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Intracellular Ca2* acts as a second messenger that regulates
numerous physiological cellular phenomena including
development, differentiation and apoptosis. Cameleons, a
class of fluorescent indicators for Ca?* based on green fluo-
rescent proteins (GFPs) and calmodulin (CaM), have proven
to be a useful tool in measuring free Ca?* concentrations in
living cells. Traditional cameleons, however, have a small
dynamic range of fluorescence resonance energy transfer
(FRET), making subtle changes in Ca?* concentrations diffi-
cult to detect and study in some cells and organelles. Using
the NMR structure of CaM bound to the CaM binding pep-
tide derived from CaM-dependent kinase kinase (CKKp), we
have rationally designed a new cameleon that displays a two-
fold increase in the FRET dynamic range within the physio-
logically significant range of cytoplasmic Ca?* concentration
0£0.05-1 IM.

The traditional yellow cameleon (YC)! consists of a tandem
fusion of a cyan fluorescent protein (CFP)?3, CaM?, the CaM-
binding peptide of myosin light chain kinase (MLCKp)* and a
yellow fluorescent protein (YFP)¢8. Upon increasing the free
Ca?* concentration in solution, the CaM module of the
cameleon binds Ca?* and wraps around the fused MLCKp. This
conformational change leads to a decrease in the distance
between the two GFP variants and, therefore, an increase in
FRET". By observing the change in the ratio of the fluorescence
intensities of acceptor and the donor (R) in living cells, the onset
and termination of Ca?* signaling can be observed in a specific
cellular compartment, such as the cytoplasm, nucleus or endo-
plasmic reticulum®!°. One useful measure of the quality of an
indicator is the dynamic range of the emission ratio, where
dynamic range is defined as the maximum ratio, R, divided by
the minimum ratio, R,;,.

CaM-GFP-based Ca?* indicators, such as cameleons and other
engineered molecules'"'2, have many advantages over synthetic
fluorescent dyes*™'>. Cameleons have been successfully
expressed in certain cell types"!® and can be targeted to specific
organelles or sites for observation of local Ca?* concentration
changes. YC2.1 is a yellow cameleon' constructed from a YFP
variant that is less sensitive to pH than the enhanced YFP (EYFP)
in the original version of the Ca?* indicator. Although YC2.1 has

nature structural biology ¢ advance online publication

N-CaM b

d Sacl

GGC GGA GAG CTC

_ Gly Gly Glu Leu
2=l 227 26 236 S - 55w
YCce1 17 3 CFP KKp YFP E3K8S se6
YC6.1nu cFp [NECERICKKp [CXEEN YFP nu
YC6.2er CFP | N-CaM' CKKp| C-Cal| YFP er

/1\ 79 0 148
Arg Met His Gly Gly
CGC ATG CAT GGC GGC
SphI

Fig. 1 Design of YC6.1. a, The ribbon diagram of CaM (blue) bound to
CKKp (orange) shows that the CaM domain linker region (red) is near the
N- and C-termini of CKKp. The CaM domain linker (residues 75-82) con-
nects the N-terminal EF-hand Ca2*-binding domain (N-CaM) and the
C-terminal EF-hand Ca2+-binding domain (C-CaM) of CaM. b, CKKp was
inserted between CaM residues 79 and 80 and was connected to CaM via
two Gly-Gly linkers (black). Consequently, two separate segments (75-79
and 80-82; red) of the original CaM linker remain in the fusion construct.
The (N-CaM)-GG-CKKp-GG-(C-CaM) hybrid protein structure was mod-
eled using MODELLER33 and agrees with the experimentally solved CaM-
CKKp complex in (a). ¢, A cartoon diagram illustrates how the
conformation of YC6.1 might change from the Ca?*-free to Ca2*-saturat-
ed state. The GFP mutants are closer in the Ca?+-saturated state, thereby
allowing FRET. d, Schematic diagram of YC6.1, YC6.1nu and YC6.2er.
YC6.1 is a tandem fusion of CFP, N-CaM, CKKp, C-CaM and YFP. The gene
can be excised using Hindlll or Notl for the 5' end and EcoRlI, Notl, Xhol,
Xbal or Apal for the 3' end. In addition to this cytoplasmic version of
YC6.1, nucleus- and endoplasmic reticulum-targeting versions of YC6.1
(YC6.1nu and YC6.2er, respectively) have been constructed.

a reported dynamic range of about two between zero and satu-
rating Ca?* concentrations in vitro, the change in the emission
ratio is only 1.6-fold in vivo®. A more effective in vivo Ca?* indi-
cator would have a larger dynamic range so that signal and noise
can be easily distinguished, but still maintain the advantages of
cameleons.

