 0.839
0.089
0.072

0.009

0.991
1.0

0.198
0.304
0.458
0.287
0.252
0.461

0.014
0.986
1.0

0.363
0.245
0.392
0.225
0.170
0.604

Ti

516.7
4.0
35
7.0
22.7

4.4
22.3
711

79.4
785
4.1
7.9
33.4
99.5
5.1
36.3
157.8

1.26
0.82

0.51
13

a._ . .. . . S o I
Excitation was at 455 nm using a blue-light-emitting diode. The emission was measured at 630 nm with a 25-nm band-pass.

bThe decays were analyzed internally at the multiexponential model, I(t) = Zaiexp(— t/rl.), fi = airl./ a

Csp=0.3° and &m= 0.003.

T .
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Anal Chem. Author manuscript; available in PMC 2019 October 28.



	Abstract
	MATERIALS AND METHODS
	THEORY
	Resonance Energy Transfer
	Steady-State Theory for Long-Wavelength Long-Lifetime High-Quantum-Yield Luminophores
	Kinetic Equations
	Simulations

	RESULTS
	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Scheme 1.
	Scheme 2.
	Table 1.
	Table 2.

