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A FLASH of insight into cellular chemistry: genetically encoded
labels for protein visualization in vivo

Kevin J Luebke

Genetically encoded fluorescent labels, such as green
fluorescent protein, make it possible to visualize a
protein’s natural distribution and environment in living
cells. A new approach to protein labeling in living cells
has been devised in which a small, membrane-
permeable ligand binds with high affinity and specificity
to a short peptide motif that can be incorporated into
the protein of interest; the ligand becomes brightly
fluorescent after binding to the peptide.
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When you look at a living cell under a light microscope,
only the most morphologically profound cellular events are
visible. But underlying the events of major morphological
reorganization is a complex, unseen bustle of chemical
events. Cell biologists have often taken advantage of the
sensitivity and versatility of fluorescent probes to explore
the chemical details of the intracellular environment, using
such probes as tags and positional markers to measure dis-
tance and intracellular transport, and as sensors of intracel-
lular concentrations of small molecules and ions [1].

A fluorescent label attached to a specific protein allows
that protein’s distribution and environment to be visual-
ized. Chemical labeling of a purified protein iz vitro does
not lend itself to visualization of the unperturbed intracel-
lular milieu, however. Introduction of fluorescently
labeled antibodies raised against a protein of interest is
feasible only in special cases, and antibody binding can
interfere with the function of the protein. In contrast,
intrinsically fluorescent proteins have found wide applica-
bility as genetically encodable fluorescent labels. By
encoding a label into the primary sequence of a protein of
interest at the level of its DNA, that protein can be specif-
ically observed in the context of the cell itself. Disruptive
post-translational manipulation of the protein is avoided.

The archetype of genetically encoded fluorescent labels is
the green fluorescent protein (GFP) from the jellyfish
Aequorea victoria, a 238-residue protein in which three con-
secutive residues, serine, tyrosine and glycine, sponta-
neously react to form a fluorogenic species (Figure 1) [2-5].

GFP is well suited to the role of a genetically encoded
label, because the fluorophore forms upon expression of
the protein without requirement for any additional
factors. As a result, it can be expressed in fluorescent
form in a wide variety of non-native cell types and fused
to the amino or carboxyl termini of other proteins {2].

Griffin, Adams and Tsien [6] have recently developed a
new approach to fluorescently labeling a protein of inter-
est in living cells. They devised a peptide—small-mol-
ccule pair that affords specific, covalent labeling of
proteins containing the short peptide. This methodology
overcomes some of the limitations of using a fluorescent
protein as an encoded iz sifu label and makes new experi-
ments possible. The work by Griffin er 2/. [6] is reviewed
here in the context of some of the applications of fluores-
cent protein-labeling methods, including some recent
innovations.

Fluorescent proteins as reporters of gene expression and
protein localization

Among the first applications of GFP as an iz siru protein
label was the visualization of gene expression. Chalfie
and coworkers [7] showed GFP to be a reporter of gene
expression in Escherichia coli and Caenorhabditis elegans. In
C. elegans, control of GFP expression by the promoter for
a B-tubulin gene that is expressed selectively in certain
touch-sensitive cells allowed selective fluorescence visu-
alization of those cells in the larval nematode. In addition
to monitoring gene expression, GFP can be employed to
study protein localization. For many proteins, fusion of
GFP at the amino or carboxyl terminus preserves both
the fluorescence of the GFP and the native function and
cellular localization of the attached protein. For that
reason, GFP fusion proteins have been used as markers
to follow cellular protein traffic [8-10] and the dynamic
behavior of specifically labeled organelles [11,12].

Fluorescent proteins for monitoring protein-protein
interactions in vivo

The interaction of two fluorescently labeled proteins can
be monitored using fluorescence resonance energy trans-
fer (FRET) [13]. FRET occurs between two fluo-
rophores incorporated into two proteins that are
associated with each other and diminishes precipitously
upon their dissociation. Taking advantage of this phe-
nomenon with GFP requires a FRET partner with
appropriate excitation and emission spectra; GEFP
mutants with spectral maxima shifted from those of the
wild-type protein provide such partners [14]. Mutation of
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Formation of the fluorophore of green fluorescent protein. Folding of the protein promotes cyclization, which is followed by dehydration of the ring

and oxidation of the tyrosine. For more details please see the text.

the tyrosine constituent of the fluorophore in GFP to his-
tidine or tryptophan results in shifts of the excitation and
emission maxima to shorter wavelengths; further muta-
genesis can recover some of the brightness lost in these
mutants [14]. A variety of other GFP mutants with
altered spectral properties have been found, including a
yellow mutant [15] and green mutants with enhanced
photostability and brightness [14,16].

