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Application of Fluorescence Resonance Energy Transfer
in the Clinical Laboratory: Routine and Research
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Department of Biophysics and Cell Biology, University Medical School of Debrecen, Debrecen, Hungary

Fluorescence resonance energy transfer (FRET) phenomenon has been applied to a variety of scientific
challenges in the past. The potential utility of this biophysical tool will be revisited in the 21st century. The
rapid digital signal processing in conjunction with personal computers and the wide use of multicolor laser
technology in clinical flow cytometry opened an opportunity for multiplexed assay systems. The concept is
very simple. Color-coded microspheres are used as solid-phase matrix for the detection of fluorescent labeled
molecules. It is the homogeneous assay methodology in which solid-phase particles behave similarly to the
dynamics of a liquid environment. This approach offers a rapid cost-effective technology that harnesses a
wide variety of fluorochromes and lasers. With this microsphere technology, the potential applications for
clinical flow cytometry in the future are enormous. This new approach of well-established clinically proven
methods sets the stage to briefly review the theoretical and practical aspects of FRET technology. The review
shows various applications of FRET in research and clinical laboratories. Combination of FRET with
monoclonal antibodies resulted in a boom of structural analysis of proteins in solutions and also in biological
membranes. Cell surface mapping of cluster of differentiation molecules on immunocompetent cells has
gained more and more interest in the last decade. Several examples for biological applications are discussed
in detail. FRET can also be used to improve the spectral characteristics of fluorescent dyes and dye
combinations, such as the tandem dyes in flow and image cytometry and the FRET primers in DNA sequencing
and polymerase chain reactions. The advantages and disadvantages of donor-acceptor dye combinations are
evaluated. In addition, the sensitivity of FRET provides the basis for establishing fast, robust, and accurate
enzyme assays and immunoassays. Benefits and limitations of FRET-based assays are thoroughly scrutinized. At the
end of the paper we review the future of FRET methodology. Cytometry (Comm. Clin. Cytometry) 34:159–179,
1998. r 1998 Wiley-Liss, Inc.
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Although the phenomenon of fluorescence resonance
energy transfer (FRET) was observed by Perrin at the
beginning of the century, it was Theodor Förster who
proposed a theory describing long-range dipole-dipole
interactions between fluorescent molecules approxi-
mately 50 years ago (29,30). He derived an equation that
relates the transfer rate to the interchromophore and the
spectroscopic properties of the chromophores. The inge-
nious discovery that a fluorescence dipole-dipole interac-
tion, besides orientational and other spectroscopic param-
eters, which can be kept under control, depends on the
negative sixth power of their distance provided one of the
most sensitive methods to measure molecular and atomic
distance relations at the nanometer level. The utilization of
this method in chemistry and biochemistry reached a
pinnacle in the 1970s. Cell biological applications also
started in the 1970s, but widespread application began
only a decade later and is still flourishing.

FRET is widely utilized for a variety of applications. In
one series of studies, FRET is used as a tool for ensuring
high sensitivity. FRET technology can be incorporated into
chromatographic assays, electrophoresis, microscopy, and
flow cytometry. FRET also can be used for improving
spectral characteristics of fluorescent dyes. In another
group of studies, FRET is used to obtain structural informa-
tion that is otherwise difficult to obtain. The major
advantage of applying FRET for structural studies is that
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owing to the specific labeling the experimental object can
be investigated in situ and/or in vivo with little or no
interference regardless of the complexity and heterogene-
ity of the system.

Although numerous reviews are available on fluores-
cence resonance energy transfer (17,18,21,28,69–71,90,94,
98,100,106–108,127), there is paucity of information re-
garding the clinical applications of the technology. In this
review, an attempt has been made to summarize and
describe recent applications of the FRET in routine and
research clinical laboratories. The topics and publications
discussed in this review undoubtedly reflect the interest of
the authors, but we did our best to review relevant
literature. First, we describe briefly the theory behind
FRET, then the measuring techniques are introduced.
Next, papers dealing with the structure and cell surface
distribution of cluster of differentiation (CD) molecules are
summarized and the analytical applications of FRET are
described. At the end of the paper, the future prospects of
FRET applications are discussed. The papers reviewed
were selected because they had introduced new or im-
proved methods for FRET measurements and analysis or
led to a better understanding of important biological
structures.

Three directions with enormous clinical potential influ-
enced the selection of reviewed topics in the future. The
current interest in quantitative fluorescence determination
with simultaneous multicolor immunophenotyping as it
applies to clinical immunology. Secondly, the rapidly
increasing interest in flow cytometer-based multiplexed
immunoassays. This microsphere-based technology revis-
its the well-characterized solid-phase immunoassays and
bioassays that were developed in the 1970s. In the case of
the multiplexed solid-phase technology, the epitopes are
suspended uniformly in a liquid environment on solid
phase (31,73). This paradox-like situation permits harness-
ing the benefit of both liquid and solid-phase technologies.
The novel application is based on rapid identifications of
various microsphere populations with subtle differences
attributed to spectral emission profiles related to various
distinct shades of dyes embedded in their surfaces. The
permutations of discrete microsphere types rendered by
four-color clinical flow cytometry is staggering. Each
color-coded population of microsphere set carries reac-
tants for a distinct bioassay. The solid-phase compartment-
based technology opens new doors in unrelated areas,
such as pharmacokinetics for drug discovery studies,
nucleic acid-based tissue typing, and competitive DNA
hybridization, that were not readily available for rapid flow
cytometric-based applications in the past. Finally, in the
future, the miniaturization of flow cytometric instrumenta-
tion will force a new approach to evaluate the relationship
between solid phase and liquid phase in the context of
rapid immunochemistry. There is a need to revisit the role
of transfer rate equation that relates to the interchromo-
phore and the spectroscopic properties of the chromo-
phores. The ultimate exploitation of FRET will come at the
end of this century by focusing on the interface between
molecular pharmacology and medical chemistry for drug

development. Will flow cytometry have a role in this
fascinating scientific challenge?

THEORY OF FRET

The theory of FRET was first described by Förster in the
late forties, its application to measure distances between
donor and acceptor molecules came decades later
(20,21,28–30,58,69–71,94,100,106–108). FRET is a radia-
tionless process in which energy is transferred from an
excited donor molecule to an acceptor molecule under
favorable conditions. One of the most important factors is
the distance between the donor and acceptor molecules.
Because the rate of energy transfer is inversely propor-
tional to the sixth power of the distance between the
donor and acceptor, the energy transfer efficiency is
extremely sensitive to distance changes. Energy transfer
occurs in the 1- to 10-nm distance range with measurable
efficiency, and these distances correlate well with macro-
molecular dimensions.

Consider a system with two different fluorophores in
which the molecule with higher energy absorption is
defined as the donor (D) and the one with lower energy
absorption is defined as acceptor (A). If the donor is in the
excited state, it will lose energy by internal conversion
until it reaches the ground vibrational level of the first
excited state. If the donor emission energies overlap with
the acceptor absorption energies, through weak coupling,
the following resonance can occur:

D* 1 Al D 1 A* (1)

where D and A denote the donor and the acceptor
molecules in ground state, and D* and A* denote the first
excited states of the fluorophores. The rate of the forward
process is kT and the rate of the inverse process is k2T.
Because vibrational relaxation converts the excited accep-
tor into the ground vibrational level, the inverse process is
highly unlikely to occur. As a result, the donor molecules
become quenched, while the acceptor molecules become
excited and, under favorable conditions, can emit fluores-
cent light. This latter process is called sensitized emission
(Fig. 1).

According to the theory of Förster, the rate (kT) and
efficiency (E) of energy transfer can be written as:

kT 5 const Jn24R26k2 (2)

E 5
kT

kT 1 kF 1 kD

(3)

where kF is the rate constant of fluorescence emission of
the donor and kD is the sum of the rate constants of all
other deexcitation processes of the donor. R is the
separation distance between the donor and acceptor
molecules, and k2 is an orientation factor that is a function
of the relative orientation of the donor’s emission dipole
and the acceptor’s absorption dipole. Other parameters
are n, the refractive index of the medium, and J, the
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spectral overlap integral, which is proportional to the
overlap in the emission spectrum of the donor and the
absorption spectrum of the acceptor:

J 5
e FD(l)eA(l)l24 dl

e FD(l) d(l)
(4)

where FD(l) is the fluorescence intensity of the donor at
wavelength l, eA(l) is the molar extinction coefficient of
the acceptor.

For dipole-dipole energy transfer it can be shown that:

k2 5 (cos a 2 3 cos b cos g)2 (5)

where a is the angle of the transition moments of the
donor and the acceptor, and b and g are the angles
between the line joining the centers of the fluorophores
and their transition moments (Fig. 2). Uncertainties in the
value of k2 cause the greatest error in distance determina-
tion by energy transfer. (Fortunately R depends on (k2)1/6).
The direct measurement of its value is impossible. From
theoretical considerations k2 is in the range between 0 and
4. Assuming random orientation of the donor and the
acceptor k2 becomes 2/3. In the case of cell surface
components this assumption is reasonable (19). It can be
shown that:

E 5
R26

R26 1 R0
26

(6)

From Equations 2 and 3 it follows that:

kT 5
1

t 1
R0

R 2
6

(7)

where t is the donor’s lifetime in the absence of the
acceptor, and R0 is the characteristic distance between the
donor and the acceptor when the transfer efficiency is
50%.

R0 5 const( JK
2QDn24)1/6 (8)

In this equation, QD is the quantum efficiency of the donor
in the absence of the acceptor.

The energy transfer efficiency, as follows from the above
formulas, can be determined in a number of different
ways. Since energy is transferred from the excited donor
to the acceptor, the lifetime (t), quantum efficiency (Q),
and fluorescence intensity (F) of the donor decrease, if the
acceptor is present. As a consequence, the fluorescence
intensity of the acceptor increases if the donor is present.

1 2 E 5
tD

A

tD

(9)

FIG. 1. Energy balance of FRET. The top part of the figure shows the
Jablonski energy level diagram. The donor fluorophore is excited and
rapidly drops to the lowest vibrational level of the excited state, where it
can decay radiatively (fluorescence) or by internal conversion (heat) to the
ground state, or transfer energy to the acceptor. Only those levels of the
donor and acceptor with similar energies contribute significantly to the
transfer rate. Once the acceptor is excited, rapid vibrational relaxation
prevents back transfer. The acceptor then decays to the ground state via
fluorescence or heat. The bottom part of the figure shows the spectral
characteristics and changes of the donor and acceptor undergoing FRET.
The donor intensity decreases and the acceptor increases (i.e., is
sensitized) with energy transfer. The spectral overlap that makes FRET
possible is shown in gray. The absorbance and emission intensities are
normalized for display purposes.

FIG. 2. Orientation of the transition moments of donor and acceptor
molecules. a is the angle between the transition moments, b is the angle
between the transition moment of the donor and the line joining the
fluorophores, and g is the angle between the transition moment of the
acceptor and the line joining the fluorophores.
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1 2 E 5
F D

A

FD

5
QD

A

QD

(10)

FA
D

FA

5 1 1 1eDCD

eACA
2 E (11)

In the previous formulas the lower indexes refer to the
donor (D) or acceptor (A), whereas the upper indexes
indicate the presence of the donor (D) or the acceptor (A)
in the system, while CD and CA are the molar concentra-
tions, eD and eA are the molar absorption coefficients of the
donor and the acceptor. Another possibility for determin-
ing the energy transfer efficiency is based on the more
depolarized emission of the acceptor. Detailed evaluation
of the energy transfer measurements can be found in
several recent reviews (69–71,100,106,108).

