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Summary

The advent of fluorescent proteins has revolutionized signaling
research, shifting focus from biochemical assays to analysis of live
cells, organized tissues and even entire organisms.Modern appli-
cations of fluorescent proteins go beyond their use as specific
markers of cells or tissues, allowing the researcher to visualize
intracellular translocations as well as biochemical reactions. In
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this mini-review, we summarize the properties of a variety of flu-
orescent proteins, their detection using fluorescence micro-
scopy and flow analysis, as well as their basic and more advanced
applications, including fluorescence resonance energy transfer
(FRET) to study signaling dynamics.
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A rainbow of fluorescent proteins

A major challenge in vascular biology research is to find model
systems which reflect the complex and dynamic physiology of
the vascular system and to build up appropriate tools to study
them. The emergence of fluorescent protein technology and its
applicability to cell-culture and in-vivo systems in recent years
has brought us one step closer to this goal. The stage for these de-
velopments, which have since revolutionized cell biology re-
search, was set with the elucidation of the DNA-sequence of the
green fluorescent protein (GFP) from the jellyfish Aequorea vic-
toria in 1992 (1) about 30 years after the discovery of the protein
(2). The knowledge of the DNA-sequence allowed further opti-
mization of fluorescence properties by amino acid mutations.
The resulting optimized mutant of GFP was termed enhanced
GFP (EGFP), which is currently the most commonly used fluor-
escent protein (3). Parallel to the improvement of fluorescence
intensity and expression levels, different point mutations also led
to the generation of spectral variants of GFP, which differ from
the original molecule in excitation and emission wavelengths.
According to the color of the predominant fluorescence light,
these new fluorescent protein versions were designated as en-
hanced blue, cyan and yellow fluorescent proteins (EBFP, ECFP
and EYFP, respectively). Further attempts to generate a red fluor-
escent variant by mutating the GFP molecule were not success-

ful. However, the search for a red fluorescent protein finally led
to the identification of a protein in corals of the species Discoso-
mas, which was termed DsRed (4). Although the fluorescence
properties of this protein were satisfactory, the molecule was not
optimal, as it had a tendency to form aggregates and required tet-
ramerization for its fluorescence (5). A mutated variant termed
DsRed? revealed lower aggregation problems but was still a tet-
ramer, while a protein from another organism (Heteractis cris-
pa), abbreviated as HcRed1 occurred as a dimer (6). Numerous
amino acid mutations and tedious optimization studies then led
to the development of a monomeric red fluorescent protein (7),
and finally a whole new panel of fluorescent proteins was gener-
ated including a monomeric orange-red variant (mOrange), vari-
ous monomeric red fluorescent proteins (mStrawberry, mCher-
ry) and a particularly bright dimeric far-red variant designated as
dTomato (7, 8).

This extended panel of spectrally different fluorescent pro-
teins (see Table 1 and the review by Shaner et al. [9]). finally
allows monitoring several different proteins at the same time.
Standard microscope filter sets enable the discrimination of at
least three different variants, whereas tailored, optimized narrow
band filters and spectral imaging approaches further extend this
number significantly.

Interestingly, the various mutation efforts not only changed
the color of the mature protein, but also some other important
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Table I: Properties of important fluorescent proteins. Additional information can be found in the review of Shaner et al. (9). For fluorescent
proteins marked with an asterisk in the reference column, more information can be found at http://www.clontech.com.

Fluorescent protein Excitation peak (nm) | Emission peak (hnm) | Quaternary Laser for Reference
structure excitation
EBFP 380 440 monomer UV or 3,75
405 nm
ECFP 433 (453) 475 (501) monomer 405 nm or 3,75
458 nm Ar
Cerulean 433 475 monomer 405 nm or 76
458 nm Ar
EGFP 488 507 monomer 488 nm Ar 3,75
wt GFP 397 (475) 509 monomer 405 nm 3
EYFP 513 527 monomer 514 nmAr 3,75
Citrine 516 529 monomer 514 nmAr 77
mOrange 548 562 monomer 543 He/Ne
dTomato tandem 554 581 dimer 543 He/Ne 8
or 568 nm Ar/Kr
DsRed2 563 582 tetramer 543 nm He/Ne 78 *
or 568 nm Ar/Kr
Monomeric DsRed 556 586 monomer 543 nm He/Ne
(Clontech) or 568 nm Ar/Kr
mStrawberry 574 596 543 nm He/Ne 8
or 568 nm Ar/Kr
mCherry 587 610 543 nm He/Ne 8
or 568 nm Ar/Kr
HcRed| 588 618 dimer 543 nm He/Ne 79
or 568 nm Ar/Kr
Convertible fluorescent proteins
PS-CFP 400 before act. 468 before act. monomer 405 nm 12
(photoswitchable CFP) 490 after act. 511 after act. 488 nm Ar
PA-GFP 400 before act. 515 before act. monomer 405 nm I
(photo-activatable GFP) | 504 (397) fter act. 517 after act. 488 nm Ar