Structure-based design of a new cameleon

In order to improve the dynamic range of cameleons, we con-
structed a new yellow cameleon, YC6.1, based on the structure
of CaM in complex with CKKp'¢. In contrast to the design of
YC2.1, which was based on the structure of CaM bound to
MLCKp where CaM is fused to MLCKp at the C-terminus'’, our
structural studies on the CaM—CKKp complex'® suggested that
the CaM binding peptide could be fused at the linker region
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Fig. 2 'H-">N HSQC NMR spectra of >N labeled CaM in complex with CKKp and >N labeled (N-CaM)-CKKp-(C-CaM). Portion of the 'H-'>N HSQC spec-

trum of a, >N-uniformly-labeled CaM complex with CKKp; b, >N-uniformly.

-labeled (N-CaM)-CKKp-(C-CaM); and ¢, *N-uniformly-labeled CaM, all in

the presence of 10 mM CaCl,. For clarity, only part of the spectrum is shown, including the most downfield shifted glycine region of the spectrum (in
the inset box). The resonances labeled with an asterisk in spectrum (b) represent the backbone amides from the CKKp portion of the hybrid. Note

that residue Glu 82 is missing from spectrum (b) due to its close proximity t
for a hybrid construct folding in to a CaM-CKKp-like complex.

o the fusion site. (b) is similar to (a) and different from (c), as is expected

between the N- and C-terminal domains of CaM (Fig. 1a,b).
This construction was possible given the unique CaM-binding
mode of CKKp, which differs from that observed in MLCKs>!®
and CaMKII". Whereas the MLCK and CaMKII peptides adopt
O-helical conformations only in the CaM-binding region, CKKp
assumes a fold comprising an 0-helix and a hairpin-like loop,
both of which are essential for the intimate interaction with
CaM. In this complex, both the N- and C-termini of CKKp are
oriented toward the linker region that connects the two EF-hand
domains (Fig. 1a). Furthermore, the binding orientation of
CKKp with respect to the two CaM domains is opposite to
that of the MLCK and CaMKII peptides; thus, the
N-terminus is also near the linker region of CaM. This analysis
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suggests that CKKp could replace the CaM linker region. We
have constructed YC6.1 by a tandem fusion of CFP, the N-termi-
nal fragment of CaM (N-CaM), Gly-Gly, CKKp, Gly-Gly, the
C-terminal fragment of CaM (C-CaM) and YFP (Fig. 1d).

To increase the dynamic range, the change in the distance
between fluorophores must be large between the Ca**-free and
the Ca?*-bound states. For the CaM-MLCKp hybrid'7 used in
YC2.1 and YC3.1 (refs 1,10), the distance from the amino group
of the N-terminus residue of CaM to the carboxyl group of the
C-terminus of MLCKp is 5060 A, an estimate of the distance
between the fused GFP variants. In contrast, in the structure of
CaM bound to CKKp'¢, the distance between the N- and C-ter-
mini of CaM is significantly shorter than 40 A. Assuming that, in
the absence of Ca?*, the fluorescent protein modules are separat-
ed by a similar distance in these two constructs and FRET effi-
ciency is inversely proportional to the sixth power of the
separation distance?02!, a 20 A or larger difference could, in prin-
ciple, produce a marked increase in FRET for the Ca**-bound
state (high R,