Calculation of distance relationships from energy trans-
fer efficiencies is easy in the case of a single donor single
acceptor system if the localization and relative orientation
of the fluorophores is known. However, if cell membrane
components are investigated, a two dimensional restric-
tion applies for the labeled molecules. Analytical solutions
for randomly distributed donor and acceptor molecules
and numerical solutions for nonrandom distribution have
been elaborated by different groups (24,26,27,35,36,
92,124). In order to differentiate between random and
nonrandom distributions, energy transfer efficiencies have
to be determined at different acceptor concentrations.

MEASURING TECHNIQUES
Spectrofluorimetry

For the case of spectrofluorometric measurements,
Equations 10 and 11 are used to determine the energy
transfer efficiency. A complete set of samples for transfer
efficiency determination should contain at least one unla-
beled, two single-labeled (one labeled with donor only and
one labeled with acceptor only) and a double-labeled
(labeled with donor and acceptor) sample. The measured
fluorescence intensities have to be corrected intensities,
i.e. for autofluorescence and light scattering. This can be
achieved using the unlabeled sample. At the same time the
fluorescence intensities should be normalized to the same
donor (Equation 10) or acceptor (Equation 11) concentra-
tion. For both corrections very accurate sample prepara-
tion is required. The dye concentration should be carefully
controlled.

In the case of cell suspension another possible error
source is the contribution from unbound fluorophores and
cell debris to the specific fluorescence. These are very
difficult, if not impossible to control, especially if the
fluorescent label has a low binding constant. Multiple
washing decreases the contribution of free fluorophores
to the fluorescence intensity, but unavoidably increases
the amount of cell debris. Fluorescence microscopy over-
comes most of the problems one faces using spectrofluo-
rometry. The distortion caused by dead cells or cell debris
can be avoided, and uncertainties in cell concentration do
not cause a problem either. Measurement of energy

transfer in a microscope has the advantage of the spatial
resolution, thus providing structural information at the
same time. The only disadvantage is statistical accuracy,
because only a relatively small number of cells can be
investigated.

Flow Cytometry

Flow cytometry offers a good compromise for both
measuring energy transfer on cell surfaces, combining
some of the advantages of the spectrofluorometric and
microscopic methods. In the case of flow cytometry, the
effect of light scattering on fluorescence intensities is
practically negligible. Because the receptor densities have
great variation in a cell population, normalization of
fluorescence intensities on a cell-by-cell basis can not be
done using the spectrofluorometric approach. Real single-
cell determination of energy transfer requires the measure-
ment of all parameters on the same cell. In flow cytometric
measurements there are three unknown parameters: the
unquenched donor fluorescence intensity, the nonen-
hanced acceptor intensity, and the efficiency of the energy
transfer. In order to determine these parameters one has to
measure three independent signals from the same cell.
Two of these parameters are the emission intensities
detected from different spectral bands. The third emission
intensity is the one resulting from a second exciting laser
beam. To this end, a conventional flow cytometer may be
modified by the introduction of a second excitation laser
beam. The technical details of such a system were de-
scribed elsewhere (22,100,102,103,109). Briefly, in such a
system the 488-nm and the 514-nm lines of an argon ion
laser are used for excitation. The laser beams are displaced
by about 0.5 mm at the so-called intersection point, where
the laser beams illuminate the cells. Spectral ranges of
fluorescence are detected around the emission maximum
of fluorescein (535 nm) and usually above 590 nm (emis-
sion of rhodamine). Data collection is done in list mode,
meaning that the corresponding light scatter and fluores-
cence intensities from each cell are stored separately. The
calculation of energy transfer efficiency is done by a
computer using Equations 15 and 16. In Equations 12–15,
the measured intensities are I1, I2, and I3 and the excitation
and emission wavelengths are given in parentheses. IF and
IR stand for the theoretical (unquenched and nonen-
hanced) intensities of the donor (excited at 488 nm,
emission detected at 535 nm) and of the acceptor (excited
at 514 nm, detected at .590 nm), respectively. Because
the emission spectra of the fluorescein and rhodamine
overlap, and both molecules can be excited by the use of
both laser beams, correction factors have to be intro-
duced. These factors are S1, S2, and S3. The definitions of
these parameters are as follows:

S1 5 I2/I1

(determined using only donor labeled cells);

S2 5 I2/I3
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(determined using only acceptor labeled cells); and

S3 5 I3/I1

(determined using only donor labeled cells).
The three detected intensities can be expressed as

I1(488 = 535) 5 IF(1 2 E) (12)

I2(488 = .590) 5 IF(1 2 E)S1 1 IRS2 1 IFEa (13)

I3(514 = .590) 5 IF(1 2 E)S3 1 IR 1
S3

S1

IFEa (14)

I1 is smaller than IF because the energy transfer causes
donor quenching. I2 consists of three additive terms: 1) the
overlapping fraction of the quenched fluorescein inten-
sity, 2) the direct contribution of rhodamine, and 3)
sensitized emission due to energy transfer. The proportion-
ality factor a is the ratio of I2 for a given number of
rhodamine molecules and I1 for the same number of
fluorescein molecules. a is constant for each experimental
setup, and has to be determined for every defined case. I3

is a sum of: 1) a fraction of the quenched fluorescein
intensity, 2) the rhodamine intensity, and 3) the sensitized
emission of rhodamine due to energy transfer corrected
for the lower molar extinction coefficient of fluorescein at
514 nm than at 488 nm.

From Equations 12–14, the following equation can be
derived:

E

1 2 E
5

1

a 3
(I2 2 S2I3)

11 2
S3S2

S1
2 I1

2 S14 (15)

All the parameters in Equation 15 can be determined
experimentally. If we substitute B in the right side of
Equation 15, E can be expressed as follows:

E 5
B

1 1 B
(16)

Because fluorescein is used as a donor and rhodamine as
an acceptor in most flow cytometric energy transfer
experiments, the above considerations apply to them. The
equations are valid for other donor acceptor pairs, but the
different spectral characteristics must be considered.

In Equations 12–15, it is assumed that the contribution
of cellular autofluorescence to the specific fluorescence
signals is negligible. If the autofluorescence is substantial,
corrections should be done. In this case, however, the
correction for autofluorescence can be done using the
average autofluorescence intensities of the entire cell
population. It should be noted that since in most cell types
there is a good correlation between the autofluorescence

detected at different regions of the spectrum, a more
elaborate correction method is also possible. Here another
independent parameter should be detected, a fourth
fluorescence intensity, and this way the autofluorescence
can be calculated on a cell-by-cell basis. Naturally high
autofluorescence may decrease the precision of the mea-
surements.

IMAGE CYTOMETRY
Photobleaching FRET Digital Imaging Microscopy

Jovin and Arndt-Jovin introduced another approach to
determine transfer efficiencies in a microscope (47,48).
The energy transfer is calculated from the photobleaching
kinetics of the donor in the presence and in the absence of
the acceptor. Their method is based on the fact that the
integrated fluorescence intensity during complete photo-
bleaching is independent from the quantum efficiency of
the fluorophore and therefore it is proportional to the
donor concentration (41). It is assumed that the donor’s
photobleaching occurs from the excited singlet state. It
can be derived that the energy transfer efficiency can be
calculated as follows:

E 5 1 2
tble

tble
A

5 1 2
(I0

A/Iint
A )

(I0/Iint)
(17)

where tble is the time constant of photobleaching, I0 is the
initial fluorescence intensity, and Iint is the integrated
fluorescence intensity upon complete photobleaching of
the donor. The A upper indexes indicate the presence of
an adequate acceptor. The detailed derivation of the above
formula is described in references (47,48). In the case of
energy transfer, because there is extra possibility for
de-excitation, the availability of excited donors for photo-
bleaching will decrease. As a consequence, the rate of
photobleaching will be slower, starting from a quenched
initial fluorescence intensity, but the integrated fluores-
cence intensity remains unchanged.

This method offers a greater sensitivity with an internal
control for real donor concentration. The only drawback
of the method is the limited number of cells that can be
measured. This may cause that inhomogeneities in the
sample are not revealed. However, if the same experiment
is performed on a flow cytometer this disadvantage can be
overcome. Since the introduction of this approach several
successful adaptations for different systems have been
elaborated (2,95–97).

Intensity-Based Microscopy

The first semiquantitative intensity-based microscopic
method for measuring FRET was introduced approxi-
mately 10 years ago (112,113). Uster and Pagano installed
an additional filter combination for detecting the ‘‘transfer
signal’’ by using the excitation wavelength of the donor
and detecting the sensitized emission of the acceptor. This
approach is suitable for proving the existence of energy
transfer, but the accurate determination of the transfer
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efficiency is not possible. More recently, others (83,132)
used a similar approach with slight modifications.

In the family of the intensity-based microscopic meth-
ods, two relatively new versions emerged. The first (79)
uses a set of equations similar to those described by Trón
(109), whereas the other calculates corrected ratio images
taken from the donor and the acceptor as well (54). Both
versions are suitable for determining the transfer efficien-
cies on pixel basis.

APPLICATION OF FRET
Research

Cell surface distribution of hematopoietic cluster
of differentiation (CD) molecules. A nonrandomized
codistribution of membrane-bound proteins play an impor-
tant role in signal transduction across the cell membrane.
The primary target for external stimuli is the plasma
membrane. In addition to the well-known biochemical
mechanisms of ligand-receptor interaction there are numer-
ous physical events that induce alterations of the cell
surface in the vicinity of the receptor. Signal transduction
is often accompanied by the dynamic rearrangement of
the two dimensional patterns of the macromolecular
constituents at the cell surface.

The most commonly used methods for determining
molecular associations in membranes include cocapping,
co-immunoprecipitations, chemical cross-linking, modi-
fied fluorescence recovery after photobleaching, electron
microscopy, atomic force microscopy, and FRET measure-
ments. Application of one method alone usually does not
give a conclusive picture. Results of two or more methods,
however, reinforce each other and lead to a consistent
picture of the molecular interactions in the plasma mem-
brane. We will focus mostly on results gained by FRET
technique, some of the supporting data obtained by other
biochemical and biophysical methods will also be men-
tioned. There have been several general reviews on
mapping cell surface elements using FRET technique
(17,18,21,70,71,98,108,127); this chapter will focus mainly
on the latest results concerning this field.

