Biochemistry2007,46, 12275-12288 12275

Developing Sensors for Real-Time Measurement of High"@oncentration's

Jin Zou} Aldebaran M. Hofe® Monica M. Lurtz! Giovanni Gadda,April L. Ellis,* Ning Chent Yun Huang}
Angela Holder, Yiming Ye} Charles F. Louié,Kristy Welshhang, Vincent Rehdef,and Jenny J. Yang*

Departments of Chemistry and Biology, Center for Drug Design and Biotechnology, Georgia Stagesiip;
Atlanta, Georgia 30303, Department of Surgery, bnd Medical School, Brigham and Women’s Hospital and
VA Boston Healthcare System, West Roxbury, Massachusetts 02132, and Department of Cell Biology and
Neuroscience, Umersity of California, Rierside, California 92521

Receied April 17, 2007; Reised Manuscript Receed July 6, 2007

ABSTRACT. Ca' regulates numerous biological processes through spatiotemporal changes in the cytosolic
C&* concentration and subsequent interactions witht@énding proteins. The endoplasmic reticulum
(ER) serves as an intracellular €atore and plays an essential role in cytosolié'Gaomeostasis. There

is a strong need to develop €asensors capable of real-time quantitativé'Gaoncentration measurements

in specific subcellular environments without using naturat'Cainding proteins such as calmodulin,
which themselves participate as signaling molecules in cells. In this report, a strategy for creating such
sensors by grafting a €abinding motif into chromophore sensitive locations in green fluorescence protein

is described. The engineered?Caensors exhibit large ratiometric fluorescence and absorbance changes
upon C&" binding with affinities corresponding to the &aconcentrations found in the ER{ values

range from 0.4 to 2 mM). In addition to characterizing the optical and metal binding properties of the
newly developed Ca sensors with various spectroscopic methods, we also examined the kinetic properties
using stopped-flow spectrofluorimetry to ensure accurate monitoring of dynaniic ddanges. The
developed CH sensor was successfully targeted to the ER of mammalian cell lines to mon#tor Ca
changes occurring in this compartment in response to stimulation with agonists. We envision that this
class of C&" sensors can be modified further to measure thé"Gancentration in other cellular
compartments, providing tools for studying the contribution of these compartments to celldfar Ca
signaling.

C&" regulates many biological processes, including neu- human diseases, including various cardiomyopathies, Alzhe-
ronal signaling, muscle contraction, cell development, and imer’s disease, cancer, and lens cataract formation, are known
proliferation (L—3). Depending on their intracellular location, to be associated with altered Taignaling and altered Ca
C&" signals vary in amplitude and duration, together forming regulation by the ER storel(3, 13, 15—17).

a complex C#& signaling code. The endoplasmic reticulum Because of the essential role of the ER irf Csignaling,
(ER)* functions as the primary intracellular €astore d— the determination of free [G&]er and its dynamic changes
7) and is the site of protein synthesis and processing. during cell signaling has attracted extensive interest. How-
Disruption of ER C&" homeostasis triggers the ER stress ever, the lack of tractable biological €aindicators with
response, a source of cell death sign&ls9). The release  affinities in the high micromolar to millimolar range has
of C&" from ER stores results in a rapid increase inGa made it difficult to directly assess changes in {Qar.
and the released €abinds to a number of intracellular &a Current estimates of [C8]gr have been derived using three
sensing proteins, such as calmodulin (CaM) and troponin C major types of C& indicators and sensoré&—23). These
(TnC), as well as ion channels and enzymes to regulate aare (1) synthetic small molecule fluorescent indicators such
variety of cellular events and process&sl(0—14). Several as Mag-Fura-2, (2) specifically modified derivatives of the
chemiluminescent protein (photoprotein) aequorin, and (3)
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molecule dyes accumulate in certain cellular compartmentsretention sequence, KDEL, was attached to the C-terminus,
of cells, they cannot be unambiguously targeted to specific and the ER targeting sequence of calreticulin (CRsig),
intracellular locationsZ4); invasive methods are frequently MLLSVPLLLGLLGLAAAD, was attached to the N-termi-
required to eliminate the large fluorescence background nus of the EGFP-based €asensors via PCR3Q). The
resulting from the presence of these dyes in the cyt@&ot ( Kozak consensus sequence was placed at the N-terminus of
27). Although the targeted aequorins overcome some of thethe calreticulin sequence for the optimal initiation of protein
problems associated with the compartmentalized dye ap-expression in mammalian cell81 40). DsRed2-ER (BD
proach, the low light output of these probes and the Biosciences Clontech), which contains CRsig and KDEL
requirement for a soluble cofactor (coelenterazine) limit their signal peptides at the N- and C-termini, respectively, was
usefulness48). used as a marker for the ER in colocalization experiments.

