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llluminating the Dynamics of Intracellular Activity with ‘Active’ Molecular
Reporters
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Abstract: Traditionally, fluorescent and luminescent
reporter proteins have been used as indicators of gene
expression and protein localization. However, insight-
ful mutagenesis and protein engineering strategies have
transformed these simple passive reporters into active
biological sensors. Molecular reporters are now be-
ing designed to ater their intrinsic optical propertiesin
response to specific biomolecular interactions. Appli-
cations for these novel biological sensors range from
monitoring intracellular pH and ion fluxes to detecting
protein-protein interactions and enzymatic activity. The
ability to monitor the dynamics of intracellular activity
in responseto external stimuli can help elucidate the cas-
cade of events involved in complex processes such as
mechanotransduction. Here we review some of the ap-
proaches used to create these novel biological sensors,
including resonance energy transfer (RET) between re-
porter proteins and protein fragmentation strategies.
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1 Introduction

Over the past few decades, it has become wel| established
that many types of mammalian cells not only respond to
chemical stimuli but also mechanical stimuli. Mechan-
otransduction can lead to changes in cell morphology,
growth rate, metabolism, and molecular expression and
activity (Davies, 2002, Lehoux and Tedgui, 2003, Shyy
and Chien, 2002). Insightful and systematic studies on
cultured cells under mechanical loading have provided
important information regarding many of the signaling
pathways responsible for cell remodeling; however, this
controlled setting may not aways correlate well to a
complex in vivo environment. Further, many approaches
used for studying cellular responses to mechanical load-
ing involve fixed time points, but since cells are very
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dynamic in nature some intracellular mechanisms could
easily be overlooked. Recent advancements in molecu-
lar imaging techniques provide novel approaches to help
study the dynamics of intracellular activity in vivo and
could be used to help elucidate the intricacies of the
mechanotransduction pathway (Stamatas and Mclntire,
1999, Weissleder and Ntziachristos, 2003).

Molecular imaging is based on the development of novel
molecular probes that can be used to identify specific
biomolecules, molecular interactions, or enzymatic ac-
tivity (Jaffer and Weissleder, 2004, van Roessel and
Brand, 2002, Weisseder and Mahmood, 2001, Zhang,
et al., 2002). In general, molecular probes can be synthe-
sized either chemically (i.e. on the bench top) or genet-
ically (within the cell). Both approaches have proven to
be valuable and in many cases the information attained
is complementary. Chemically based probes, which of-
ten consist of a contrast reagent linked to a targeting
molecule or substrate, are introduced exogenously and
are typically used to identify anatomical and pathologi-
cal signsof disease. Alternatively, genetic or molecular
reporters (i.e. green fluorescent protein, luciferase, and
thymidinekinase), which are synthesized by intracellular
transcriptional and translational machinery, are typically
used to study the complex spatiotempora dynamics of
intracellular activity.

The introduction of molecular reporters into cells pro-
vides a simple means to study transcriptional control
mechanisms by reporting the activity of promoter and
activator elements. Moreover, molecular reporters al-
low for the visualization of protein transport and local-
ization by serving as optical tags for proteins of inter-
est (Lippincott-Schwartz and Peatterson, 2003, Weijer,
2003). Mutagenesis and the discovery of a diverse ar-
ray of molecular reporters (and substrates in the case of
luciferase) with unique spectral properties have further
allowed for the visualization of multiple processes simul-
taneoudly via multi-channel imaging (Contag and Ross,
2002, Hadjantonakis, et al., 2003, Hu and Kerppola,
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Figure 1: pH Sensitive Molecular Reporters.Random mutagenesis of GFP-variants has|ed to the devel opment of
biological reporters capable of monitoring pH. (a) In general changesin pH are determined by a measurablereduction
in fluorescent intensity. (b) However, a special class of pH sensitive molecular reporters known as ratiometric
pHIuorinsexhibit a spectral shift in response to changesin pH.