FRET between green and blue mutants of GFP has
been used elegantly by Mahajan ez a/. [17] to demon-
strate an interaction between two proteins, Bax and Bcl-
2, in mammalian cells. Bax and Bcl-2 are both involved in
apoptosis, a process in which the cell kills itself by exe-
cuting a controlled program of biochemical events. Bax
mediates a series of events that lead to cell death, and
several experiments have suggested that apoptosis is reg-
ulated by direct interaction between Bax and Bcl-2.
Fusions of GFP with Bax and BFP (blue fluorescent
protein) with Bcl-2 were co-expressed in mammalian cell
lines. These fusions were shown in control experiments
to have biological activities similar to those of the wild-
type proteins. Not only was FRET observed between
the two fluorescent proteins, consistent with a direct
interaction between Bax and Bcl-2, but the fluorescence
from FRET was localized to the mitochondria. In addi-
tion to demonstrating the interaction of Bax and Bcl-2,
the cellular location of the interaction was visualized
directly.

Sensing ligand-dependent conformational changes of
proteins to monitor intracellular concentrations of Ca2+
Just as FRET between proteins can be used to observe
their interactions, it can also be used to observe confor-
mational changes within a protein that alter the distance
and orientation between two fluorophores. If the confor-
mational change depends upon binding of a specific
ligand, the fluorescence signal resulting from FRET can
be used as an indicator for that ligand. Many cellular
events are regulated by small-molecule effectors, concen-
trations of which can vary locally within the cell and
change rapidly in time; measurement of these events
therefore requires high spatial and temporal resolution,
and indicators based on conformational changes within
proteins have the potential to provide that resolution.

This type of approach has been used to create geneti-
cally encoded fluorescent indicators of Ca2?* concentra-
tion [18,19]. Calcium ions regulate a variety of cellular
processes, mediated primarily by the calcium-binding
protein calmodulin. Miyawaki ez @/ [18] fused a 26-
residue calmodulin-binding peptide from myosin light-
chain kinase to the carboxyl terminus of calmodulin and
a different-colored variant of GFP to each end of the
resulting fusion (Figure 2). When Ca%* binds to the
fusion protein’s calmodulin domain, and calmodulin-
binding domains, the protein is transformed from an
extended structure to a more compact globular structure
in which the two fluorescent protein domains are closer
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to each other, and FRET between them is enhanced.
This indicator was sensitive to changes in Ca?+ from
<1077 to >10~* M i vitro, and its response could be tuned
by mutagenesis of the calmodulin components. When
expressed in cultured human epithelial cells, this indica-
tor had a response to cytosolic Ca2* similar to its Ca?*
response iz vitro. One benefit of a genetically encoded
Ca® sensor is its intracellular targetability. Intracellular
Ca?* concentrations have previously been measured using
synthetic fluorescent chelators, which are difficule to
target to specific intracellular locations [18,20-22].
Mivyawaki ez a/. [18] successfully targeted Ca?*-responsive
fluorescent proteins to the nucleus or the endoplasmic
reticulum by adding a nuclear localization signal or an
endoplasmic reticulum retention sequence, respectively.

Visualizing exocytosis and synaptic transmission with
pH-sensitive fluorescent proteins

The genetic accessibility and targetability of fluorescent
proteins makes them valuable as indicators of the intracel-
lular environment. To create targetable, intracellular pH
sensors, Miesenbock, De Angelis and Rothman [23] have
screened for pH-sensitive GFP mutants, and have identi-
fied two classes: the ecliptic class of mutants loses fluores-
cence as pH is lowered from 7.5 to 5.5; and the ratiometric
mutants undergo a rapid and reversible change in their
excitation ratio at different excitation maxima in response
to changes in pH. The response of a ratiometric indicator
was calibrated by targeting the indicator to the surface of
human epithelial cells and imaging the cells in buffers of

known pH. With that calibration, the pH inside cellular
compartments was measured.

Miesenbock ez a/. [23] used the pH-indicator fluorescent
proteins to observe the fusion of vesicles with the plasma
membrane that occurs during exocytosis. The pH inside
secretory vesicles is acidic, but as the vesicle membrane
fuses with the plasma membrane and the contents of the
vesicle are spilled into the extracellular fluid, the pH envi-
ronment of the inner surface of the vesicle membrane equi-
librates with that of the extracellular fluid, at about 7.4. An
optical sensor of pH attached to the inner surface of the
vesicle membrane therefore has the potential to report indi-
vidual exocytotic events. Miesenbock e7 @/ [23] targeted a
ratiometric indicator protein to the inner walls of vesicles in
hippocampal neurons forming an array of synapses in
culture. By monitoring the change in the emission ratio,
they were able to observe synaptic transmission induced in
these neurons. Vesicle proteins are recycled by endocytosis
into new vesicles, and the acidification of the environment
of the vesicle proteins was also observed as a change in the
emission ratio. Ecliptic indicators targeted to the inner
surface of vesicles eliminate background from resting vesi-
cles, because with long-wavelength excitation they are not
fluorescent under the acidic conditions inside the vesicle.

