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m Abstract Using luminescent lanthanides, instead of conventional fluorophores,
as donor molecules in resonance energy transfer measurements offers many technical
advantages and opens up a wide range of new applications. Advantages include farther
measurable distances{00A) with greater accuracy, insensitivity to incomplete label-

ing, and the ability to use generic relatively large labels, when necessary. Applications
highlighted include the study of ion channels in living cells, protein-protein interaction

in cells, DNA-protein complexes, and high-throughput screening assays to measure
peptide dimerization associated with DNA transcription factors and ligand-receptor
interactions.
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INTRODUCTION TO LANTHANIDE LUMINESCENCE
AND ITS APPLICATIONS

Luminescent lanthanide chelates have highly unusual spectral characteristics that
make them useful nonisotopic alternatives to organic fluorophores, particularly
where there are problems of background autofluorescence (40, 53). They are also
useful donors in fluorescence (luminescence) resonance energy transfer to measure
nanometer conformational changes and binding events (42, 50, 57). In this review
we focus on the use of lanthanides in energy transfer experiments.

Fluorescence resonance energy transfer (FRET) is a widely used technique to
measure the distance between two points separated by approximately ¥%5-100
(10, 12,16, 49,51). Measurements can be done under physiological conditions in
vitro and especially with genetically encoded dyes, often in vivo as well. The tech-
nigue relies on a distant-dependent transfer of energy from a donor fluorophore to
an acceptor dye. Energy transfer leads to spectral changes, including changes in
donor intensity, excited-state lifetime, and photobleaching rates, as well as accep-
tor changes. By monitoring these changes, the amount of energy transfer can be
deduced, and with suitable calibrations one can then infer the distance. FRET has
generally relied on organic-based dyes. However, a recent modification of the tech-
nigue uses a luminescent lanthanide donor to transfer energy to an (organic-based)
acceptor dye. Because lanthanide emission is technically not fluorescence (i.e.,
arising from a singlet-to-singlet transition), this has been called lanthanide-based
or luminescence resonance energy transfer (LRET). LRET has a number of techni-
cal advantages compared to conventional FRET but relies on the same fundamental
mechanism: subject to careful interpretation of various terms. Technical advan-
tages include larger measurable distance rast)@@A), with significantly greater
accuracy and signal to background, and insensitivity to incomplete probe labeling.

First we briefly discuss the luminescent and photophysical characteristics of
lanthanides, followed by a brief review of FRET theory and measurement, high-
lighting those areas where lanthanides differ from conventional probes. We then
show a number of applications where LRET has enabled new types of systems to
be studied: ion channels in living cells, the molecular motor myosin in vitro and in
vivo, and the detection of binding events in high-throughput drug screening assays.

CHARACTERISTICS OF LUMINESCENT
LANTHANIDE PROBES

Figure 1 shows four prototypical luminescent lanthanide probes. All contain an
organic chromophore, which serves as an antenna or sensitizer, absorbing the
excitation light and transferring the energy to the lanthanide ion. An antenna is
necessary because of the inherently weak absorbance of the lanthanidé (1 M
cm™L, or 1:—10° Mt cm~! smaller than conventional organic fluorophores.) The
complexes also contain a chelate that serves several purposes, including binding
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Figure 1 Structure of representative chelates.

the lanthanide tightly, shielding the lanthanide ion from the quenching effects
of water, and acting as a scaffold for attachment of the antenna and a reactive
group, the latter for coupling the chelate complex to biomolecules. In the cryptates,
LANCE, and terpyridine probes (Figurdédd), the antenna is involved in bind-

ing the lanthanide; hence logically there is not a clear separation between chelate
and antenna, whereas in the polyaminocarboxylate chelates such as DTPA-cs124
(Figure 1) the DTPA chelate and cs124 antenna are distinct entities. All four
sets of probes shown have been used as detection agents to replace either con-
ventional fluorescent probes or radioactive probes [reviewed in (48)] where sub-
picomolar detection limits have been achieved (13,21, 43,47,54, 64). They have
also been used in resonance energy transfer application, which is the focus of this
review (2,6,9,17, 23, 25, 29, 34, 41-43, 55,57, 62). The predominant application
of the cryptates (commercialized by CIS-Bio International and Packard Instru-
ments) and LANCE (commercialized by Wallac, now part of Perkin Elmer) have
been in binding assays associated with high-throughput screening, whereas the
primary application of the polyaminocarboxylate compounds have been in basic
studies to measure conformational changes. However, all such chelates can be

used in both applications. We focus on the polyaminocarboxylate chelates such as
DTPA-cs124.
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Figure 2 (a) Emission spectra andb)lifetime of Th**- and
EWt-DTPA-cs124.

Figure 2 shows the emission spectra and Figubeshows the excited-state
lifetime characteristics of the DTPA-cs124 bound to either terbium or europium.
These two are by far the most useful lanthanides. Dy and Sm are the only other
two lanthanides that emit in the visible but with much weaker intensity (65).
Excitation of the antenna is in the ultraviolet, typically utilizing the convenient
nitrogen laser (337 nm), although flash lamps can also be used. Emission is in
the green (Tb) and red (Eu). This large Stokes shift enables facile discrimination
against excitation light. Eu and Th emission are sharply spiked in wavelength, with
long (msec) excited-state lifetimes. These attributes are important for resonance
energy transfer applications (see below). The sharply spiked spectra occur because
emission is atomic-like and the chelate shields the atom from broadening effects of
the solvent. The long lifetime occurs because the electronic transitions involved in
emission are formally forbidden by various selection rules (3). More specifically,
emission arises from a 4f to 4f electronic transition and hence is parity forbidden;
it also involves a high spin to high spin transition from ar=3 state D, for
Th3*, 5D for EL?) to an S= 3 state (F;, where J= 0-6). The high spin nature
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of the transitions is why emission is formally neither fluorescence (singlet-to-
singlet transition) nor phosphorescence (triplet-to-singlet transition). Despite the
unusual nature of the atomic states, emission primarily arises from electric dipole
transitions (3, 15). This is important because it is the same mechanism used by
organic fluorophores. Hence, the electric field produced by a lanthanide donor and
by an organic donor have the same distance dependence, i.e., they both decrease
as I/R® for distances« wavelength of light. Ultimately, this leads to the same
distance dependence; Rfor resonance energy transfer measurements using either
lanthanides or organic donors.