Global conformation

To test whether our design was successful, we studied the
(N-CaM)-CKKp-(C-CaM) fusion protein by NMR spec-
troscopy. 'H-®N heteronuclear single quantum coherence
(HSQC) spectra (Fig. 2) provide evidence that the Ca?*-loaded
(N-CaM)-CKKp-(C-CaM) hybrid forms the compact global
conformation similar to that observed in the solution structure
of the Ca?*—~CaM-CKKp complex!¢. In the presence of Ca?, the
two spectra are nearly identical, except that in the HSQC spec-
trum of the "N-labeled hybrid molecule, the crosspeaks from
the CKKp portion, as well as the Gly-Gly linkers, are clearly
observed. In the CaM-CKKp complex, the peptide was not

Fig. 3 Fluorescence properties of YC6.1 in vitro. a, The Ca2* titration
curve of YC6.1 was acquired using Ca*/EGTA and Ca?*/EGTA-OH sys-
tems3® below 10 M free Ca2* in a 50 mM HEPES/KOH, pH 7.4, and
100 mM KCI buffer . The changes in emission ratio (530-480 nm) were
normalized to the effects of full Ca2* saturation. b, Emission spectrum of
YC6.1 in vitro was acquired at an excitation wavelength of 432 nm for
zero (1 mM EGTA) and saturating Ca2* concentrations (5 mM CaCl,).
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Fig. 4 Ca?* imaging of Hela cells using YC2.1 and YC6.1. a,b, The fluorescence image (440 = 10 nm excitation, 535 + 12.5 nm emission) in Hela cells
show cytoplasmic localization of YC6.1 and YC2.1, respectively. ¢,d, The HeLa cells were stimulated with 10 UM histamine. The emission ratios (from
535+ 12.5 nm to 480 + 12.5 nm) and intensities (535 + 12.5 nm and 480 + 12.5 nm) of the cells were measured every 5 s by digital imaging microscopy
for both YC6.1 and YC2.1, respectively. The right-hand axes of the top graphs are labeled with Ry, and Ry

labeled with N and, thus, no signal from the peptide is detected
in the HSQC spectrum.

In the absence of Ca?*, the HSQC spectra of the CaM-MLCKp
hybrid display a broadening of some peaks!’, suggesting that the
MLCKp interacts with CaM under this condition. A similar phe-
nomenon was observed when CKKp was fused to the N-termi-
nus of CaM (K.I.T.& M.I., unpublished results). This interaction
is undesirable for our FRET applications, because it would
increase Ry, thereby reducing the dynamic range. The spectra
of the Ca?*-free (N-CaM)-CKKp-(C-CaM) hybrid, however,
showed no significant broadening (data not shown), suggesting
that two CaM domains have little interaction with CKKp. These
NMR data strongly support the idea that the (N-CaM)-CKKp-
(C-CaM) hybrid has a greater separation distance in the Ca?*-
free state than the CaM-MLCKp, and that Ca?* binding to the
hybrid induces a large conformational change resulting in the
compact global conformation, bringing CFP and YFP spatially
close together within YC6.1 (Fig. 1¢).

Ca?* binding properties

YC2.1 displayed a biphasic Ca?* binding curve with two apparent
dissociation constants (100 nM and 4.3 UM)' due to the two
conformational states of the construct!”. This property has been
considered to be one of the desired characteristics of YC2.1
(ref. 1) because it can respond to a wide range of free Ca?* con-
centrations from 0.01 to 100 UM. In contrast, YC6.1 possesses a
monophasic Ca?* binding curve with a single apparent dissocia-
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tion constant of 110 + 6 nM and, therefore, responds to free Ca?*
concentrations ranging from 0.05 to 1 UM in a more linear man-
ner than YC2.1 (Fig. 3a).

In an unstimulated eukaryotic cell, the concentration of free
Ca?* ions in the cytoplasm ([Ca?*].) is approximately 0.1 pM
and rises to 1 UM following stimulation??. It is, therefore, advan-
tageous to have an indicator with enhanced coverage in this
physiologically relevant range of [Ca?*].. Although YC2.1 covers
a larger range of free Ca** concentration than YC6.1, the emis-
sion ratio change of YC2.1 is distributed across this entire Ca?*
range; therefore, a smaller dynamic range is available for appli-
cations focused on specific Ca?* concentrations. In contrast, the
dynamic range of YC6.1 applies to the cytoplasmic free Ca?*
concentrations. Thus, both its Ca?* binding and fluorescence
characteristics should make YC6.1 a more suitable indicator
than YC2.1 in some in vivo imaging applications.