GFP-based Ca sensors, such as cameleons and pericamsTO improve the folding at 37C, two additional mutations,
originally engineered by the groups of Miyawaki, Persechini, M153T and V163A, were also added to the?Caensors
and Tsien, are based on either fluorescence resonance energi#tl: 42). o .
transfer (FRET) between two different GFP variants or the  Expression and Purification of EGFP and Its Variants
effect of a C&"-dependent conformational change in natural EGFP and its variants were expressedEstherichia coli
Ca&*-sensing proteins (e.g., CaM) on the protonation state BL21(DE3). Cells were grown at 37C in LB medium
of the chromophore of a single GFP variar29¢35). containing 3Qug/mL kanamycin to an O, of >0.6 before
Because these sensors are based on naturally occurringrotein induction with 0.2 mM isopropyi-p-thiogalactoside
essential C& binding proteins, a perturbation of the cellular (IPTG). Since EGFP exhibits reduced fluorescence &(37
environment through their introduction cannot be excluded, in Vivo, high-level expression of the soluble mature form of
although many efforts have been made to minimize this EGFP was achieved by growing the cultures overnight in
possibility 32, 34, 36—38). Thus, there is a need to develop LB broth at 30°C. EGFP and its variants were purified by
Ca* sensors that minimally compete for Cavith existing ~ Sonication of the cell pellet and centrifugation at 2256
cellular C&" binding proteins and/or its target proteins, show 20 min. The supernatant was injected into a fast performance
robust C&" responses, and exhibit &abinding affinities  liquid chromatography (FPLC) system, AKTAprime, con-

comparable to that of different cellular compartments, such nected to a Hitrap Ni* chelating column (Amersham
as the ER. Biosciences). The protein was eluted from the column with

a gradient of imidazole in 50 mM NaRO,/NaHPO, and
250 mM NacCl (pH 7.4) and identified by mass spectrometry.
Imidazole was removed by dialysis against 10 mM Tris and
1 mM DTT (pH 7.4).

Ultraviolet and Visible Absorption Spectroscopyltra-
violet and visible (U\~vis) absorption spectra of EGFP and
its variants were determined with a Shimadzu UV-1601
spectrophotometer. Protein concentrations were determined
by UV—vis absorbance at 280 nm using a molar extinction
p. coefficient of 21 890 M* cm for EGFP-wt calculated from
the contribution from aromatic residues (one Trp and 11 Tyr
Jesidues) (5500 and 1490 Mcmt for Trp and Tyr,

respectively). The extinction coefficients (at 398 or 490 nm)
of the EGFP variants were obtained with eq 1:

In this report, we describe a new strategy for creatingf Ca
sensors by engineering a €ebinding motif into sensitive
locations of a fluorescent protein without the use of FRET
pairs. A series of Cd sensors exhibiting large ratiometric
fluorescence and absorbance changes upéhliading was
developed that have €abinding affinities corresponding
to the [C&']er (Kq4 values range from 0.4 to 2 mM). In
addition to the detailed characterization of the optical and
metal binding properties of the newly developed Csensors
with various spectroscopic methods, including visible a
sorption spectroscopy, circular dichroism (CD), and fluo-
rescence spectroscopy, we have also examined their kineti
properties, which are important for the accurate monitoring
of the dynamic properties of €ain living cells. The
developed CH sensors have been successfully targeted to A,
the ER in a mammalian cell line (BHK-21) to monitor fp:fp,zsom(—)
changes in [CH]er in response to stimulation with agonists. Ap 250
Future modifications to these sensors will render them
potentially important tools in the study of &adynamics in
other cellular compartments.

1)

wheree, is the extinction coefficient at 398 or 490 nm of
EGFP variantsep 2s0nm iS the extinction coefficient at 280
nm of EGFP variants, is the absorption of EGFP variants

MATERIALS AND METHODS at 398 or 490 nm, andy 2sonmis the absorption of EGFP
variants at 280 nm. EGFP was used as a reference in the
Construction of EGFP-Based €a Sensors The Ca&" measurement of the extinction coefficients of the EGFP
binding motifs of CaM, loop Il (DKDGNGYISAAE) and variants.
EF-hand motif (EEEIREAFRVFDKDGNGYISAAELRH- Fluorescence Spectroscaphhe properties of EGFP and

VMTNL), were inserted into enhanced GFP (EGFP) as its variants were monitored using a fluorescence spectro-
previously reported39), and the insertions were verified by  photometer (Photon Technology International, Inc.) with a
automated DNA sequencing. In brief, the cDNA encoding 10 mm path length quartz cell at 2C. Fluorescence spectra
the EGFP variant grafted with a &abinding motif was of the chromophore in proteins were measured in the
cloned into bacterial and mammalian expression vectors emission region of 416600 and 506-600 nm with 398 and
between BamHI and EcoRI restriction enzyme sites. For 490 nm excitation wavelengths, respectively. The ratio of
bacterial expression, the pET28(a) vector with a six-His tag emissions in the range 5600 nm when excited at 398
was utilized. For mammalian expression, the protein-encod-and 490 nm as a function of €aconcentrations was utilized
ing DNA was subcloned into a pcDNA3tlvector. The ER to calculate the apparent dissociation consigrfor binding
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of C&* of various EGFP-based &asensors by fitting eq2  with 1.0 mM Ca&" in the presence of the metal ions. Equation
with a 1:1 metal binding equation: 5 was also used to examine the effect of small molecules,
including adenosine triphosphate (ATP), adenosine diphos-

f= phate (ADP), guanosine triphosphate (GTP), guanosine

[Pl; + [Cal + Ky — \/ ([P]; + [Cal; + Kg)* — 4[P}[Cal; diphosphate (GDP), and glutathione (GSH) on thé*Ca
2[P]; response of GFP-based Ta&ensors. Data are expressed as
a percentage.
wheref is the fraction of C& -bound protein, [R] is the Stopped-Flow Spectrofluorimetnstopped-flow kinetic
total protein concentration (millimolar), [CajJs the total measurements were performed on a Hi-Tech SF-61 stopped-

C&" concentration (millimolar), andy is the protein’s flow spectrofluorimeter (L0 mm path length, dead time of
apparent dissociation constant for’Chinding. The fraction <2 ms) with a 1:1 (v/v) ratio of the protein sensor and
of the protein bound with Ga& was calculated according to  calcium at 20°C, as described previousl¢%). Fluorescence

eq 3: emission changes associated with binding of'Ga Ca-G1
were determined by mixing Gaand Ca-G1 in 10 mM Tris

f:m ©) and 1 mM DTT (pH 7.4) with excitation at 398 nm and a
Rinax— Ruin long-pass 455 nm filter. The concentrations of Ceanged

