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We describe an engineered fluorescent optogenetic sensor, SuperClomeleon, that robustly detects inhibitory synaptic activity in single,
cultured mouse neurons by reporting intracellular chloride changes produced by exogenous GABA or inhibitory synaptic activity. Using
a cell-free protein engineering automation methodology that bypasses gene cloning, we iteratively constructed, produced, and assayed
hundreds of mutations in binding-site residues to identify improvements in Clomeleon, a first-generation, suboptimal sensor. Structural anal-
ysis revealed that these improvements involve halide contacts and distant side chain rearrangements. The development of optogenetic sensors
that respond to neural activity enables cellular tracking of neural activity using optical, rather than electrophysiological, signals. Construction of
such sensors using in vitro protein engineering establishes a powerful approach for developing new probes for brain imaging.

Introduction
Optogenetic sensors (OSs) based on the green fluorescent protein
(GFP), combined with advances in optical imaging methods,
have enabled quantitative monitoring of cellular processes with
high spatiotemporal resolution (Okumoto, 2010). Many such
OSs have been developed to track subcellular localization (Flach
et al., 1994) or monitor protein–protein interactions (Xia et al.,
2001), and have great potential for measurement of neuronal
activity by enabling precise, cellular-level reporting of neural cir-
cuit activity (Zhang et al., 2010; Mancuso et al., 2011) based on
optical rather than electrophysiological signals (Siegel and
Isacoff, 1997; Kuner and Augustine, 2000; Hires et al., 2008).
However, engineering OSs that monitor the small and rapid

changes in the concentrations of signaling molecules typically
associated with neuronal activity has been challenging (Miyawaki
et al., 1997; Kuner and Augustine, 2000; Okumoto et al., 2005;
Hires et al., 2008; Arosio et al., 2010).

Presynaptic release of GABA opens postsynaptic GABA recep-
tors, resulting in Cl� fluxes that underlie synaptic inhibition.
Fluorescent OSs that monitor intracellular Cl� concentration,
[Cl�]i, therefore could report on this important class of synaptic
action. A first-generation Cl� sensor, Clomeleon, has been used
to monitor such dynamic changes in [Cl�]i in cultured neurons
(Kuner and Augustine, 2000) and in brain tissue (Berglund et al.,
2006). Clomeleon is a fusion of the yellow fluorescent protein
(YFP), which contains a serendipitous Cl� binding site adjacent
to its chromophore (Wachter et al., 2000), and the chloride-
insensitive cyan fluorescent protein (CFP). Halide binding to
YFP quenches fluorescence emission (Wachter and Remington,
1999), altering fluorescence resonance energy transfer (FRET)
between the CFP donor and the YFP acceptor (Kuner and Augus-
tine, 2000). The use of FRET enables ratiometric determination
of [Cl�]i, which is unaffected by variations in fluorescence emis-
sion intensity associated with differences in indicator concentra-
tion, optical path length, or excitation intensity (Bright et al.,
1989; Miyawaki, 2005). However, it remains extremely challeng-
ing to detect GABA-induced [Cl�]i changes with Clomeleon be-
cause the Cl� affinity of Clomeleon (�100 mM) is well beyond
the physiological range of [Cl�]i (�5– 6 mM in most adult neu-
rons; Berglund et al., 2006). This limits the signal-to-noise ratio
(s/n), requiring averaging of multiple trials before a response can
be detected via fluorescence imaging.
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Here we report the use of recently developed protein engi-
neering automation techniques (Cox et al., 2007; Allert et al.,
2010) to improve the fluorescence response of Clomeleon by
manipulating its halide affinity and fluorophore characteristics.
The resulting sensor, SuperClomeleon, has a significantly im-
proved s/n in the relevant range of postsynaptic [Cl�]i and
greatly enhances imaging of synaptic inhibition in neurons.

Materials and Methods
Protein engineering. Oligonucleotides (79 – 80 bases) were synthesized by
solid phase oligonucleotide synthesis (MerMade 192; BioAutomation)
and assembled into full-length open reading frames (ORFs) by automa-
tion (Cox et al., 2007), which were reamplified by PCR using 5�-
biotinylated primers.

Protein was produced by in vitro-coupled transcription and transla-
tion (TnT) reactions (Allert et al., 2010): 2.4 �g of linear, biotinylated
dsDNA was added to 30 �l of a BL21 Star (DE3; Invitrogen) cell lysate
and a solution of amino acids, nucleotide triphosphates, and cofactors
and water (final volume 120 �l) in 96-well PCR plates, which were cov-
ered with a breathable seal for optimum aerobic expression and chro-
mophore maturation (Heim et al., 1994), and incubated with shaking for
8 h at 30°C, followed by 6 h at 4°C.

All proteins had combined C-terminal Flag and His6 peptides for af-
finity purification. Proteins were purified at 4°C from TnT reactions
using anti-Flag M2 agarose (Sigma) and Cl �-free buffer: four (15 min)
washes of agarose-bound FPs with 20 mM HEPES, pH 7.1, removed Cl �

before elution with 120 �l of 3�Flag (Sigma). Protein expression and
purity relative to a sample of the Clomeleon chloride-sensitive YFP To-
paz domain (CT) was determined by densitometry of the YFP band in
protein gels stained with GelCode Blue (Thermo Scientific) using ImageJ
(release 1.42q) software (good category of expression �90% pure; poorly
expressed proteins were less pure). Protein expression levels neither in-
dicated nor predicted fluorescence brightness, although high fluores-
cence was correlated with good protein expression.

The linear ORF of CT was optimized for improved expression in Esche-
richia coli (Allert et al., 2010) is as follows: 5�-CGGCGTAGAGGATCGAGA
TCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGA
GCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGA
AGGAGATATACCATGGTTAGCAAAGGAGAAGAATTATTTACAGGC
GTTGTTCCTATATTAGTAGAATTAGATGGAGACGTAAATGGTCAT
AAATTCAGCGTATCGGGTGAAGGTGAAGGTGACGCAACCTATGG
CAAACTGACCCTGAAATTCATCTGCACCACCGGCAAATTACCAGT
ACCATGGCCGACCTTAGTAACCACCTTCGGATACGGCGTCCAATG
CTTCGCTCGTTATCCGGATCACATGCGTCAGCACGACTTCTTTAA
AAGCGCCATGCCGGAAGGCTATGTACAGGAACGCACGATCTTCT
TCAAAGACGACGGCAACTACAAAACCCGTGCGGAAGTGAAATTC
GAAGGCGATACCCTGGTAAACCGCATCGAACTGAAAGGCATAGA
CTTCAAAGAAGACGGCAACATCCTGGGCCACAAACTGGAATACAA
CTACAACAGCCACAACGTCTACATCATGGCGGACAAACAGAAAAA
CGGCATCAAGGTGAACTTCAAAATCCGCCACAACATCGAAGATGG
CAGCGTACAACTGGCGGATCACTATCAGCAGAATACCCCAATCG
GCGATGGTCCAGTTCTGCTTCCGGATAACCACTACCTGAGCTATC
AGAGCGCACTGAGCAAAGATCCGAACGAAAAACGCGATCACATGGT
GCTCCTGGAATTCGTAACCGCAGCAGGCATTACCTTAGGCATGGAC
GAACTGTACAAAGGCGGCAGCAACGATTACAAAGACGACGACGATA
AAGGCGGTAGCCATCATCACCACCACCACTAATAAGAGATCCGGCT
GCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGA
GCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGG-
3�, where the italicized portions highlight the regulatory elements before and
after the gene. CT is the FRET acceptor in Clomeleon (Kuner and Augustine,
2000) and includes Val1a, L68V, K79R, R80Q, Q148H, and H231L muta-
tions relative to the YFP used to identify halide-binding Site I (Wachter et al.,
2000).