Covalent labeling of recombinant proteins in living cells
using a small molecule

Their great utility notwithstanding, GFP and its variants
have limitations as iz sitw protein labels and chemical
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Association of a designed peptide~small-molecule pair. Four cysteines
are incorporated into the sequence of an a-helical peptide at positions
that present the four thiol groups on one face of the helix. The ligand
(FLASH) contains two arsenic centers that are spatially disposed
toward simultaneous interaction of each with a thiol pair of the peptide.
A molecule of 1,2-ethanedithiol (EDT) chelates each arsenic center in
the free ligand, preventing association with cellular thiols. Association
of the ligand with the peptide displaces EDT.

sensors [6]. For one, control of the spectral properties of
the fluorophore is limited to what can be achieved by a
limited set of mutations to the protein; most mutations in
GFP result in a loss of fluorescence with little other change
in its absorbance or emission spectra [2]. Another drawback
of GFP is that it is a relatively large label and, as such,
could influence the functional behavior of the protein to
which it is conjugated. In addition, GFP can only be
attached at a terminus of the protein of interest. The limi-
tation to fluorescence visualization is another drawback. It
is easy to imagine systems in which other types of reporters
would be valuable. For example, visualizing processes in
whole multicellular organisms (beyond optically transpar-
ent organisms such as nematodes) could benefit from the
availability of magnetic resonance reporters that are cell-
type-specific and intracellularly targetable.

Griffin, Adams, and Tsien [6] sought a method for specific
labeling of proteins in living cells that overcomes these lim-
itations. Their strategy was to devise a chemically comple-
mentary pair comprising a small peptide module that could
be genetically incorporated into proteins to be labeled and a
small ligand that binds to that module with sufficient affin-
ity and specificity that the peptide is selectively labeled in
the context of a mammalian cell. The ligand had to be cell-
permeable and it had to be derivatizable with various
reporter groups, such as spectroscopic probes.

As a basis of molecular recognition between a peptide and
small ligand, Griffin ¢z a/. [6] sought a high affinity chemical
interaction that could be formed rapidly with functional
groups present in genetically encodable peptides. They
chose the formation of covalent bonds between trivalent
arsenic centers and pairs of thiols. The thiols from a pair of
cysteine residues appropriately placed in the peptide can
chelate the arsenic center of an organic ligand. The inter-
action had to be specific for thiols in the target peptide over
other pairs of cellular thiols — specificity is required for
visualization of the protein of interest and also to prevent
perturbation of cellular processes by nonspecific binding.
To create a specific interaction, Griffin ez /. [6] relied on
the cooperativity of two pairs of thiols from the target
peptide simultaneously chelating two arsenic centers in a
single ligand. They designed a peptide that was expected
to fold into an o helix in which four cysteines, at positions 7,
i+1,7+4, and 7+ 5, present their thiol groups on one face
(Figure 3). They reasoned that an organic molecule con-
taining two trivalent arsenic centers spaced appropriately
could bind to this peptide through interaction of each of the
arsenic centers with a thiol pair. They anticipated that the
cooperativity of this interaction would make it highly
favored over interactions with single thiols or individual
pairs of thiols. Chelation of the arsenic centers with
cthanedithiol can be used to prevent the ligand from
binding to endogenous cellular thiols; the ethanedithiol is
displaced by formation of the thermodynamically favored
complex of the ligand with the tetracysteine peptide.

One of 14 bi-arsenical ligands tested, a fluorescein deriva-
tive, bound to the tetracysteine peptide in the presence of
a small excess of ethanedithiol. Serendipitously, this com-
pound, termed FLLASH (fluorescein arsenical helix binder)
by Griffin ¢ /. [6], fluoresces brightly when bound to the
peptide, but is more than four orders of magnitude less flu-
orescent (practically nonfluorescent) when bound to
ethanedithiol. Conjugation of the arsenic lone-pair elec-
trons with the fluorescein orbitals is thought to allow
quenching of the excited state by vibrational de-activation
or photo-induced electron transfer. In the complex with
the peptide, the arsenic lone pairs are expected to be held
out of conjugation with the fluorescein orbitals.

To explore the use of the FLASH-peptide pair in cells,
Griffin ef 4/. [6] expressed a fusion of the designed peptide
and a cyan mutant of GFP in human epithelial cells. In
the absence of FLASH, the cells expressing the fusion
were identified by their bright fluorescence at the emis-
sion maximum of the fluorescent protein. Upon treatment
of the cells with 1 uM FLASH bis-ethanedithiol (accom-
panied by 10 uM ethanedithiol)) FRET was observed
between the protein fluorophore and FLLASH in the cells
that were expressing the fusion, confirming the cell-per-
meability of FLASH. Complete binding required approxi-
mately one hour. This slow equilibration limits the time



scale at which observations of events such as gene expres-
sion can be made. It is noteworthy, however, that GFP
acquires fluorescence after expression on approximately
the same time scale [3,24].