. i from 0 to 10 mM. Fluorescence emission changes associated
whereRnmin, R, andRmax are the fluorescence emission ratios  jith gissociation of C& from Ca-G1 were measured upon

(excited at 398 and 490 nm) or the amplitudes measuredmixmg Ca-G1 preloaded with Gain 10 mM Tris and 1
with a stopped-flow spectrofluorimeter for Cafree, Cca*- mM DTT (pH 7.4) with the same buffer. Generally, six
bound, and C#-saturated protein, respectively. The fluo- 4 hjicate measurements were carried out for each point, and
rescence emission ratio (excited at 398 and 490 nm) WaSihe |ast three were fitted to obtain the observed ridg,
obtained by fitting the data to eq 4: Thekossfor each C&" concentration was obtained by fitting

of the stopped-flow traces according to the single-exponential
4) function shown in eq 6:

_ Fy=Fo+ AMp[L — exp(~kyd)] ©)
where Fzggnm) and Fagonm) are the integrated fluorescence , . .
intensities in the range of 56600 nm excited at 398 and WhereFis the fluorescence intensity at any stopped-flow
490 nm, respectively. The dynamic range value of"Ca time, Fy is the initial fluorescence intensity, Amp is the final
sensors was calculated by dividing the fluorescence emissionvalué of the fluorescence signal at the end of the process at

ratio excited at 398 and 490 nm of the®Camaturated state & 9given C&” concentration keps is the observed rate of
(Rmay) With that of the C&'-free state Ruin). fluorescence change (9, andt is the reaction time (s).

The apparent dissociation constant forChinding (K¢) Measurements typically differed by less than 1% between

of EGFP-based Ga sensors was also measured by competi- duplicate experiments. _

tive titration with rhodamine-5N. Rhodamine-5N is a fluo- ~ Cell Culture and TransfectiorBoth BHK-21 and Hela
rescent dye (Molecular Probe#)3j with a Ky of 319+ 13 cells were grown on 100 mm culture dishes or glass
uM for Ca2* in 100 mM Tris (pH 7.4). The dye concentration coverslips (0.51.0 x 1 cells/dish) in 35 mm culture dishes

was calculated using an extinction coefficient of 63 000tM 1N Dulbecco's modified Eagle’s medium (DMEM, Sigma
cmt at 552 nm. Measurements with different?Caoncen- ~ Chemical Co., St. Louis, MO) with 44 mM NaHGQpH

trations were performed by maintaining the concentration /-2) and supplemented with 10% (v/v) fetal bovine serum
of dye (10u4M) and protein constant. The fluorescence (FBS), 100 units/mL penicillin, and 0.1 mg/mL streptomycin
emission signal from 560 to 650 nm was measured with a (Pen/Strep) at 37C with 5% CQ in a humidified incubation

cuvette with a path length of 10 mm excited at 552 nm. The cham_ber. The cell§ were seeded and grown _overnight before
slit widths of excitation and emission were set at 2 and 4 transient transfection with CGasensor plasmid constructs.

nm, respectively. The apparent dissociation constants were P1asmid DNA used for transfection was harvested from

obtained by globally fitting the spectra from 560 to 650 nm transformedE. coli (DH5a) using a QIAGEN Miniprep
using Specfit/32 with the metal and two-ligand model protocol (Qiagen). Each of the EGFP variants was individu-
(Spectrum Software Associateg)y. ally and transiently transfected into BHK-21 and HelLa cells

The C&* selectivity of the EGFP-based Easensor was with Lipofectamine-2000 (Invitrogen Life Technologies) and

examined by monitoring the change in the fluorescence ratio S€'um-free Opti-MEMI (Gibco Invitrogen Corp.) per the
F aoenmfFasonmWith 1.0 mM C&* in the presence of metal manufacturer’s instructions. The plasmid DNAg@8) with
ions, including 0.«M Cu?*, 0.1 mM Zr#+, 10.0 mM Mg~ a ratio of DNA to Lipofectamine between 1:1 and 1:3

5.0 uM Th3*, or 5.0uM La3". The normalized change in (micrograms per microliter) was generally used in a typical

R= I:(398nm)

I:(490nm)

the ratio AR) was calculated using eq 5: transfection. Following incubation at 37C for 4 h, the
medium containing the DNALIipofectamine complex was
_ Ruea™ Ro removed and replaced with DMEM enriched with FBS and
AR= Re.— Ry x 100 ©) Pen/Strep. The cells were then grown for3 days in a

humidified chamber with 5% C{at 30 or 37°C before
whereR, is the ratio of the EGFP-based €aensor in the  fluorescence or confocal microscope imaging.
absence of Ca and metal ionsRc, is the ratio of the EGFP- Confocal Microscope ImagindBHK-21 and HelLa cells
based C& sensor with 1.0 mM CHd in the absence of metal were transferred from DMEM to Hank's Balanced Salt
ions, andRmyeta is the ratio of the EGFP-based Tasensor Solution without divalent cations [HBSS}, Sigma Chemi-
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cal Co.] and media with 10 mM HEPES, 5 mM NaHgO A

and 1 mM EGTA (pH 7.2) for live imaging experiments on caGr  [Eorpiaz) il EGrR(T338)
an LSM 510 laser confocal microscope (Carl Zeiss Inc.,
Thornwood, NY) using a 100 oil-immersion objective