The protein sequences of CFP and YFP from Clomeleon were 95% iden-
tical. To favor unique sites for primer annealing, the CFP DNA sequence was
diverged from YFP to only 79% identity. CFP ORFs, assembled in the man-
ner described above, encoded the C-terminal 24 aa linker and the AgeI re-
striction site of Clomeleon (Kuner and Augustine, 2000), but with a

scrambled rTEV sequence of FQENLY. The diverged DNA sequence of Clo-
meleon CFP is as follows: 5�-ATGGTAAGCAAAGGTGAAGAACTGTTCA
CGGGCGTTGTCCCGATTTTGGTTGAACTCGATGGTGATGTTAATG
GTCACCGTTTTTCTGTCAGCGGCGAGGGTGAAGGTGATGCCACCT
ACGGTAAACTGACCTTGAAATTTATTTGCACGACCGGCAAACTGC
CGGTTCCATGGCCGACGTTGGTCACCACGCTGACCTGGGGTGTTC
AATGCTTTTCTCGCTACCCGGATCACATGAAACAGCATGACTTTTT
CAAGTCCGCCATGCCGGAAGGTTATGTGCAGGAACGCACCATCT
TTTTCAAAGATGACGGCAACTACAAGACCCGTGCTGAAGTCAAGT
TTGAAGGTGATACCTTGGTTAATCGTATCGAGCTGAAAGGTATTG
ATTTTAAAGAAGATGGCAACATTCTGGGTCACAAACTGGAATACA
ACTATATCAGCCACAATGTTTACATCACCGCAGACAAACAAAAGA
ATGGCATCAAAGCGCATTTCAAAATTCGCCACAACATTGAAGATG
GTAGCGTTCAACTGGCGGACCATTATCAACAAAATACGCCAATTG
GCGATGGCCCGGTCTTGCTGCCGGACAACCATTACCTGTCCACC
CAATCTGCCCTCTCGAAAGATCCGAACGAAAAGCGTGACCAvCAT
GGTCTTGCTGGAGTTTGTGACCGCAGCGGGCATTACACATGGCA
TGGATGAACTGTACAAAAAGCTCACCGGTTCGGGCTCGGGTTTTC
AGAACGAACTCTATGGTGGCGGCTCCGGCGGTACTAGCTCGACCG
GCGGCAGCAACGATTACAAAGACGACGACGATAAAGGCGGTAGC
CATCATCACCACCACCAC-3�, where the 72 italicized bases correspond to
the 24 aa linker.

The linear DNA ORFs of select variants were amplified with primers to
clone each ORF into the BamHI (5�-CGCGGATCCCGGCGTAGAGGAT
CGAGATCTCGATCCC-3�)andHindIII(5�-CCCAAGCTTCCTCAAGAC
CCGTTTAGAGGCCCCAAGG-3�) restriction sites of pUC19 (Invitrogen).
For the gene fusions encoding the 24 aa linker, the CFP vector was digested
with AgeI and HindIII. The YFP genes were amplified from their vectors
with the 3� HindIII primer and a new 5� primer (5�-AAGCTCACCGGTTC
GGGCTCGGGTTTTCAGAACGAACTCTATGGTGGCGGCTCCGGCG
GTACTAGCTCGACCATGGTTAGCAAAGGAGAAGAATTATTTACA
G-3�) encoding the linker and AgeI site.

Truncated fusions connected by the two-residue linker were accessed
from either the 24 aa-linked fusions or the individual FP clones. Site-
directed mutagenesis (5�-GAGTTTGTGACCGCAGCGCTCGAGGAAG
AATTATTTACAGGC-3� and its reverse complement) provided direct
replacement of 40 aa (11 C-terminal donor, 24 linker, and 5 N-terminal
acceptor) with the two-residue Leu-Glu (XhoI site) linker (Shimozono et
al., 2006).

CT variants were titrated with halide under ambient conditions in
384-well microtiter plates (Corning 3821) using a fluorescence plate
reader (Tecan Genios) with appropriate excitation (485 � 10 nm) and
emission (535 � 12.5 nm) filters. Constant ionic strength (screen, 520
mM; conventionally prepared, 146 mM) was maintained with potassium
D-gluconate (Wachter and Remington, 1999)containing the following:
20 mM buffer (KOAc, pH 4.0, 5.0; MES, pH 5.5, 6.0, 6.5; HEPES, pH 7.1,
7.5; TAPS pH 8.0; CHES, pH 9.0; CAPS, pH 10.0; pH adjusted with KOH
and HOAc). The in vitro screen used proteins purified from TnT reac-
tions, KCl buffers (0 –500 mM; pH 7.1, 0.1% bovine serum albumin), and
150 mM KF buffer for endpoint determination of fully quenched fluores-
cence emission intensity. Titrations of conventionally prepared CT vari-
ants (5 �M dialyzed protein diluted to 1 �M with 20 mM buffer, 150 mM

ionic strength) used 14 potassium halide buffers (0 –108 mM) and a 108
mM KF endpoint buffer (four replicates per data point).

For conventional protein expression and purification, the pUC19 FP
recombinants were transformed into KRX cells (Promega) and expressed
in ZYM-5052 auto-induction media (Studier, 2005) with the T7 RNA
polymerase under the control of the rhamnose promoter. Cultures were
grown in shaker flasks at 25°C for up to 24 h. Proteins were purified
(�95% pure) using nickel-charged immobilized ion affinity chromato-
graphic (IMAC) beaded agarose and eluted into 50 mM sodium phos-
phate, 300 mM NaCl, and 300 mM imidazole at pH 7.8. Bound Cl � was
removed by five rounds of 1:1000 dialysis with 10 kDa cutoff membranes
in 20 mM HEPES, pH 7.1, at 4°C. The single domain YFP variants were
stable at 4°C for months. The CFP–YFP fusions were stored stably at 4°C
for up to 1 week or flash frozen in liquid nitrogen for prolonged storage
at �80°C. Fusion proteins were titrated with Cl � in triplicate in a spec-
trofluorometer (SLM Aminco-Bowman series 2; Spectronic Instru-
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ments): 25°C, 4 ml quartz cuvettes, exciting at 450 � 1 nm, collecting
emission spectra (460 –550 nm), and 4 nm slit widths.

Thermal stabilities were measured following fluorescence emission
intensities in a real-time PCR instrument (LightCycler 480 II; Roche),
384-well microtiter plates, heating at 1.1°C/min (20�95°C), 10 acquisi-
tions/°C, 1 s integration time, and a 498 � 40 nm excitation filter and
580 � 20 nm emission filter. The denaturation transition midpoint tem-
perature (Tm) values were obtained from first-derivative transforms of
the data. Conventionally cloned and expressed single-domain Q69T/
V163A variant (79.7 �M in 20 mM HEPES, pH 7.1) was diluted to 3 �M in
2 ml of 20 mM MES, pH 6.0, in a quartz cuvette with a Teflon-coated stir
bar and stopper. Coincidence of thermal melts monitored by fluorescence
and by circular dichroism (CD) was determined using an Aviv model 202
CD spectrophotometer, the sample was heated 20�98°C while simultane-
ously monitoring the CD (222 nm) and fluorescence (513 nm excitation
monochromator and 530 nm Schott high-pass filter) signals.

Changes in error, �S/S (Marvin et al., 1997), of variant i relative to a
reference species, ref, at the midpoint of analyte fluctuations, SM, can be
defined as follows:

�M �

��S

S �
ref

��S

S �
i

� �SM � Kd,ref

SM � Kd,i
� 2

·
Kd,i · �Fmax,i

Kd,ref · �Fmax,ref
, (1)

where 32 �M � 1 for improved variants (for [Cl �]i sensing, the midpoint,
M, is 5.5 mM).