The emission quantum yield for terbium or europium in the chelates is also
quite high (15). This is important because the efficiency of energy transfer is pro-
portional to the donor quantum yield (Equations 3 and 5). By lanthanide quantum
yield, Q », we mean the probability that the lanthanide will emit a photon given that
the lanthanide is excited. This definition is similar to that used with conventional
fluorophores, although there is a subtlety. Lanthanide excitation is a two-step pro-
cess: The antenna absorbs a photon and then passes this energy onto the lanthanid
with some finite probability£Qyansier< 1) (Figure 3). The lanthanide then emits
with some probability, i.e., the quantum yield mentioned aboyg, The overall
probability that the lanthanide will emit a photon{@), given that an excitation
photon was absorbed by the complex (antenna), is

Qtotal = QLn X Qtransfer (1)

For organic fluorophores, f@sfer= 1 and hence @a = Qn. For T and
Eu*t in polyaminocarboxylate chelates such as in FigueQansfer= 0.4—0.75
and Qi = 0.1-0.4 (64). In any case, the efficiency of energy transfer (related
to Ry, the distance at which half the donor’s energy is transferred to the acceptor,
e.g., Equation 5) is proportional to £ and Qqta is only relevant in that it affects
the total brightness of the sample.

PHOTONS

Figure 3 Definition of quantum yields.
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In order for the lanthanides to be useful in bioassays, the chelates must have a
reactive group for attachment to biomolecules. Fortunately, the standard reactive
groups can be coupled to the chelates: Amine-reactive groups such as isothio-
cyanates (36) and thiol-reactive groups such as maleimides, bromoacetamides,
and pyridyl dithio (8) have been made for the polyaminocarboxylate chelates. The
same or similar reactive groups have been made for the LANCE (58) and cryptates
(see also www.perkinelmer.com). The reactive groups can, however, lead to more
complicated photophysics in that they can interact with the antenna molecules
or adopt multiple conformations, leading to multi-exponential lanthanide decays,
particularly with terbium (8).

LANTHANIDE-BASED RESONANCE ENERGY TRANSFER

In resonance energy transfer experiments, using lanthanides as donors to transfer
energy to organic-based acceptors leads to many technical advantages compared
to using all-organic dyes. Because lanthanide emission is not formally fluores-
cence, we call the technique lanthanide- or luminescence-resonancy energy trans-
fer (LRET), as opposed to FRET, for which we mean energy transfer using organic
dyes. Despite the differences, the mechanism of energy transfer is the same in
FRET and LRET,; hence the underlying theory and formulas can be used, subject
to careful interpretation of various terms. Here we quickly review the theory and
measurement of FRET and highlight those parts relevant or different in LRET.

FRET and its derivative, LRET, are techniques for measuring the distance be-
tween two points that are separated by approximately 15A10he techniques
are valuable because measurements can be made under physiological (or other)
conditions with near-Angstrom resolution and with the exquisite sensitivity of flu-
orescence measurements. In FRET or LRET, a donor fluorophore is excited and
transfers energy to an acceptor fluorophore in a distant-dependent fashion. The
classical physics view of this process is that the donor, after being excited, pro-
duces an oscillating electric dipole field that decays with distance (R). At distances
less than the wavelength of lighit)( the electric field predominantly drops off as
R~3. (For R> A, Ea R™%, which is simply the electric part of the propagating field
that is the emitted photons.) An acceptor, if nearby and containing energy levels
corresponding to the frequencies of the oscillating electric field, can interact with
this field and become excited, taking energy. The probability of the acceptor being
excited depends on the square of the electric field strength and hence decays as
R6for R « A, the relevant distance scale in FRET/LRET500 nm). Energy
transfer also depends on how well the acceptor energy levels match the frequen-
cies of the donor (the so-called spectral overlap term, e.g., Equation 6). Finally,
energy transfer may also depend on the orientation of the donor and acceptor (the
“x?" term, e.g., Equations 5 and 7) because the electric field of the donor may be
polarized and anisotropic.

The efficiency of energy transfer, E, is defined as the probability that an excited
donor will return to the ground state by giving its energy to an acceptor. This can
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be written as
E= ket/(ket + knd) = 1/(1 + knd/ket) = 1/(1 + 1/ket"-'D)’ (2)

where kg is the rate of energy transfer and is distant-dependent, @nsithe rate
of all other donor decay processes, such as the radiative and nonradiative rates of
donor decay. These latter processes clearly do not depend on the donor-acceptor
distances. The donor lifetime in absence of acceptos.idote that E depends on
the ratio kto other processes but does not depend on the absolute donor lifetime.
In FRET, donor rates (or lifetimes) and energy transfer rates are in the nanosecond
range, whereas in LRET they are in the millisecond range; both can yield similar
values of E. As a side point, if the distance between the probes changes slowly on
the FRET timescale, but quickly on the LRET timescale, the two techniques can
give dramatically different energy transfer efficiencies. Indeed, one signature of
such dynamics is if LRET gives a much higher E than FRET (7).