One indication of the specificity of FLLASH for its cognate
peptide relative to the other components of a mammalian
cell can be seen from the background fluorescence in cells
not expressing a tetracysteine-peptide-labeled protein in
the presence of FLASH and ethanedithiol. Dim fluores-
cence, attributable to FLASH staining, is observed associ-
ated with mitochondria. This background was reduced by
increasing the concentration of ethanedithiol, suggesting
that it is due to relatively weak association of the ligand
with abundant binding sites. The specificity of the desired
labeling interaction could be increased, therefore, by a
modest increase in the affinity of the ligand for the target
peptide, allowing the association to occur at higher
ethanedithiol concentrations. The authors suggest that
this improvement might be accomplished by a combinato-
rial optimization of the noncysteine residues in the recep-
tor. Even without such optimization, competing binding
sites that induce fluorescence in the ligand are sufficiently
rare in mammalian cells that fluorescence detection of the
target peptide over background when expressed in trans-
fected cells is permitted. Another indication of the speci-
ficity of FLLASH for its cognate peptide is its lack of
toxicity to the cell. The toxic effects of arsenic compounds
are largely attributable to binding to cellular thiols, but
cells treated with 1 uM FLASH in the presence of 10 uM
ethanedithiol remained viable for at least four hours.

The constellation of four cysteines that form the ligand-
binding site was also engineered into an existing o helix
within a protein. Griffin ef @/. [6] introduced the four-cys-
teine  array, cysteine—cysteine—X-X~cysteine—cysteine
(where X is any amino acid), into the amino-terminal
o helix of Xenopus calmodulin, and expressed it in human
cpithelial cells. The cytosol and nuclei of these cells
became brightly fluorescent in the presence of 1uM
FLASH and 10 uM ethanedithiol. Although it might not be
possible to incorporate the FLLASH-binding tetracysteine
motif arbitrarily into ¢« helices without disrupting either
protein structure or function or the affinity for the label,
judicious selection of incorporation sites based on structural
knowledge might sometimes obviate the need to engineer
new secondary structural elements into proteins of interest.

The biarsenical-peptide pair invented by Griffin, Adams,
and Tsien [6] provides the ability to target a small-
molecule probe to a single, genetically specified (i.e.
labeled) protein iz vivo. It can be used in many of the same
types of experiment as GFP. Experiments that rely on
FRET will, however, require an energy-transfer partner for
the label. This requirement could be satisfied using a GFP
variant, but one of the benefits of the peptide—biarsenical
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pair is that it is potentially less disruptive to protein struc-
ture and function than fusion with GFP. This benefit is par-
tially lost if fusion to a GFP variant is still required. Thus,
an Important challenge in the development of this method-
ology is the invention of a second peptide—small-molecule
pair that does not cross react with the biarsenical-helix pair.

One of the primary benefits of this iz situ protein labeling
system is its potential flexibility for use with different
probes attached to the FLASH ligand. The fortuitous
enhancement of fluorescence upon binding of FLLASH to
the peptide minimizes interference of free ligand when
detecting that fluorescence signal, but enhancement of
signal with binding is not necessarily required for observa-
tion of the complex with a different probe. The FLASH-
peptide complex, once formed, dissociates imperceptibly
in the absence of excess vicinal dithiol like ethanedithiol,
so background signal could be diminished by removing
free ligand without diminishing signal from the peptide-
bound ligand. A higher standard of specificity, against all
modes of binding to nontargeted cellular components, not
just those that result in enhanced fluorescence signal, is
required in that case. In principle, though, any probe can
be conjugated to the biarsenical ligand, as long as the
modification preserves cell permeability and binding
specificity of the ligand. Whereas fluorescent proteins
have been engineered to create sensitivity to pH or Ca?+, a
fluorophore with its own sensitivity to pH or small mol-
ecules or ions could be delivered to a specified protein,
attached to the biarsenical helix-binding ligand.

Genetically encoded protein labels provide the spatial and
temporal resolution to observe intraceilular molecular
processes in real time. In essence, they allow the chem-
istry inside a living cell to be observed much as the mor-
phological behavior of a cell can be watched. Fluorescent
proteins have been used as labels to monitor gene expres-
ston, protein localization, protein—protein interactions and
the intracellular environment. These experiments hint at
the types of observation that might be made using specific
peptide-small-molecule pairs such as the tetracysteine—
helix-bi-arsenical pair created by Griffin, Adams, and
Tsien [6], but they do not define the limits. The inherent
versatility of this new approach to protein labeling
promises to illuminate new avenues of discovery.
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