Ca-Gl  [EGFP(1-172HE-II-FEGFR(173-238)

(Zeiss, Fluar, 1.30 n.a.). Prior to imaging, cells and buffers Ca-G1-37 [EGFP(I-1 12 E-II-FEGFP(173-238)

were brought to ambient temperature and allowed to MI53TIVIE3A

equilibrate to room air. The localization of EGFP-baseéCa Ca-G1-ER [J R ECFPO 12} E L EGFP(73 235 HKDE]
sensors was visualized by excitation of EGFP with the 488

nm line of an argon laser, and the narrowest bandpass filter a6z [EOFP(1STHEGP(58-238]

(505—-530 nm) was employed for emission. DsRed2-ER was caG2  [EGFPO-15TMEILEGFP(158-238)

excited with the 543 nm line of a HeNe laser, and emission
was detected through a long-pass filter (emission above 560
nm). Zeiss LSM 510 software (Carl Zeiss, Inc.) was used to
control the image acquisition parameters. All images were B 1,
acquired at high resolution (1024 1024).

Fluorescence Microscope Imaging and Its Quantification
BHK-21 cells were imaged-13 days following transfection
with GFP variants. A Nikon TE200 microscope running
Metafluor software (Universal Imaging) with dual excitation
capability was used for the cell imaging experimert6) ( 3
The ratio of fluorescence emission of EGFP-based"Ca
sensors (measured at 510 nm) in response to excitation ' M
wavelengths of 385 and 480 nm was measured to monitor FIGURE 1: Model structure of EGFP-based €a&ensors based on

changes in [C#]er in time series experiments. The PDB entry 1ema. All C# sensors are composed of 22Gainding
in BI—?K-Zl [cells]EvF:/as uantified achrdin to e 7_&&'? motif grafted into enhanced green fluorescent protein (EGFP). (A)
q g ar Domain structure of GFP variants used for expression and imaging

a6y  [EGFP(-144 I EGFP(145-238)

- \’ IC

R— i experiments. CRsig, calreticulin signal peptide (MLLSVPLLLGLLG-
2+1 Rmin LAAAD); KDEL, ER retention signal; kz, Kozak consensus
[Ca] =K, @) . . G B h

Rhax— R sequence for optimal translational initiation in mammalian cells.

Note that constructs Ca-G1 and Ca-G2 contain the flanking

whereR is the fluorescent emission ratio (measured at 510 Séquences whereas Ca‘GCa-G2, and Ca-G3were designed
without flanking sequences. (B) Schematic topology of grafting

nm) _for 385. nm to 480 nm e_xc_ltatlon_ln the |n!t|al s_tate, locations Glu172-Asp173 (position 1), GIn157-Lys158 (position 2),
Rmin is the minimum of the emission ratio determined in the and Asn144-Tyr145 (position 3) in EGFP using PyMol version 0.98
C&'-free stateRnax is the maximum of the emission ratio  (Delano Scientific LLC).

in the C&"-saturated stateq is the apparent dissociation

constant (millimolar), anch is the Hill coefficient o = 1). following C&" binding, the graft location should enable
Ca'-free and C& -saturated states were obtained with cells efficient C&-induced signal transfer from the grafted’Ga
treated with 5«M ionomycin and exposed to 1.0 mM EGTA  binding motif to the fluorescent chromophore.

and 1.0 mM C&", respectively. According to these criteria and previous mutation or
permutation studies, three grafting sites were selected:
RESULTS Glu172-Asp173 within loop 9 of EGFP (position 1), GIn157-

Design of EGFP-Based Ga Sensors with a Single Lys158 within loop 8 (position 2), and Asn144-Tyrl45
Inserted C&*-Binding Motif Figure 1 illustrates the design ~ Within loop 7 (position 3). Loop Il of CaM, with or without
of Ca&* sensors made by grafting a Tabinding motif, a the flanking helices, was used as &CGhinding motif and
combination of CaM loop IIl and its flanking helices, into grafted at these positions to construct EGFP-based Ca
EGFP based on the following criteria. First,Cdinding ~ sensors (Figure 1A). Next, M153T and V163A mutations
motifs such as loop IIl or intact EF-hand motif Il from CaM  Were inserted into construct Ca-G1 to create a sensor with
were used to create €abinding sites in EGFP. Ca is improved expression at 3T (Ca-G1-37) 41, 42). Finally,
chelated by 12 residues in the EF-hand motif. To the best of @ construct with both the ER targeting sequence and the
our knowledge, peptide fragments of an EF-hand motif of retention sequence, which specifically targets Ca-G1 to the
CaM have not been reported to interact with any CaM target ER of mammalian cells, was designed and is termed Ca-
enzymes, thereby producing a sensor that is unlikely to G1-ER.
interfere with cellular signaling events. Our previous studies  Spectroscopic Properties of EGFP-Based*C&ensors
have shown that the €abinding affinity of the grafted loop ~ and Sensitie Locations of EGFPSpectroscopic properties
can be varied by modifying charged residues in the loop and of C&* sensors were first investigated using purified proteins
flanking helices 47, 48), providing a convenient method for  (pH 7.4). Panels A and B of Figure 2 show the visible
altering the C& binding affinity of any designed sensor. absorbance and fluorescence emission spectra, respectively,
Second, the locations in EGFP where thé'@ainding motif of EGFP-wt and different Ca sensor constructs. The
is grafted should be in a solvent-exposed loop region and spectroscopic properties, including extinction coefficients and
have good solvent accessibility to enable rapid'@anding. guantum vyields, of Cd sensors are summarized in Table
Ideally, grafting of the C&-binding motif should not impact 1. The insertion of loop Il of CaM at GIn157-Lys158 of
the protein folding and chromophore functionality. Third, EGFP [Ca-G2and Ca-G2 (only Ca-G2s shown in Figure
to generate a Cé-induced change in the optical signal 2A,B) (Figure 1A)] resulted in a protein with spectroscopic
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Ficure 2: Visible absorbance (A) and fluorescence (B) spectra of EGFP-wt and its variants. The measurements were performed in 10 mM
Tris and 1 mM DTT (pH 7.4). The protein concentrations were 20 andMdor absorbance and fluorescence experiments, respectively.