X-ray crystallography. The Q69T/V163A variant was purified by IMAC
(see above), followed by gel filtration (Superdex200; GE Healthcare),
eluting with 50 mM Tris and 150 mM NaCl, pH 7.5. The protein was
concentrated, dialyzed, spin concentrated (10 kDa cutoff; Sartorius) to
16.4 mg/ml, and crystallized in hanging drops: 2 �l of protein, 2 �l of
mother liquor (either 21% (w/v) PEG 2K, 50 mM NaOAcat, pH 4.6, 90
mM MgCl2; or 10% PEG 3K, 150 mM NH4OAc at pH 5.4) for 3 d at 17°C.
The crystals were transferred to cryoprotectant (22% PEG 2K, 50 mM

NaOAc at pH 4.6) with 20% ethylene glycol and either water (apo) or 100
mM KI (Wachter et al., 2000), equilibrated at room temperature (2 h),
and flash frozen in liquid nitrogen. X-ray diffraction data were collected
at the Advanced Light Source SIBYLS beam line at 1.1109 Å (apo, 3ST0)
and 1.1169 Å (iodide, 3SV5). The diffraction images were processed
using HKL2000 (Otwinowski and Minor, 1997). The crystal structure
was solved by molecular replacement using Phaser (McCoy et al., 2007)
and the YFP structure 2O24 (Arosio et al., 2007) as the search model.
Initial model building and refinement was done in REFMAC (Mur-
shudov et al., 1997), further refinement including ligand occupancy was
performed in PHENIX (Adams et al., 2010), model rebuilding was done
in Coot (Emsley and Cowtan, 2004), and figures were prepared using
PyMOL (DeLano Scientific). Data collection at the SIBYLS beam line,
Advanced Light Source, Lawrence Berkeley National Laboratory, was
supported in part by the U.S. Department of Energy programs for Inte-
grated Diffraction Analysis Technologies, Molecular Assemblies Genes,
and Genomics Integrated Efficiently (Contract DE-AC02-05CH11231).

SuperClomeleon. The protein sequence of SuperClomeleon with the
C-terminal Flag and His6 epitope tags (italicized) used in the in vitro
assays was as follows:

MVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATYGKLTL
KFICTTGKLPVPWPTLVTTLTWGVQCFARYPDHMKQHDFFKSAMP
EGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNIL
GHKLEYNAISDNVYITADKQKNGIKANFKIRHNIEDGSVQLADHYQ
QNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAALEE
ELFTGVVPILVELDGDVNGHKFSVRGEGEGDATYGKLTLKFICTTGKL
PVPWPTLVTTFGYGVTCFARYPDHMRQHDFFKSAMPEGYVQERTIFF
KDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSH
NVYIMADKQKNGIKANFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLP
DNHYLSYQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGGSNDY
KDDDDKGGSHHHHHH.

Fusion constructs for eukaryotic expression. The C-terminal truncated
CFP of Clomeleon was subcloned from pECFP (R26K, H164N, and

H231L relative to Clomeleon CFP; Clontech) by a sense primer contain-
ing a NheI site (5�-GTCAGATCCGCTAGCGCTAC-3�) and an antisense
primer containing an XhoI site (5�-AATAACTCGAGGGCGGCGGTCA
CGAAC-3�). The N-terminal truncated YFP was subcloned from the
pRK5-YFP vector by using a sense primer containing an XhoI site (5�-
CCACTCGAGGAGGAGCTGTTCACC-3�) and an antisense primer
containing an EcoRI site (5�-CGCGAATTCTATTAAAGCTTCTTGTA
C-3�). The original Clomeleon (Kuner and Augustine, 2000) was con-
structed in the mammalian expression vector pRK5. Removing the CFP-
containing portion by cutting and resealing at the SpeI site gave the
pRK5-YFP vector. pECFP vector was cut open at the NheI and EcoRI site.
The fragments encoding CFP and YFP were ligated into the NheI and
EcoRI sites of pECFP. Mutations on YFP and CFP were performed by
site-directed mutagenesis (Stratagene).

Cellular imaging. Neurons were obtained from cortex or hippocampus
of postnatal day 0 –2 mice (Mus musculus) of either sex and cultured
according to standard procedures (Kuner and Augustine, 2000). Neu-
rons were transfected 3– 4 d after culturing, via Lipofectamine 2000 (In-
vitrogen; Gitler et al., 2004a).

OS FRET was imaged in the cell body of transfected neurons by using
an upright two-photon microscope (Prairie Technology) equipped with
a 60� water-immersion objective (Olympus), collecting fluorescence
emission of CFP (485 � 20 nm) and YFP (535 � 15 nm) in parallel. The
CFP donor was excited by 840 nm light from a Ti: sapphire laser (Cha-
meleon; Coherent) with a Pockels cell to attenuate laser power. Images
were acquired and analyzed with Prairie View software. Illumination and
detection conditions were fixed for all measurements to facilitate com-
parisons between measurements made on different OSs. The experi-
ments shown in Figure 9, D–F, were done similarly, but used an Olympus
FV-1000 two-photon microscope with a 25� objective. It is important to
note that the absolute values of FRET ratios depend on the acquisition
conditions, such as photomultiplier gain and filter properties, and will
therefore differ between microscopes.

To vary [Cl �]i, neurons (3– 4 days in vitro) were transfected with OS
variants, placed in a perfusion chamber, and treated with ionophores (10
�M nigericin and 5 �M tributyltin acetate) to clamp [Cl �]i and intracel-
lular pH to extracellular levels. Physiological salines containing various
[Cl �] were perfused through the chamber at a rate of 1 ml/min. High-
[Cl �] saline contained 161 mM Cl �, 10 mM HEPES, 20 mM D(�)-
glucose, 2 mM Na-EGTA, and 4 mM MgCl2. Cl �-free saline consisted of
10 mM HEPES, 20 mM D(�)-glucose, 48 mM Na-gluconate, 105 mM

K-gluconate, 2 mM Na-EGTA, and 4 mM Mg (gluconate)2. Intermediate
[Cl �] solutions were prepared by mixing the two salines. The KF saline
used to fully quench YFP fluorescence contained 10 mM HEPES, 20 mM

D(�)-glucose, 48 mM NaF, 105 mM KF, 2 mM Na-EGTA, and 4 mM Mg
(gluconate)2. All salines were adjusted to pH 7.1.

Quantifying FRET measurements. FRET-based Cl � indicators such as
Clomeleon and SuperClomeleon have emission spectra that change
shape as a function of [Cl �]. These changes in the shape of the emission
spectrum are quantified by measuring fluorescence emission at two
wavelengths, �1 and �2, corresponding to the emission maxima for the
CFP donor and YFP acceptor, respectively. An emission ratio, R, is then
calculated from the fluorescence emission ( F) measured at these two
wavelengths, F1 and F2 as follows:

R �
F2

F1
. (2)

Cl � decreases the fluorescence of the YFP acceptor, F2. As a result, this
ratio declines from a maximum, Rmax, in the absence of Cl � to a mini-
mum, Rmin, in saturating [Cl �]. To convert the fluorescence emission
ratio into [Cl �]i, the calibration scheme presented in Grynkiewicz et al.
(1985) must be modified to take into account the fact that the titration
curves decrease as a function of [Cl �]. Here we recapitulate the scheme
of Grynkiewicz et al. (1985), in terms appropriate for measurement of
[Cl �]i by indicators such as Clomeleon and SuperClomeleon.