Because the rate of energy transfer depends onthdiBtance between donor
and acceptor, Equation 2 can be rewritten as

E=1/(1+R%RY) ©)
or, rearranging,
R = Ro(1/E — 1)¥¢, 4)

where R is a constant depending on the spectral properties of the dyes as well as

their relative orientation, and it is the distance at whick=B.5. Consequently,

if R, can be determined or calculated and E measured spectroscopically, then

FRET/LRET can be used as a spectroscopic ruler to determine distances (56).
R, is usually calculated from the spectral properties of donor and acceptor (5):

Ro = O.21(Joon‘4/<2)l/ ® (in Angstroms) (5)

J= / ea(A) fo(R)A%dA / / fo(h)drin M~ tem tnm?, (6)

where J is the normalized spectral overlap of the donor emissiparttl acceptor
absorption £, in units of M~ cm™1, where Mis units of Moles/liter), g is the
guantum efficiency (or quantum yield) for donor emission in the absence of accep-
tor (gp = number of photons emitted divided by number of photons absorbed),
n is the index of refraction (1.33 for water; 1.29 for many organic molecules), and
k2is a geometric factor related to the relative orientation of the transition dipoles of
the donor and acceptor and their relative orientation in space. Note that for LRET,
Op in Equation 5 is @, and not Qy, (Equation 1). This is because Qnot Qotay,
determined the strength of the donor’s electric field.

The orientation termk?, in Ry, is often a source of uncertainty in FRET mea-
surements. It is defined as

k2 = (cosfpa — 3 cOHp COSbp )2, (7)
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wherefp, is the angle between the donor and acceptor transition dipole moments,
anddp (6,4) is the angle between the donor (acceptor) transition dipole moment and
the R vector joining the two dyes. By measuring the polarization of donor and
acceptor emission, constraints on these angles can often be imposed, reducing—
although usually not completely eliminating—the uncertaintyfn «2 ranges

from O if all angles are 90 degrees to 4 if all angles are zero degrees, and it
equals 23 if the donor and acceptor rapidly and completely rotate during the
donor excited-state lifetime (14). If the donor is unpolarized, as is the case for
terbium and usually europium (J. G. Reifenberger, G. E. Snyder & P. R. Selvin,
manuscript in preparation), and the acceptor is completely rigid and either parallel
(«? = 2/3) or perpendiculan = 1/3) to the radius vector, then'd < «? < 2/3.

This limits the worst case error ingRo —11% +12% if one simply assumes

k% = 2/3. Furthermore, because the lanthanides have millisecond lifetimes, the
acceptor will likely rotate during this time, makinrg very close to 23. Hence, the
error in distances measured via LRET due to the orientation factor is essentially
negligible. This in turn makes the distance determination via LRET generally
more accurate than FRET because the orientation factor in FRET is often poorly
known.

Finally, R, is also proportional to J, the spectral overlap. The lanthanides have
highly spiked emission spectra in regions where several excellent dyes absorb
(Figure &), e.g., the TB" 490 nm emission peak overlaps well with fluorescein,
green fluorescent protein, and Alexa 488 absorption; tie 86 nm peak over-
laps with Cy3, tetramethylrhodamine, Alexa 546, and R-phycoerythrin absorption;
the Eu 617 nm peak overlaps with Cy5, Alexa 633, and allophycocyanin absorp-
tion. Consequently, J for LRET can be unusually large. When combined with a
high Q_n, the R, in LRET can also be quite large (Table 1).

Measuring E

In Figure 4, an energy transfer experiment between a terbium-labeled DNA and
a rhodamine-labeled DNA complement is shown (52). This example highlights
various ways of measuring energy transfer. In FRET and LRET there are several
ways of measuring E: a reduction in donor intensity in the presence of acceptor
because some of the energy is going to the acceptor instead of into donor emission,
by a decrease in donor excited-state lifetime because energy transfer to the acceptor
is an additional relaxation pathway of the donor’s excited state, or by an increase in
acceptor fluorescence because the acceptor is receiving energy from the donor and
converting this energy into acceptor fluorescence. In LRET, E can also be measured
via the sensitized-emission lifetime (see below). In FRET (but not LRET) E can
also be measured by an increase in the photostability of the donor in the presence of
acceptor because energy transfer to the acceptor decreases the donor’s excited-state
lifetime, and photobleaching is generally proportional to the amount of time the dye
spends in its excited state. Finally FRET and potentially LRET can be measured
by an increase in donor intensity following photodestruction of the acceptor (30).
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TABLE 1 J-values and Rfor lanthanide chelates and organic dyes

Donor-acceptor pairs* Jvalue (M~tecm~tnm%) R, (A)

Terbium to fluorescein (bound to DNA) 9.23 104 45.0
(¢max = 75k @ 492 nm)

Terbium to eGFP (free) 7.14 10* 43.1
(emax = 55k @ 488 nm)

Terbium to TMR (bound to DNA) 3.8« 10% 57.0
(¢max = 100k @ 557 nm)

Terbium to Cy3 (free) 5.8 10% 61.2
(¢max = 150k @ 552 nm)

Terbium to R phycoerythrin pH 7.5 (free) 9.6010'¢ 97.5
(emax = 1960k @ 566 nm)

Europium to Cy5 (bound to myosin) 8.89 10'° 55.2
(emax = 249K @ 650 nm)

Europium to allophycocyanin pH 7.5 (free)  4.6410'° 71.0

(emax = 700k @ 652 nm)

*J and R calculated for terbium and europium using corrected emission spectra and quantum yields for
lanthanide bound to DTPA-cs124 in aqueous solutions €6 0.48; ¢, = 0.17). J and Rin D,O and in other

chelates with same emission spectra can be determined by multiplying by the appropriate quantum yields,
found in (64). Other constants:=a 1.33;«x2 = 2/3. The emission spectra of ¥hand Ed* are insensitive

to attachment to biomolecules, although the absorption spectra of the acceptor dye can be somewhat sensitive
to attachment. Absorption spectra of R phycoerythrin and allophycocyanin are from Molecular Probes Inc.,
and Cy-3 from Amersham.

The efficiency of energy transfer (E) is then
E=(1-lp/lo)=1—1,/o=1-1a/10=1—13 /7], (8)

where b,, t,, andt'g'A are the donor’s intensity, excited-state lifetime, and pho-
tobleaching time constant in the presence of acceptor,mng) andrg' are the
same parameters in the absence of accepigris the lifetime of the sensitized
emission of acceptor (discussed further below).