Ca?* imaging in Hela cells

To characterize the performance of YC6.1 in vivo and to com-
pare it with that of YC2.1, we imaged HeLa cells transfected with
the cameleons. In the cells expressing either YC6.1 or YC2.1, the
fluorescence from the cameleons was uniformly distributed in
the cytoplasm but excluded from the nucleus (Fig. 4a,b), as
expected for a 72.6 kDa protein without targeting signals. After
histamine stimulus, the time course of the spatially-averaged
emission fluorescence intensities was measured in single HeLa
cells expressing YC6.1 (Fig. 4c) and YC2.1 (Fig. 4d). The binding
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of histamine to its receptors on the plasma membrane sets off a
signaling cascade, resulting in Ca?* release from the endoplasmic
reticulum through the inositol-1,4,5-triphosphate receptor
(InsP;R). Prior to stimulus, the emission ratio was constant (sig-
nifying a steady state of [Ca?*].); however, upon addition of
10 UM histamine, there was a sharp rise in emission ratio (signi-
fying an increase in [Ca?*].)?*?*. The increase of YFP and the
decrease of CFP fluorescence intensities indicate an increase in
FRET resulting from a conformational change. YC6.1 displayed
a slower increase in emission ratio following stimulation when
compared to YC2.1, suggesting that YC6.1 may have slower acti-
vation kinetics. After (B0 min, the histamine response dissipated
and both [Ca?*], and emission ratio returned to their steady state
levels. To obtain R,;,, the emission ratio was measured after
adding 1 pM Ca?* ionophore ionomycin and 1 mM EGTA; to
obtain R, another measurement was made after adding 5 mM
CaCl, to the same sample. Under these experimental conditions,
the emission ratio of YC2.1 changed from 1.17 + 0.01 (R,,;,) to
1.66 £ 0.01 (R,,.x), whereas the ratio of YC6.1 doubled from
1.18 £ 0.01 (Ry,) to 2.50 + 0.02 (R,,.,). Given this enhanced
FRET dynamic range, the [Ca?']. before and after histamine
addition were estimated to be (43 nM and [l UM, respectively,
by mapping the change in emission ratio to Fig. 3a.

The increase in the FRET dynamic range of YC6.1 over YC2.1
is somewhat lower than anticipated based on the shorter dis-
tance between the CFP and YFP chromophores originally pre-
dicted from the structure-based design of YC6.1. This is not
surprising because the intrinsic FRET efficiency also depends on
the relative orientation of the donor and acceptor chro-
mophores?, which is difficult to predict from the available struc-
tural data. Other factors influencing the observed emission ratio
between 485 and 535 nm include folding and chromophore mat-
uration efficiency of the GFP fusion constructs?® as well as the
pH sensitivity of the GFP emission intensity?; these often differ
from one construct to another. Nevertheless, YC6.1 consistently
displayed a two-fold increase in the FRET dynamic range within

the physiologically significant range of cytoplasmic Ca?* concen-
tration (0.05—-1 uM).

Ca?* imaging in hippocampal neurons

Ca?* signaling was also tested in rat hippocampal neurons,
where it has been shown that glutamate stimulates an increase of
[Ca?*], through the N-methyl-D-aspartate (NMDA) receptor?’.
YC2.1 and YC6.1 were expressed in isolated rat hippocampal
neurons where transient changes in [Ca?*]. were induced by
application of 10 UM glutamate (Fig. 5). Following stimulation,
a post-synaptic Ca** spike lasting [B min was observed in both
YCé6.1- and YC2.1-expressing neurons. The dynamic range of
the Ca?*-dependent emission ratio change of cameleons were
compared in the YCe6.l1- and YC2.l-expressing neurons
(Fig. 5a,b). Whereas the dynamic range was 1.6 for YC2.1,
YC6.1 reproducibly exhibited an almost two-fold emission ratio
change. The pre- and post-glutamate [Ca?*], in hippocampal
cells was estimated, in a similar way as in the HeLa cells, to be
(28 nM and [B50 nM, respectively. The improved dynamic
range allows us to better distinguish between signal and noise
from intracellular [Ca?*] changes.