The starting point in this scheme is to state the fluorescence intensity at
the two emission wavelengths in terms of four proportionality constants,
s, representing the relative fluorescence of the Cl � bound (subscript b)
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and Cl � free (subscript f ) forms of indicator at emission wavelengths �1

and �2. The total fluorescence of the indicator at each wavelength is then:

F1 � Sf1
Cf � Sb1

Cb (3)

F2 � Sf2
Cf � Sb2

Cb, (4)

where c indicates the concentrations of the Cl � bound (subscript b) and
Cl �-free (subscript f ) species. sf1 and sb1 represent the fluorescence of the
CFP donor in Cl �-free and saturating conditions, respectively. The rel-
ative fractions of the Cl � bound and Cl �-free forms of the indicator vary
with [Cl �] according to the Cl � dissociation constant, Kd, of the
indicator:

Kd �
cf

cb
	
Cl���. (5)

Combining Equations 3a and b allows R to be expressed in terms of s
and c:

R �
sf2

cf � sb2
cb

sf1
cf � sb1

cb
. (6)

Combining Equations 4 and 5 then yields:

R �

sf2
�

sb2

Cl��

Kd

sf1
�

sb1

Cl��

Kd

. (7)

This can be rearranged into the following expressions:


Cl�� 	Rsb1
� sb2

� � Kd	sf2
� Rsf1

� (8)


Cl�� � Kd

� sf2

sf1

� R� 	sf1
�

�R �
sb2

sb1

� 	sb1
�

. (9)

The limiting values for the titration curve, Rmax and Rmin, can be restated
in terms of their component s constants:

Rmax �
sf2

sf1

(10)

Rmin �
sb2

sb1

(11)

Substituting these into Equation 8 yields:


Cl�� � Kd�Rmax � R

R � Rmin
�� sf1

sb1

� . (12)

Note that although the form of this equation closely resembles Equation
5 of Grynkiewicz et al. (1985), many of the terms are different.

It is worth emphasizing that while Kd is independent of the specific
instrument used to measure R, all other variables on the right side of
Equation 11 are instrument-specific. Thus, Rmax, Rmin, sf1, and sb1

must be determined empirically for each instrument used to measure
R for Clomeleon, SuperClomeleon, or other FRET-based Cl � indica-
tors. This can be done by varying [Cl �]i using the procedures de-
scribed above.

Electrophysiology. Neurons were patch clamped via glass pipettes (5– 6
M resistance) filled with an internal solution containing 5 mM Cl �: 140
mM K-gluconate, 10 mM HEPES, 4 mM Na-ATP, 0.4 mM Na-GTP, 5 mM

EGTA, 0.5 mM CaCl2, and 2 mM MgCl2. Extracellular saline contained
150 mM NaCl, 3 mM KCl, 2 mM CaCl2, 2 mM MgCl2, 20 mM D(�)-glucose,
and 10 mM HEPES, pH 7.4. Electrophysiological signals were recorded
using a Multiclamp 700B amplifier (Molecular Devices) and digitized
with a Digidata 1440 (Molecular Devices) A-D converter. Data were

acquired and analyzed with pClamp10.1 software (Molecular Devices).
GABA was locally applied onto neurons via pressure ejection. For this
purpose, a glass pipette containing GABA (1 mM) was connected to a
Picospritzer II (General Valve) to provide 100 ms pulses. IPSCs were
evoked by stimulating presynaptic neurons using a concentric bipolar
electrode (FHC). A train of extracellular current pulses (75 �A, 10 Hz,
2 s) were applied near the neuron being recorded from, while blocking
EPSCs by adding 20 �M CNQX and 50 �M APV to the extracellular
solution.

Throughout this paper, error determinations represent the SEM, un-
less indicated otherwise. Statistical comparisons were made with the Stu-
dent’s t test (Press et al., 2007, p. 729).

Results
Matching sensor affinity with [Cl �]i

Structural studies of YFP (Wachter et al., 2000; Griesbeck et
al., 2001; Fig. 1A) have shown that its halide-binding site com-
prises the chromophore and nine nearby residues (Fig. 1B).
The principles of molecular recognition determining halide
binding are not well defined. Consequently, it is impossible to
predict a priori how mutations in the halide-binding site con-
tribute to binding affinity. We therefore used recently devel-
oped cell-free protein engineering methods (Cox et al., 2007;
Allert et al., 2010) that bypass cloning steps (Fig. 2) to rapidly
explore the Cl � binding and fluorescence properties of single,
double, and triple mutants in the crystallographically defined
halide-binding site. We mutated seven of these residues,
avoiding Arg96, which catalyzes chromophore maturation
(Barondeau et al., 2003; Sniegowski et al., 2005) and Tyr203,
which tunes the spectral characteristics of YFP (Dickson et al.,
1997). Starting with all 133 single mutants at these positions,
double and triple mutations were iteratively constructed in CT
in the absence of the CFP FRET donor (Kuner and Augustine,
2000). Another iterative set of mutants beginning with the 133
single mutations were also tested in CT H148Q, a mutation
previously used to improve Cl � affinity (Jayaraman et al.,
2000; Galietta et al., 2001; Markova et al., 2008) but with
diminished fluorescence (Elsliger et al., 1999).

In noncooperative binding to a single site, changes in fluores-
cence emission intensity are directly proportional to the fraction
of binding sites occupied by Cl� (y�). Sensor responses are max-
imal when the dissociation constant, Kd, matches the midpoint of
the relevant [Cl�]i range (Marvin et al., 1997); in a mature neu-
ron, [Cl�]i rises from �5 to �6 mM during synaptic inhibition
(Berglund et al., 2006) with a midpoint of 5.5 mM. For a single-
site hyperbolic binding isotherm, over such a range the theoreti-
cal maximal signal is 4.6% (Kd � 5.5 mM, �y�5,6 � y�6 � y�5 �
0.046) of the difference in fluorescence intensities observed in the
absence and saturating presence of Cl� (�Fmax). For Clomeleon
(Kd � 119 mM), the maximal signal is 0.8% of �Fmax; matching

Figure 1. Iodide-binding site in YFP. A, The structure of YFP (Wachter et al., 2000) with I �

(purple) in relation to the chromophore (yellow). B, The iodide-binding site including residues
selected for mutagenesis (underlined).
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Cl� affinity therefore could achieve a 5.9-fold improvement in
signal, if �Fmax remained constant.

Clomeleon variants were rapidly screened using a cell-free
protein engineering methodology that obviates cloning steps
(Fig. 2). Linear DNA fragments encoded ORFs flanked by T7
RNA polymerase promoter and terminator sites were assem-
bled robotically from synthetic oligonucleotides (Cox et al.,
2007). The ORF mRNA sequence of CT was optimized com-
putationally for E. coli expression (Allert et al., 2010). The
resulting DNA fragments were then used to produce proteins
by combined in vitro transcription and translation in 120 �l
aliquots of E. coli extracts, purified by small-scale affinity pu-
rification using beads, and assayed for Cl � binding in micro-
titer plates.

A total of 424 variants, encoded in genes constructed from
344 unique oligonucleotides, were tested in this manner. The
genes encoding the initial 266 single-point mutants were as-
sembled from 269 oligonucleotides. Following an initial triage
of these single-point variants based on fluorescence and ex-
pression levels, the Cl � affinities of 131 variants were deter-
mined by Cl � titration using a fluorescence plate reader. Their
response to Cl � was evaluated using a metric that takes into
account both fluorescence and affinity matching, �5.5. (see
Materials and Methods) Twelve single mutants showed per-

formance improvements (�5.5 � 1) with Q69T the only one
having �5.5 � 2 (Fig. 3 A, B).

In subsequent assembly rounds, we constructed 150 double
mutants from a subset of 29 single mutants and included
single-point variant with �5.5 � 1 to test whether improve-
ments can arise by combining suboptimal intermediates. Out
of these 150 double mutants, the five best (�5.5 � 2.32) were
combinations of only six single mutations (Q69T, V150A/I,
and V163A/G/T), from which the set of all six possible triple
mutants was constructed. With this automated gene assembly
method, only 75 additional oligonucleotides were needed to
construct the genes encoding the 156 higher-order mutants.

The average Kd values for Cl� binding of the 285 character-
ized CT variants improved from 101 mM (single) to 77.5 mM

(double) to 33.3 mM (triple mutants), with a concomitant in-
crease in average �5.5 values from 0.43 to 0.83 to 2.21. Based on
their �5.5 values, 63 variants (22%) were improvements over CT
(Fig. 3B) and had mutations in at least one of six binding site
residues. The five highest affinity variants (Kd � 10 mM) were
single mutations at Gln183; these exhibited diminished fluores-
cence brightness and a reduced �Fmax response, precluding their
use in cellular measurements (Fig. 3A,B). The 13 best variants
had �5.5 � 2 and included mutations at only three positions
(Gln69, Val150, and Val163). The best CT mutant, Q69T/V163A,

Figure 2. Protein engineering method.
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was composed of individual single mutants each with �5.5 � 1 and
was almost three times more sensitive than CT in vitro (Table 1).

