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ABSTRACT: Two of the most powerful implementations
of fluorescent protein (FP) technology are “highlighters”,
which can be converted from nonfluorescent to fluorescent
or from one color to another by illumination, and calcium
ion (Ca’") indicators. Combining the properties of both of
these FP classes into a single construct would produce a
highlightable Ca®" indicator that would enable researchers
to mark a single cell spectrally in a transfected tissue and
image its intracellular Ca®* dynamics. In an effort to create
such a hybrid tool, we explored three different protein
design strategies. The strategy that ultimately proved
successful involved the creation of a circularly permuted
version of a green-to-red photoconvertible FP and its
introduction into a G-CaMP-type single-FP-based Ca**
indicator. Optimization by directed evolution led to the
identification of two promising variants that exhibit
excellent photoconversion properties and have an up to
4.6-fold increase in red fluorescence intensity upon
binding of Ca**. We demonstrate the utility of these
variants in HelLa cells and rat hippocampal neurons.

he calcium ion (Ca®*) is one of the most important
second messengers in cell signaling pathways. It plays key
roles in numerous cellular processes such as fertilization,
development, and learning and memory." Over the past several
decades, a wide range of tools have been developed to monitor
* dynamics in live cells, tissues, or whole animals. The
current arsenal of Ca*" indicators includes designs based on
both synthetic organic dyes and engineered fluorescent proteins
(EPs).> As FP-based Ca®* indicators are genetically encodable,
they can be introduced into cells using the minimally invasive
method of plasmid DNA transfection. Relative to synthetic
dyes, FP-based indicators have the additional advantages of
targeting to subcellular compartments and expression in
transgenic organisms.3
While the current toolbox of Ca®* indicators provides a
variety of choices with respect to indicator class (genetic vs
synthetic), fluorescence hue, and Ca* affinity, there is a
continued demand for new tools with improved or
unprecedented properties.”* One desirable property of a Ca**
indicator would be the ability to highlight specific experi-
menter-chosen cells within a tissue to allow their Ca** dynamics
to be imaged in a distinct spectral channel. This would enable
researchers to isolate spectrally and image the activity of specific
cells in a transgenic animal with ubiquitous expression of a
suitable genetically encoded indicator. Similarly, irreversible
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highlighting would allow researchers to return to and image the
activity of a cell imaged in an earlier experiment.

In an effort to create a highlightable Ca*" indicator for live
cell imaging, we attempted to use protein engineering to
combine the properties of a well-established class of FP-based
Ca’" indicators with the properties of three previously reported
classes of photoactivatable (pa) or photoconvertible (pc) FPs.
The class of FP-based Ca’* indicators used in this work is the
single FP de51gn common to the Pericam and G-CaMP series
of indicators.”™® In this design, the calcium-binding protein
calmodulin (CaM) and its binding peptide M13 (from skeletal
muscle myosin light-chain kinase) are genetically fused to the
N- and C- termini of a circularly permutated FP (cpFP).
Conformational changes resulting from binding of Ca** by
CaM lead to a change in the FP chromophore environment
that increases its fluorescence.”'® Our lab has recently reported
a method for high-throughput screening of large libraries of G-
CaMP variants for identification of mutants with improved
function or altered fluorescence hue.'" This effort produced the
GECO series of multicolored Ca* indicators that served as the
templates for this work.

The three classes of paFPs and pcFPs explored in this work
were (1) the paGFP type, whose green fluorescence increases
upon illumination with violet (~400 nm) light; 2 (2) the
pamCherry type, whose red fluorescence increases upon
illumination with violet light;'> and (3) the Kaede type,
which irreversibly converts from green- to red-fluorescent upon
illumination with violet light (Figure 1)."* We reasoned that
introducing the key mutations responsible for these pa or pc
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Figure 1. Schematic representation of a single-FP-based green-to-red
photoconvertible Ca** indicator.
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phenotypes into the FP module of appropriate GECOs could
produce pa- or pcGECOs. We initially tested this hypothesis by
introducing the substitutions responsible for the photo-
activation property of paGFP into green-emissive GECOs,
including G-GECO1.1-1.3, GEM-GECO1, and GEX-
GECO1."" We found that all of the resulting variants had
severely diminished responses to Ca®* and no photoactivation
after prolonged illumination at 405 nm in Escherichia coli
colonies. In a parallel effort, we attempted to convert R-
GECO1, in which the FP portion is a close homologue of the
Discosoma-derived pamCherry,'" into a paGECO. Although we
did identify several variants that underwent photoactivation
upon violet-light irradiation, their Ca®" responses were
disappointingly small (AF/F,;, = 15—30%) (Figure S1).
Further discussion of these unsuccessful efforts is provided in
the Supporting Information.