Although using absolute intensities, | Ip, is conceptually straightforward, it
involves matching concentrations of two different samples and hence is prone to
titration errors. Lifetime measurements avoid this problem and also resolve mul-
tiple species with different E’s. Figurdo4ghows a single-exponential donor-only
lifetime that is reduced upon hybridization with an acceptor-containing DNA
strand. Starting with a single-exponential donor-only lifetime is not essential but
significantly simplifies the analysis of complex donor-acceptor mixtures. Titrating
in with substoichiometric amounts of acceptor strand leads to two populations
and hence a bi-exponential donor decay: a donor-only unhybridized stigng (

2.1 msec) and donor-acceptor double-stranded DiNA€ 330u.sec). The amount
of energy in the donor-acceptor pair can be calculated in Equation 8 using the
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Figure 4 (@) DNA hybridization and model system for LRED)(Lifetime data. €)
Spectral data. [Figure adapted from (52)].

330-usec lifetime and the donor-only lifetime of a terbium DNA hybridized to an
unlabeled complementary DNA, which is 2.8 msec (data not shown). The relative
populations of the two species can be determined by their pre-exponential ampli-
tudes. Titrating in more acceptor strand increases the amplitude of the short time
component but leaves its lifetime unchanged, as expected.

In LRET, E can also be measured by measuring the lifetime of the sensitized
emission of acceptor (Figurd4curve D. The donor is excited by a pulse of light,
the direct acceptor emission decays in nanoseconds, and any acceptor emission
after this initial delay is therefore due only to energy transfer received by the
acceptor from the long-lived donor. Its lifetimey,, will follow the donor’s life-
time, tp,. Importantly,za, can be measured without contaminating background
from either direct acceptor fluorescence via temporal discrimination or from donor
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emission via spectral discrimination. The latter is possible because the donor is
sharply spiked in emission spectra, including regions where the donor is dark yet
where the acceptor fluoresces. For example terbium is dark around 520 nm and
570 nm, where fluorescein and tetramethylrhodamine emit, respectively. Conse-
guently, the temporal decay of the acceptor-sensitized emission can be measured
with no background, from either donor leakage or direct acceptor leakage. This
sensitized-emission lifetime is a powerful advantage of LRET because it only arises
from donor-acceptor pairs. In Figure,Z£urve D the sensitized-emisison lifetime
closely matches the short component of the donor lifetime; however, it does not
have contamination from the donor-only DNA strands. The pre-exponential am-
plitudes of a sensitized-emission decay correspond to the population of excited
acceptors. Hence, in a multi-exponential decay corresponding to a distribution of
donor-acceptor pairs, the pre-exponential terms are the product of the individual
energy transfer efficiencies and their populations (24). This is in contrast to the
donor decay, where the amplitudes are just proportional to populations.

E can also be determined by measuring the increase in fluorescence of the
acceptor due to energy transfer and comparing this to the residual donor emission,

E = [IAD/qA]/[IDA/qD + IAD/qA]7 (9)

where b, is the integrated area under the donor-emission curve in the presence of
acceptor, A, is the integrated area of the sensitized emission of the acceptor (i.e.,
not including the fluorescence due to direct excitation of the acceptor by the excit-
ing light source), andigs the quantum yield for donor or acceptor. The integrated
areas are determined by curve-fitting the spectrum to the sum of a donor-only and
acceptor-only spectra. Qualitatively, this equation says that energy transfer takes
area under the donor-emission curve to area under the acceptor curve. Because E is
defined in terms of excitations, not emissions, these areas are normalized by their
guantum yields, which is just the ratio of emissions to excitations. More specif-
ically, the numerator is the number of excitations of the acceptor due to energy
transfer. The left-hand term of the denominator is the number of donor excitations
that do not lead to energy transfer. The right-hand term is the donor excitations
that do lead to energy transfer, i.e., acceptor excitation.

Figure £ shows the time-delayed emission spectra of the donor and donor-
acceptor complex (correspondingdarve Cin Figure 4), which can be used to
determine the two intensities in Equation 9. The donor-acceptor sample is excited
using a short excitation pulse, and emission is detected after a few tens of microsec-
onds delay. This procedure eliminates all prompt fluorescence of the acceptor. It
also eliminates any contribution from acceptor-only species, if present, as well
as any direct fluorescence from the antenna, both of which have nanosecond life-
times. The donor-acceptor spectrum is then fit to the sum of a donor and acceptor
spectra, with 3, being the area due to donor emission aggédqual to the area
under the acceptor emission. Note that the absolute concentrations of the donor-
only species, the acceptor-only species, and the donor-acceptor species are irrele-
vant. In practice, the curve-fitting is done as follows: The donor-only spectra and
donor-acceptor spectra are normalized at the 490-nm peak, or at any point where
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there is no acceptor fluorescence. The donor-only curve is then subtracted from the
donor-acceptor spectra, and the difference is the sensitized-emission curve, with
area . This should have the same shape as an acceptor-only emission spgctra. |

is simply the area under the donor-curve. (Although we always take a donor-only
spectra as a contraliéshed lingFigure £), the spectral shape of Th-DTPA-cs124
does not change under any condition tested; hence a donor-only spectrum taken
once is likely to remain unchanged.)

There are two additional points needed to properly use Equation 9. First, the
emission spectra must be corrected for wavelength sensitivity of the detector. This
is done via conventional means, using an emission source (standard lamp or a dye)
whose emission spectra are known (35). Second, the donor and acceptor quantum
yields must be measured. Fortunately, we have recently determined the quan-
tum yield of T+ and Ed* in free polyaminocarboxylate chelates (64). The
quantum yield of lanthanide chelates bound to biomolecules can then simply be
determined by comparing lifetimes to the free chelates. Acceptor quantum yields
can be measured by conventional means: intensity or lifetime comparison to stan-
dards such asfluorescein [Q¥ 0.93 h 1 N NaOH (61)], or tetramethylrhodamine
[QY = 0.58in 10-mM Na-phosphate buffer, pH 7.46, 80-mM NaCl, room temper-
ature (60)], or sulfornodamine 101 [Q¥ 1, lifetime = 4.36 nsec, in methanol
(33)]-

The importance of Equation 9 is that it allows accurate measurement of rela-
tively small amounts of energy transfer (distaneeR,). It is also interesting to
note, although not widely appreciated, that by combining equations 4, 5, and 9,
the calculated distance depends only on the acceptor quantum yield and not on the
donor quantum yield:

R = C[lo.0a/1a0]"", (10)

where C is simply all the constants in Bxcept . Finally, Equations 9 and 10
can also be used in conventional FRET, but here the direct excitation of acceptor
must first be subtracted off (11).