Using conventionally cloned and expressed protein, we as-
sayed the binding and stability of 3 of the top 13 variants, as
well as the original CT, the highest affinity variant Q183A,
chloride-insensitive mutants Q69H and Q69M (Griesbeck et
al., 2001), and four H148Q variants. Cl � affinities were deter-

mined by titration in a fluorescence plate reader. For most
variants, the results were similar to the in vitro screening ob-
servations (Fig. 3C; Table 1). The Cl � dependence of thermal
stabilities, which is thermodynamically linked to binding
(Isom et al., 2010; Layton and Hellinga, 2010), was used to
confirm the binding properties determined by titration. To
determine thermal stabilities, the temperature dependence
of the chromophore fluorescence was followed, which was
coincident with the thermal stability determined by circular dichro-
ism (Fig. 4A). Cl� increased the stability of chloride-responsive pro-
teins, whereas the nonresponsive variants Q69H and Q69M showed
minimal changes (Fig. 4B), consistent with the presence or absence
of Cl�-binding sites inferred from fluorescence observations. No
consistent trend in relative affinities for F�, Br�, and I� was ob-
served (Table 1), indicating that molecular recognition of halides is
quite complex (Wachter and Remington, 1999; Jayaraman et al.,
2000; Kuner and Augustine, 2000). The pH dependence of fluores-
cence response and halide affinity (Fig. 5A,B) reveals linkage be-
tween chromophore ionization and binding affinity (see
Discussion).

Structural analysis
High-resolution x-ray structures of the halide-free (apo) and I�

complexes were determined for the Q69T/V163A variant that
was used in cellular measurements (Fig. 6, Table 2). With the
exception of some distant loops, the backbones of these two
structures and YFP (Wachter et al., 2000) are essentially the same.
Two I� sites were observed by anomalous scattering in the vicin-
ity of the chromophore (Fig. 6A–E). One site (I) was observed
previously (Wachter et al., 2000). The second site (II) is located 9
Å away, where I� replaces an interior water observed in the apo-
protein. Small rearrangements of Thr63 and Thr108 side chains
in the complex and apo-protein (Fig. 6F), relative to YFP, enable
I� binding at Site II. The two side chain hydroxyls interact with
the bound I�. Ethylene glycol (EG, used as cryoprotectant at 3.6
M in structure determination) also bound to Site I (Fig. 6C,E).
Both I� and EG were observed at less than full occupancy in the
complex, suggesting that these two ligands compete. EG binding
neither was detectable by fluorescence quenching nor affected
Cl� affinity and therefore EG is a low-affinity ligand. Formate
was also observed to bind in the vicinity of the chromophore (Fig.
6G); it is likely to originate from ultrafiltration membranes used
in protein purification.

FRET performance
We fused the affinity-tuned CT variants with a CFP FRET donor
to reconstruct improved versions of Clomeleon. The perfor-
mance of these OSs was evaluated in vitro (Table 3) and in a series
of cellular FRET measurements. The Cl� affinities of these sen-
sors were determined by Cl� titration experiments (Fig. 7), using
two-photon imaging to measure sensor FRET in the cell bodies of
individual cultured hippocampal neurons transfected with the
OS of interest (Fig. 7A). [Cl�]i was varied by permeabilizing the
cell membrane to external Cl� via ionophores (Berglund et al.,
2006). The resulting changes in FRET emission (Fig. 7B) yielded
titration curves such as those shown in Figure 7C. These curves
were fit using Equation 11 to determine the Kd for Cl� binding.
When imaging synaptic inhibition in neurons, the most impor-
tant parameter is s/n. We therefore also estimated the s/n for the
novel OSs, using the approach described above: “signal” corre-
sponded to the change in FRET as [Cl�]i was raised from 5 to 6
mM, and “noise” was the SD of the FRET ratio determined at 5
mM [Cl�]i for each cell.

Figure 3. Chloride-binding properties of YFP variants. A, Performance assessment, cor-
relating Cl � affinity matching (�y� 5,6) and �Fmax relative to CT (�Fmax,CT): His 148
variants, open circles; His148Q variants, closed circles; single mutants, light grey; double
mutants, medium grey; triple mutants, black; CT, dark red; H148Q, red open circle; Q69T/
V163A, light red; Q69T, yellow; V150A/V163A, green; Q183A, blue; Q183G, magenta;
H138Q/V163A/L201I, green open circle; single or double mutants that were subsequently
included in higher order constructs, X. Vertical dashed line indicates a Kd of 5.5 mM, at the
midpoint of the [Cl �]i range of relevance for imaging synaptic inhibition in mature neu-
rons. B, Performance assessment, correlating values for the performance metric, �5.5,
with Cl � affinity. Distribution of mutants with decreased (�5.5 � 1), improved (1 � �5.5

� 2), and superior (�5.5 � 2) performance is indicated. Colors and symbols as in A. C, Cl �

titration of selected variants produced in vitro (filled circles, solid lines; no replicates) or by
conventional expression (open circles, dashed lines; four replicates). Error bars indicate 1
SD. Fluorescence values are scaled to Clomeleon. Colors as in A. Vertical bar indicates
[Cl �]i between 5 and 6 mM, the range of relevance for imaging synaptic inhibition in
mature neurons.
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FRET depends upon both the distance between, and the ori-
entation of, the fluorescent donor and acceptor. As a result, the
linker between the donor and acceptor is an important determi-
nant of FRET efficiency in GFP-based OSs (Evers et al., 2006).
Therefore, to improve FRET efficiency, we used the strategy of
Shimozono et al. (2006) to truncate the linker between the CFP
and YFP of Clomeleon-based OSs: 40 residues (11 residues from
the C terminus of CFP, the 24-residue linker, and 5 residues from
the N terminus of YFP) were replaced with two residues. This
truncation (short linker) did increase FRET efficiency, evident as

an increase in the difference in FRET ra-
tios (�Rmax) observed in the absence of
Cl�and in the presence of saturating con-
centrations of Cl� (or F�; Fig. 7C). This
version of Clomeleon exhibited enhanced
Cl� binding affinity (Fig. 7C, inset) and
improved s/n (Fig. 7D; n � 4). The mean
s/n measured for this version was signifi-
cantly better than that of Clomeleon (Stu-
dent’s t � 52.1, p � 0.000).

Because donor and acceptor fluores-
cence also play important roles in deter-
mining s/n, we next introduced into both
the donor and acceptor fluorophores a
mutation (S30R) that increases brightness
and stability (Pédelacq et al., 2006). This
pair of mutations produced the largest
improvement in �Rmax (Fig. 7C) and fur-
ther improved s/n (Fig. 7D; n � 18), but
had no effect on Cl� affinity (Fig. 7C,
inset).

After making these improvements to
the FRET properties of Clomeleon, we
next replaced the YFP FRET acceptor with
several affinity-tuned CT variants. All of
these variants increased the Cl� affinity of
Clomeleon: V163S (6.4 � 0.4 mM; n � 8),
I152L/V163A (4.8 � 0.2 mM; n � 4),
V150A/V163A (4.6 � 0.2 mM; n � 5), and
V163A/L201I (2.5 � 0.6 mM; n � 5). All
of these also improved s/n above that
produced by the Clomeleon variant
with the short linker and S30R muta-
tions (Fig. 7D). We also tested an OS
with YFP H148Q/I152L/V163S, a variant

previously reported to have improved properties (Markova et al.,
2008). However, for FRET-based measurements, this OS had
s/n properties no better than those of Clomeleon (Fig. 7D).
This is due to its relatively poor Cl � affinity (27.0 � 5.0 mM;
n � 4) and the diminished fluorescence of the FRET acceptor
(Table 1).

