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INTRODUCTION

Genetically encoded calcium indicators (GECls) are powerful tools for systems
neuroscience. Here we describe red, single-wavelength GECls, "RCaMPs,” engineered
from circular permutation of the thermostable red fluorescent protein mRuby.
High-resolution crystal structures of mRuby, the red sensor RCaMP and the recently
published red GECI R-GECO1 give insight into the chromophore environments of the
Ca?*-bound state of the sensors and the engineered protein domain interfaces of the
different indicators. We characterized the biophysical properties and performance of
RCaMP sensors in vitro and in vivo in Caenorhabditis elegans, Drosophila larvae, and
larval zebrafish. Further, we demonstrate 2-color calcium imaging both within the same
cell (registering mitochondrial and somatic [Ca2t]) and between two populations of
cells: neurons and astrocytes. Finally, we perform integrated optogenetics experiments,
wherein neural activation via channelrhodopsin-2 (ChR2) or a red-shifted variant,
and activity imaging via RCaMP or GCaMPR are conducted simultaneously, with the
ChR2/RCaMP pair providing independently addressable spectral channels. Using this
paradigm, we measure calcium responses of naturalistic and ChR2-evoked muscle
contractions in vivo in crawling C. elegans. We systematically compare the RCaMP
sensors to R-GECOT1, in terms of action potential-evoked fluorescence increases in
neurons, photobleaching, and photoswitching. R-GECO1 displays higher CaZt affinity
and larger dynamic range than RCaMP but exhibits significant photoactivation with blue
and green light, suggesting that integrated channelrhodopsin-based optogenetics using
R-GECO1 may be subject to artifact. Finally, we create and test blue, cyan, and yellow
variants engineered from GCaMP by rational design. This engineered set of chromatic
variants facilitates new experiments in functional imaging and optogenetics.

Keywords: calcium imaging, genetically encoded calcium indicator, multi-color imaging, protein engineering,
optogenetics

in vivo. Calcium is a ubiquitous second messenger, playing an

Together, recent advances in modern microscopy and improved
genetically encoded calcium indicators (GECIs) have revolu-
tionized systems neuroscience by allowing chronic simultaneous
optical recording from genetically targeted neuronal populations

Abbreviations: AP, action potential; FP, fluorescent protein; GFP, green fluores-
cent protein; GECI, genetically encoded calcium indicator; FRET, Forster resonance
energy transfer; ACh, acetylcholine; ChR2, channelrhodopsin-2; C1V1, ChR1-
VChR1 chimera; PAGE, polyacrylamide gel electrophoresis; RMSD, root mean
square deviation; SNR, signal-to-noise ratio.

essential role in all aspects of physiology, specifically in neurons
and other excitable cells (Burgoyne, 2007). Calcium ions (Ca?")
are transported into neurons both by action potential (AP) fir-
ing and synaptic input (Jaffe et al., 1992; Denk et al., 1996).
Spike number, timing, frequency, as well as levels of synaptic
input, can all be quantified by measuring changes in intracellular
free [Ca®T] (Yasuda et al., 2004). GECIs are prominent tools to
monitor [Ca%t] in defined cells and intra-cellular compartments
(Mank and Griesbeck, 2008; Mao et al., 2008; Dreosti et al., 2009;
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FIGURE 3 | Crystal structures of RCaMP, mRuby, and R-GECO1.

(A) Crystal structures of Ca?*-bound RCaMP GCaMP and R-GECO1 in two
orthogonal views. The fluorescent protein domain of each sensor was
superimposed. Labels indicate the coloring of the domains of RCaMP;
coloring of GCaMP and R-GECO1 is identical except that the cpGFP
domain is colored green. (B) Ribbon diagram of the superimposed
circularly permuted fluorescent protein domains of RCaMP and GCaMP
illustrating structural differences at the circular permutation site. Coloring is
the same as in (A). Linker connections to the M13 peptide and CaM
domains are labeled. (C) Superposition of the cp-mRuby domain of RCaMP
with mRuby. Amino acids are displayed as thin sticks, except the
chromophore and select chromophore-interacting residues, which are
shown as thicker sticks. RCaMP is additionally displayed as a cartoon,

colored as in (A). mRuby is colored cyan. Select hydrogen bonds are
displayed as dashed lines. View is oriented and clipped to show the center
of the fluorescent protein barrels. (D) The chromophores and preceding
amino acid of RCaMP (top, red) and mRuby (bottom, cyan) with the 2Fo-Fc
omit electron density map contoured at 1o superimposed. Note the
absence of electron density in RCaMF indicating backbone cleavage.