In summary, the advantages of LRET include large signals (k&) With low
backgrounds, enabling long distances to be determined with little uncertainty due
to orientation factors. Energy transfer can be measured accurately because abso-
lute concentrations do not matter via spectral measurements, apdélcemsec
lifetimes can be measured accurately via temporal measurements. The extent of
donor and acceptor incorporation has only a minor effect on LRET measurements
because, via sensitized-emission lifetime measurements, donor-only and acceptor-
only species do not contribute contaminating backgrounds. This lack of sensitivity
to incomplete labeling is particularly important in cellular applications, where
100% labeling and purification cannot usually be achieved.

Instrumentation

The instrumentation used to perform LRET is relatively simple, although slightly
more complex than conventational steady-state fluorimeters. The general require-
ments are a pulsed UV excitation source and time-resolved detection. The pulsed
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Figure 5 LRET instrumentation. A pulsed nitrogen laser excites the lanthanide sam-
ple, and emission is collected by a mechanically chopped spectrometer and CCD for
time-delayed spectral measurements, or a spectrometer and electronically gated PMT
for excited-state lifetime measurements. [Figure from (63)].

excitation source is usually a nitrogen laser (337 nm, 5-nsec pulse-width typical,
20-50-Hz repetition rate). For lifetime measurements, a photomultiplier tube with
suitable color filters and counting electronics is used. For time-delayed spectra, a
spectrometer, typically utilizing diffraction gratings, and either a time-gated pho-
tomultiplier tube or preferably a CCD, gated either electronically or with a me-
chanical chopper, are used. A schematic of the instrument built in my laboratory
is shown in Figure 5 and details are given elsewhere (63, 64).

APPLICATIONS

The technical advantages of LRET open up many applications. We highlight a few
representative examples from my lab, as well as from others.

Ion Channels

We have used LRET to measure conformational changes in the Shaker potassium
ion channel, a voltage-gated channel involved in nerve impulses. In many ways
this is an extremely demanding use of LRET. The measurement is on a living
cell (Xenopusoocytes); hence purification of completely labeled donor-acceptor
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species is not possible. Indeed, a heterogeneous mixture of labeled proteins exists,
all in the presence of nonspecific labeling to other membrane components. Fur-
thermore, two distances are expected to exist (see below) and the distance changes
(as a function of voltage—see below) are quite small—a fewvgstroms. The
technical advantages of LRET help overcome these difficulties.

The channel is a transmembrane protein, consisting of four identical subunits
(Figure @&,b) with fourfold symmetry. Each subunit contains six transmembrane-
spanning segments, S1-S6 (Figuce & pore, or channel, is formed at the inter-
section of the four subunits, which is opened or closed, i.e., gated, depending on
the voltage across the cell membrane. At the resting transmembrane potential of
approximately—60 mV, the pore is closed. Upon depolarization to approximately
0 mV, the protein undergoes a conformational change that ultimately leads to an
opening of the pore, allowing potassium ions to flow from the inside to outside
of the cell, down its electrochemical gradient. The flow of potassium ions along
with the flow of sodium ions through analogous sodium channel are the electrical
currents that form nerve impulses.

One of the transmembrane segments, S4, is known as the “voltage sensor” and
contains seven positively charged amino acids. These charges feel a force due to
the transmembrane potential or electric field and are likely to move in response
to changes in these fields. A second segment, S2, also contains some positively
charged residues and likely plays a secondary role in voltage sensing as well.

Fundamental questions remain regarding how the channel senses and responds
to voltage. What is the structure of the S4, e.g., is it an alpha helix? How does it sit
in the membrane—perpendicular to the membrane or tilted at an angle? How does
the S4 move in response to voltage changes? Does it move like a plunger, e.g.,
moving up and down, perpendicular, or at some angle to the membrane? Or does it
rotate like a knob, perhaps with little transmembrane motion? Or is the movement
some combination, perhaps like a corkscrew rotating and translating? And finally,
how is the motion of S4 coupled to the pore region such that a motion of S4 leads
to opening and closing of the pore?

Cysteine-scanning mutagenesis is the most common method for detecting con-
formational changes in ion channels. The idea is to look at changes in accessibility
of engineered cysteines to external-labeling reagents. Labeling of reagents can be
detected if they have an effect on ionic or gating currents. (lonic current is the flow
of potassium ions through the pore; gating currents are transient currents created
by the movement of the charged residues in the protein, mostly on S4 and S2.)
This method, however, is quite indirect since changes in labeling efficiency can be
due to several factors and not all sites lead to changes in gating properties. Isacoff
etal. (39), and shortly thereafter, Bezanilla and colleagues (5a), introduced the use
of fluorescent-labeling reagents to detect conformational changes. Here a fluoro-
phore was attached to an engineered cysteine in S4 and changes in fluorescence
with changes in voltage were measured. These fluorescence changes were inter-
preted as arising from changes in the local environment around the fluorophore,
e.g., from a more hydrophic or membrane-like environment to a more water-like
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Figure 6 Structure of Shaker potassium ion channel and labeling schan8ide view,