2003, Kato, et al., 2002, Shah, et a., 2003). Molecu-
lar reporters are now available with peak emission wave-
lengths ranging from UV-visible to far red (Fradkov, et
a., 2000, Fradkov, et a., 2002, Gurskaya, et al., 2001,
Heim and Tsien, 1996, Hyun Bae, et al., 2003, Matz, et
al., 1999, Murphy and Lagarias, 1997, Rizzo, et al., 2004,
Wiedenmann, et al., 2002).

Recently, the utility of molecular reporters has been dra-
matically expanded by the development of novel ap-
proaches to transform these somewhat passive labelsinto
active indicators of enzyme activity, protein-protein in-
teractions, and intracellular dynamics of small molecules
(van Roessel and Brand, 2002, Zhang, et al., 2002). Re-
porter molecules are now being designed to alter their
optical propertiesin response to specific external stimuli
or biological processes. The ahility of these novel biolog-
ical sensorsto provide real-time information on complex
biochemical networkswill undoubtedly have a profound
impact on our understanding of cell behavior under di-
verse conditions. This review focuses on the strategies
currently used to develop these biological sensors and
highlightstheir utility over a wide range of applications
including mechanotransduction.

2 Random mutagenesis

Perhaps, the most indiscriminate approach used to de-
velop biological sensors is random mutagenesis of rel-
atively ‘inactive’ molecular reporters. The introduction
of several mutations into the coding sequence of fluo-
rescent proteins derived from the Aequorea victoria can
transform this simple molecular reporter into a nonin-
vasive intracellular pH indicator (Eldliger, et al., 1999,
Kneen, et a., 1998). Although the spectral properties
of GFP are intrinsically sensitive to pH, several muta-
tionscan greatly enhance their biosensing capability over
a broader range of pH values. Variants of GFP that
were identified by random mutagenesis have been used
to monitor pH anywhere from 5to 9 in areversible man-
ner. Decreases in pH typically correspond to a decrease
in fluorescent intensity (Fig. 1a), but pH-sensitive vari-
ants of fluorescent proteins also exist that undergo shifts
in wavelength (i.e. ratiometric pHIuorin) (Miesenbock,
et al., 1998). Ratiometric pHluorinsexhibit a decrease in
fluorescence intensity at 410 nm and an increase in fluo-
rescence at 470 nm as pH decreases (Fig. 1b). The pH
can therefore be quantified directly in cells by determin-
ing the ratio of intensities at these two wavelengths and
then comparing it to a calibration curve. pH-senstive flu-
orescent proteins have been used successfully to monitor
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Figure 2 : Protein Engineered Biological SensorsSevera protein engineering strategies have been devel oped to
transform GFP-variants into active biological sensors including (a) the introduction of metal binding sites into the
b-barrel by site-selected mutagenesis (b) the insertion of small ligand binding sitesinto the b-barrel in proximity to
the chromophore (c) the introduction of ligand binding sites into the loops connecting the b-strands and (d) N- and
C- terminal fusions capable of mechanically perturbing the GFP-variant structure under diverse conditions.

cytoplasmic and organellar pH in individual cells under
both steady-state conditions and in response to various
external stimuli (Llopis, et al., 1998, Matsuyama, €t d.,
2000). They have also been used to monitor exocytosis
and recycling of secretory and synaptic vessels at indi-
vidual synaptic boutons (Miesenbock, et al., 1998).

In addition to serving as a pH indicator, it has been ob-
served that mutants of GFP could be used to monitor
ion concentrations. For example, increasing concentra
tionsof halides or nitrates alter the intrinsic pKa of GFP-
variants resulting in a reduction of fluorescence inten-
sity (Wachter and Remington, 1999). Expression of the
halide sensitive mutant has been utilized in cells for the
sensitive monitoring of Cl — transport across the plasma
membrane in rea-time (Jayaraman, et a., 2000). An
aternate mutation can be used to transform GFP into a
Zn?* and Cu?* biosensor (Barondeau, et al., 2002). Us-

ing this variant, the presence of Zn?* resultsin up to a
2-fold fluorescence enhancement, while Cu?t quenches
the fluorescence.