properties like folding kinetics and fluorophore formation. One
example is a protein which changes its color from green to red
over time (10) and therefore can be used as a molecular visual
“timer”. Even more striking is the development of fluorescent
protein variants that can be activated by UV-light (photoactivat-
able GFP[11]), or change their color from cyan to green (12, 13),
or from green to red (14) upon intense illumination with violet or
UV-light. These proteins open up the possibility to perform
“pulse/chase” experiments in living cells, visualizing the protein
of interest in a defined region of the cell and following its trans-
port and turnover in real time.

However, the complex photochemical processes underlying
the phenomena of photoactivation and photoconversion can also
cause problems with normal fluorescent proteins leading to po-
tential artifacts under certain circumstances. An example is the
finding that intense illumination of EYFP with 514 nm laser
light can lead to photoconversion to a protein with ECFP-like
fluorescence properties (15), which can be a problem in experi-
ments that are based on bleaching of EYFP.

Expression of fluorescent proteins and
applications

One important application of fluorescent proteins in cell biology
is their use as fusion partners to visualize and monitor a target
protein in living cells. Given the size of GFP (about 30 kD), there
were major concerns that chimeric proteins might not be fully
functional. However, GFP turned out to be a rather inert mol-
ecule which in most cases did not affect the functional integrity
of its fusion partner. This might be explained by the compact mo-
lecular structure of the GFP-molecule resembling a small cylin-
drical can with the chromophore buried in the center (Fig. 1
[16-18]). Interestingly, the red fluorescent protein, although
originating from a different organism, exhibits a very similar
molecular structure (19).

The list of proteins which have successfully been expressed
as fluorescent fusion proteins is extremely long and contains a
great variety of signaling molecules, structural proteins, tran-
scription factors and enzymes. An important advantage is that
they do not only provide information on the steady state localiz-
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ation of the target protein, but also monitor intracellular translo-
cation processes and dynamics. Examples in the field of vascu-
lar biology are fluorescent fusion protein of eNOS (20), p65 (21),
PECAM (22) or TNFR (23), just to name a few.

An important aspect when studying a fluorescent chimeric
protein is the expression system that is used. In many studies,
scientists applied mammalian expression vectors with rather
strong viral promoters such as the CMV promoter and used tran-
sient transfection methods to express the fusion protein in the
cells of interest. However, strong ectopic expression of a protein
can alter the cellular homeostasis in several ways, e.g. by saturat-
ing interaction partners or components of cellular localization
mechanisms. Moreover, strong overexpression of a protein can
activate stress response pathways or occupy the translation ma-
chinery. For endothelial cells it was reported that overexpression
of GFP can lead to induction of the heat shock protein hsp70 and
the downstream target COX-2 (24).

In order to prevent potential artifacts due to strong over-
expression it is important to either control the expression level of
the fluorescent protein or to focus analyses on moderately ex-
pressing cells. Lower expression levels can be achieved by using
weaker (and, if possible, endogenous) promoters or by integrat-
ing the transgene into genomic DNA, either in gene targeting
models or by generating stably transfected cell lines. In addition,
inducible expression systems such as the tetracycline-regulated
system can be used (25).

For studying transgene expression, another point of consider-
ation is the method of gene delivery. While some cells can be
easily transfected by DNA-calcium precipitates or with lipo-
some-based transfection reagents, it is often hard to transfect pri-
mary cells especially of the vasculature by using these methods.
Although a limited transfection efficiency still allows studies

with single-cell detection (such as fluorescence microscopy or
flow analysis), it is not suitable for biochemical assays or to il-
luminate an entire structure in organized tissue. These limi-
tations can be overcome with viral expression systems (e.g.
using adenoviral or retroviral approaches (26-30). The applica-
bility of these viral systems could also be demonstrated in vivo in
a gene therapy model, where endothelial cells were targeted with
adenoviral vectors (31).