(b) top view, ) substructure. The channel consists of a central pdagk(grayin 6a)
surrounded by four identical subunits. Each subunit consists of six transmembrane domains
(6c) and is labeled with either a dondsléck 6a,b), or acceptorlight gray, 6a; white, 6b).
Labeling is done such that there are 3 dondalagk) and only one acceptomfite) per
channel. Specific labeling is achieved by introducing a unique cysteine in the S3-S4 linker,
near S4, which is the voltage sensor.

environment (39). This led Isacoff et al. to postulate a translational, transmembrane
movement of the S4, bringing fluorophores buried inside the membrane to a more
extracellular region. However, changes in fluorescence are also an indirect mea-
surement of conformational changes. FRET, or LRET, is a much more direct
measure (51). In more recent work the Isacoff group (18) used FRET to measure
S4 motion, and the Bezanilla and Selvin groups used LRET (6). Both concluded
there was a rotation of S4, although based on the LRET methodology, Bezanilla
and Selvin concluded there was not a large transmembrane movement, whereas
the Isacoff group argued such a motion may exist. A detailed comparison of the
two experiments has been published (27). Here we review the LRET experiment.
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For labeling the channel, a single engineered cysteine was introduced at various
positionsinthe S3-S4 linker, near the top of the S4. Each channel therefore contains
four cysteines, one on each subunit. Conveniently, the Shaker channel does not
contain native cysteines that are reactive to extracellularly applied probes. Chan-
nels were expressed Xenopusocytes and labeled with a mixture of donor and
acceptor probes, the donor in excess to ensure that most channels contain at most
only one acceptor. Under this condition, two different donor-acceptor distances are
expected (Figurelf). A donor sees an acceptor on a contiguous subunit (distance
Rsc) or on a subunit across the pore (distangg)RTo measure these distances,
we focused on measuring the sensitized-emission lifetime. This has the great ad-
vantage that those channels containing all donors—the majority of channels—do
not contribute signal and can be ignored. (Those containing all acceptors can also
be ignored, although this is a small fraction of the channels.) We therefore expect
the sensitized-emission lifetime to be bi-exponential, with the shorter lifetime cor-
responding to the greater E and shorter distance. Figusbdws this behavior for
a probe labeled at position 346. The two distances are in excellent agreement with
the expected Pythagorean relationship. By placing probes at various positions,
ranging from 363 near the top of S4 to 346 near the middle of the S3-S4 linker,
we found that the intersubunit distances decreased. This implies that S3-S4 (and
perhaps S4) is tilted toward the pore as one moves in the extracellular direction.

In FRET, and to a certain extent in LRET, absolute distances are always more
difficult to measure than relative distances. However, to check whether our ab-
solute distances were reasonable, we measured distances between residues 425.
This residue is found in the crystal structure of the KcsA channel, a (nonvoltage-
gated) prokaryotic analog of Shaker containing two transmembranes per subunit,
analogous to S5 and S6. We foung,R= 30 A, in excellent agreement with the
C. — C, 29 A distance in the crystal structure. Furthermore, after publication of
our LRET results, other workers measured distances using “tethered linkers” and
found excellent agreement in absolute distances to our results (1). This is in sharp
contrast to the FRET results (18), which yielded much larger absolute distances.
The latter probably occurred because of uncertainties in donor quantum yields and
possibly because of the factor.

Next we measured intersubunit distances as a function of voltage. Changes
in lifetime and hence distances between site 346 near S4 are shown in Higure 7
Figure € shows a plot of Bcversus voltage, superimposed on gating charge move-
ment. Strikingly, the changes in distance at 346 strongly mirror gating
charge movement, implying that the distances we measure at 346 are related to the
charge movement in S4 and functioning of the channel. By modeling the dis-
tance versus voltage curve, we concluded that a large transmembrane motion did
not occur (6). Furthermore, small but statistically significant changes in distance
were found at positions 350, 351, and 352, where 351 moved farther apart, 350
remained unchanged, and 352 moved closer together (Figlrd Be simplest
model to account for this nonmonotonic behavior is to postulate that the S3-S4
linker is helical and undergoes a rotation about its long axis (FigbyreB&cause



LANTHANIDE PROBES FOR ENERGY TRANSFER 291

L
% Donor-only Ry = 28 A
2 t=l6msec Rg,=41A
)
e
g Sensitized Emission
i ~ 1=92 psec, 566 psec
2ms
Time
b. 50 ms Laser
50 mV
90 mV =120 mvV
-90m
——
+— Acquisition
10 ms

100 us

27 - 0.2

- 0.0

26
-140-120-100 -80 -60 -40 -20 0 20 40 60
Pulse potential

Figure 7 (a) Biexponential sensitized emission, corresponding to two donor-
acceptor distances, corresponding to distances between subunits across the channel
and neighboring subunitsh) Voltage-dependent changes in sensitized emission aris-

ing from movement of S346C in the voltage-sensing region of Shaker potassium chan-
nel. ) Changes in distance between S346 and amount of charge in S4 moved across
membrane potential. The changes in distance closely mirror the charge movement in
S4. [Figures from (6)].
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Figure 8 Changes in distance between sites 351-353. These data can be explained
by a rotation of a helical segment of the ion chaningl eading to a model where the
voltage sensor, S4, may undergo a rotation in response to vottagédapted from
(6,18)].

the S3-S4 linker distance changes are coupled closely to the charge movement
of S4, S4 may also undergo a rotation (Figum® B response to voltage. That
such small distance changes can be measured is a tribute to the power of LRET,
although interpretation of such small distance changes must be made with caution.
Interestingly, a rotation in ligand-gated ion channels (26, 28) and a transporter (37)
has recently been measured, which suggests that helix rotation may be a general
feature of membrane channels.
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APPLICATION 2: CONFORMATIONAL CHANGES IN A
RNA POLYMERASE SUBUNIT UPON DNA BINDING

Protein-Induced DNA Bends

The Heyduk lab has been active in using LRET to study DNA-protein interactions.
In one of their earlier works they used LRET to measure protein-induced DNA
bending (25), which is involved in the packaging and regulation of DNA. They
used LRET, for example, to measure the bending of a 30mer double-stranded DNA
oligomer by a class of proteins known as high-mobility group (HMG) proteins.
The DNA was 5labeled with europium and Cy5, and distances out toA 0&re
measured with energy transfer efficiencies of less than 3%. This was possible
because of LRET’s capability to accurately determine lifetimes, especially when
the donor is single exponential. The Ebright lab has also recently applied LRET
using a terbium chelate to measure ¥Wdistances in DNA complexes bent by

the CAP protein (32).