3 Engineered scaffold B-barrel) modifications

Although random mutagenesis has led to the develop-
ment of several GFP-derived biosensors, the uncovering
of the structure of GFP has alowed for a more system-
atic approach to designing activatable reporters. One tac-
tic involves creating a binding-site in the B-barrel that
encircles the chromophore. Typically, the introduction
of a compound into close proximity of the chromophore
guenches the fluorescence. For example, when two
histidines were precisely incorporated into the (-barrel,
GFP became a very sensitive indicator of Cu®" concen-
tration (Fig. 2a) (Richmond, et al., 2000). The presence
of Cu2+ resulted in up to a90% decrease in fluorescence
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intensity.

Careful genetic engineering of the GFP scaffold has also
allowed for theintroduction of larger ligand binding sites
into the B-barrd (Fig. 2b). The incorporation of a
lipopolysaccharides and Lipid A binding site, consist-
ing of a string of 5 amino acids, into one of the (-
strands allowed for the successful detection of 100 pg/pL
of lipopolysaccharide and 4 ng of Lipid A (Goh, et d.,
2002). This biological sensor was further used to tag
gram-negative bacteria in contaminated water sampled
from the environment (Goh, et a., 2002).

Amazingly, the [-barrel of GFP has even been engi-
neered to serve as the basis for a redox switch by the
simpleinsertion of a pair of cysteine residuesinto the ap-
propriate locations (Hanson, et a., 2004, Ostergaard, et
al., 2001). Formation of a disulfide bond under oxida-
tive conditions caused a strain in the polypeptide back-
bone that resulted in more than a 2-fold decrease in flu-
orescence. Subsequent reduction of the disulfide bond
resulted in the restoration of fluorescence.

4 Engineered loop modifications

As an adternative to modifying the B-barrel, it has been
found that modifications to the loop regions connecting
the B-strands is also a viable approach for transforming
GFP into an active biosensor. For example, a protease
sensitive GFP variant was constructed by inserting a pro-
tease specific cleavage siteinto one of the loops (Chiang,
etal., 2001). Proteolysis, subsequently, resulted in a40%
reduction in fluorescence. Loop regionsof GFP have also
been modified to include entire ligand-binding sites (Fig.
2c). When TEM1 B-lactamase was inserted into a loop
region of GFP and subsequently exposed to directed evo-
[ution, one variant underwent an increase in fluorescence
upon binding to B-lactamase-inhibitory protein (Doi and
Yanagawa, 1999).

5 N- and C-terminal fusions

Traditionally, N- and C-terminal protein fusions of GFP
are used to study protein trafficking and localization,
however, under special circumstancesfusion proteinscan
also serve as biological sensors. For example, When
GFP was inserted into a loop domain of either a sodium
or potassium channel, depolarization of the ion chan-
nel induced recordable changes in fluorescence, most
likely due to mechanical perturbations (Fig. 2d) (Ataka
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and Pieribone, 2002, Siegel and Isacoff, 1997). An-
other exampl eisthe cytochrome bsg,-GFP fusion protein
(Takeda, et a., 2001, Takeda, et a., 2003). The reconsti-
tution of cytochrome bsg, with hemin resulted in nearly
a 70% reduction in fluorescence due to fluorescence res-
onance energy transfer (FRET).

Luciferase activity can also be modulated by N- and C-
terminal fusions. When estrogen receptor (ER) regula-
tory domains were fused to either side of the Firefly lu-
ciferase protein, the bioluminescent signal was quenched
up to 90% (Laxman, et a., 2002). Cleavage of protease
substrates inserted between the ER regulatory domains
and the luciferase enzyme resulted in the restoration of
bioluminescence. The high sensitivity of bioluminescent
assays, due to the absence of an excitation light and sub-
sequent autofluorescence, allowed for the detection of
caspase-3 activity in animal models.