Although the major histocompatibility complex (MHC)
class I and class II molecules are structurally and function-
ally distinct, there is evidence that MHC class I and class II
molecules can be more intimately related than previously
thought. It has been reported that MHC class I-specific
antibodies can cocap MHC class II antigens on B lympho-
cytes (77,78). These observations prompted us to perform
studies in which a more direct approach, FRET technique,
was applied for the investigation of the possible associa-
tion between HLA class I and class II molecules on PGF and
JY B lymophoblastoid cells (99). A panel of monoclonal
antibodies specific for various class I and class II antigens
was labeled with either FITC (donor) or TRITC (acceptor).
Flow cytometric energy transfer measurements were made
on cells labeled with fluoresceinated and rhodaminated
antibodies simultaneously. FRET efficiency was calculated
on a cell-by-cell basis and the results were displayed as
energy transfer distribution histograms. Mean values of
such distribution histograms were used to draw conclu-

sions about the proximity relationship of cell surface
proteins under investigation. This type of FRET study
revealed that HLA class I and class II molecules are
expressed mostly in a monomeric state on the cell surface.
Class II antigens may form heteroassociations among
themselves and there is association between class I and
class II molecules. There is an equilibrium between free
nonassociated HLA class I and class II molecules and the
associated class I-class II antigen complexes. The number
of class I-class II molecule associations formed depends
upon the available class I and class II molecules expressed
in the plasma membrane. These results are also in agree-
ment with cocapping experiments demonstrating class
I-class II interaction. Our data, however, demonstrated
that these complexes are physically associated before
cocapping (99). While there was no homoassociation
between HLA class I molecules on PGF cells, we could
detect homoassociation between them on JY cells. The
degree of homoassociation of class I antigens highly
depends on the culturing conditions, whether the cells
were in log phase or in plateau phase. HLA class I
clustering correlated with the expression level of b2-
microglobulin-free HLA class I heavy chains, and the
addition of exogenous b2-microglobulin greatly reduced
the HLA class I homoassociation (9). Moreover, modula-
tion of the composition of plasma membrane also influ-
enced the HLA class I clustering. Addition of cholesterol
decreased the membrane fluidity and also the degree of
homoassociation of HLA class I molecules (9).

We have extended these types of flow cytometric
energy transfer measurements and molecular associations
have been detected between intercellular adhesion mol-
ecule 1 (ICAM-1; CD54), HLA class I heavy chain, b2-
microglobulin, and HLA-DR on the cell surface of JY B
lymphoma cells (6). Similar heteroassociations were found
in the plasma membrane of HUT-102B2 T lymphoma cells,
but the significantly different quantitative data suggested a
somewhat different cell surface distribution pattern of the
molecules. In this case, interleukin-2 (IL-2) receptor a
subunit (IL-2Ra, CD25), was also included in the proximity
studies. FRET data suggested that ICAM-1 and/or IL-2Ra
are closer to the b2-microglobulin than to heavy chain of
the HLA class I complex. In addition, a high degree of
homoassociation of ICAM-1 molecules was observed. Het-
eroassociations involving ICAM-1 molecules may play an
important role in antigen presentation, T-cell recognition,
cytotoxicity, site-directed lymphokine secretion, and other
immunological processes (6).

Flow cytometric energy transfer measurements have
also been used to study the topological distribution of
transferrin receptor (TfR; CD71) relative to the heavy and
light chains of the HLA class I molecules, class II mol-
ecules, interleukin receptor a-chain (CD25), and ICAM-1
(CD54) molecules on HUT-102B2 T and JY B cell lines
(72). TfR showed high degree of homoassociation, and its
cell surface distribution depended upon the growing
condition of cells. TfR was in close vicinity to HLA class I
molecules on the surface of JY cells in both logarithmic
and plateau phase, whereas it was not associated with HLA
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class I on the surface JY cells (Figs. 3 and 4). HLA class II
molecules heteroassociated with TfR on HUT-102B2 cells,
whereas only a modest association was found on JY cells,
and only in the logarithmic phase (6,72).

Flow cytometric energy transfer measurements have
been used to confirm whether coprecipitation of tetraspan
molecules (CD37, CD53, CD81, CD82) with HLA class II
(DR) antigens is an experimental artefact or reflects real
molecular associations in the plasma membrane of live
cells. Results of energy transfer experiments carried out
with fluorescently labeled monoclonal antibodies (whole
antibodies and Fab fragments) demonstrated that the
tetraspan molecules are in a single complex with DR
molecules rather than each of them is separately associ-
ated with different DR molecules (101). The coclustering
of these molecules may have functional significance; this is
currently under investigation.

Combination of atomic force, electron microscopy, and
photobleaching energy transfer made the discovery and

description of the clustering of MHC class I molecules at 2
to 10 nm and also at µm levels (23). Using flow cytometric
and photobleaching energy transfer measurements a non-
random distribution pattern of HLA class I molecules was
observed in the 2 to 10 nm range. A second, nonrandom,
and larger-scale topological organization of the HLA class I
molecules was detected by transmission electron micros-
copy and atomic force microscopy using immunogold
labeling. These data suggested that HLA class I antigens
exhibit a hierarchical arrangement consisting of specific
patterns of localizations but with a degree of randomness
in the distribution. The possible function of the higher
order clusterization is that by increasing the local density
of adhesion molecules and thereby the multiplicity of
intercellular interactions, clusters may serve to stabilize
weak contacts between cells (23). A similar hierarchical
distribution pattern was observed for HLA class II mol-
ecules. Electron microscopy also revealed that a fraction of
the HLA class II molecules was heteroclustered with HLA
class I molecules at the same hierarchical level (46).

CD7 is a 40-kDa glycoprotein that is expressed on a
major subset of human peripheral blood T cells. Cross-
linking of CD7 monoclonal antibody (mAb) is mitogenic
and signals delivered via CD7 molecule stimulated integrin-
mediated adhesion (59). Co-immunoprecipitation data
suggested that CD7 associate with CD3 and CD45. To
confirm this observation, flow cytometric energy transfer
measurements were performed using FITC- and TRITC-
labeled mAbs as donor acceptor pairs. There was signifi-
cant increase in the sensitized emission when FITC-CD7
and TRITC-CD45, or FITC-CD7 and TRITC-CD3 interaction
was investigated, indicating molecular associations be-
tween these entities. These data supported the hypothesis
that CD7 exists in an oligomeric complex with CD3/T cell
receptor (TCR), CD45, and tyrosine kinase, thereby provid-
ing physical basis for the accessory role of the CD7
molecule in T cell activation (59).

Flow cytometric energy transfer measurements were
applied to monitor the aggregation of IL-1 type I receptor
(CD121a) on transfected C127 mouse mammary carci-
noma cells or on Chinese hamster ovary (CHO) cells.
Noncompetitive anti-CD121a mAb, M5, was conjugated
separately with either FITC (donor) or Cy3 (acceptor) and
the cells were labeled simultaneously with a mixture of
FITC-M5 and Cy3-M5 antibodies. The ratio of acceptor to
donor emission was monitored to detect sensitized emis-
sion and donor quenching that occurred upon addition of
IL-1a. FRET results indicated that IL-1 binding led to
time-dependent aggregation of IL-1 type I receptor, and
that this aggregation is likely to play an important role in
IL-1-dependent signal transduction (34).

Vignali and coworkers used also flow cytometry to
detect FRET between various domains of CD4 and TCR
(114). They used FITC- and TRITC-conjugated mAbs to
label specific epitopes on these molecules. CD4 is inti-
mately involved in colocalizing TCR with its specific
peptide ligand bound to MHC class II molecules. They
wanted to determine which portion and function of CD4
was responsible for the fidelity of the interaction between

FIG. 3. Schematic representation of the lateral distribution of transfer-
rin receptor (TfR), HLA class I (HLA I), HLA class II (HLA II) molecules on
the surface of JY lymphoblastoid B cells. Note that the transferrin
receptor shows high degree of homoassociation and associates with HLA
class II molecules but not with HLA class I molecules. The complexes
shown are only examples of possible clusters.

FIG. 4. Schematic representation of the lateral organization of transfer-
rin receptor (TfR), IL-2 receptor a chain (Tac), intercellular adhesion
molecule-1 (ICAM-1), HLA class I (HLA I), and HLA class II (HLA II)
molecules on the surface of HUT-102B2 lymphoblastoid T cells. b2-
microglobulin is the light chain of HLA class I molecule. Note that the
transferrin receptor shows high degree of homoassociation and associates
with HLA class I, HLA class II, ICAM-1, and Tac. The complexes shown
are only examples of possible clusters.
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TCR and peptide-loaded MHC class II molecules, the distal
D1/D2 domains that bind to MHC class II molecules or the
membrane proximal D3/D4 domain. FRET data indicated
that the D3/D4 domains of CD4 might interact directly or
indirectly with the TCR-CD3 complex and influence the
signal transduction processes (114).

In contrast to the above-mentioned examples in which
mostly flow cytometric energy transfer measurements
were used for mapping cell surface distribution of mem-
brane proteins, the application of microscopic energy
transfer measurements will be discussed in the following
examples. In one article, the photobleaching fluorescence
resonance energy transfer (pbFRET) method was applied,
in the other paper, intensity-based FRET studies were
performed using microscope.

pbFRET technique was used to study the role of CD4 in
signal transduction via TCR/CD3 complex. Szabó et al.
wanted to reveal whether the inhibition of T cell activation
via TCR/CD3 by anti-CD4 antibodies is attributed by the
topological separation of CD4-p56lck from CD3, or by
improper apposition (97). The epitopes were liganded
with FITC-conjugated antibodies (donor) and PE-conju-
gated antibodies (acceptor) simultaneously. Results of
pbFRET experiments showed that CD4 stayed in the
molecular vicinity of CD3, whereas anti-CD3 stimulation
was suppressed by anti-CD4 antibodies. Negative signaling
via CD4 may be interpreted in terms of functional uncou-
pling rather than physical separation of CD4 from the
TCR/CD3 complex (97).

Jürgens and coworkers also used the pbFRET approach
to reveal proximity relationships between the type I
receptor for Fce (FceRI) and the mast cell function-
associated antigen (MAFA) (53). Monoclonal antibodies
against FceRI and MAFA were conjugated with FITC
(donor) and TRITC (acceptor) whereas the IgE, the ligand
for FceRI, was conjugated with bis(sulfate)-indocarbocya-
nine Cy3.18-OSu (Cy3) (donor) and bis(sulfate)-indocarbo-
cyanine Cy5.18-OSu (Cy5) (acceptor) and FRET analysis
was performed using donor photobleaching digital imag-
ing microscopy. Results of pbFRET analysis suggested that
MAFA was in close proximity to at least some of the FceRI,
and clustering of FceRI leads to no significant change in the
proximity of the two molecular species. The association of
FceRI and MAFA establishes a molecular base for MAFA-
mediated inhibition of mast cell activation (53).