(E) Proposed hydrolysis of the peptide bond in RCaMP Atoms involved in
the extended m-system of the fluorescent chromophore in red. (F) Ribbon
depiction of RCaMP with sites of engineering shown as black spheres,
with corresponding amino acid number shown. Orientation is as shown
for (A). (G) As in (F), but for R-GECO1. Depicted sites of engineering from
Zhao et al. (2011a). (H) In Ca?*-bound R-GECO1, Lys78 forms an ionic
hydrogen bond with the chromophore, stabilized by Ser62.
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(Met214-Tyr215-Gly216) (Figure 3D). The electron density map
is consistent with imine hydrolysis of the RCaMP chromophore,
resulting in a ketone on Met214, maintaining the extended
n-conjugation of the red chromophore (thus 2-acyl-4-(4-
hydroxybenzylidene)-imidazol-5-one), and an amide on Phe213
(Figures 3D,E). This imine hydrolysis results in a discontinuity
in the polypeptide backbone of RCaMP, also observed by SDS-
PAGE of purified protein samples (Figure 2D). R-GECO1 showed
a comparable level of backbone cleavage, with two smaller pro-
tein bands corresponding to imine hydrolysis of the chromophore
(Figure 2D). The electron density map for mRuby shows no
significant imine hydrolysis (Figure 3D). However, after boiling
in the presence of the reducing agent 2-mercaptoethanol dur-
ing sample preparation for SDS-PAGE, cleavage products can
clearly be detected (Figure 2D), in agreement with structural and
SDS-PAGE analysis of the red FP DsRed (Gross et al., 2000).
Equivalent amide hydrolysis is reported for the photoactivatable
Kindling Fluorescent Protein (asFP595) (Tretyakova et al., 2007).
Interestingly, cp-mRuby does not show significant levels of imine
hydrolysis (Figure 2D), and also lacks chromophore formation
(not shown). The red-shifting (~15 nm excitation, ~4 nm emis-
sion) of the RCaMP chromophore relative to mRuby may result
from rearrangements around the chromophore, as seen for
eqFP611, RFP611, RFP618, RFP630, and RFP639 (Kredel et al.,
2008), or from planarization following chromophore hydrolysis.

In addition to mRuby and RCaMP, we also crystallized R-
GECOL1 (Zhao et al., 2011a) in the presence of Ca?t and solved
the crystal structure to 2.2 A by molecular replacement (Table 2).
Strikingly, the position of the CaM domain relative to cp-mApple
is distinct from that seen in RCaMP and GCaMP (Figure 3A)—
the homology model used during R-GECO1 design (Zhao et al,,
2011a)—underlining the importance of structure determination
in protein engineering. Many of the mutations incorporated
into the R-GECO1 sensor during initial screening and selec-
tion (Zhao et al., 2011a) are concentrated at the proto-interface
between mApple and CaM (Figure 3G), as is the case for RCaMP
(Figure 3F). Three residues of the M13pep-cp-mApple linker
(Val60, Val61, and Ser62) make hydrophobic and hydrogen-
bonding contacts with CaM, cp-mApple, and the rest of the
linker. Similar to GCaMP (Wang et al., 2008; Akerboom et al.,
2009), the cp-mApple-CaM linker is not in close proximity to
the chromophore, and no cp-mApple-CaM linker mutations were
selected in R-GECO1 (Zhao et al., 2011a). In addition to the
linkers, R-GECO1 mutations Gly79, Arg81, Cys129, Phe366, and
Asn380 are in the vicinity of the proto-interface (Figure 3G). No
backbone cleavage was observed in the vicinity of the R-GECO1
chromophore, as was seen in the RCaMP crystal structure. R-
GECO-1-Lys78, from strand eight of cp-mApple, adjacent to
the circular permutation site, forms an ionic interaction with
the phenolate oxygen of the chromophore and is stabilized in
place via a hydrogen bond from Ser62, immediately following the
M13pep-cp-mApple linker (Figure 3H).