6 Intramolecular FRET

Although the fusion of any protein to the N- and/or C-
terminus of GFP can potentially yield abiological sensor,
amore versatile approach isto flank a catalytic substrate
or abinding domain by two fluorescent proteinsthat form
aFRET pair. Thus, any conformational change incurred
by ligand binding or catalytic activity alters the FRET
efficiency between the two fluorescent proteins and can
be detected by the corresponding shift in the emission
spectrum. This approach can be applied to a wide range
of applications and often allows for quantitative mea-
surements. Perhaps, the simplest example of a fluores-
cent protein-based biosensor utilizing an intramolecul ar
FRET mechanism consistsof a protease substrate flanked
by two fluorescent proteins (Fig. 3a). Cleavage of the
protease substrate leads to the dispersion of the two flu-
orescent proteins and a loss of FRET. These protease
probes have given insight into a number of cellular ac-
tivities including the spatial and temporal activation of
specific members of the caspase family during apoptosis
(Harpur, et a., 2001, Luo, et a., 2001, Luo, et a., 2003,
Mahgjan, et a., 1999, Rehm, et a., 2002, Xu, et a.,
1998). Other applications include the detection of cal-
pain activity in dendritic spines following a synapse and
the presence Factor X, or tobacco etch virus poteasesin
biological samples (Kohl, et al., 2002, Mitra, et al., 1996,
Vanderklish, et a., 2000).

As mentioned previoudly, the introduction of a ligand-
binding domain between two GFP-variants can aso
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Figure 3 : Intramolecular FRET-Based Biosensors.Intramolecular FRET-based biosensors consist of a catalytic
domain flanked by two molecular reporters with overlapping excitation-emission spectrums (e.g. Cyan fluorescent
protein (CFP) and yellow fluorescent protein (YFP)). Catalytic activity affects the relative orientation of the two
reporters and can be monitored by the modulation in FRET efficiency. Possibilities for the catalytic site include
(a) a substrate for proteases (b) a ligand binding protein (c) or a molecular substrate (i.e. calmodulin, CaM) in
combination with a binding domain (i.e. M13), where the binding domain only binds to a modified form of the

substrate. In thiscase, M 13 is specific for Ca-calmodulin.

serve as a powerful approach to non-invasively observe
the dynamics and localization of intracellular signaling
molecules (Fig. 3b). For example, the insertion of a
calmodulin-binding protein between two GFP-variants
resultsin a spectral change upon the binding of (Ca®*)4-
calmodulin (Persechini and Cronk, 1999, Romoser, et al.,
1997). Ligand-modulated FRET biosensors have also
been designed to indicate the presence of glucose us-
ing a glucose binding protein (Ye and Schultz, 2003),
cyclic GMP using cyclic GM P-dependent protein kinase
(Honda, et al., 2001, Sato, et al., 2000), the small guani-
sine triphosphate RAN using a RAN binding domain
(Kalab, et a., 2002), and numerous other ligand-binding
protein combinations (Mochizuki, et al., 2001, Seth, et
al., 2003).

A dlightly modified strategy used to detect intracellu-
lar molecular activity involves the introduction of a sub-