The best examples for intensity-based FRET measure-
ments were provided by Petty and coworkers. They
systematically investigated the interreceptor interactions
between FcgRIIB (CD16b), a GPI-linked protein, and the
leukocyte integrin CR3 (aMb2; CD11b/CD18) (84). They
used 3T3 cell lines transfected with either FcgRIIB or CR3
or both proteins. Monoclonal antibodies were labeled
with FITC and TRITC, and the energy transfer measure-
ments were performed in a microscope. Using appropriate
filters and background subtraction FRET signal was de-
tected with a photon counting apparatus. Their results
indicated that these two membrane proteins can exist in
close physical proximity in membranes and that this
association can be affected by an exogenous compound
such as N-acetyl-D-glucosamine (84). Using the same

resonance energy transfer microscopy approach the group
studied the interaction between complement receptor
type 3 (CR3) and FcgRIIA (CD32). Normal and a tail-minus
mutant of FcgRIIA were transfected into fibroblasts that
did or did not express CR3. Physical proximity was
detected between CR3 and FcgRIIA on the cell surfaces.
Cells expressing only the tail-minus mutant of FcgRIIA
were unable to internalize opsonized erythrocytes but
showed significant binding ability. In contrast, cells express-
ing both mutant FcgRIIA and C3 internalized opsonized
erythrocytes. Results showed that CR3 could complement
the phagocytic function of defective FcgRII (126). FRET
microscopy was used to image the spatial distribution of
energy transfer efficiency and to follow the kinetics of the
association and dissociation of CR3 and the urokinase-type
plasminogen activator receptor (uPAR; CD87), a GPI-
linked protein. Initial level of FRET dramatically fell during
cell polarization, but did not change on cells fixed with
paraformaldehyde. This means that interreceptor associa-
tions correlate well with cell activity: CR3 and uPAR are
coclustered on stationary cells and uncoupled on polar-
ized cells initiating locomotion (56). CD14, another GPI-
linked membrane protein, also affected the cell surface
distribution of CR3. When cells were treated with endo-
toxin LPS, which binds CD14, formation of CD14-CR3
complex was initiated. Kinetic studies showed that CD14-
CR3 complexes dissociate as neutrophils attach to sub-
strate (129).

Conformation of membrane proteins. In addition
to the cell surface distribution of membrane proteins the
conformation of these molecules can also be investigated
by FRET technique. In one approach reactive groups of a
protein under investigation are labeled with fluorescent
probes, i.e., with donor acceptor pairs, and the variation in
FRET efficiency is used to characterize altered conforma-
tion of the protein molecule. In the other approach
various epitopes of a membrane protein can be labeled
with appropriately conjugated monoclonal antibodies or
Fab fragments and the change in the intramolecular FRET
efficiency is monitored during various treatments.

Zheng et al. have chosen the first approach in order to
monitor conformations of IgE bound to its receptor FceRI
and in solution (131). They prepared a mutant IgE (e/Cg3*)
that has a cysteine replacing a serine near the C-terminal
end of the heavy chain. This sulfhydryl group was selec-
tively labeled with fluorescein-5-maleimide serving as do-
nor, and the 5-(dimethylamino)naphthalene-1-sulfonyl
(DNS) bound to the antigen binding site of the IgE served
as acceptor. The resonance energy transfer between these
groups was monitored by spectrofluorometry and the
average end-to-end distances for IgE in solution and on
membranes after forming receptor-IgE complex were
compared. These distance measurements clearly demon-
strated a bent confirmation for IgE bound to its receptor
on the cell membrane and also provided evidence for a
surprisingly similar conformation for IgE in solution (131).

In contrast to the antibodies, T cells do not recognize
antigens in their native conformation, but only after partial
proteolysis within antigen processing and presenting cells
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into constituent peptides that are then bound to MHC
molecules. The bimolecular complex of antigen peptide
and MHC molecule is then displayed on the surface of
antigen presenting cells and recognized by T cell clones
bearing antigen receptor specific for it. MHC class I
molecules primarily specialized to present peptide derived
from endogenous proteins whereas class II molecules
present peptides derived from endocytosed antigens.
Tampé and coworkers wanted to address the question of
whether MHC class II molecules can bind one or two
peptides (105). They compared the peptide binding capac-
ity of the ‘‘floppy’’ and ‘‘compact’’ forms of MHC class II
molecules. The floppy confirmation is an intermediate in
the dissociation of compact into separate a and b chains. A
170 amino acid peptide from chicken ovalbumin was
labeled with fluorescein at the amino terminus or with
Texas Red (TR) near the carboxyl terminus. Systematic,
spectrofluorometric FRET measurements between fluores-
cein- and TR-labeled peptides revealed that two full-length
peptides can bind to the floppy ab heterodimer, and two
truncated peptides can bind to the compact ab het-
erodimer and also to floppy ab heterodimer. No simulta-
neous binding of the two full-length peptides to the
compact ab conformation was detected. The biological
significance of the above-mentioned findings may be that
they suggest a mechanism or peptide exchange in class II
antigen (105).

Catipovic and coworkers compared the conformation of
empty and peptide-loaded MHC class I molecules (11)
using flow cytometric FRET measurements. Fluorescein-
ated Fab fragments of monoclonal antibody specific for a2
domain of the heavy chain served as donor, and TR-
conjugated Fab fragment of monoclonal antibody specific
to b2-microglobulin as acceptor. No FRET was found
between empty MHC class I complex, but FRET was
detected when the complex was loaded with peptides.
These data indicated that empty MHC class I molecules
have a flexible and extended conformation that is acces-
sible by peptides. Upon peptide binding, MHC class I
molecules adopt a more compact conformation. Because
the amount of FRET depends on the sequence of the
bound peptide, it appears that this compact MHC confor-
mation is influenced by the peptide (11).

Fluoresceinated and rhodaminated, noncompeting mAbs,
which bind to the same H-2Kk antigen but to different
epitopes, were applied to label the surface of HK 22
murine T lymphoma cells. Using flow cytometric tech-
nique, significant FRET efficiency was detected between
FITC-labeled 30/6 and TRITC-labeled 27/55 antibody be-
cause it would be expected for intramolecular transfer
efficiency. Addition of specific peptide to the double-
labeled cells increased the FRET efficiency significantly. At
the same time addition of the specific peptide had no
effect on the monomeric state of H-2Kk molecules. Be-
cause a large portion of the MHC class I antigens expressed
on the cell surface is already occupied by endogenous
peptides the increase in FRET efficiency upon addition of
exogenous peptide can be interpreted in the following
ways. Addition of peptide induces a huge conformational
change in formerly free MHC class I molecules, which can

be 10% to 30% of the total class I molecules. Another
possibility is that exogenously added peptides replace
almost all the endogenous peptides, and due to its differ-
ent structure induces a slight conformational change on all
class I molecules (98).

Flow cytometric FRET measurements were performed
to detect reversible conformational changes in the MHC
class I complex in the plasma membrane of JY cells upon
depolarization of the transmembrane potential (7). The
heavy chain of the MHC class I molecules was labeled with
fluoresceinated mAb, while the b2-microglobulin with
rhodaminated mAb. Reduction of transmembrane poten-
tial increase the intramolecular FRET efficiency between
these antibodies (Fig. 5). Repolarization of the depolarized
samples restored the energy transfer efficiency to the
original values measured before depolarization. Depolariza-
tion caused similar relative changes in FRET efficiency
when Fab fragment was used for labeling MHC class I
complex, suggesting that the observed phenomenon is not
restricted to whole antibodies (7). The magnitude of the
conformational change was similar to that observed in
MHC class I complex upon specific peptide binding (98).
This finding suggested that peptides presenting MHC class
I molecules might alter their conformation upon transmem-
brane potential changes to such an extent that antigen
presentation and, thus, cell-mediated cytotoxicity may be
influenced. Toward this end, the same group studied the
effect of membrane potential changes of target cells on the
function of cytotoxic T lymphocytes. Alterations of the
resting potential of target cells in both directions resulted
in enhanced cytotoxic activity (3). These observations
suggested the alteration of membrane potential could
directly influence the conformation of proteins critical for
immune recognition.

Analytical Applications

Tandem fluorescence dyes in immunophenotyp-
ing. The detection of multiple fluorescent biomarkers on
a single cell by flow cytometry provides a powerful tool for
cell analysis. Therefore, there is always a need for more
fluorophores that can be used simultaneously in immuno-
fluorescence applications. Because most clinical flow
cytometers utilize single-laser excitation, conventional
low molecular weight fluorescent dyes having small Stokes
shift can not be used for the detection of more than two
fluorescent parameters on a single cell. The introduction
of the phycobiliprotein-based tandem dyes has signifi-
cantly enhanced the capabilities of these single-laser flow
cytometers for performing multiparametric analysis
(5,60,86,115). R-PE, a protein of molecular weight 240
kDa containing 34 bilin fluorophores (80) can be applied
simultaneously with fluorescein because both can be
excited at 488 nm and the PE emission at 575 nm and
fluorescein emission at 525 nm can readily be discrimi-
nated with optical band-pass interference filters. In addi-
tion, PE can be used as energy donor due to its high molar
absorption coefficient between 450 and 550 nm, with a
range of potential acceptor molecules possessing favor-
able spectral overlap, including TR, Allophycocyanine
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(APC), and cyanine dyes (Cy5 or Cy7). The Texas Red-PE
tandem conjugates have been commercially available un-
der the following trademarks: Duochrome (Becton Dickin-
son Immunocytometry Systems, Belgium), ECD (Beckman
Coulter) and Red 613 (Life Technologies, Rockville, MD).
The large Stokes shift associated with the fluorescence
resonance energy transfer of these tandems produces
emission that can easily be resolved from direct PE or
fluorescein emissions. The PE-TR tandem emits at 613 nm,
the APC-PE and Cy5-PE at 660–670 nm, and the Cy7-PE
at 780 nm, respectively (60,86,115). The largest Stokes
shift of 300 nm is provided by the Cy7-PE conjugate that
can be efficiently excited at 488 nm and emits at 780 nm.
The Cy5-PE and Cy7-PE tandems are very bright fluores-
cent reagents and can be used with fluorescein and PE
with excitation from a single laser light (488 nm) provid-
ing a useful fluorophore set for four-color immunofluores-
cence (86).

Development of tandem reagents is more difficult than
development of simple fluorophores primarily because of
the added variable: the acceptor-to-donor molar ratio
(A/D). In general, a high A/D ratio yields the best transfer
efficiency, however, at such ratios the acceptor often
self-quenches (producing less fluorescence) and may cause
the tandem to become ‘‘sticky.’’ In such an event, the
monoclonal antibody-tandem conjugate looses its specific-
ity. Therefore, compromise between optimal transfer
efficiency (i.e., low or no direct emission of the PE should
be present) and optimal acceptor fluorescence is neces-
sary. In the case of Cy5-PE tandem less Cy5 is needed to
quench the direct PE fluorescence than in the case of
Cy7-PE conjugate because the spectral overlap between
PE and Cy5 is larger than between PE and Cy7 (60,86).
Self-quenching due to acceptor dimerization starts above 5
Cy5/PE ratio for Cy5-PE conjugate and above 3 Cy7/PE
ratio for Cy7-PE conjugate. Interestingly, the stickiness is
much less of a problem for Cy7-PE than for Cy5-PE, which
has nonspecific staining when applied to peripheral blood
mononuclear cells. It has been suggested that human
monocytes might have a ‘‘Cy5’’ receptor resulting in high
background binding of Cy5-PE. Cy7-PE conjugated nonrel-
evant antibodies do not show nonspecific binding on
monocytes (86). Although these tandem dyes are very
useful in single-laser flow cytometry, not all of them can be
utilized for dual-laser application, because the second laser
might directly excite the acceptor molecule of the energy
transfer pair. For example, in a flow cytometer in which
the second laser emits at 633 nm, the application of Cy5-PE
tandem dye as a third color on the first laser beam (488
nm) may not be effective. Cy5-PE is efficiently excited with
the second laser and, unfortunately, it emits energy in the
same region as APC. The exploitation of the second laser
beam has been greatly enhanced with the introduction of
tandem dyes that work in the red and far-red region (5,86).
The other motivation in the development of the red
excitable tandem dyes was the challenge to avoid fluores-
cence near or at cellular autofluorescence, which is often a
limiting factor in signal detection. Competition with auto-
fluorescence is much less of a problem when the dye
selected is in the red and far-red region. Cy7 dye with its
780-nm emission is a good candidate as a fluorescent
probe for flow cytometry, however, the 744-nm excitation
is usually unavailable on standard dual-laser flow cytom-
eters. Conjugation of Cy7 to APC resulted in a new tandem
construct, the Cy7-APC or ALLO-7 (5,86). The sensitivity of
photomultipliers tubes in the 700 to 800 nm region should
be increased in order to obtain wider applications of this
red tandem dye. ALLO-7 has the potential to increase and
diversify the combinations of fluorochromes used with
conventional flow cytometers.