The length of the cuvette was 10 mm. The fluorescence experiments were performed with a slit width of 1 nm for both excitation and
emissiondex = 398 nm. Symbols of EGFP-wt and its variants in panel B are the same as those in panel A.

Table 1. Spectroscopic Properties of EGFP and' Gensor bacterial expression as well as in the purified protein. Thus,

Constructs the grafting of a C&-binding motif at Glu172-Asp173 in
quantum EGFP significantly shifts the population of the chromophore
€ (398 nm} € (490 nm) € (490 nm)E (398 nm)  yield from the anionic state as indicated by the 490 nm peak to

EGFP 98 55.9 57 0.60 the neutral state as indicated by the 398 nm peak. It is likely
Ca-G1 10.9 34.4 3.2 0.53 that Glul72-Aspl173 of EGFP is a chromophore sensitive
Ca-G1 25.9 21.5 0.8 0.59 location.
Ca-G2 9.3 46.4 5.0 0.60 )
Ca-G2 8.5 38.6 45 0.69 CD analysis was performed to test whether the changes
Ca-G3* N/A¢ N/Ad N/Ad N/Ad in the chromophore properties of the®Caensor constructs

a¢ is the extinction coefficient in units of 30M~1 cm L. The were due to structural changes. All Taensor constructs

wavelengths in absorption peaks are given in parenthB&SFP-wt exhibited CD spectra similar to that of EGFP-wt (Figure S1
was used as a reference in the calculation of absorbance extinctiongf the Supporting Information), suggesting that the insertion
coefficient €) and fluorescent quantum yield of EGFP variafitShe P oo ! . C
chromophore was not formed in Ca-G3Not available. of a C& -bmdm_g motif into EGFP did not significantly
change the folding of thg-sheet structure of GFP. Next,

properties similar to those of EGFP-wt with a slight decrease We €xamined the pH sensitivity of the optical properties of
in absorbance intensity. Note that the major absorbance peaca-G1, since a few GFP-based biosensors have been
at 490 nm and minor absorbance peak at 398 nm reflect thereported to be pH sensitive. Figure S2 shov_vs the absorbance
relative population of anionic and neutral states of the SPectra of Ca-Glas a function of pH. Changing the pH from
chromophore. Figure 2B shows that excitation at 398 nm 9.0 to 5.0 resulted in an increase in the absorbance at
(the neutral state) contributed greatly to the emission peak398 nm and a decrease in the absorbance at 488 nm. The
at 510 nm. As summarized in Table 1, the constructs with a PKa Of Ca-G1 is 7.45+ 0.05, whereas thek of EGFP is
Ca*-binding motif grafted at GIn157-Lys158 (position 2) 6.0 @9). These data suggest that the optical properties of
(Ca-G2 and Ca-G2) had spectroscopic properties (extinction the designed Ca sensor are more sensitive to pH at the
coefficients and quantum yield constants at both 398 and Physiological pH than those of EGFP-wt. Caution to maintain
490 nm) similar to those of EGFP-wt. Strikingly, grafting PH value when applying our sensor to measure calcium
loop Ill of CaM at Glul72-Asp173 of EGFP (Ca-G1  esponses should be taken.

resulted in the formation of a protein which exhibited a slight ~ Effect of C&" Binding on Spectroscopic Properties of
increase in absorbance at 398 nm and a decrease IrEGFP-based CH Sensors As shown in Figure 3A, an
absorbance at 490 nm compared to EGFP-wt. Moreover, theincrease in absorbance at 398 nm concomitant with a
insertion of loop Ill containing the flanking EF-helices at decrease at 490 nm was observed in response to the addition
the same location (Ca-G1) resulted in a protein which had a of C&* to Ca-G1-37. Similarly, Ca binding resulted in an
further increase in absorbance at 398 nm and a decrease d@hcrease in fluorescence with excitation at 398 nm (Figure
490 nm. The extinction coefficients of Ca-G1 were increased 3B) and a decrease with excitation at 490 nm (Figure 3C).
2.6-fold at 398 nm and decrease80% at 490 nm compared The dynamic range value was 1.8 and was calculated by
to those of EGFP-wt. Concurrently, a corresponding increasedividing the fluorescence emission ratio excited at 398 and
in fluorescence emission was observed for both Caa@d 490 nm of the C# -saturated statdRf,s,) by that of the C&'-
Ca-G1 (Figure 2B). In contrast, the chromophore was not free state Rnin) (See Materials and Methods). Figure 3D
formed after insertion of loop Il at Asn144-Tyr145 of EGFP  shows the fluorescence emission rakgssnFagonm Of Ca-
(Ca-G3), indicated by the lack of green fluorescence in the G1-37 as a function of Ca concentration. The normalized
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FiGurE 3: Spectroscopic characterization of?€aensor Ca-G1-37. (A) Visible absorption spectrum for sensor Ca-G1-37 with increasing
Ca&" concentrations. Ca dependence of fluorescence emission spectra with excitatiafi 398 (B) and 490 nm (C). Symbols for different