The largest improvement in s/n was observed when the
affinity-tuning mutations in the best CT variant from the cell-free
screen, Q69T/V163A, were included in the OS FRET acceptor.

Table 1. Chloride binding to single domain YFP variants

Cell-free
Cl � screen
�5.5

Conventionally expressed protein

Cl �
F �

Kd (mM)
Br �

Kd (mM)
I �

Kd (mM)YFP mutation �Fmax
a Kd (mM) �5.5 pKa Tm (°C)

CT 1.00 1.00 163 � 4 1.00 2.77 � 0.07b 89.6 � 4.8 35.4 � 2.0 5.7 � 0.1 68.6 � 0.1
Q69T/V163A 2.87 0.92 21.2 � 2.2 4.77 11.2 � 0.8b 33.3 � 1.7 24.1 � 1.7 6.4 � 0.1 72.5 � 0.1
Q69T 2.47 0.67 21.0 � 1.2 3.48 16.0 � 1.2b 53.2 � 3.2 13.3 � 0.9b 6.3 � 0.1 64.6 � 0.1
V150A/V163A 2.37 0.81 28.6 � 1.0 3.48 1.09 � 0.02b 19.2 � 0.5 12.4 � 0.3 6.4 � 0.1 67.3 � 0.1
H148Q/V163A/L201I 1.57 0.40 20.1 � 0.4 2.14
H148Q/I152L/V163S 0.17 29.8 � 1.5 0.71
H148Q 0.57 0.27 58.9 � 3.8 0.67 7.0 � 0.1
H148Q/V163S 0.36 0.17 35.2 � 1.6 0.62
Q183Ab 0.17 0.23 0.417 � 0.030 0.48 3.67 � 0.29 0.272 � 0.014 0.482 � 0.034 6.7 � 0.1 57.1 � 0.3
Q69H { No response to Cl � } 5.5 � 0.1 73.4 � 0.1
Q69M { No response to Cl � } 5.7 � 0.1 73.7 � 0.1

Chloride binding to single domain YFP variants. All halide titration and thermal stability data determined at pH 7.1. a�Fmax values are scaled relative to Clomeleon Topaz. bThe F � endpoint was not included in the halide titration fits of
conventionally prepared protein.

Figure 4. Thermal stabilities and their dependence on chloride binding. A, Q69T/V163A CD (black) and fluorescence (red) data
acquired simultaneously at pH 6.0 and fit to a two-state unfolding mechanism. Tm values of 67.0 � 0.1°C (CD) and 67.2 � 0.1°C
(fluorescence) differ with the entry in Table 1 due to differences in pH, buffer, heating rate, and equipment. B, The effect of Cl �

addition, pH 7.1, on thermal stability (four replicates; error bars indicate 1 SD) of YFP variants. Q69H and Q69M data points and error
bars removed for clarity.

Figure 5. The effect of pH on chloride affinity. A, Effect of pH on Cl � titrations illustrated for conventionally expressed Q69T/
V163A. Fluorescence emission is normalized relative to the amount of fluorescence measured at pH 7.1 and in the absence of Cl �.
B, The pH dependence of selected variants.
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This sensor had a Cl� affinity of 8.1 � 0.5 mM. �Rmax for this
version was smaller than for the short linker/S30R version of
Clomeleon, but was still approximately twice as large as the value
measured for Clomeleon (Fig. 7C). Most importantly, s/n for this
variant was substantially larger than that measured for any of the
previous versions of Clomeleon (Fig. 7D; n � 21).

In the last step, Clomeleon was further improved by replacing
CFP with a brighter donor, Cerulean (Rizzo et al., 2004). This
substitution decreased �Rmax somewhat (Fig. 7C) but did not
affect Cl� affinity. s/n for this construct was the best of any of the
Clomeleon variants that we produced (Fig. 7D) and is signifi-

cantly better than that of Clomeleon. We therefore called it Su-
perClomeleon and next characterized its performance for
measuring transient changes in [Cl�]i associated with neuronal
inhibition.

Detecting GABA-mediated changes in [Cl �]i

We determined the ability of SuperClomeleon to detect transient
[Cl�]i changes produced in neurons by brief applications of the
inhibitory neurotransmitter GABA. Cultured hippocampal
neurons were transfected with SuperClomeleon and GABA was
locally applied from a pipette positioned near the neuron (Fig.
8A). The neurons were voltage clamped to monitor Cl� flux
electrically and to control neuronal membrane potential; intro-
duction of a 5 mM Cl� solution into the cells from the patch
pipette maintained resting [Cl�]i near physiological levels
(Kuner and Augustine, 2000; Berglund et al., 2006).

A brief (100 ms) application of GABA generated a transient
Cl� flux that was observed both as a transmembrane electrical
current and as a change in SuperClomeleon FRET (Fig. 8B,C).
The magnitude and direction of both current and FRET re-
sponses varied with membrane potential according to the direc-
tion of Cl� flux. At a holding potential of �40 mV, Cl� influx

Figure 6. Iodide-binding sites in Q69T/V163A. A, Locations of iodide-binding Sites I (bottom) and II (top). B, Anomalous difference map (4.0 	) of the iodide-bound structure with the
Site I EG removed for visual clarity. The occupancy values were 0.2 (Site I iodide), 0.4 (Site II iodide), and 0.8 (Site I EG). Composite omit maps of the I �(purple) complex (C) and apo
structure (D), both at 1.2	. Residues surrounding Sites I (E) and II (F ), superimposing the I � complex (blue), apo protein (magenta), and YFP (light brown; Wachter et al., 2000). Coloring
of the bound I � matches its scaffold. EG (yellow) at Site I is shown for the apo protein. G, Composite omit map (1.5 	) of formate (yellow) in the apo structure with the chromophore and
Tyr203.

Table 2. Crystallographic data collection and refinement statistics

Q69T/V163A apo Q69T/V163A iodide-bound

Space group P212121 P212121

Cell parameters
a, b, c (Å) 51.026, 62.964, 69.078 51.488, 63.025, 66.070

Data collection
Wavelength (Å) 1.1109 1.1169
Resolution (Å) 50.0 –1.19 (1.21–1.19) 50.0 –1.53 (1.56 –1.53)
Completeness (%) 92.7 (55.5) 97.4 (94.6)
Redundancy 7.4 (4.1) 6.8 (6.7)
Rsym (%) 4.4 (43.2) 5.0 (47.2)
I/	I 27.6 (2.7) 31.3 (4.3)

Refinement
Resolution (Å) 46.5–1.19 45.6 –1.53
No. reflections 66756 32217

Rwork /Rfree (%) 14.1/16.6 16.0/18.3
No. atoms

Total 2303 2137
Water 400 245

B-factors 20.3 19.8
RMS deviations

Bond lengths (Å) 0.008 0.012
Bond angles (°) 1.292 1.491

PDB code 3ST0 3SV5

Crystallographic data collection and refinement statistics. Values in parentheses refer to the highest resolution shell.
All atoms are included in the B-factor calculations.

Table 3. In vitro chloride binding to fusion proteins

Fusion protein components In vitro

Donora Acceptor Linkerb S30Rc �Rmax Kd (mM)

CFPd CT Long � 2.68 119 � 3
CFP Q69T/V163A Long � 1.89 30.4 � 1.0
Cerulean Q69T/V163A Long � 1.20 23.9 � 1.7
CFP CT Long � 2.77 143 � 3
CFP Q69T/V163A Long � 1.95 28.0 � 2.7
Cerulean Q69T/V163A Long � 1.26 22.6 � 2.4
CFP CT Short � 6.48 77.9 � 1.1
CFP Q69T/V163A Short � 4.84 23.5 � 1.6
Ceruleane Q69T/V163A Short � 2.75 22.6 � 2.2

In vitro chloride binding to fusion proteins. aCFP corresponds to the FRET donor in Clomeleon (Kuner and Augustine,
2000). bConstructs with a long linker tested in vitro contained a scrambled protease cleavage site. cThe S30R muta-
tion was in both FPs. dThis is the original Clomeleon (Kuner and Augustine, 2000). eSuperClomeleon.
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was observed as a large, outward current and a decrease in Super-
Clomeleon FRET (Fig. 8B, left). At more negative potentials,
where the electrochemical driving force on Cl� influx was
reduced, the currents and FRET responses became smaller and
reversed their polarities at �90 mV (Fig. 8B, right). The rever-
sal potential of approximately �80 mV was consistent with the
Cl � equilibrium potential of �89 mV predicted by the Nernst
equation.