The tandem dyes discussed above are bright fluoro-
phores and can easily be coupled to mAbs. These reagents
are well suited for a variety of fluorescence applications,
including multilaser clinical flow cytometry and micros-
copy.

Enzyme assays. Usually this type of FRET measure-
ment involving synthesized oligomers is not of concern to

FIG. 5. Schematic representation of HLA class I complex labeled with
noncompeting fluorescently tagged antibodies bound to the same com-
plex but to different epitopes. Monoclonal antibody W6/32 binds to the
heavy (a) chain of the HLA I complex, while L368 to the light chain
(b2-microglobulin) of the complex. Depolarization of the membrane
results in conformational change of the HLA class I molecule bringing the
tagged epitopes closer to each other.
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clinical immunologists. However, the current interest in
multiplexed flow cytometric analysis provides an opportu-
nity to revisit some of the classical assay systems involving
fluorophores and solid-phase binding. The distance be-
tween the locations of the donor and acceptor molecules
is of great concern in this type of flow cytometric assay
because many analytes form complexes in close proximity
to each other. Utilizing microspheres suspended in a liquid
medium attached to oligomers with and without fluores-
cent label sets the stage for a new approach to homoge-
neous assay systems.

The general scheme of a FRET-based enzyme assay is the
following: Oligomer substrates are synthesized that are
double labeled with donor and acceptor fluorophores.
Usually the distance between the locations of the donor
and acceptor molecules is less than R0, so the donor
fluorescence is significantly quenched in this double
conjugate. This intramolecular quenching is relieved by
the action of an enzyme that cleaves the oligomer sub-
strate, thereby releasing the donor and acceptor moieties
separately into the solution, resulting in tremendous
increase in donor fluorescence (Fig. 6). These fluorometric
assays are widely used because they provide high sensitiv-
ity and the assay can easily be automated.

Proteases are among the most often assayed enzymes.
Matayoshi and coworkers have developed a new fluoro-
genic substrate for assaying retroviral proteases using the
FRET principle (66). The assayed enzyme, the 11-kDa
protease (PR) encoded with human immunodeficiency
virus (HIV) 1, is essential for the correct processing of viral
polyproteins. The maturation of infectious virus is there-
fore a target for the design of selective HIV disease
therapeutics. The assay used the quenched fluorogenic
substrate 4-[[48-(dimethylamino)-phenyl]azo]benzoic acid
(DABCYL)-Ser-Gln-Asn-Tyr-Pro-Ile-Val-Gln-5-[(28-aminoeth-
yl)amino]naphthalene-1-sulfonic acid (EDANS), whose pep-
tide sequence was derived from a natural processing site

for HIV-1 PR. The fluorogenic peptide is cleaved at the
Tyr-Pro bond resulting in a 40-fold increase in the fluores-
cence quantum yield. Application of this assay facilitates
the identification of novel inhibitors of HIV-1 PR, and
permits detailed studies on the activity and inhibition of
this enzyme. Because of its simplicity, speed, sensitivity,
and precision in kinetic analyses, this method is superior
to the more commonly used high-performance liquid
chromatography or electrophoresis-based assays for pep-
tide substrate hydrolysis by retroviral PR (66).

The serine protease involved in spreading of an other
infectious virus, hepatitis C, is contained within the
N-terminal region of nonstructural protein 3 (NS3 prote-
ase) and is among the possible targets for therapeutic
intervention. Taliani and coworkers also used the above-
mentioned DABCYL-EDANS pair to design a fluorogenic
substrate for NS3 protease, however, in vitro characteriza-
tion of synthetic substrates based on all of the natural
cleavage sites has consistently revealed poor kinetic param-
eters, making them unsuitable for sensitive high-through-
put screening (104). Instead, they have developed a
depsipeptide substrate incorporating an ester bond within
the molecule containing the two fluorophores. With the
help of this new substrate a continuous assay for NS3
protease activity was developed, and the detection limit
for NS3 was estimated between 1 nM and 250 pM (104).

Wang and coworkers used the same DABCYL-EDANS
donor-acceptor pair to design a fluorogenic substrate for
continuous assay of renin activity (116). Human renin, an
aspartic protease, is one of the most specific proteases and
plays an important role in the regulation of blood pressure
and in electrolyte homeostasis. The DABCYL-gaba-Ile-His-
Pro-Phe-His-Leu-Val-Ile-His-Thr-EDANS substrate incorpo-
rates the renin cleavage site that occurs in the N-terminal
peptide of human angiotensinogen. The cleavage of the
substrate occurs specifically at the Leu-Val bond, which
corresponds to the renin cleavage site of angiotensinogen,
and leads to a time-dependent increase in fluorescence
intensity. It was estimated that with extended incubation
time (2 to 3 h) the assay can detect renin at 0.5 ng/ml
concentration. The automated, high-throughput fluoromet-
ric renin assay version for the 96-well microtiter-plate
fluorescence reader is useful for studying enzyme inhibi-
tors and enzyme stability (116).

The DABCYL-EDANS pair proved to be also very useful
in developing fluorogenic substrate for interleukin-1b
(IL-1b)-converting enzyme (ICE) (82). ICE is a heterodi-
meric cystein protease that catalyzes the conversion of the
inactive 33-kDa or 31-kDa IL-1b precursor to the 17.5-kDa
mature biologically active molecule. The unique cleavage
site appears to be conserved in all known IL-1b molecules
and occurs between Asp 116 and Ala 117. Upon cleavage
of the newly developed DABCYL-Tyr-Val-Ala-Asp-Ala-Pro-
Val-EDANS substrate, an increase in fluorescence intensity
is observed, permitting continuous assay of ICE. Besides
characterizing the enzyme activity of ICE, this assay is
useful in screening inhibitory compounds (82).

Another protease, the stromelysin is a member of the
matrix metalloproteinase family of enzymes and has been

FIG. 6. Enzyme assays based on FRET principle. Fluorogenic sub-
strates are synthesized in which donor and acceptor molecules are
attached to monomers (e.g., amino acids, saccharides, nucleotides) and
located within the FRET distance. Upon cleavage, the FRET efficiency
drops to zero, the intensity of donor increases and the intensity of
acceptor decreases.
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implicated in the pathogenesis of tumor metastasis and
inflammatory diseases such as rheumatoid arthritis. To
screen prospective inhibitors of this protease, Bickett and
coworkers developed a fluorogenic substrate with excita-
tion and emission spectra compatible with commercially
available 96-well plate readers (8). The substrate is based
on conjugation of 6[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl
amino] hexanoic acid (NBD) (excitation: 467 nm; emis-
sion: 534 nm) and 7-dimethylaminocoumarin-4-acetate
(DMC) (excitation: 368 nm; emission: 465 nm) to a
peptide substrate for stromelysin. The new substrate
NBD-Arg-Pro-Lys-Pro-Leu-Ala-Nva-TRP-Lys-(DMC)-NH2 is
95% quenched and the fluorescent product Nva-TRP-Lys-
(DMC)-NH2 is easily detected at 368 nm excitation and 465
nm emission. Because of the action of the enzyme, a
20-fold increase in the fluorescence quantum yield can be
observed. These characteristics make this compound an
excellent substrate for routine determination of in vitro
activities of stromelysin inhibitors (8).

Goudreau and coworkers synthesized a novel fluoro-
genic substrate, dansyl-Gly-(p- NO2)Phe-bAla, as a selective
substrate for neutral endopeptidase 24.11, found on the
surface of various cells and involved in processes as
diverse as hypertension and the control of vasoactive
peptides (33). The neutral endopeptidase also behaves as a
lymphocyte marker and is identical to the common acute
lymphocytic leukemia antigen (CALLA; CD10). Cleavage
of the substrate Gly-(p-NO2)Phe amide bond leads to an
increase in fluorescence related to the disappearance of
the intramolecular energy transfer between the dansyl and
the nitrophenyl residues. The substrate has advantages
over the commercially available dansyl-D-Ala-Gly-(p-
NO2)Phe-Gly, because the Gly residue in the fourth posi-
tion has been replaced by b-alanine. This increases the
selectivity of the substrate for neutral endopeptidase via
eliminating a residual sensitivity of the peptide toward
angiotensin converting enzyme. In addition, deletion of
the D-Ala residue in the second position resulted in an
increase in the quenching efficiency, thus raising the
sensitivity of the assay (33).

In another set of fluorogenic substrates, only one
extrinsic fluorophore is added to the polypeptide chain,
because the Trp is used as intrinsic fluorophore in creating
the donor/acceptor pair for FRET-based analysis. Stack and
Gray designed a fluorogenic substrate for vertebrate colla-
genase and gelatinase, dinitrophenyl-Pro-Leu-Gly-Leu-Trp-
Ala-D-Arg-NH2 (93). Tryptophan fluorescence was effi-
ciently quenched by the NH2-terminal dinitrophenyl group.
Increased fluorescence accompanied hydrolysis of the
peptide by collagenase or gelatinase. Amino acid analysis
of the two-product peptides showed that collagenase and
gelatinase cleaved the substrate at the Gly-Leu bond. The
specificity of the substrate was also proven by the fact that
soluble type I collagen was a competitive inhibitor of
peptide hydrolysis by collagenase (93). In the other
substrate, designed by Bouvier et al. (10), the indole
fluorescence of the tryptophan residue was quenched by
an N-terminal dansyl group located five amino acid resi-
dues away. The heptopeptide substrate, dansyl-Ala-Tyr-Leu-

Lys-Lys-Trp-Val-NH2, is a specific substrate for the promati-
gote surface protease (PSP) of Leishmania. The fluorescent
oligopeptide substrate was cleaved by the PSP between
the tyrosine and leucine residues and the hydrolysis
resulted in a time-dependent increase in fluorescence
intensity of 3- to 7-fold. Wang and Liang described a new
approach for synthesizing fluorogenic substrates contain-
ing only a-amino acids for renin, by incorporating trypto-
phan and p-nitrophenylalanine into peptides (117). In this
manner, the substrates can be prepared on a peptide
synthesizer, and both ends of these peptides are free;
other residues can be attached to increase their solubilities
or to label them with affinity ligands. They tested the
applicability of this new approach by developing a continu-
ous assay for renin. Hydrolysis of the peptide specific to
renin resulted in a 4.5-fold increase in tryptophan fluores-
cence, suggesting that p-nitrophenylalanine quenches about
78% of the fluorescence of tryptophan in this peptide
(117).