Recently, Heyduk and coworkers have used LRET to study conformational
changes in RNA polymerase upon binding to DNA and transcription initiation
in prokaryotes (4, 23). The first step in transcription initiation in prokaryotes in-
volves recognition of promoter DNA sequence by a multisubunit enzyme RNA
polymerase [reviewed in (20)]. One of the subunit&, is involved in the initial
recognition of the promoter DNA via direct protein-DNA contacts separated by
~17 base pairsr " exists in the cell in two major forms: free and in complex with
the remaining RNA polymerase subunits (core polymerase). Howevery 6tity
complex with the core RNA polymerase is able to specifically recognize promoter
DNA, whereas the free 7° does not bind to promoter DNA. Thus, the promoter
recognition capabilities of 7° are allosterically regulated by an interactiorodP
with the core polymerase.

LRET experiments were used to investigate the nature of the regulation of
o 9 promoter DNA-binding activity (4). The idea was to look for conformational
differences i "°in the bound and free form that might affect its DNA-recognition
ability. The specific incorporation of the donor (DTPA-Eu-DTPA-AMCA-malei-
mide) (22) and the acceptor (Cy5 maleimide) into selected domaing®ofas
achieved by preparing a set@f® mutants with pairs of unique reactive cysteine
residues engineered into the desired locations. Since both donor and acceptor were
thiol-reactive, and both labeling sites were cysteine residues, a mixture of donor-
donor, donor-acceptor, and acceptor-acceptor labeling resulted. However, by using
LRET, the sensitized emission arising from only the donor-acceptor complex could
be measured. Good quality determinations gfwere possible in this case even
though the donor-acceptor species constituted only approximately 25% of the
mixture. This is possible because the donor-only and acceptor-only species do not
contribute background signals. Representative LRET data are shown in Figure 9.
It would be difficult to perform these measurements with FRET utilizing classical
fluorescence probes.
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Figure 9 The effect of core RNA polymerase an’® measured by sensitized-
emission lifetime. Thiol-reactive Eu donor and Cy5 acceptor were labeled at positions
AB9C to R596C inr 7%, and sensitized emission of free and core-bowffdvas mea-
sured. The increase in sensitized-emission lifetime upon core binding indicates less
energy transfer and an increase in distance between these sites. [Figure from Bigure 3
of (4)].

Comparison of distances measured for the fré®and the core-bound "®
revealed that most distances were significantly increased upon bindif@tofthe
core polymerase. (DNA was not present in these experiments bec&siading
to the core polymerase is not DNA dependent.) One of the distances measured,
between residues 442 and 366, allowed a direct comparison between a distance
measured by LRET in solution and a distance between the same residues measured
in the crystal structure (38). Excellent agreement between these distances was
found—35A in the crystal structure versus 38measured via LRET—providing
a further validation of LRET results. In total six distances between four sites in the
o protein were measured, making it possible to build three-dimensional models
of the architecture of "° protein domains in free and core-bound protein.

In conclusion, these DNA and DNA-protein studies were greatly facilitated by
LRET's ability to measure long distances and under labeling conditions where
only a small fraction of the protein contained both donor and acceptor labels.

APPLICATION 3: MEASURING MOLECULAR
INTERACTIONS IN A CELL

Douglas Root has used LRET to study the interaction of the proteins dystrophin
and actin in the muscle cell (46). Dystrophin is present in the inner muscle cell
membrane and is believed to stabilize muscle fibers by binding to actin filaments
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and ultimately creating a bridge to the extracellular matrix. This model requires
the direct association (close proximity) between dystrophin and actin, and there
is significant in vitro evidence for this. However, because some proteins bind in
vitro but not in vivo, Root asked the question whether this association is present
in the muscle cell.

Root used thin (2QM) tissue sections of muscle cells and specifically labeled
dystrophin with monoclonal antibodies labeled with Tb-DTPA-cs124. Actin was
stained with phalloidin-tetramethylrhodamine. This pair was reported to haye aR
of 59 A, although 56A is probably more accurate (e.g., Table 1, which lists values
for Ros) (64). Inany case, arelatively larggiRnecessary to get reasonable energy
transfer because of the large size of antibodie€k0QA). If the donor antibody on
dystrophin is in close proximity, roughly withindRof the acceptor-labeled actin,
then energy transfer should be observed. If the distance is Igsfg)( then no
energy transfer is expected.

In fixed tissues donor intensity decreased 40% (in unfixed tissue 60%) in the
presence of acceptor, indicating significant energy transfer and therefore a close
association between anti-dystrophin antibodies and actin (Figure 10). Sensitized
emission (using delayed detection to eliminate prompt acceptor fluorescence)
was also observed. In addition, Root measured donor and sensitized-emission
lifetime measurements (fitting to a single exponential) and found that the sensitized-
emission lifetime (at 568 nm) was similar but somewhat shorter than the donor-
lifetime (at 547 nm) [data not presented here, but see (46)]. This indicates that most,
but not all, of the anti-dystrophin antibodies had an acceptor nearby. (A compari-
son of donor lifetime to sensitized-emission lifetime gives information about the

10
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- CY3-ATP R
Donor Quenching

81 Anti-Dystrophin + at 547 nm
Tetramethylrhodamine

Phalloldin  Labefing

Tetramethylirhodamine
61 phaitoidin tabeting Sensitized Emission

Alohe at 568 nm

Luminescence (200 ps After Flash)

450 550 650
Wavelength (nm}
Figure 10 LRET signal indicating molecular proximity

between dystrophin and actin in a muscle cell. [Figure
from (46)].
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distribution of donor-acceptor complexes: Donor-emission measurements are
weighted toward those transferring less energy, and sensitized-emission measure-
ments are weighted toward those transferring more energy. For example, if some
donors have no acceptors nearby, this will lengthen the average donor lifetime,
whereas it does not affect the sensitized-emission lifetime because this latter sig-
nal arises only from those complexes that can transfer energy.)