To define the time course and magnitude of the GABA-
induced Cl� flux, we integrated the GABA-induced current over
time (transmembrane charge). Comparison of the rising phases
of the transmembrane charge and the change in SuperClomeleon
FRET ratio indicated that the FRET response lags behind the Cl�

flux by 1–2 s (Fig. 8C). This is consistent with previous observa-
tions made with Clomeleon (Kuner and Augustine, 2000). For
observations made on the single neuron shown in Figure 8B,
there was a linear relationship between the Cl� flux, as measured
by the charge, and the integrated FRET signal (Fig. 8D). This
correlation was also evident in 49 measurements from 10 neu-
rons (Fig. 8E, red) and indicates that SuperClomeleon reliably
reports the Cl� fluxes and resulting changes in [Cl�]i produced
by activation of GABA receptors. Much smaller FRET responses
were observed in neurons expressing Clomeleon (Fig. 8E, black).
The slope of the relationship between transmembrane charge and

integrated FRET signal indicated that SuperClomeleon responses
were 4.8-fold greater than those of Clomeleon for a given amount
of Cl� flux (Fig. 8E). This indicates that SuperClomeleon im-
proves FRET signal amplitude �5-fold compared with Clome-
leon. FRET signals declined with time constants of 6.9 � 0.6 s
(n � 38) for SuperClomeleon and 4.9 � 0.7 s (n � 18) for Clo-
meleon, reflecting slow Cl� efflux from neurons (Kuner and
Augustine, 2000; Berglund et al., 2006). By analogy with fluores-
cent calcium indicators (Regehr and Atluri, 1995), the slower
time course of decay observed by SuperClomeleon is probably
due to the improved ability of this indicator to detect small and
persistent changes in [Cl�]i.

Imaging GABA-mediated synaptic inhibition
with SuperClomeleon
One of the potentially most important applications of OSs is
imaging the spatiotemporal dynamics of synaptic inhibitory
circuits (Mancuso et al., 2011). While Clomeleon is capable of
reporting the small changes in [Cl �]i associated with synaptic
inhibition (Berglund et al., 2006, 2008), its low Cl � sensitivity
and very low s/n in the desired concentration range has pre-
vented routine imaging of synaptic inhibition. We therefore
evaluated the ability of SuperClomeleon to perform this de-

Figure 7. Titration of SuperClomeleon in neurons. A, Imaging of Cl �-dependent changes in the FRET ratio (535/485 nm emission) in a single hippocampal neuron expressing
SuperClomeleon. Ionophore treatment was used to clamp [Cl �]i to the values indicated. B, Time course of the changes in FRET emission ratio produced in response to changes in
[Cl �]i in the cell shown in A. C, Cl � titration curves for indicated Clomeleon variants (23 replicates for Clomeleon and 4 –21 replicates for its variants, as described in the text). Curves
show fits to Equation. 11, with SEM indicated by error bars. F �indicates FRET values measured in the presence of 161 mM F �. Inset illustrates data normalized by Rmin and Rmax values,
to allow comparison of the relative Cl � affinities of the Clomeleon variants. D, s/n estimated from the data shown in C. The transformation of Clomeleon into SuperClomeleon consists
of the following additive improvements: Clomeleon (black), shorten interdomain linker (red), S30R point mutation in both domains (blue), intermediate affinity-tuning mutations
(white), Q69T/V163A double mutant in YFP (teal), and replacement of the CFP domain with Cerulean (magenta). Also shown for comparison is the H148Q/I152L/V163S variant (white)
described by Markova et al. (2008).
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manding task in cultured hippocampal neurons by activating
inhibitory synapses via electrical stimulation of nearby in-
terneurons (Fig. 9A).

Postsynaptic neurons expressing Clomeleon or SuperClo-
meleon were voltage clamped (�50 mV) to measure the post-
synaptic Cl � currents associated with IPSCs. Under these
conditions, brief trains of electrical stimuli produced IPSCs,
which decreased during the train (Fig. 9B, bottom) due to
synaptic depression (Gitler et al., 2004b). In neurons express-
ing Clomeleon, inhibitory synaptic activity rarely produced
detectable FRET changes (Fig. 9B, left). However, similar
stimuli reliably produced transient reductions in SuperClo-
meleon FRET (Fig. 9B, right), revealing that this indicator is
capable of detecting the relatively small changes in [Cl �]i as-
sociated with synaptic inhibition. To compare the perfor-
mance of the two OSs, we measured synaptic responses in
eight cells expressing SuperClomeleon and in five cells ex-
pressing Clomeleon. While 100% (16/16) of the trials yielded
detectable SuperClomeleon responses, Clomeleon reported
responses only 50% (8/16) of the time.

Responses to inhibitory synaptic activity were quantified to
provide a direct comparison of s/n for inhibitory synaptic re-
sponses reported by SuperClomeleon and Clomeleon. For the
examples shown in Figure 9B, the s/n ratio was �5.8 for the
neuron expressing SuperClomeleon and was too small to be de-
termined reliably in the neuron expressing Clomeleon. This was
further quantified by first calculating the s/n by integrating the
stimulus-induced change in FRET signal and dividing this value
by the baseline FRET noise (as done in Fig. 8D). Because of sub-
stantial cell-to-cell variations in IPSC amplitude, these responses
were then normalized for the amount of synaptic Cl� flux by
dividing their values by the synaptic charge produced by the stim-
ulus. The cumulative probability plots shown in Figure 9C show
the results of this analysis, with the dashed vertical line indicating
values where there was no measurable response (i.e., a s/n of 0).
This analysis revealed that, on average, the s/n of SuperClome-

leon responses (median � 0.15 � 0.01 s � pC�1) was 5.4-fold
larger than those of Clomeleon (median � 0.028 � 0.008
s � pC�1).

For many potential applications of SuperClomeleon, it is
likely that the postsynaptic neuron would not be voltage
clamped. Indeed, in many applications it is possible that there
would be no electrophysiological measurements of postsynap-
tic activity at all. FRET responses should be smaller when the
neurons are not voltage clamped, because the electrochemical
driving force on Cl � will change as the membrane potential
changes during the IPSP. Thus, we completed our analysis by
comparing the ability of SuperClomeleon and Clomeleon to
detect inhibitory activity in postsynaptic neurons that were
not voltage clamped.

Under current-clamp conditions, the same brief trains of
inhibitory synaptic activity produced a series of IPSPs (Fig.
9D, bottom). In neurons expressing Clomeleon, detectable
FRET signals were observed in only three of nine experiments
(Fig. 9D, left). In contrast, a similar amount of inhibitory
synaptic activity produced detectable changes in FRET in ev-
ery case (nine of nine experiments) for neurons expressing
SuperClomeleon (Fig. 9D, right). The mean integrated change
in FRET signal measured with SuperClomeleon was 5.4-fold
larger than for the integrated change in FRET signal measured
in neurons expressing Clomeleon (Fig. 9E). The difference in
the performance of Clomeleon and SuperClomeleon for de-
tecting changes in [Cl �]i associated with IPSPs was even
greater when considering s/n, rather than integrated change in
FRET signal: the s/n for SuperClomeleon was �6 times larger
than that measured for Clomeleon (Fig. 9F ). In summary, our
measurements under both voltage-clamp and current-clamp
conditions indicate that the s/n was �6-fold better for Super-
Clomeleon than for Clomeleon. We therefore conclude that
SuperClomeleon is superior for measurements of changes in
[Cl �]i associated with synaptic inhibition.