Not only proteases but also other enzymes have been
assayed using FRET-based fluorogenic substrates. For ex-
ample, introduction of bifluorescent-labeled substrates for
endo-type carbohydrases provided a continuous, homoge-
neous assay for glycoamidases and ceramide glycanases.
Earlier, the activity of these enzymes was measured in
assays involving the separation of the products. Lee and
coworkers prepared a doubly fluorescence-labeled bianten-
nary glycopeptide for glycoamidases and an alkyl lactoside
for ceramide glycanases (61). For the glycopeptide sub-
strate, dansyl group (donor) is attached to the terminal
galactose and naphthyl group (acceptor) is placed on the
N-terminal amino acid. For the alkyl lactoside substrate
dansyl group is attached to the omega-amino group of the
alkyl aglycon and naphthyl group is attached to the
68-hydroxyl of lactose. The fluorescence emission of the
naphthyl increased as glycoamidase or ceramide glycanase
hydrolyzed their respective substrates. Using these sub-
strates, sensitive and convenient assays of these enzymes
were established (61). Armand and coworkers synthesized
a bifunctionalized tetrasaccharide a substrate to study
cellulases, which are usually classified as endoglucanases
and cellobiohydrolases (1). The substrate, which carries a
5-(2-aminoethylamino)-1-naphthalenesulfonate group on
the nonreducing end and an indolethyl group on the
reducing end, could be of general use to measure the
kinetic constants of cellulases able to act on oligomers of
degree of polymerization less than 5. Their data also
proved that cellobiohydrolases I and II are able to degrade
an oligosaccharide substrate carrying noncarbohydrate
substituents at both ends (1).

Retroviruses require viral DNA to be synthesized by
reverse transcription in the cytoplasm followed by integra-
tion of the resulting viral DNA into the host chromosome
in the nucleus. Reverse transcription and integration,
essential steps in the life cycle of retroviruses, are possible
targets in the development of antiviral reagents. One
attractive target is the integrase protein, a product of the
retroviral pol gene, which is solely responsible for the
retroviral integration process through cutting and joining
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reactions. For screening of large numbers of antiviral
agents a rapid and precise assay, based on the FRET
principle, has been developed (62). Oligonucleotide con-
taining the terminal sequence of HIV-1 DNA and FITC
(donor) and EITC (acceptor) were synthesized and an-
nealed to form a fluorogenic substrate for HIV integrase.
The authors were able to overcome the problem of earlier
attempts in which the fluorophores interacted with the
DNA causing quenched fluorescence even after cleavage,
via applying a nucleotide analog with a 12-carbon linked
arm, 5 amino (12)-28deoxyuridine b-cyanoethyl phosphora-
madite. The fluorogenic substrate-based assay was standard-
ized with radioactive DNA cleavage reaction. The advan-
tages of the fluorescent assay over the other assays include
its speed, continuity of reaction monitoring, sensitivity,
specificity, and capacity for automation through a 96-well
fluorescence microplate reader (62).

Ghosh and coworkers developed a FRET-based assay for
monitoring the kinetics of PaeR7 endonuclease enzyme
activity (32). The authors synthesized a series of duplex
substrates with an internal CTCGAG PaeR7 recognition
site and donor (fluorescein) and acceptor (rhodamine)
dyes conjugated to the opposing 58 termini applying a 6
mer carbon spacer. Restriction cleavage of the fluorogenic
substrate resulted in time-dependent increase in donor
fluorescence. The steady state kinetic parameters for these
substrates were in agreement with the rate constants
obtained from a gel electrophoresis-based fixed time point
assay using radiolabeled substrates. The FRET-based method
provides a rapid continuous assay as well as high sensitiv-
ity and reproducibility (32).

Ribonucleases (Rnases) have also been assayed using
fluorogenic substrate. Zelenko and coworkers synthesized
DUPAAA, a novel fluorogenic substrate for pancreatic
Rnases (130). It consists of the dinucleotide uridylyl-38,58-
deoxyadenosine to which a fluorophore, o-aminobenzoic
acid, and a quencher, 2,4-dinitroaniline, have been at-
tached by means of phosphodiester linkages. Cleavage of
the phosphodiester bond at the 38-side of the uridylyl
residue by RNase caused a 60-fold increase in fluores-
cence. The substrate was hydrolyzed efficiently by pancre-
atic RNases, but no cleavage was observed with the
microbial RNase T1 (130).

Luminescence from lanthanides has also been used in
FRET-based enzyme assay (16). The lanthanides binds to a
mutant Ca21 binding protein, oncomodulin, in which
salicylic acid is conjugated to a cysteine residue. Lumines-
cence of Tb31 resulting from energy transfer form the
salicylic group continuously decreased as it was monitored
using time resolved luminescence in the presence of
proteolytic enzymes such as subtilisin, chymotrypsin,
cathepsin B, and HIV-1 protease. The simplicity of the
assay coupled with its high level of sensitivity makes it
useful for the detection of proteases at very low concentra-
tions (16).

All the above fluorogenic substrates can be applied in
vitro. Mitra and coworkers introduced a novel fluorogenic
substrate that can be applied for monitoring protease
activity within a cell, based on genetic engineering of the

green fluorescent protein (GFP) (74). They fused the C
terminus of a red-shifted variant of GFP (RSGFP4) to a
flexible polypeptide linker containing a factor Xa protease
cleavage site. The C terminus of this linker was fused to
the N terminus of a blue variant of GFP (BFP5). The
RSGFP4-BFP5 concatamer was cleaved with factor Xa
resulting in marked decrease in energy transfer, i.e.,
increase in donor fluorescence. Although this substrate
was tested only in vitro, the authors suggested that this
concatamer might have advantages over other methods of
monitoring protease activity or screening for protease
inhibitors because the assay could be carried out in living
cells and in real time. Towards this end cells should be
cotransfected with the gene for the protease of interest
and the gene for the BFP:RSGFRP concatmer. An intracel-
lular assay may be particularly useful for finding protease
inhibitors because factors such as the cytotoxicity of a
potential inhibitor and its ability to enter into the cell are
automatically determined when screening with this assay.

Immunoassays. Interest in measuring the binding in-
teractions between antibodies and their specific antigens
has resulted in the application of a broad array of technolo-
gies to the development of immunodiagnostics. Fluores-
cence immunoassays have received considerable attention
recently due to their high sensitivity (25,75). Such immuno-
assays are divided into two categories, heterogeneous
assays, which involve physical separation of the assay
mixture before detection, and homogeneous assay, in
which no separation steps are required. The majority of
existing fluoroimmunoassays are heterogeneous. Further-
more, they are often competitive assays in which a
fluorescently labeled antigen (or antibody) competes for
binding with an unlabeled antigen (or antibody). In such
an assay, the fluorescently labeled species are referred to
as the tracer, and the unlabeled species as the analyte.
Depending on the assay being performed, the analyte can
be either an antigen (Ag) or an antibody (Ab). After
removal of unbound analyte and tracer, the signal intensity
from the bound tracer is found to be inversely propor-
tional to the analyte concentration in the original solu-
tions. The separation step always complicates the design
of immunoassays and can degrade their overall perfor-
mance.

Consequently, homogeneous immunoassays are advanta-
geous because they are conducted entirely in the original
sample mixture, requiring fewer manipulations, rendering
the assay for easy automation. In general this results in
fewer sources of imprecision, shorter times to results and
decreased hazards due to sample handling. Homogeneous
immunofluorescence assays can be based on several types
of physicochemical interactions. They modulate the label
emission within the immunological complex (39), includ-
ing spectral changes of a fluorescent labeled antibody
upon binding of unlabeled Ag (63). Changes may arise in
fluorescence polarization and fluorescence lifetime during
assay reaction (38,40), and in FRET processes brought
about during immune complex formation (110).

Ullman et al. (111) in 1976 developed the first immuno-
assay based on FRET. They applied fluorescein labeled
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antigen as donor and rhodamine labeled antibody as
acceptor. The size of the antigen and antibody complex
was compatible with the FRET distance, thus the complex
led to fluorescence quenching. Inclusion of unlabeled
antigen reduced the available binding sites by competitive
binding thus reducing the amount of quenching (Fig. 7).

In the second approach, separate portions of antibody
were labeled with fluorescein and rhodamine, respec-
tively. Provided that multivalent antigen is used, admixture
of the differently labeled antibody fractions with unlabeled
antigen should reduce the fluorescence intensity by bring-
ing the donor and acceptor within close proximity (Fig. 8).
The first approach was applied successfully for detection
of fluorescein-labeled morphine conjugates in the 100 pM
range and above. In the second approach morphine-
albumin conjugate was used as multivalent antigen and up
to 20 anti-morphine antibody was able to bind to morphine-
albumin conjugate (111).

Thorough analysis of the optimal conditions of this
FRET-based immunoassay system revealed that although
fluorescein and rhodamine as the donor and acceptor
labels are perfectly practicable, these fluorophores are by
no means ideal for use in such an assay (64,110). Particular
disadvantages include the poor stability of rhodamine-
labeled antibodies, and the overlap of fluorescein and
rhodamine absorption spectra. In addition, the Stokes shift
for fluorescein is relatively small, so interference from
scattered light may limit the sensitivity of the assay in
biological samples. Usually the intensity of rhodamine
emission at 580 nm is too feeble to permit its routine use in
an assay based on fluorescence sensitization (64,110).

To overcome some of the above-mentioned problems,
48,58-dimethoxy-6-carboxyfluorescein was introduced as a
new acceptor in FRET-based immunoassay (55). This
compound is nonfluorescent and participates in ‘‘dark’’
transfer process, giving no contribution to the background
fluorescence of the assay mixture. In addition, due to the

better spectral overlap with the fluorescein emission
spectra, R0 value of 6.2 nm was determined as compared
to that of 5.4 nm for the fluorescein rhodamine pair. The
higher R0 value made it possible to achieve efficient
quenching of the fluorescent antigen without overlabeling
the antibodies, increasing the stability and bench lifetime
of the acceptor labeled antibody. The usefulness of this
new probe was demonstrated in assaying morphine (55).

The other approach to improve FRET-based immunoas-
say took advantage of excellent spectral properties of
phycobilliprotein fluorescent dyes (57). Two dye combina-
tions were used to demonstrate the basic principles
involved. In the first, fluorescein-conjugated human immu-
noglobulin G (IgG) was quenched by a conjugate of PE and

FIG. 7. FRET-based homogeneous,
competitive immunoassay. Antibodies and
antigens are labeled with donor and ac-
ceptor molecules respectively. The ana-
lyte is the unlabeled antigen in this
competitive assay. The extent of quench-
ing (FRET) decreases in the presence of
the unlabeled antigen.

FIG. 8. FRET-based homogeneous immunoassay for polyhaptenic anti-
gen. Two monoclonal antibodies raised against the antigen and labeled
respectively with donor and acceptor fluorophore. FRET is observed only
in the presence of the antigen.
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goat anti-human IgG. In the second, the fluorescence of PE
conjugate to human IgG was quenched by Texas Red-
labeled goat anti-human IgG. The reason PE can be used as
either donor or acceptor is that the absorption spectrum
of PE overlaps the emission spectrum of fluorescein and
the absorption spectrum of Texas Red overlaps the emis-
sion spectrum of PE. Both approaches produced sensitive
and reliable assays for human IgG. In the latter combina-
tion, a potential advantage of the system is operation in the
red end of this spectrum, where biological interferences
should be much less. This is most important in homoge-
neous assays in which the assay mixture is not separated
from the tested serum. In addition, the phycobiliproteins
give more intense signals and less nonspecific binding.
Immunity from random collision quenching with ions of
the serum should also be significantly decreased because
chromophores in phycobiliproteins are protected by the
proteins to which they are attached (57).