The development of advanced transgenic mouse technology
enabled researchers to express proteins as GFP-chimeras under
the control of the endogenous promoter, thereby providing the
most elegant and physiologically relevant system for the appli-
cation of fluorescent fusion proteins. Such transgenic lines have
been developed to light up the vasculature in vivo —and were ap-
plied to monitor angiogenesis in tumor formation (32).

Next to their use in fusion proteins, fluorescent proteins are
utilized as tracers to illuminate cells of interest, such as particu-
lar cell types, or to mark transfected cells. For the latter appli-
cation, co-transfections of DNA elements carrying the fluor-
escent protein have been employed, but an arguably more elegant
way is the use of bicistronic vectors expressing a fluorescent pro-
tein from an internal ribosomal entry site (IRES). The major ad-
vantage is the introduction of the gene of interest in its wildtype
form, excluding any possible functional deficiencies of the
fusion protein while still retaining the fluorescent label of the
transfected cell.

Cell- or tissue-specific delivery of the fluorescent protein can
be achieved by retroviral transfection of a given cell type (e.g.
bone marrow-derived mononuclear cells) with the fluorescent
tracer, followed by injection into mice (33). Alternatively, trans-
genic mouse technology can be used to place a fluorescent pro-
tein downstream of a cell type-specific promoter. Fluorescent

Figure |: Structures of EGFP and DsRed. Crystallographic data on the structures of EGFP is shown on the left panel and the structure of the
DsRed tetramer on the right. The chromophores are indicated in space-fill mode in white. Data is from the NCBI structure files 1S6Z (17) and 1G7K
(19), respectively and is visualized with the Cn3D software package from NCBI.
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cells or tissues can then be monitored by means of flow analysis,
fluorescence microscopy or other imaging techniques.

In addition to applications of fluorescent proteins as tags of
effector molecules or tracers of cells, EGFP and variants thereof
can also be used as reporter molecule as an alternative to luci-
ferase to monitor the activity of transcription factors or signaling
pathways.

Methods to detect and monitor fluorescent
proteins

Fluorescence microscopy
The most common method to detect and visualize fluorescent
proteins in cell biological applications is fluorescence micro-
scopy in different settings. Conventional epifluorescence micro-
scopes with modern cooled CCD-cameras as detection devices
are usually perfectly suited for this purpose. The standard filter
sets provided with most microscopes, originally designed for
FITC- and rhodamine-like fluorophores, are appropriate for
EGFP and red fluorescent proteins, respectively. However,
tailored filter sets for ECFP and EYFP as well as some other flu-
orescent protein variants are available — and should be used for
these proteins to prevent overlapping signals. The usual light
source in a conventional microscope (most often a mercury
lamp), delivers the complete spectrum of visible light for exci-
tation. In contrast, confocal laser scanning microscopes deliver
light of defined wavelengths for excitation, depending on the
laser that is used. Standard argon lasers provide ideal lines for ex-
citing EGFP or EYFP, but they are not optimal for excitation of
the popular ECFP variant. However, ECFP can be efficiently ex-
cited by 405 nm solid state lasers, which are an alternative to
rather expensive UV-lasers. Finally, red fluorescent proteins can
be excited by argon/krypton mixed gas lasers (at 568 nm) or with
green helium/neon lasers at 543 nm. Using the appropriate exci-
tation laser line, imaging of fluorescent proteins with confocal
scanning microscopes provides a better spatial resolution than
conventional microscopy. Furthermore, it opens the way for
methods based on laser-driven photobleaching of fluorescent
proteins in a defined region of the cell as can be achieved by the
scanning process. This can be applied to assess the mobility and
dynamics of molecules in living cells based on a technique
termed fluorescence recovery after photobleaching (FRAP [34]).
The principle of the method is that fluorescent molecules are
bleached in a certain region of live cells by intense laser light,
leading to a significant darkening in that area. A subsequent time
series of pictures then monitors the fluorescence recovery in the
bleached region which is due to diffusion of fluorescent mol-
ecules from outside. The time course and extent of fluorescence
recovery is an indication for the fraction of mobile molecules and
their diffusion characteristics. Similar data on diffusion coef-
ficients can be obtained with a technique called fluorescence
correlation spectroscopy (FCS), in which the fluctuations of flu-
orescence intensities in an extremely small volume are measured
and mathematical correlation algorithms are employed to calcu-
late the diffusion rate (35, 36).