OPTIMIZATION OF RCaMP

The structure of RCaMP explains the initial selection of muta-
tions resulting in RCaMP1a, and allowed us to prioritize sites of
mutagenesis for additional rounds of sensor engineering. As in

GCaMP (Wang et al., 2008; Akerboom et al., 2009), the circular
permutation of mRuby and fusion of M13pep and CaM resulted
in a tightly packed adventitious interface between CaM and cp-
mRuby, excluding solvent from the chromophore environment.
The first linker, connecting M13pep and cp-mRuby, comes in
close proximity to the chromophore, and the strongly selected
isoleucine side-chain packs tightly against the inter-domain linker
of CaM and cp-mRuby. Thr294, originally from the translated
Mlul restriction site in the second linker, hydrogen-bonds the
RCaMP chromophore, stabilizing it in the deprotonated state
(Figure 3C). The spontaneous (PCR-derived) Aspl14Ser muta-
tion improves packing against the second linker, especially GIn297
(Figure 3F).

Both mutations from error-prone PCR mutagenesis,
Alal12Tyr and Thr3641le, improve packing at the mRuby-CaM
interface (Figure 3F). The improved packing of the interface
by these mutations simultaneously increases brightness, red
state maturation completeness and kinetics, (AF/F)max, affinity
and cooperativity. A second round of mutagenesis selected
Glyl09Ala, further improving packing at the mRuby-CaM
interface (Figure 3F) in RCaMP1b, with increased affinity at a
slight loss in (AF/F)max (Table 1). The GCaMP5 mutation CaM-
Asp380Tyr (Akerboom et al., 2009) is positioned at the GFP-CaM
interface near the GFP chromophore and led to an increase in
the calcium-bound fluorescence of GCaMP (Akerboom et al.,
2012a). The corresponding mutation to RCaMP1b, Asp372Tyr,
gave rise to RCaMPlc, with (AF/F)max = 7.5 (Tablel).
RCaMP1d was discovered as a spontaneous, fast-maturing
mutant; faster chromophore maturation comes at the cost of
affinity (1.6 +0.06 .M, s.d., n = 3) and (AF/F)max (6.5 +0.2,
s.d., n = 3) (Table 1). RCaMP1d was found to contain the muta-
tion Ala270Val; the corresponding mRuby mutation, Ala120Val,
was independently observed recently during the generation of
mRuby2 (Lam et al., 2012), which exhibits greater brightness
and photostability. Deletion of the RSET peptide resulted in
RCaMP1e, which was significantly dimmer in cells, perhaps indi-
cating that RCaMP is stabilized in situ by this N-terminal fusion
peptide, as were early GCaMP variants (Tallini et al., 2006). We
attempted to increase affinity by introducing the CaM mutation
Arg90Gly (Sorensen and Shea, 1996; Akerboom et al., 2012a)
(RCaMP numbering Arg384Gly) and screening libraries around
the four EF-hands of CaM, which produced RCaMP1f. Affinity
surprisingly decreased slightly to 1.9 + 0.08 uM (s.d., n = 3), but
(AF/F)max rose to 12.3 £ 0.2 (s.d., n = 3; Table 1, Figures 2A,E).
Lastly, targeted mutagenesis of the second linker (cp-mRuby-to-
CaM; encompassing the Thr294-Arg295 linker, as in GCaMP,
from the translated Mlul site, as well as the subsequent residue
Asp296) resulted in RCaMP1h, with 1.3 £ 0.06 uM affinity, and
(AF/F)max of 10.5£ 0.1 (s.d., n = 3; Table 1, Figure 2A). The
crystal structure of RCaMPla suggests that the charge-reversal
mutation Arg295Asp likely improves interactions with Argll16
from cp-mRuby (Figure 3F). (RCaMP1g did not perform well in
initial characterization and was not pursued further).