Figure 8. SuperClomeleon monitoring of GABA-induced chloride fluxes. A, GABA was locally applied from a pipette (GABA) onto individual neurons that were patch clamped via a second
recording pipette (record). B, Simultaneous measurement of GABA-activated Cl � currents (lower) and changes in SuperClomeleon FRET ratio (535/485 nm emission; upper) from a single neuron
held at various membrane potentials (underlined). GABA application (100 ms) indicated by arrows. Note different timescales for upper and lower traces. C, Comparison of time course of changes in
integrated Cl � current (Charge) and 535/485 nm emission ratio (FRET) in response to GABA application (at arrow), measured at a holding potential of �50 mV. Traces have been normalized (and
inverted, for the case of charge) to allow a comparison of their kinetics. D, Relationship between GABA-induced changes in integrated Cl �currents (Charge) and FRET signals for B. E, Aggregate data
for cells expressing either SuperClomeleon (red, 10 cells) or Clomeleon (black, 7 cells). Lines indicate linear regression fit to the data, with slopes of 10.1 � 0.5 (SEM) s � nC �1 for SuperClomeleon
and 2.1 � 0.2 s � nC �1 for Clomeleon. Units for y-axes (integrated FRET signals) in D and E are seconds.
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Discussion
We used a multistage strategy to improve Cl� sensing by Clome-
leon. First, using a cell-free automation methodology to rapidly
prototype variants in vitro, we improved YFP by more closely
matching its Cl� affinity to postsynaptic [Cl�]i. Next, we incor-
porated this affinity-tuned single domain into Clomeleon for
FRET-based sensing, enhancing s/n in cellular imaging experi-
ments. Improvements in affinity matching, while retaining fluo-
rescence, resulted in the largest enhancement of cellular imaging
performance. Shortening the interdomain linker and introduc-
ing brightening mutations significantly improved the FRET
response. This process culminated in identification of Super-
Clomeleon, a variant that greatly enhanced observation of
synaptic inhibition in neurons.

Choosing single-point mutants with clearly improved �5.5

values was a critical step for success; incremental improve-
ments also arose from combinations of initially suboptimal
variants. Nevertheless, given that the number of variants that
need to be examined in an enumerative strategy can increase
approximately exponentially with each iteration that includes
more positions, carrying forward only clearly improved vari-
ants balances experimental load and likelihood of success. We

observed good agreement between the af-
finities determined in the initial screen
and the proteins produced convention-
ally. Cell-free protein engineering
therefore is a powerful tool for generat-
ing and prototyping mutant proteins.

Our structural analysis revealed that the
effects of the mutations are complex. The
halide-binding site of SuperClomeleon
resides within the internal cavity that ac-
commodates the conformational change
required for chromophore cyclization (Bar-
ondeau et al., 2003). This internal cavity ac-
commodates two halide-binding sites, as
well as a molecule of EG and a molecule of
formate. The appearance of a second halide-
binding site accompanied by motions of the
hydrogen-bonding side chains in the other-
wise rigid structure shows that the lining of
this cavity is mobile and can accommodate
binding sites through subtle rearrange-
ments. The presence of small organics, such
as ethylene glycol and formate, suggests that
this cavity can be further diversified to bind
and detect small molecules.

The YFP chromophore exists in four
possible charge states (anionic, cationic,
zwitterionic, and neutral), of which only
the anionic form is fluorescent (Elsliger et
al., 1999). Bound Cl� and the anionic
chromophore interact unfavorably by
electrostatic repulsion, so that Cl� bind-
ing is favored in the protonated, neutral,
nonfluorescent state. These interactions
link [Cl�] and affinity with pH and chro-
mophore pKa, setting up a trade-off be-
tween Cl� affinity and sensor brightness.
Improvements in Cl� affinity correlate
with raised chromophore pKa values rela-
tive to CT, which decreases the concen-
tration of anionic chromophore in the

halide-free protein at a given pH, thereby diminishing sensor
brightness. This decreased fluorescence reduces �Fmax be-
cause Cl � binding quenches emission. The highest affinity
variant Q183A has a raised pKa value and diminished fluores-
cence brightness. Similarly, other mutations, including
H148Q, increase affinity at the expense of brightness (Jayara-
man et al., 2000; Wachter et al., 2000; Galietta et al., 2001;
Markova et al., 2008;Fig. 3 A, B). In constructing SuperClome-
leon these trade-offs could be balanced sufficiently to improve
sensing substantially; that is, SuperClomeleon offers im-
proved sensitivity to physiological Cl � fluxes despite a higher
interference by protons.

Affinity matching together with other enhancements im-
proved the s/n characteristics of SuperClomeleon in cellular
imaging. As a result, SuperClomeleon represents a significant
improvement over Clomeleon and consistently outperformed
Clomeleon in all of our neuronal imaging experiments: Cl� titra-
tions, activation of GABA receptors via exogenous GABA, and
electrically evoked synaptic inhibition. Quantitatively, our GABA
application experiments indicate a 4.8-fold improvement in sig-
nal for SuperClomeleon relative to Clomeleon, while the synaptic
inhibition data indicate a s/n that is 5- to 6-fold larger than that

Figure 9. Imaging synaptic inhibition with SuperClomeleon. A, A presynaptic inhibitory neuron was stimulated by an extracel-
lular electrode (stimulate), while a postsynaptic neuron expressing SuperClomeleon was patch clamped via a recording pipette
(record). B, A brief train of electrical stimuli (10 Hz, 2 s) applied to the inhibitory neuron produced IPSCs (lower) and changes in FRET
ratio (535/485 nm emission, upper) in voltage clamped (�50 mV) postsynaptic neurons expressing either Clomeleon (black) or
SuperClomeleon (red). Note different timescales for upper and lower traces. Four FRET signal trials were averaged in an effort to
extract a detectable signal from the Clomeleon-expressing neuron; for comparison purposes, the same was done for the Super-
Clomeleon responses. These examples were chosen because they had similar synaptic charge (integral of IPSCs) in response to the
stimuli. C, s/n characteristics for FRET ratio changes resulting from inhibitory synaptic activity. Response s/n characteristics were
quantified by integrating the stimulus-induced change in FRET signal (signal) produced by either Clomeleon (black) or SuperClo-
meleon (red) and dividing this by the baseline FRET noise. These responses were then normalized by dividing them by the synaptic
charge produced by the stimulus, accounting for cell-to-cell variations in IPSCs. Individual measurements (n � 16 for each
indicator) were then binned into groups to form the cumulative distributions, which were fit by Gaussian functions (smooth
curves). Dashed line indicates s/n � 0; i.e., no signal. D, IPSPs (lower) and changes in FRET ratio (535/485 nm emission, upper)
measured in response to a brief train of electrical stimuli (10 Hz, 2 s) in neurons not under voltage clamp. Black traces come from a
neuron expressing Clomeleon (black), while red traces are from a neuron expressing SuperClomeleon. E, Mean values for inte-
grated change in FRET signal, or s/n (F ), measured in response to IPSPs in neurons expressing Clomeleon or SuperClomeleon (n �
9 cells for each). Error bars indicate SEM.
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measured for Clomeleon. The key qualitative improvement is
that SuperClomeleon robustly detects inhibitory synaptic activity
in single neurons even under the relatively noisy conditions of
two-photon imaging; this was not the case for Clomeleon (Ber-
glund et al., 2006, 2008). Of particular note is that SuperClome-
leon can detect responses to brief IPSP trains, an advantage that
will prove useful for many future applications and will enable
optogenetic imaging of the spatiotemporal dynamics of synaptic
inhibitory circuits at the cellular level of resolution (Mancuso et
al., 2011).

In conclusion, we have partnered automated in vitro protein
engineering technology with cellular imaging to develop an OS
with improved ability to image inhibitory synaptic activity. This
development not only enables novel brain imaging experiments
but also establishes a general approach for developing and im-
proving many other types of OSs.
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