We next turned to Kaede-type pcFPs, for which there exist
no GECO variants with high sequence homology. Accordingly,
we undertook a complete swap of the cpFP portion of G-
GECOL1.1 with a cp version of a Kaede-type pcFP known as
mMaple.'®> We first created a series of cpmMaple variants with
the original termini connected by a (Gly),Ser(Gly), linker and
new termini at residues 140, 145, 193, and 207. Not
unexpectedly, we found that variants with new termini far
from the chromophore at interstrand loops (i.e,, 193 and 207)
retained the photoconversion property and much of the
brightness of mMaple (Figure S2 and Table S1). In contrast,
cp variants with new termini near the chromophore in -strand
7 (ie, 140 and 145) were substantially dimmer though still
photoconvertible. Since the variant with new termini at position
145 was the closest analogue of the cpFP portion of other
single-FP-based Ca*" indicators, we introduced it in place of the
cpFP of G-GECOL1.1 despite its low brightness. Satisfyingly, we
found that the resulting construct was weakly fluorescent but
capable of green-to-red photoconversion. It also displayed a
small increase in red fluorescence upon Ca** binding (~20%).
We named this first generation pcGECO as green-to-red (GR)-
GECOO.1 and used it as the initial template for an extensive
process of optimization for improved brightness and Ca*
response in the red channel.

Initial efforts to optimize the response of GR-GECO focused
on exploring different lengths and compositions of the peptide
sequences linking the cpFP domain to CaM and M13 (Table
S2). These and all subsequent libraries were screened in E. coli
colonies using our previously reported periplasmic export
strategy combined with on-plate photoactivation using a
custom-built 405 nm LED illumination chamber and
fluorescence image-based screening.'”'® This effort ultimately
led to the identification of GR-GECO0.2 with two additional
residues (Gly-Tyr) in the linker between M13 and the cpFP
domain. We next turned our attention to the presumed
interface between the cpFP domain and the CaM/M13
complex. X-ray crystallographic analysis of G-CaMP2 plus
various mutagenesis studies have identified a number of
residues (e.g, Glu6l, Arg377, Asn380, and Asp381; G-
CaMP2 numbering) that are in this interface and help to
communicate the Ca**-dependent conformational change into
a change in the FP chromophore environment.”"* Libraries of
GR-GECO variants created by genetic randomization of these
positions were screened for improved efficiency of photo-
conversion and improved Ca®* response for the red species.
This effort led to the identification of GR-GECO0.3 with three
additional substitutions (E61P/N380W/D381G), which ex-
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hibited improved brightness, photoconversion, and response to
Ca** (~100%) relative to GR-GECO00.2 (Table S3).
Subsequently, we resorted to the use of directed evolution
through iterative rounds of library creation by error-prone PCR
and library screening for improved photoconversion efficiency
and increased Ca®* response of the red species. After 16 rounds,
we arrived at five variants that showed satisfying photo-
conversion and Ca”* response. On the basis of an assessment of
both in vitro properties and performance in live cell imaging,
we selected two variants, designated as GR-GECO1.1 and GR-
GECO1.2, as the most preferred final versions. GR-GECO1.1
displays satisfying Ca** response by both the green and red
species, whereas GR-GECO1.2 exhibits excellent Ca®* response
by the red species (Table S4). GR-GECO1.1 has 28 mutations
or insertions distributed around the protein, while GR-
GECOL1.2 has 24 mutations or insertions (Figures S3 and S4
and Table S3).

Spectroscopic characterization of the purified proteins
revealed that the green and red states of GR-GECO1.1 exhibit
8.6- and 6.1-fold increases in fluorescence, respectively, upon
binding of Ca**, while GR-GECO1.2 exhibits 3.9- and 6.7-fold
increases, respectively (Figure 2). The absorbance spectra of
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Figure 2. Excitation and emission spectra of the (A, C) green and (B,
D) red forms of (A, B) GR-GECOL1.1 and (C, D) GR-GECO1.2 in the
presence (solid curves) or absence (dashed curves) of Ca*.

both GR-GECOs revealed that in the absence of Ca**, both the
green- and red-state chromophores exist predominantly in their
nonfluorescent protonated forms at pH 7.4 (Figure SS).
Binding of Ca®* shifts the chromophores into their fluorescent
anionic states. Accordingly, the GR-GECOs share a Ca®"
sensing mechanism similar to that of G-CaMPs and G-
GECOs. As observed for the GECO variants,"' the Ca*'
sensing mechanism is best described as a Ca®-dependent
shift in the chromophore pK, to a lower value, with larger shifts
giving rise to larger fluorescence responses.