Fluorescence response to Ca?™ titrations of purified RCaMP
and R-GECOL1 sensor proteins are shown in Figure 2E-left; a Hill
plot of the data shows linear ranges (Figure 2E-right). All RCaMP
variants after RCaMP-AI show near complete maturation to the
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red state and similar extent of backbone cleavage (Figure 2D). 4
All RCaMPs behave as monomers in solution (Figures 2B,C) and f:_: 'é’-
are fluorescent indicators of Ca>* under both 1- and 2- photon S =
excitation (RCaMP1fis shown in Figure 2F). E § %

88 ¢ saronuses
PHOTOPHYSICAL CHARACTERIZATION OF CHROMATIC VARIANTS c
Next we purified several RCaMP variants, as well as R- '% _ 3 coooo
GECO1 and the parent fluorescence proteins mRuby and mAp- :ré E ] Sssss 8
ple, and subjected them to systematic photophysical char- e .
acterization, under both 1- and 2-photon illumination. We % < ':«5 gooogooey
have previously analyzed the fluorescence mechanism of the s tleeee2eee

p Y Y: s

GCaMP calcium indicator (Akerboom et al., 2009; Miitze et al., S g
2012), which involves a Ca’>*-dependent deprotonation of the Fls
p-hydroxybenzylideneimidazolinone chromophore, leading to ®
increased fluorescence. In GCaMP, the quantum yield (QY; and §
fluorescence lifetime) of the Ca?*-bound (bright) and Ca’*- '§
free (dim) states are identical; the fluorescence increase upon w o - — ® o °
Ca?t binding is manifested entirely as an increase in extinction ﬁ SN2 ® o <
coefficient (¢), reflecting a greater population of deprotonated, .
fluorescent chromophore (Miitze et al., 2012). Strikingly, in the g
RCaMP indicators we found that more of the Ca>*-dependent =
increase in brightness was attributable to changes in quantum 3
yield and fluorescence lifetime, than to changes in the extinc- E
tion coefficient (Table 3). The peak of the RCaMP Ca?*-bound & o ~®mo  ©
state is slightly spectrally shifted relative to the unbound state p § 66 o

(from ~8 nm blue-shifted to ~1 nm red-shifted, for the differ-
ent RCaMP sensors). R-GECO1 shows a larger peak shift: 12 nm L5
blue-shifting of absorption, and 10nm blue-shifting of emis- & &

. . . . . . w © © O~ [82]
sion. Under 1-photon illumination, the parent protein mRuby is ) o | 9 N oo N A
slightly brighter (brightness = ex QY) than EGFP; the bright- £ § E
ness of the Ca?*-bound state of the different RCaMP indicators % %, B ‘1';,
is 66-86% that of mRuby (Table 3). :‘_-',- =52 9 2esm3g599

pH titrations of the new sensors show some complex effects; § s
some blue and red GEClIs exhibit multiple titratable groups affect- 8 £ 3 &
ing fluorescence (Figures1, 2, Table 1). Intriguingly, for some E § > c‘:: cee=3 2
sensors, the pK, of the Ca?*-bound state is higher than that ‘E-' 2 S ceee= 2
of the Ca?*-free state (unlike GCaMP), implying that calcium < g § & 6 oD o
binding decreases the acidity of the chromophore proton, increas- i 5 © QI3 LIesg
ing the protonated, and potentially non-fluorescent state of the & 2
chromophore (Tables 1, 3). The fact that the sensors nonetheless 5 © -
exhibit such large increases in fluorescence implies that the photo- b £ +
physical transitions upon calcium binding are more complicated g T Ng QTN g
than in GCaMP, consistent with the Ca2+—dependent increase in g % ! M O N
quantum yield, and the pH-dependent cis-trans conformational = = &
changes seen in RCaMP and other RFPs (Battad et al.,, 2007; e 8 § < EE g E,\'; E é E %
Pletnev et al., 2008; Pletneva et al., 2011). R-GECO1, by contrast, k]
shows a GCaMP-like Ca’*-dependent decrease of pK, from 8.9 g s IS5 2 S as
to 6.6 (Zhao et al., 2011a), consistent with a fluorescence increase GE, g :.'m 3 % % 3 3 8 3 3
driven largely by extinction coefficient effects (Table 3). £ = Q BREEIRSE
Importantly, RCaMP shows large (AF/F)may signals under 2- oy 5 R
photon illumination, on the order of the 1-photon signal change .g 2 5 g g LB S5 g

(Figure 2F). Under 2-photon illumination, the RCaMP sensors .E < & Booa3B8%
are red-shifted and surprisingly brighter than mRuby (Table 3). 2 e % £ E E 5 % %
For the red indicators, excitation with either a Ti:Sapphire laser £ © o e o _
or an optical parametric oscillator (OPO) coupled to a primary - .aaaaa o0
exciplex laser produced large fluorescence changes upon calcium % é 2=2=2=2 ;-l. g
addition (Figure 2F). © EfCEEE Ea
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