Another technique based on bleaching strategies is used to
determine the dynamic distribution of molecules between two

compartments. This method, called fluorescence loss in photo-
bleaching (FLIP), measures changes in fluorescence intensity in
a certain compartment (e.g. the nucleus) when fluorescent mol-
ecules in another compartment (e.g. the cytosol) are repetitively
bleached. A decrease in fluorescence intensity in the non-bleach-
ed compartment indicates dynamic distribution between the two
compartments (34). All together, these techniques are extremely
helpful in elucidating the dynamics of specific proteins in living
cells, which is especially important for signaling molecules.

While bleaching — in a controlled manner — is a necessity for
FRAP and FLIP methods, it is an unwanted effect in other cir-
cumstances and may also lead to phototoxicity. Photobleaching
can be significantly reduced by specialized forms of confocal
microscopy such as spinning-disk microscopy, in which the exci-
tation light is guided through a series of small pinholes (37), or by
an excitation technology termed 2-photon or multi-photon laser
scanning microscopy (38—40). The latter relies on the physical
phenomenon that two (or more) low energy photons (e.g. with a
wavelength in the red or infra-red range) can cooperate to excite
a fluorophore (such as GFP), which then emits fluorescence of a
shorter wavelength (e.g. in the green range). Two-photon exci-
tation is a non-linear process, as the absorption rate increases
with the second power of the excitation light intensity. As a con-
sequence, the excitation occurs only at a small volume in the focal
plane of the specimen, where the photon concentration (the exci-
tation light intensity) is high enough. The practical outcome of
this phenomenon is an optical sectioning without the need for a
pinhole to block fluorescence from locations out of focus. A side
effect of this excitation principle is a significantly reduced over-
all bleaching effect, because the excitation occurs just at the
focus. Another important advantage of this technology is that the
deep red (or infra-red) excitation light penetrates much deeper
(up to approximately 1 mm) into the object due to reduced scatter-
ing and absorption by endogenous chromophores, while normal
laser scanning devices have a penetration depth of only about 250
pum. This feature allows studying fluorescent molecules in the
context of organized tissues such as blood vessels (41).

Flow analysis

Apart from detection of fluorescent proteins by microscopy, a
number of other detection principles can be used to measure the
fluorescence. An extremely powerful technique is flow analysis
or fluorescence-activated cell sorting (FACS). This method uses
suspensions of cells that are focused in a way to allow only single
cells to pass a detection area excited by appropriate laser light.
The excitation light is scattered in different directions giving in-
formation on the size and granularity of the cell. Furthermore the
light emitted by fluorophores such as fluorescent proteins is
quantified by sensitive detectors. While microscopy provides
spatial information on the fluorescence, the strength of flow
analysis is to quantify fluorescence intensities from single cells
for a high number of cells and automatically provide the cor-
responding statistics. Fluorescent proteins which stain living
cells without any further modification are ideal markers for flow
analysis, especially if cells have to be cultured after sorting (42).
Moreover, GFP and its variants can also serve as fluorescent
markers to gate specific cells of interest (e.g. transfected cells)
for flow analysis of various biological parameters.
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GFP-p65

DsRed-p65

enhanced corrected FRET

Figure 2: FRET microscopy to visualize the homodimerization of the p65-member of the NF-xB protein family. p65 was expressed as
EGFP- and monomeric DsRed-fusion protein, respectively, and FRET microscopy was performed with the three-filter method (44, 80) to calculate a
corrected FRET image (3x enhanced). For a negative control (EGFP and monomeric DsRed not linked to p65) the corrected FRET image was black

(image not shown).

As with laser scanning microscopy, the laser type defines its
adequacy for detecting a given fluorescent protein. While EGFP
and EYFP can be efficiently excited with the standard argon
laser, the ECFP variant requires a 405 nm laser for sensitive de-
tection, which is usually just available for the newer generation
of flow-analysis machines.

In addition to fluorescence microscopy and flow analysis,
fluorescent proteins can also be measured by standard fluor-
ometry using protein extracts.