C&* concentrations in panels B and C are same as those in panel A. The measurements were performitGa-G/1-37 for visible
absorption and 1.#zM Ca-G1-37 for fluorescence experiments with 10 mM Tris and 1 mM DTT (pH 7.4), respectively. The slit widths of
excitation and emission were 1 and 2 nm, respectively. The arrows indicate the direction of signal change resulting from an increase in the
Ca&* concentration. (D) NormalizeBsggnm{F490nm ratio curve fitting of the C#& titration data.

fluorescence emission ratio change could be fitted as a 1:1Table 2: Comparison of Ga Binding Affinities of Different
Ca-G1-37Ca&* complex (eq 2), yielding an apparent EGFP-Based Ca Sensors

dissociation constank( = 0.44 4+ 0.04 mM) for its C&" Ca* binding affinity, Kq (mM)

binding affinity. The C&" binding affinity of EGFP-based . Ce* titration  rhodamine-5N competitive titration
Cat sensors was also determined using a rhodamine-5N~—— -~ > 0+04 0.9£ 0.2

competition titration approach. The €abinding affinities Ca-G1 0.8+ 0.12 04+01

of these C&" sensors varied from 0.4 to 2 mM (Table 2), as 0.8+ 0.1

determined by different techniques. These values agreed well 0.6+0.r

with the approximate Ca concentration found in cellular gg:g;'w Nolﬁft 0.04 c?'szi 8'%

compartments such as the ER 6, 7), making these Ca Ca-G2 N 0.2+ 0.1

sensors promising candidates for physiological experiments Ca-G3 N/Ad 0.74+0.2

in living cells. aEstimated with results from a fluorescence spectrophotometer.

Ca+ Selectiity of the EGFP-Based Ca SensorWe next bEstimated by fitting Scheme 1 to results from the stopped-flow
examined the binding selectivity of our developed?Ca spectrofluorimetert Estimated by fitting normalized changes (Amp)
sensors for G4 in experiments in which various other metal °f the stopped-flow spectrofiuorimetetNot available.
ions were used in a competition binding assay. Thus, the
binding selectivity of our developed &asensors for Cd concentrations for CU, Zn?t, and Mg" are estimated to
was examined by measuring the change in the &ign/ be ~10 uM, ~0.1 mM, and >10 mM, respectively.
Fa90nmin the presence of 1.0 mM €abefore and following However, the free levels of these metal ions are significantly
the addition of various metal ions. In cells, total metal lower than the total concentrations, which protects the cell




Developing EGFP-Based Sensors with a Grafting Strategy Biochemistry, Vol. 46, No. 43, 200712281

A T &- L T L] T B T L] T L] T
100 = - 100 = - .
% N & T
= ol 7 & | _Bu_\ AN 3 Jﬁ*
E g Fak]
H 7 :
& 60| % 1 % 60 F &
: / N
g ¥
'I_E 40 / B § a0 b -
s 7 g IN
20 | . 20 .
1 L L 1 T L L 1 L 1 L
1] 1]
ca” cu” zn™ Mg” Tb” La” ca® ATP ADP GTP GDP GSH

FIGURE 4: C&" responses of Ca-G1-37 in the presence of different metal ions (&) OuL «M), Zn2* (0.1 mM), Mg?™ (10.0 mM), TE*
(5.0uM), and L&* (5.0uM) and the intracellular molecules (B) ATP (0.2 mM), ADP (0.2 mM), GTP (0.1 mM), GDP (0.1 mM), and GSH
(1.0 mM). The ratio of fluorescence emission of Ca-G1-37 with 398 and 490 nm excitation in the presence of 1.6'mié<ased to
normalize the values obtained with the other metals or intracellular molecules using eq 5. The measurements were performeaMising 1.7
Ca-G1-37 with 10 mM Tris and 1 mM DTT (pH 7.4). Excitation and emission slit widths were 1 and 2 nm, respectively.

against potentially toxic reaction5@). For example, intra-  (Amp). As shown in Figure 5B, th&ys values of Ca-G1
cellular free copper is not detected, and copper chaperone islecreased with an increase in the concentration ¢f ,Ca
used in vivo to allocate copper to its target proteins directly consistent with the kinetic model of Scheme 1, in whicR'Ca
(52). Figure 4A shows the Caresponses of sensor Ca-G1- rapidly associates with one species of Ca-G1 that is in
37 in the presence of €y Zr**, Mg?", Tb*', and L&". equilibrium with a second form of the biosensor. The
Ee%t[?o;hsa; gfo tﬁ‘;fegégoﬁogoél a/;\t/g/ls) ggstgﬁlgg“zrl%slcggtce increases in fluorescence emission excited at 398 nm of Ca-
' G1 observed upon €Ga hinding as shown in Figure 5A
3'03% coTpared to the refere+nce value of 100% for 1.0 MM g, e, suggest that the neutral form of Ca-G1 is the species
Ca*). Zre* (0.1 mM) and M@ (10.0 mM) produced only that binds C&" (E** in Scheme 1), whereas the anionic
a small change in the fluoresocence response (reductiqn toform of the biosensor (E¥) does nc;t bind TaAccording
g%;ilc:ilzl 3&?;;”?03121:2%3522? ngs(%egt%ag/ )églg nngSI toilthis kinetic modelk, is the first-order rate constant
(5.04M), have metal coordination properties similar to those (S ) for the conversion of the anionic species to the neutral
of Ca* and are able to compete more strongly with?Ca  Species of Ca-Glk, is the first-order rate constant{$

responses of the sensor (0.455.4 and 16.0+ 9.0%, for the conversion of the neutral species to the anionic form
respectively). These results suggest that the developgd Ca of Ca-G1, andKg, represents the apparent dissociation
sensor, Ca-G1-37, has good metal selectivity for"Claa®", constant for the binding of Ca to the neutral form of

and TB* and only a lower degree of selectivity for the other Ca-G1 (mM).