Conclusions

The three-dimensional structure of CaM in complex with
MLCKp has previously provided a template for constructing
original cameleons such as YC2.1 and YC3.1 (refs 1,10). Here we
present a second generation of the cameleon family of Ca?* indi-
cators designed using the CaM—CKKp structure! as a new tem-
plate. The unique CaM binding mode of CKKp suggests that it
could replace the CaM domain linker region without significant-
ly affecting the overall conformation of the CaM—CKKp com-
plex. As a result, the distance between CFP and YFP
chromophores attached to the N- and C-termini of the
CaM-CKKp fusion protein is reduced by [20 A relative to that of
the CaM-MLCKp version. In in vivo imaging, this new design
results in a two-fold enhancement in the FRET efficiency, thereby

nature structural biology ¢ advance online publication
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expanding the ability of cameleons to visualize Ca** mobilization
in living cells where a high sensitivity is required for detection.
Clearly, the structural diversity in CaM-target recognition?® offers
a variety of design opportunities in CaM-based protein engineer-
ing aimed at improved in vivo Ca?* indicators.

Methods

Gene construction. A DNA fragment (fragment A) encoding
Xenopus laevis CaM (xCaM) Glu 7-Thr 79 (N-CaM) fused to rat
calmodulin dependent protein kinase kinase (rCKK) Val 438-
Phe 463 (ref. 16) and xCaM Asp 80-Lys 148 (C-CaM) was generated
by gene splicing using PCR techniques?®. Two short segments encod-
ing Gly-Gly linkers were inserted between N-CaM and the rCKK pep-
tide (CKKp), and between CKKp and C-CaM (Fig. 1d). Two restriction
sites, Sphl and Sacl, were introduced by standard PCR method into
the 5' and 3' ends, respectively, of fragment A. To construct YC6.1,
the BamHI/EcoRl or the Hindlll/EcoRl gene fragments encoding
YC2.1 in the expression vectors of pRSETb or pcDNA3 (refs 1,10),
respectively, were spliced into pUC19 via the corresponding restric-
tion sites. Using these pUC19 intermediate constructs, the fragment
encoding CaM-MLCKp of YC2.1 was replaced by fragment A via the
Sphl/Sacl sites. This recombinant gene was then transferred back to
pRSETb or pcDNA3 expression vectors via BamHI/EcoRl or
Hindlll/EcoRl sites, respectively.

Protein expression, in vitro spectroscopy and Ca?* titrations.
Chimeric proteins were expressed in Escherichia coli, purified and
spectroscopically characterized as described3. Ca?+ titrations were
performed by reciprocal dilution of Ca%*-free and Ca2*-saturated
buffers.

NMR Measurements. 'H-'SN HSQC spectra were recorded on a
Varian INOVA Unity-plus 600 MHz spectrometer equipped with a
triple-resonance, pulse field gradient probe with an actively shield-
ed z-gradient and a gradient amplifier unit, using the pulse scheme
described elsewhere3'. All spectra were recorded with 256 complex
t, increments of 1K complex data points and 16 transients. Spectral
widths were 30 ppm and 15 ppm for the N (F;) and 'H (F,) dimen-
sions. The spectra were recorded at pH 6.8, 32 °C, in 90/10% (v/v)
H,0/D,0. The sample concentration is approximately 1.2 mM. The
data were processed using NMRPipe.

Imaging. Hela cells were transfected with lipofectin (Gibco BRL),
whereas hippocampus neurons were transfected with a Ca2* phos-
phate procedure32. Between two and five days after transfection,
cells were imaged at 22 °C on an Olympus IX70 microscope with a
CCD camera (MicroMax 1300YHS) controlled by MetaFluor 4.5r2
software (Universal Imaging). Dual-emission ratio imaging of yel-
low cameleons used a 440DF20 excitation filter, a 455DRLP dichroic

nature structural biology ¢ advance online publication

mirror and two emission filters (480DF30 for CFP, 535DF25 for YFP)
alternated by a filter changer (Lambda 10-2, Sutter Instruments).
Interference filters were obtained from Omega Optical
(Brattleboro).
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