strate and a binding domain between two GFP-variants.
The binding domain is selected such that it only binds
the modified substrate. For example, a Ca®" sensor
was designed to consist of calmodulin and calmodulin
binding peptide flanked by two GFP-variants (Fig. 3c)
(Miyawaki, et al., 1999, Miyawaki, et a., 1997, Truong,
et a., 2001). In the presence of Ca?*, the calmodulin-
Ca?* complex wraps around the calmodulin binding pep-
tide improving the efficiency of FRET. Intramolecular
FRET-based biosensors have even proven capable of
monitoring kinase activity in living cells. The simplest
construct consists of a kinase inducible domain flanked
by two GFP variants (Nagai, et a., 2000). Phosphory-
lation of the domain influences the FRET efficiency be-
tween the two GFP-variants. An alterative strategy in-
volvesthe placement of both a phosphorylation substrate
and a phosphorylation recognition domain between two
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Figure 4 : Visualizing protein-protein interactions. Protein-protein interactions can be monitored by fusing two
proteinsof interest (i.e. protein A and protein B) to (a) molecular reportersthat form a FRET pair or (b) to fragments
of asingle molecular reporter that restore functionality when brought into close proximity.

GFP-variants (Kurokawa, et al., 2001, Sato, et a., 2002,
Ting, et a., 2001, Viadlin, et a., 2003, Zhang, et 4a.,
2001). Upon phosphorylation the recognition domain
binds the substrate and alters the FRET efficiency.

7 Intermolecular FRET/BRET

FRET based biosensorsdo not require the construction of
asingle fusion protein, but could also consist of two in-
dependent fluorescent moieties that undergo FRET when
proteinsto which they are tethered interact or co-localize
(Fig. 4d). This approach has been used in a wide range
of applications(Chan, et al., 2001, Erickson, et a., 2001,
Jensen, et d., 2001, Kato, et a., 2002, Li, et a., 2001,
Llopis, et a., 2000, Majoul, et a., 2001, Mas, et a.,
2000, Schmid, et a., 2000, Siegel, et al., 2000, Sorkin,
et a., 2000, Tertoolen, et a., 2001, Xia, et a., 2001)
including monitoring the receptor-mediated dissociation
of heterotrimeric G-proteins (Janetopoulos, et a., 2001),
mapping interactions between nuclear transport factors
(Damélin and Silver, 2000, Day, et a., 2001), and lo-
calizing the dissociation of protein kinase A subunitsin
response to cyclic AMP (Ruehr, et al., 1999, Zaccolo,
et a., 2000, Zaccolo and Pozzan, 2002). It should be
noted, however, that intermolecular FRET experiments
are complicated by the possibility of unbalanced expres-
sion of donor and acceptor molecules and interactions of
fusion proteins with endogenous proteins. To overcome
these obstacles more sophisticated approaches must be

undertaken to quantify FRET such as the mathematical
processing of three images (Gordon, et a., 1998, Hoppe,
et a., 2002), photo-bleaching the acceptor and measur-
ing donor dequenching (Llopis, et a., 2000, Siegdl, et
al., 2000, Zacharias, et al., 2002), or fluorescence life-
timeimaging (Harpur, et a., 2001, Ng, et al., 1999).

An advantage of intermolecular FRET is it allows for
more flexibility in choosing FRET pairs. For example,
proteins label ed exogenously with organic dyes could be
used as either donors or acceptors. In one such case, a
GFP-ErbB1 fusion protein was used asadonor and aCy3
labeled antibody to phosphotyrosine was used as an ac-
ceptor in an experiment to image signal propagation in
the plasma membrane (Verveer, et a., 2000). Another
possibility is to use luciferase fusion proteins as donors
resulting in bioluminescent resonance energy transfer
(BRET) (Angers, et al., 2000, Baubet, et a ., 2000, Boute,
et al., 2002, Xu, et a., 1999). Bioluminescent proteins
have the advantage that they do not require an excita-
tion source alowing for less autofluorescence, no photo-
bleaching, and easier quantification of resonance energy
transfer (donor and acceptor concentrations can be deter-
mined independently by luminescence and fluorescence
measurements, respectively). The lack of autofluores-
cenceisparticularly important in assays with popul ations
of cells where autofluorescence can significantly impair
the sensitivity of the assay. Fluorescent proteins, how-
ever, have the advantage of higher special resolution due
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to the low emission intensity of bioluminescent proteins.