Root also looked at the spatial distribution of the anti-dystrophin antibodies
by performing LRET in a microscope. Examining 8&@a diameter regions of
the tissue sections, dual-labeled samples yielded a sensitized-emission lifetime of
0.74+/—0.1 msec, but donor-emission lifetimes were more variable, ranging from
0.7 msec to 1.4 msec. Root suggested that the association for dystrophin for actin
may have micro-heterogeneity within the cell.

Finally, Root compared the detection of molecular colocalization using
LRET with the conventional technique of immunofluorescence colocalization. In
immunofluorescence colocalization, the association of two objects are inferred by
staining them with different dyes and looking for spatial overlap of the fluores-
cence from the two dyes in the microscope. This technique, although widely used,
is limited in spatial resolution by conventional diffraction (submicron resolution)
and therefore cannot differentiate between a true molecular association (nm scale)
and nearby binding (submicron). Root looked for the association of dystrophin
with nucleotide-binding proteins. Specifically, he stained muscle sections with the
terbium-labeled anti-dystrophin antibody and with ATP bound to the dye Cy3,
which is spectrally similar to tetramethylrhodamine. Both were found in the cell
periphery by immunofluorescence microscopy, but no energy transfer was found,
indicating that they were in the same vicinity but may not be molecularly interact-
ing. Hence, the combination of using lanthanides as donors, which can produce
significant energy transfer even with antibodies, and the extra spatial resolution of
resonance energy transfer yields a more accurate picture of molecular interactions
than conventional immunofluorescence microscopy.

APPLICATION 4: DETECTION OF BINDING IN
HIGH-THROUGHPUT SCREENING

Biochemistry, at its fundamental level, is the interaction of macromolecular com-
plexes. The detection of such events, and the ability to alter them through drugs, is
essential for basic and applied science. With combinatorial chemical methods, it
is now possible to produce millions of proto-drugs, and the ability to screen these
rapidly, cheaply, and sensitively is crucial in drug development efforts. LRET has
become increasingly popular for this purpose. LRET has several advantages. First,
LRET is nonisotopic and hence avoids the health, environmental, and cost prob-
lems associated with radioactive assays, which historically have been standard.
Second, LRET is homogenous, i.e., requires no separation or wash steps. Third,
because LRET can measure fairly long distances, generic labeling reagents, which
are often relatively large, can be used. This has the enormous advantage of being



LANTHANIDE PROBES FOR ENERGY TRANSFER 297

able to use one or a few sets of labeling reagents (e.g., antibodies, streptavidin,
Protein A) for many different assays. Fourth, the ability to detect relatively small
amounts of energy transfer—generally through sensitized emission, which is sen-
sitive to only donor-acceptor pairs—enables the analysis of samples that may have
only a small percentage of fully labeled donor-acceptor pairs. This is particularly
relevant when using complex mixtures such as cell extracts. Finally, LRET can be
detected at (sub-) nanomolar concentrations, which minimizes reagent use and is
often required if measuring the binding of nanomolar-affinity complexes.

Figure 1% highlights an assay to measure protein-protein interaction using
generic reagents (34,42). Jun and Fos oncogenes produce proteins that form a
heterodimer. The dimer can bind to DNA and regulate transcription. Drugs that
inhibit this dimerization are of potential therapeutic value. In one screening assay,
a 40-amino acid section of Jun and of Fos, both containing the leucine zipper—
binding domains responsible for dimerization, was synthesized and labeled with a
biotin-avidin-chelate and the large fluorescent phycobiliprotein allophycocanin.
Dimerization led to sensitized emission of the APC. Addition of an inhibitor
disrupted dimerization and hence decreased APC-sensitized emission. Therefore
screening for drugs that inhibit Jun-Fos dimerization can be readily achieved using
LRET.

A second example using LRET and generic labels involves monitoring
ligand-receptor interactions, which are often the first or early steps in a long
biochemical cascade. In Figure 4 lan interleukin 4 (IL-4) ligand is biotiny-
lated and then labeled with an APC-streptavidin (44). The IL-4 receptor (IL-4R)
is expressed as a fusion protein with a Fc fragment. A europium-labeled protein-
A is then used to label the Fc fragment of the IL-4R. The nanomolar-binding
affinity for ligand and receptor is readily measured by changes in APC-sensitized
emission.

FINAL REMARKS

New biophysical techniques invariably open up new applications. The develop-
ment of new probes is leading to a dramatic expansion of the use of fluorescence
in general and FRET-based techniques in particular. The most pressing issue is the
ability to site-specifically label probes. Temporal and spectral discrimination when
using lanthanides in energy transfer measurements help decrease the sensitivity
to nonspecific labeling. However, particularly for cellular work, more selective
means of attachments for both donors and acceptors are needed. Two different
methods, one for donor, and one for acceptor, would be ideal. Genetically en-
coded dyes such as green fluorescent proteins is one method of selective attach-
ment (56); dyes such as “FLASH,” which bind to a highly unusual six—amino
acid motif via an arsenic moiety, is another (19); dyes modified to contain Ni,
which can then coordinate to a hexahistidine group engineered into a protein,
is yet another (31). Using the power of these new labeling methods with the
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Figure 11 Measuring binding events for high-throughput screening assays using generic
labeling reagents.aj Jun-Fos dimerization and inhibition by drug. [Figure adapted from
(34, 42)]. p) Ligand-receptor binding in the IL-4 system with an apparent binding constant
of 23 nM. [Figure from (44)].

power of lanthanides will likely shed new light on biophysical systems in the near
future.
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