FRET immunoassays based upon acceptor fluorescence
emission are plagued with background fluorescence result-
ing from absorption of the excitation light by the acceptor
dye. To overcome this problem a long-lifetime donor
fluorophore (pyrenebutyrate) and a short-lifetime accep-
tor fluorophore (PE) were applied in combination with
pulsed-laser excitation and electronic gating of detector
signals. This permitted the separation of the component of
acceptor emission due to energy transfer from the compo-
nent arising from the absorption of the excitation light
(75). Human IgG was measured in a competitive assay
using pyrene-conjugated F(ab8)2 fragments against human
IgG and PE-conjugated human IgG as a tracer. Acceptor
emission was measured with 0- and 20-ns integration
delays and the ratios of the FRET components to the
laser-excited component increased by 9- to 15-fold when
the 20-ns delay was used in the immunoassay and the
sensitivity was in the order of 10 nM. Increasing, the
sensitivity required lowering the concentration of labeled
antigen and antibody reagents. Although the fluorometer
can detect the acceptor fluorescence at a concentration
thousand-fold lower than those used by the assay de-
scribed above, the formation of appreciable amounts of
antibody-antigen complexes at lower reagent concentra-
tions required the use of antibodies with affinity constants
considerably higher than those applied by Morrison (75).

Energy transfer process between PE-conjugated thyrox-
ine and Cy5-conjugated anti-thyroxine antibody was used
to measure thyroxine concentration using competitive
assay format (81). In this assay format, however, the
fluorescence intensity change was not monitored but the
fluorescence lifetime was determined by multifrequency
phase-modulation fluorescence. Dose-response curves of
phase angle versus thyroxine concentration were compa-
rable to steady-state fluorescence intensity curves. Because
phase modulation lifetime measurements are largely inde-
pendent of total signal intensity, sources of optical interfer-
ence are minimized (81). This approach was further
improved when long-lifetime luminescent metal-ligand
complexes were used in a FRET-based immunoassay for
human serum albumin (128). Human serum albumin

(HSA) was labeled with [Ru(bpy)2(phen-ITC)]21, and the
antibody to HSA with a nonfluorescent absorber, Reactive
Blue 4. The concentration of HSA was determined in a
competitive assay in which the presence of analyte pre-
vented the decrease of fluorescence lifetime by immune
complex formation. The advantages of the ruthenium-
ligand fluorophore include its long wavelength absorption
and emission, long fluorescence lifetime, and high photo-
stability. Long wavelengths minimize problems of autofluo-
rescence from biological samples, and long lifetimes allow
off-gating of the prompt autofluorescence (128).

Mathis also used rare earth (Eu) cryptates to develop
FRET immunoassay allowing double discrimination of the
emitted light through spectral and temporal selectivity
(67,68). Eu(III) trisbipyridine cryptate [TBP(Eu(III))]–
conjugated antibody was used as donor, and APC-labeled
antibody was used as acceptor. Both antibodies bind
prolactin and in the presence of prolactin an immune
complex is formed and energy transfer can take place.
Because sensitized emission of APC is detected, the
method is called as amplified homogeneous assay. Time-
resolved detection eliminates the direct fluorescence of
unbound APC-antibody, spectral selection eliminates the
luminescence of TBP(Eu(III)). The author introduced
double wavelength detection, which fully shields the assay
from perturbations of the media. This feature of the assay
is based on the following phenomenon: because of the
amount of the analyte and the bound donor-labeled
antibody is always small compared to the overall concentra-
tion of the donor-labeled antibody, the free donor-labeled
antibody concentration can be taken as a constant. The
emission yield of free donor becomes an internal lumines-
cence standard that takes into account quenching artifacts
due to absorptions by interfering species in the sample to
be analyzed. These features have allowed the development
of a rapid homogeneous immunoassay that can detect as
little as 0.3 µg/l of prolactin. A plate reader has also been
developed to permit simultaneous dual-wavelength time-
resolved luminescence detection for this assay (25,67,68).

In FRET immunoassays, random labeling of whole anti-
body with a fluorescent donor could result in some donor
moieties that are so distant from the binding site that they
are unable of undergoing energy transfer to bound accep-
tor-conjugated antigen. This circumstance is unsatisfactory
because there would be no change in intensity and lifetime
for that donor population. Thus the extent of immune
complex formation would be poorly determined and the
dynamic range of the assay would be reduced. In contrast,
site-specific labeling results in greater homogeneity of
FRET distances. To achieve this goal, Chang and cowork-
ers applied photoaffinity labeling in which fluorescein was
conjugated to the biotin hapten and tetramethylrhoda-
mine was attached to anti-biotin antibodies (13). An
energy transfer efficiency of almost 50% was observed
upon binding of fluoresceinated biotin, which indicated
that the photoaffinity labeling technique attached tetra-
methylrhodamine groups at positions within energy trans-
fer distance (5.2 nm) from the antigen-combining site.
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A novel concept was described for directly coupling
fluorescence enhancement to protein-ligand binding (121).
Wei and coworkers used the phenomenon that some
fluorescent dyes (e.g., fluorescein and rhodamine mol-
ecules) form dimers in aqueous solution when they are at
high concentrations or within close proximity to each
other, resulting in significant quenching of the fluoro-
phores. This sometimes adverse effect can be used to
advantage to quench the fluorescence of free tracers and
to enhance the fluorescence of bound tracers if the
dimer t monomer equilibrium can be modulated by
antibody antigen reactions. Toward this end, a 13-residue
peptide, recognized by a monoclonal antibody against
human chorionic gonadotrophin (hCG) was labeled with
fluorescein and tetramethylrhodamine at its N- and C-
termini. Due to intramolecular dimerization, the fluores-
cence of fluorescein and rhodamine was quenched by 98%
and 90%, respectively. Binding of anti-hCG antibody to the
labeled peptide resulted in a 7.8-fold increase in rhoda-
mine fluorescence due to dissociation of intramolecular
dimers brought about conformational changes of the
conjugate upon binding. Fluorescein fluorescence was still
quenched because of the FRET to rhodamine. In the assay
mixture the presence of the analyte (hCG) will inhibit the
enhancement in rhodamine fluorescence. The double-
labeled peptide technique is a promising assay, especially
of large molecular analytes, given that fluorescence homo-
geneous assays are simple, reproducible, and can readily
be adapted to 96-well fluorescence plate readers (121).

DNA analysis. DNA analysis is becoming increasingly
important in the diagnosis of hereditary diseases, detec-
tion of infections agents, tissue typing for histocompatibil-
ity, identification of individuals in forensic and paternity
testing, and monitoring the genetic composition of plants
and animals in agricultural breeding programs. DNA analy-
sis usually involves DNA sequencing, polymerase chain
reaction (PCR), and DNA hybridization or combinations of
these techniques. Application of FRET-based fluorescent
probes fertilized and revolutionized all of these fields: the
fluorescence-based DNA sequencing, quantitative monitor-
ing of PCR reactions, and the assay of DNA denaturation.
For flow cytometry, until recently much of the nucleic
acid-based technology was available only for research
applications such as the PCR-driven fluorescent in situ
hybridization (FISH) method (76). With color-coded bead
technology, it is possible to prepare DNA hybridization
and ligand binding interactions. The principle is the same
as that utilized by immunoassays. The ligand-ligate interac-
tion occurs not between an antigen and an antibody but
between oligonucleotides in a hybridization situation.

The human genome project is driving the development
of high-speed and high-output DNA sequencing and analy-
sis methods. Currently, the Sanger dideoxy chain-termina-
tion method is accepted as the technique of choice for all
large-scale sequencing projects (87,88). The dideoxy se-
quencing involves the use of 28,38-dideoxynucleoside
triphosphates (ddNTPs), which lack a 38-hydroxyl group.
In this method, the single-stranded DNA to be sequenced
serves as the template strand or in vitro DNA synthesis: a

synthetic 58-end-labeled oligodeoxynucleotide is used as
the primer. Four separate polymerization reactions are
performed, each with a low concentration of one of the
four ddNTPs in addition to higher concentrations of the
normal deoxynucleoside triphosphates (dNTPs). In each
reaction the ddNTP is randomly incorporated at the
positions of the corresponding dNTP; such addition of
ddNTP terminates polymerization because the absence of
38 hydroxyl prevents addition of the next nucleotide. The
newly synthesized DNA can be fluorescently labeled with
any of four differently end-labeled fluorescent primers (91)
or terminators (85). The mixture of terminated fragments
from each of the four reactions is subjected to gel or
capillary electrophoresis in parallel; the separated frag-
ments then are detected using appropriate excitation
(usually laser) and detection systems. The sequence of the
original DNA template strand can directly be read from the
resulting chromatogram. The detection sensitivity is lim-
ited by the spectroscopic properties of the available
fluorescent dyes for labeling the sequencing fragments.
Ideally each of the four dyes should exhibit strong absorp-
tion at a common laser wavelength, have an emission
maximum at a distinctly different wavelength, and intro-
duce the same relative electrophoretic mobility shift of the
DNA sequencing fragments. Because these criteria are
inconsistent with the spectroscopic properties of single
fluorescent dye molecules, Ju and coworkers have de-
signed and synthesized FRET-based primers for application
to four-color DNA sequencing (51). These primers carry a
fluorescein derivative (FAM [5-carboxyfluorescein]) at the
58 end as a common donor and other fluorescein (JOE
[28,78-dimethoxy-48,58-dichloro-6-carboxyfluorescein]) and
rhodamine (TAMRA [N,N,N8,N8-tetramethyl-6-carboxyrho-
damine] or ROX [6-carboxy-X-rhodamine]) derivatives at-
tached to a modified thymidine residue within the primer
sequence as acceptors. By adjusting the donor-acceptor
spacing through the placement of the modified thymidine
in the primer sequence the authors were able to generate
four primers, all having strong absorption at a common
excitation (488 nm), similar electrophoretic mobility, and
fluorescence emission maxima at 525, 555, 580, and 605
nm. The FRET efficiency of these primers ranges from 65%
to 97%. The fluorescence intensity of these FRET primers
is 2- to 6-fold greater than that of the corresponding
primers or fragments labeled with single dyes allowing
DNA sequencing with one-fourth of DNA template re-
quired (51,52). This approach has successfully been com-
bined with capillary electrophoresis chips for ultra-high-
speed DNA sequencing (125) and applied for rapid sizing
of short tandem repeat alleles (118–120). The same group
of investigators modified their method for FRET primer
synthesis by constructing fluorescent primers using a
universal ET cassette that can be incorporated by conven-
tional synthesis at the 58-end of an oligonucleotide primer
of any sequence. In this cassette, the donor and acceptor
fluorophores are separated by a polymer spacer (S6)
formed by six 18,28-dideoxyribose phosphate monomers
(50). The resulting primers using FAM as a donor and FAM,
JOE, TAMRA or ROX as acceptors display well-separated
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acceptor emission spectra with 2- to 12-fold enhanced
fluorescence intensity relative to that of the corresponding
single dye-labeled primers (49,50). To improve match in
electrophoretic mobility of extended DNA fragments with
those of the DNA sequencing fragments extended form
other ET primers, the acceptor JOE was replaced by 5- and
6-carboxyrhodamine-6G (R6G). With single-stranded
M13mp18 DNA as the template, a typical run with the new
FRET primer with the other FRET primers on a capillary
sequencer provided DNA sequences with 99% accuracy in
the first 620 bases (43). The next improvement in FRET
primers was the introduction of cyanine dyes with large
absorption cross-sections as donor chromophores. The
new ET primers have 3-(e-carboxypentyl)-38-ethyl-58,58-
dimethyloxacarbocyanine (CYA) at the 58-end as a com-
mon energy donor and FAM, R6G, TAMRA, and ROX dyes
as acceptors. With 488-nm excitation, the fluorescence
intensity of these four FRET primers is 1.4- to 24-fold
stronger than that of the corresponding primers only with
single acceptor dye (44,45). The CYA-ROX primers offer
better combination of acceptor fluorescence emission
intensity and spectral purity than primers using BODIPY
analogs as energy transfer pairs (43). The improvement of
the spectroscopic properties of fluorescent tags provided
by FRET primers has led to a quantum advance in the
detection capabilities in DNA sequencing. These FRET
primers are generally applicable to all analyses that employ
fluorescent primers and should increase the sensitivity and
throughput (50).