Fluorescence resonance energy transfer (FRET)

An extremely powerful application of fluorescent proteins is
their use in FRET, a quantum physical process in which energy is
transferred from one fluorophore (the donor) to another (the ac-
ceptor) only if the two fluorophores are in close proximity and
the emission spectrum of the donor overlaps with the excitation
spectrum of the acceptor (43—46). This energy transfer results in
areduction of the donor fluorescence and an increase in acceptor
fluorescence. The energy is not transferred by photons, but via a
dipole-dipole interaction of the two fluorophores. Thus, the ef-
fect decreases with the 6™ power of the distance and is therefore
usually detectable only up to a distance of 10 nm. These features
make FRET an ideal method to monitor protein-protein interac-
tions (Fig. 2) or conformational changes, processes of great im-
portance in signaling. FRET has also been successfully used in
vascular biology research as exemplified by studies to measure
the binding of the transcription factor NF-xB to DNA (21), the
activation of Rac in endothelial cells by shear stress (47) or the
interaction between endothelial nitric oxide synthase with cal-
modulin (48).

Another potent application of the FRET principle is the use
of FRET-biosensors, which are usually fusion proteins of ECFP
and EYFP (or other appropriate FRET pairs such as EGFP and a
monomeric red fluorescent protein) linked by a sensory domain.
This domain responds to changes in certain cellular parameters

by a conformational change, leading to a change of the FRET
signal. A variety of enzymatic activities or biological activities
can be determined by the proper choice of the sensory domain.
Examples relevant for vascular biology include protein tyrosine
kinases (49), protein kinase A (50), protein kinase B/Akt (51),
phospholipase C (52), protein kinase C (53), Ras (54) and Rho
(55) as summarized by Zaccolo (56).

Next to FRET biosensors appropriate for studying intracellular
signalling processes, other sensors have been developed which
monitor receptor and signal transduction processes at the cell sur-
face. Some of these FRET-based biosensors are of particular inter-
est in various aspects of vascular biology research and comprise
tools to monitor activation of G-protein-coupled receptors (57-59),
the interaction between receptors and heterotrimeric G-proteins
(59-61), as well as the activation of G-proteins (62—64).

Moreover, FRET sensors have also been developed to
measure second messenger molecules such as phosphatidyli-
nositol-3,4,5-triphosphate (PIP3) (65, 66), cAMP (67) or cGMP
(68, 69).

Since cAMP and cGMP FRET sensors are particularly im-
portant, their design was improved, leading to optimized sensors
with better signal-to-noise ratios, faster responses or improved
specificities. The original cAMP reporter used the regulatory do-
main of PKA fused to GFP and the catalytic domain of PKA
fused to blue fluorescent protein (67). At low concentrations of
cAMP these bind to each other leading to FRET between blue
and green fluorescent protein. Upon generation of cAMP, the
two domains dissociate and the FRET signal is lost. For second
generation sensors, the suboptimal combination of blue and
green fluorescent proteins was replaced by cyan (CFP) and yel-
low (YFP) fluorescent fusion proteins (70). A further improve-
ment was achieved by using a different sensor, which is based on
a conformational change of a sensory domain upon binding of
cAMP rather than on dissociation (71). An inactive cytosolic
variant of the Rapl guanine nucleotide exchange factor Epac
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was fused to CFP and YFP at its N- and C-terminus, respectively,
leading to a sensor with increased sensitivity and faster kinetics.

Similarly, the originally developed cGMP FRET sensors,
which were based on CFP-YFP fusion proteins of truncated
cGMP-dependent protein kinase I (GKI) (68, 69) were recently
replaced by improved biosensors. A detailed study comparing
the original constructs to new sensor designs identified a cGMP-
binding domain of PDES fused to CFP and YFP as the currently
best cGMP FRET sensor with respect to sensitivity, specificity
and response time (72).

It is important to note that FRET can not only be used to
measure signalling events, but also to visualize and localize bio-
chemical reactions such as phosphorylations (73). This can be
achieved by using a fluorescent fusion protein in combination

with a fluorescently tagged antibody binding the modification to
be detected (e.g. phospho-tyrosine). An example for a successful
application of this principle is the monitoring of autophosphory-
lation of the EGF receptor on the cell surface (74).

In conclusion, fluorescent proteins have come a long way
since the first applications of green fluorescent protein in cell-
culture systems. The realization of their potential by pioneers in
the field has inspired many researchers to develop sophisticated
assays to use fluorescent proteins in various aspects of signaling
research, replacing more tedious and less accurate older meth-
ods. Exciting new developments appearing more and more fre-
quently in the scientific literature have indicated that there is cur-
rently no limit for the rainbow of fluorescent proteins.
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