physiological metal ions. By fitting kops values determined as a function of Ca

The effects of small molecules, including adenosine . :

. ; R .~ concentration to eq 8, we estimated theandk; values to
triphosphate (ATP), adenosine diphosphate (ADP), guanosin 1 .
triphosphate (GTP), guanosine diphosphate (GDP), ang3be 9.5+ 0.3 and 14.0+ 0.6 s*, respectively, and &

glutathione (GSH), on the Caresponse of EGFP-based yalue 0f 0.8+ 0.1 mM was determined. Tt vgl_ue was
Ca&" sensors were also analyzed by measuring the changddependently estimated to be G:60.1 mM by fitting the
in the ratio Fosni/Fasonm in the presence of 1.0 mM €a normalized amplltgde in quorescenpe emission as a function
before and following their addition. Figure 4B indicates that ©Of the concentration of Ca by using eq 2 (Figure 5C).
the addition of ATP (0.2 mM), ADP (0.2 mM), GTP (0.1 Within errors associated with the measurements, Khe
mM), GDP (0.1 mM), and GSH (1.0 mM) resulted in only Vvalues determined using stopped-flow fluorescence spec-
a small decrease in the fluorescence response (reduction téroscopy are in agreement with thg value independently
85.75+ 13.98, 96.174 1.36, 88.30+ 8.09, 93.29+ 1.01, determined in static titrations using a spectrofluorometer,
and 89.18+ 2.90%, respectively). These results indicate that which yielded aKq value of 0.84 0.1 mM (Table 2). This,
the developed Ca sensor, Ca-G1-37, has a high®Ca in turn, strongly supports the validity of the proposed minimal
binding affinity to compete with small molecules, including  kinetic mechanism of Scheme 1 for binding of*C#o Ca-
ATP, ADP, GTP, GDP, and GSH, in the intracellular g1, where rates of fluorescence changes associated with
environment. binding of C&" to the neutral species of Ca-G1 reflect rates
Kinetics of Binding of C# to the EGFP-Based Ca of interconversion of the neutral and anionic forms of Ca-

SensorAs _shownfiré;igure ISA(; f.“ixmg C.‘;'Gl with V"?‘“Ot‘]s G1, as compared to the rapid association and dissociation
concentrations o resulted in a rapid increase in the ¢ 2+ with and from the biosensor.

fluorescence emission at 510 nm with excitation at 398 nm.

The change in the fluorescence signal is consistent with a K

single-exponential function (eq 6) yielding observed rates Kops= ki + k2(+) (8)
for fluorescence emission changk,,) and amplitudes Ky + [Ca']
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Ficure 5: Kinetic analysis of association of &awith Ca-G1. (A) Stopped-flow traces of fluorescence increage= 398 nm) upon rapid

mixing of Ca-G1 at a final concentration of 20 with Ca" at different concentrations. (B) Observed rates of fluorescence increases as
a function of C&" concentration. (C) Maximal changes in the amplitude of the fluorescence intensities observed in panel A as a function
of C&" concentration. (D) Stopped-flow trace of fluorescence decréage=(398 nm) upon rapid mixing of 48M Ca-G1 preloaded with

0.8 mM C&* with Tris buffer. All measurements were carried out in 10 mM Tris and 1 mM DTT (pH 7.4) 4C2% 455 nm long pass

filter was used to collect the emission with a main peak at 510 nm. Data were fit to eqs 6 (A and D), 8 (B), and 2 (C).

Scheme 1 data in Figure 5B. Together, the kinetic data support the
Ky Ca2* conclusion that CH rapidly associates with and dissociates

E* E** Ca’ —E** from the neutral form of Ca-G1, yielding a change in the

ky L) relative amounts of neutral and anionic species that are

associated with a change in the intensity of the fluorescence
According to the minimal kinetic mechanism of Scheme signal from Ca-G1.

1 and the data shown in Figure 5A, the release ¢f @@m Monitoring ER C&" Responses in Cell&ocalization of
preloaded Ca-G1 is expected to be associated with a decreasthe C&" sensor, Ca-G1-ER, was confirmed in HeLa cells
in fluorescence whose rate of fluorescence change representby cotransfecting the cells with the ER marker DsRed2-ER
the slow rate of conversion from the neutral to the anionic that has been shown to localize exclusively to this region in
form of Ca-G1, i.e.k.. Consequently, stopped-flow spec- mammalian cells 39, 52). Figure 6 shows images taken
troscopy was utilized to independently determike by through the green (A, Ca-G1-ER) and red (B, DsRed2-ER)
mixing equal volumes of Ca-saturated sensor with 10 MM channels which were excited at 488 and 543 nm, respectively.
Trisand 1 mM DTT (pH 7.4). As expected, the fluorescence The yellow color seen in the merged image (Figure 6C)
intensity at 510 nm decreased following*Caelease, and indicates the complete colocalization of Ca-G1-ER with the
the time course of fluorescence change was consistent withER marker DsRed2-ER in the ER of HelLa cells. Figure 6D
a single-exponential process (eq 6). As shown in Figure 5D, shows the ER distribution of Ca-G1-ER in a BHK-21 cell,
a kops value of 16.9+ 1.0 s! was estimated in this a mammalian fibroblast cell line. Note the same granular
experiment by fitting the data to eq 6, in good agreement distribution of Ca-G1-ER in panels A and D of Figure 6,
with the value of 14+ 0.6 s* determined fork, from the suggesting that the €asensor also specifically localizes to
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Ficure 6: Localization of the sensor Ca-G1-ER in two cell types (HeLa and BHK-21 cells) and Ca response of this sensor in BHK-21
cells. Localization of Ca-G1-ER (A) and DsRed2-ER (B) and overlay of Ca-G1-ER and DsRed2-ER in HelLa cells (C). Localization of
Ca-G1-ER in BHK-21 cells (D). Confocal images of Ca-G1-ER and DsRed2-ER localization were performed with the 488 nm line of an
argon laser for the green channel and the 543 nm line of -aNtelaser for the red channel using a 300il immersion objective. The