Polymerase chain reaction has gained wide acceptance
as an exponential nucleic acid amplification technique and
is used very frequently for research and clinical applica-
tions. Although PCR is mainly used as a qualitative tool,
there is a need for obtaining semiquantitative or even
quantitative information. To eliminate the application of
radioactive primers or radioactive nucleotides, detection
systems based on fluorescence have been elaborated for
quantitation the products of PCR reaction. Chan and
coworkers 58-end-labeled a PCR primer with the europium
chelator 4,7-bis(chlorosulfophenyl)-1,10-phenanthroline-
2,9-dicarboxylic acid (BCPDA) (12). After performing the
PCR and separating the PCR products with gel electropho-
resis the gel was immersed into a Eu31 solution. During
soaking the Eu31 diffused into the gel formed a fluorescent
complex of long fluorescence lifetime with BCPDA. This
complex was quantified by scanning the gel with a
time-resolved fluorometric reader. Because the BCPDA
and Eu31 are not fluorescent themselves, the background
signal was very low, and the detection limit was about 5 ng
of DNA (12). The europium in combination with an other
chelator (with trisbipyridine cryptate) has successfully
been applied in PCR reaction for the detection of human
papillomavirus type 16 DNA in clinical smears. In this
approach, nested PCR was performed with use of biotinyl-
ated and 2,4-dinitrophenol (DNP)-labeled oligonucleotides
and then the biotinylated strands were anchored to
avidin-coated microtiter plates. DNA hybrids containing
both the biotinylated strand and the DNP- labeled strand
were labeled with TBP(Eu31)-labeled anti-DNP antibody.

PCR product was quantified by measuring fluorescence
according to the principle of time-resolved fluorometry
(65). In the above instances only the end products of the
PCR reaction were measured, although there is a demand
for continuous monitoring the DNA amplification process.
Toward this end, Wittwer and coworkers have developed
three fluorescent approaches for monitoring rapid cycle
DNA amplification (122). The reaction was followed by
either measuring the fluorescence of SYBR Green dye
incorporating into double-stranded DNA; monitoring the
decrease in fluorescein quenching by rhodamine after
exonuclease cleavage of a dual-labeled hydrolysis probe;
or quantitating the resonance energy transfer between
fluorescein and Cy5 dyes by adjacent hybridization probes.
The specificity of the last two methods using the FRET
principle was much better than that of the first method.
With hydrolysis probes, fluorescence continues to in-
crease after the plateau phase is reached, whereas with
hybridization probes, fluorescence decreases during the
plateau phase. Despite these limitations, initial template
copy number can be quantified easily by measuring
fluorescence at each amplification cycle (122). Based on
this principle Wittwer and coworkers developed a commer-
cial microvolume fluorimeter (LightCyclery) with rapid
temperature control interrogating 1 to 10 µl samples in
glass capillaries (123). In this instrument a complete
amplification and analysis requires only 10 to 15 min
(123).

Detection of point mutation and deletion or insertion of
basepairs in specific DNA fragments can accurately be
achieved via DNA sequencing. If only the presence or the
absence of such alterations is to be detected, monitoring
DNA denaturation could be the right solution. Hiyoshi and
Hosoi used fluorescein-11-dUTP and rhodamine-4-dUTP to
label complementary DNA strands using PCR (42). The
complementary strands thus labeled were then annealed
by incubation at a constant temperature, and the energy
transfer efficiency was monitored during DNA denatur-
ation induced by heat or alkali treatments. The method
proved to be a simple and efficient procedure for monitor-
ing DNA denaturation for use in automated detection and
diagnosis systems (42).

Chen and Kwok have developed a novel detection
strategy that allows the rapid analysis of single nucleotide
polymorphisms in a homogeneous assay, eliminating the
need for product separation and the use of radioactivity
(15). Their approach combines the specificity of enzy-
matic discrimination between the two alleles of a single
nucleotide polymorphism in a template-directed primer
extension reaction and the sensitivity of fluorescence
resonance energy transfer. DNA fragments containing
polymorphic sites are incubated with a 58-fluorescein-
labeled primer (designed to hybridize to DNA template
adjacent to the polymorphic site) in the presence of allelic
dye (ROX)-labeled dideoxyribonucleoside trisphosphates.
The dye-labeled primer is extended one base by the
dye-terminator specific for the allele present on the
template. FRET occurs when the dye-labeled ddNTP is
incorporated into the sequencing primer in the presence
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of DNA polymerase and target DNA. Fluorescence inten-
sity of the two dyes in the reaction mixture is analyzed
directly without separation or purification. This template-
directed dye-terminator incorporation assay is highly sensi-
tive and specific and suitable for automated genotyping of
large numbers of samples (15). The method has success-
fully been applied to detect mutations in the cystic fibrosis
transmembrane conductance regulator gene (14).

DNA tests will no doubt be performed more and more
by clinical rather than research laboratories, utilizing the
multiplexed assays that require minimal laboratory skills,
and manual handling will be crucial to the practice of
medicine in the future.

NEW DEVELOPMENTS

Successful application of FRET is highly promoted by
introduction of modern instrumentation in fluorescence
detection systems. The advantage of fluorescence lifetime
imaging (FLIM) over conventional steady-state fluores-
cence microscopy results from the fact that fluorescence
lifetimes are usually independent of the fluorophore con-
centration, photobleaching, and other artifacts that affect
fluorescence intensity measurements (89). Time-resolved
fluorescence microcopy enables mapping of fluorescence
lifetimes, which is vital for the determination of the spatial
distribution of probe molecules. In addition, it can also be
used to enhance contrast between fluorescence arising
from distributions of different probe species having similar
spectral characteristics and provides a means of discrimi-
nating against background autofluorescence. Because mea-
suring changes in the fluorescence lifetime can monitor
FRET efficiency, combination of FLIM with FRET measure-
ments will open new fields for this type of approach.
Whereas the first FLIM instruments were relatively slow,
the latest developments in this field greatly enhanced the
resolution time-domain FLIM measurement (89).

Application of near-field scanning optical microscopy
(NSOM) extends the sensitivity of FRET to the single
molecule level by measuring FRET between single donor
and single acceptor molecules. NSOM is a relatively new
technique that allows optical measurements with sub-
wavelength resolution (37). It is based on a probe having
very small (sub-wavelength) aperture that is placed in
close proximity (less than 10 nm) to the sample under
investigation. By using the probe as an excitation source,
fluorescence of single molecules can be detected. Another
important aspect of NSOM is that the optical radiation in
the near field has an electric field component along its
directions of propagation. This allows mapping the transi-
tion dipole moment orientation of a single molecule in
three dimensions. Combination of FRET and NSOM offers
many potential advantages when distance and orientation
information is required on a molecular level (37).

It has been shown that photobleaching FRET measure-
ments can be used to monitor intercellular proximity in
order to assess spatial organization of interacting proteins
in the contact region of two ‘‘communicating’’ cells (2).
Interactions between CD8 and MHC class I molecules and
also between LFA-1 and ICAM-1 molecules has successfully

been studied using fluoresceinated and rhodaminated
mAbs. The geometry of these protein contacts based on
FRET data was consistent with the observed blocking
effects of monoclonal antibodies (directed against the
interacting proteins) on the cytolytic activity of CTLs (2).
Further development in this technique will be the introduc-
tion of confocal microscopy in studying intercellular
interactions.

A new development in the field of photobleaching
energy transfer measurements is the introduction of accep-
tor photobleaching (4). In this approach the increase in
the fluorescence intensity of donor is measured following
the local photochemical destruction of the energy accep-
tor. Donor fluorophores engaged in FRET exhibit an
increase in quantum yield after acceptor photo-destruc-
tion, reflect as an increase of fluorescence. Photodestruc-
tion of the acceptor molecules can be performed in a
region of interest (i.e., at any part of a cell). FRET efficiency
can be calculated by taking the ratio of donor images
before and after photobleaching without external calibra-
tion. In practice, experiments can be performed with a
confocal microscope equipped with a multiple laser sys-
tem providing lines corresponding to the absorption
maxima of both donor and acceptor. The technique
permits the exploitation FRET in the study of the process-
ing and interactions of biomolecules in cells (4).

CONCLUSIONS

Since the first description of the phenomenon, the
number of applications of FRET has been increased
enormously in diverse research fields in the last few
decades. A unique feature of FRET is its capability to
detect, quantitatively, molecular interactions, over dis-
tances of tens of angstroms. Improving the sensitivity of
the detection systems in specrofluorometers, flow cytom-
eters, and microscopes widen the field in which FRET can
be applied. Improvements in FRET analysis, especially in
temporal resolution of fluorescence data have increased
considerably the possibilities for FRET measurements. In
addition, introduction of new fluorescent dyes with better
photophysical properties also promotes the application of
FRET. Developments in microscopic techniques in the
performance and availability of sophisticated image data
acquisition and image analysis have also made it possible
to contemplate more quantitative FRET experiments in
optical microscopes. Introduction of confocal detection
arrangement will also reinforce the FRET approach. These
improvements in microscopic techniques open up new
areas in biological problems that otherwise could not be
investigated with the classical FRET method. Spatially
resolved FRET measurements in an image provide impor-
tant information about the distribution of molecular-scale
interactions over distances of microns, helping in under-
standing the intricate interactions in functioning biological
systems. For example, cell-cell interactions can be studied
in a very special way using microscopic FRET technique,
because the protein-protein interactions in the area of
cell-cell contact can be investigated selectively.
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These improvements and inventions will continue to
facilitate the innovative applications of FRET in clinical
laboratory and basic research.
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95. Szabó G, Pine PS, Weaver JL, Rao PE, Aszalos A: CD4 changes
conformation upon ligand binding. J Immunol 149:3596–3604,
1992.
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On the biophysics of transmembrane signalling. Mol Immunol
25:1075–1080, 1988.
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