8 Protein Fragment Complementation

Protein fragment complementation provides another very
novel approach for monitoring the dynamics of protein-
protein interactions (Michnick, 2003). The strategy re-
quiresthe fragmentation of aprotein, such asamolecular
reporter, intotwo or more components(Fig. 4b). Thedis-
section must be conducted so as to avoid the undirected
association of the fragments, while till retai ning the abil -
ity to restore function when the fragments are held in
close proximity. It is often necessary to tune the affinity
by inserting several point mutations into the fragments.
The fragments are brought into close proximity by the
interaction between the proteinsto which they are fused.
The reconstitution of the fragmented protein is typically
reversible but if desired the introduction of intein frag-
ments into the fusion protein can result in the permanent
splicing of the reporter (Ozawa, et a., 2001, Ozawa, et
al., 2000, Ozawa, et al., 2001).

The fragmentation of GFP-variants has alowed for the
study of known interactions such as that between the
transcription factors bZIP and Rel and also for the un-
covering of unknown interactions (Ghosh, et a., 2000,
Hu, et a., 2002, Hu and Kerppola, 2003). For exam-
ple, high-throughput screening methods have been im-
plemented where one complementation fragment isfused
to a known protein (‘bait’) and the second is fused to a
library of unknown proteins (‘prey’) (Remy and Mich-
nick, 2004). Coloniesof cellswhere the ‘bait’ and ‘ prey’
interact are identified by fluorescence. The simultane-
oudy visuaization of multiple protein-protein interac-
tionscan also be performed by conducting complementa-
tion assays with multiple optically distinct GFP-variants
(Hu and Kerppola, 2003). Another option is to use re-
porters other than GFP-variants, such as [3-galactosidase
(Rossi, et al., 1997), B-lactamase (Galarneau, et al., 2002,
Wehrman, et al., 2002), and Firefly and Renilla luciferase
(Kaihara, et a., 2003, Paulmurugan and Gambhir, 2003,
Paulmurugan, et al., 2004, Paulmurugan, et a., 2002).
Luciferase constructs are particularly useful since they
provide the benefit of being able to monitor protein-
protein interaction in living subjects.
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9 Circular Permutation

Circular permutation refers to the fragmentation of a
gene into two components, a N-terminal fragment and
the C-terminal fragment, and the subsequent fusion of the
original N- and C-termini viaashort peptidelinker (Ake-
mann, et a., 2001, Iwai, et al., 2001, Spotts, et al., 2002,
Topell, et a., 1999). Thisnew variant in many cases can
exhibit unique optical properties or can retain the same
properties, at least to some extent, as the wild-type pro-
tein. The addition of fusion proteins on the new N- and
C-termini can then sometimes transform a circular per-
mutated GFP into abiological sensor. For example, when
calmodulin and its target peptide M 13 were fused to the
N- and C-termini of acircular permeated GFP construct,
the presence of Ca?* resulted in the reversible change of
its spectral properties (Baird, et a., 1999, Nagai, et d.,
2001, Nakai, et al., 2001).

10 Conclusion

The transformation of passive molecular reporters into
active biosensors has provided unrivaled insight into the
molecular dynamics of living cells under a diverse array
of conditions. It is expected that the discovery of new
molecular reporters with unique optical properties com-
bined with novel approaches to transform them into bi-
ological sensorswill continue to drastically improve our
understanding of cell function. Of particular interest are
probes that can be used for imaging molecular activity in
living subjects. There, however, is still a clear need for
the discovery and generation of new GFP-variants that
are sensitive in the near infrared to allow for the obser-
vation of molecular activity in deeper tissues to com-
plement luciferase biosensors. The ability to monitor
molecular pathways and understand disease mechanisms
intheir natural environment will undoubtedly lead to sig-
nificant insight into the cascade of eventsinvolved inthe
mechanotransduction pathway of endothelial cells.
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