In vitro Ca®" titrations enabled us to determine the values of
K (defined as the concentration of Ca*" that gives half the
maximum fluorescence increase) for GR-GECO1.1 (86 and 54
nM for the green and red species, respectively) and GR-
GECO1.2 (74 and 90 nM, respectively) (Figure S6 and Table
S4). Further characterization by stopped-flow fluorescence
spectroscopy demonstrated that the relaxation rate profiles of
GR-GECO1.1 at different Ca®>" concentrations followed
monoexponentially increasing functions and give Hill coef-
ficients and Ky values consistent with those obtained by Ca®*
titration (Figure S7 and Table SS). In contrast, GR-GECO1.2
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exhibited complex stopped-flow kinetics, and the data could not
be satisfactorily fit to a simple kinetic model (Figure S7).

Since reversible photoswitching between the protonated and
deprotonated states of red species has been observed with
mEos2 and mMaple,'>'” we examined the GR-GECOs for such
behavior. Fortunately, prolonged illumination of the protonated
state (Apee = 455 nm) did not reversibly shift the equilibrium
toward the deprotonated state in either the presence or the
absence of Ca®" (Figure S8). However, we did notice that
excitation of the protonated state of the green species of GR-
GECO1.2 (Ap, = 383 nm) resulted in significant green
emission (Figure 2). In contrast, mMaple exhibits negligible
green fluorescence when excited at this absorbance peak. We
reasoned that this green emission is likely the result of excited-
state proton transfer (ESPT),"® which must compete with the
photoconversion process. In agreement with this hypothesis,
we observed slower photoconversion in GR-GECO1.2 than in
GR-GECOL1.1 (Figure S9).

To determine how GR-GECOs would perform in live cell
imaging, we expressed them in HeLa cells and, following partial
photoconversion by illumination of the whole field of view with
violet light, used established protocols to determine their
response to changes in cytoplasmic Ca®" concentrations.* As
expected, we observed oscillations, decreases to minima, and
increases to maxima in the fluorescence intensity when cells
were treated with histamine, EGTA/ionomycin, and Ca?/
ionomycin, respectively (Figure 3). In cells, the dynamic ranges
for the green and red species, respectively, were 9.4- and 3.4-
fold for GR-GECOL1.1 and 6.2- and S5.1-fold for GR-GECO1.2
(Table S4).
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Figure 3. Representative time-course traces for HeLa cells expressing
cytoplasmic (A) GR-GECOL.l or (B) GR-GECOl.2. For GR-
GECO1.2, the red species displayed a larger dynamic range and
greater photostability than the green species.

To demonstrate the primary advantage of a highlightable
Ca?" indicator, we used light from a 40S nm laser to highlight
single cells in a population of GR-GECO1.1-expressing HeLa
cells (Figures S10, S11 and S12 and Movie S1). As expected,
only the highlighted cells were observed in the red emission
channel, and they exhibited typical histamine-induced Ca®*
oscillations. Similarly, we found that single cells in a population
of primary neurons transfected with GR-GECO1.2 could be
highlighted and spontaneous Ca** oscillations could be imaged
in the red emission channel (Figure 4 and Movie S2). We
anticipate that highlightable Ca®* indicators will facilitate the
dissection and study of Ca®* signaling in neuronal networks.

In conclusion, we have engineered, characterized, and
validated photoconvertible Ca** indicators for live cell
fluorescence imaging. By enabling the selective highlighting
and imaging of individual cells in densely transfected tissues,
these indicators will enable researchers to explore intra- and
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Figure 4. GR-GECO1.2 expressed in dissociated hippocampal
neurons. (A, B) Merged green and red fluorescence images of cells
(A) before and (B) after photoactivation of cell 1. Images were taken
from Movie S2. Scale bar 10 ym. (C, D) Imaging of spontaneous Ca**
oscillations in the (C) green and (D) red emission channels.

intercellular signaling with unprecedented experimental control
and versatility.
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