scale bar indicates 1m in panels A-D. Time course of C& responses in the ER of BHK-21 cells in response to different treatments

(E) and pseudocalibration of €aconcentrations in the ER (F). The time course of th&"Gignal response was expressed as the fluorescence
emission ratio at 510 nm for excitation at 385 and 480 nm on a Nikon TE200 microscope running Metafluor software (Universal Imaging).
The left-hand ordinate represents the 510 nm fluorescence emission ratio (excitation at 385 and 480 nm) in both panels E and F, and the
right-hand ordinate represents the calibrated™@ancentration in the ER in panel F.

the ER of BHK cells. In contrast, Ca-G1, which lacked the (Rmin) following a wash with C&'-free medium (EGTA) and
ER signal peptides, was expressed diffusely throughout thethe subsequent addition of ionomycing uM) to the C&*-
cytoplasm of the cells, thereby serving as a negative controlfree medium (estimated to contain less than 10 nM*Ca
(data not shown). using the freeware program “Bound and Determined”). The
BHK-21 cells have been used previously to investigate addition of a millimolar extracellular concentration of €a
the physiological roles of [Gd]er in intact cells by using (~1 mM) resulted in a large increase in the magnitude of
small, low-affinity C&" indicators 46, 53). ATP (100uM) the C&" signal with a plateau that approached the saturation
is a C&"-mobilizing agonist of this cell type and elicits  state with a maximum of the 385 nm to 480 nm fluorescence
release of C& from the ER through Ins(1,4,5)nediated ratio (Rmay. The initial C&" concentration in the ER of the
pathways. As shown in Figure 6E, the addition of ATP BHK-21 cell was estimated to be less than 1 mM using eq
(100 uM) resulted in a significant decrease (73 0.6% 7, and addition of ATP (10Q«M) reduced [C&']er to
relative change) in the fluorescence ratio measured atapproximately 0.15 mM (Figure 6F). As expected, no
510 nm (excitation at 385 and 480 nm). The experiment significant fluorescence signal change was observed in
shows five representative cells imaged in the same experi-response to the experimental protocol described above in cells
ment, and the results are typical of results obtained in five transfected with the wild-type control construct, EGFP-wit-
independent experiments. This decrease if{fzawas also ER (data not shown). These imaging experiments demon-

observed following application of ATP in €afree buffer, strate the usefulness of this novel class of'Csensors in
suggesting that ATP released®#rom the ER in a manner  living cells, and we anticipate that their future application
independent of extracellular €a The refilling of the Ca" will facilitate the investigation of the role of the ER in €a

store required several minutes in the presence of a normalsignaling and C& homeostasis.
extracellular C&" concentration in the medium. Similarly,

the addition of the C& ionophore, ionomycin, under €a DISCUSSION
free conditions significantly emptied the ER store as indicated Creating C&" Binding EGFP VariantsWe have shown

by the decreased 385 nm to 480 nm fluorescence ratio. Topreviously that when continuous €abinding motifs are
obtain an estimate of [G&lgr, a pseudocalibration was grafted into non-C&-binding host proteins, such as the cell
performed in BHK-21 cells using eq 7 anda of 0.8 mM adhesion protein CD2, the &€abinding motifs maintain their

for Ca-G1 as shown in Table 2 (Figure 6F). The 385 nm to native C&" binding properties §4, 55). This grafting

480 nm fluorescence ratio decreased to a minimum value approach has been applied to study isolated EF-hand motifs
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and to estimate their cooperativiggq, 48). The C&" binding local conformation of the chromophore without disturbing
affinity of these motifs can be changed by varying the length the packing and folding of the protein. It is possible that
of the glycine linker, attaching flanking helices, and changing C&" binding results in a change in the local environment of
the number of charged residues in the EF-hand loop. In thisthe chromophore, stabilizing it in the neutral state.
study, we demonstrate that the Gainding motif grafted Rate Constants Associated with Zainding and Dis-
into EGFP also binds Caand that the Cd binding affinity sociation Binding of C&" to Ca-G1 results in a rapid shift
of this motif can be altered several-fold (wiy ranging of the chemical equilibrium of the chromophore between its
from 0.4 to 2 mM) depending on the presence or absence ofanionic and neutral states (Scheme 1). This conclusion is
flanking helices. Our results clearly demonstrate that EGFP- supported by visible absorption, fluorescence emission, and
based sensors with different €abinding affinities can be  stopped-flow fluorescence data. Both kinetic and thermo-
created by this grafting approach. Affinities of these sensors dynamic parameters, including the forward and reverse rate
are very similar to those of Gabinding proteins found in  constants for the interconversion of the anionic and neutral
the ER and the extracellular environment. For examplé’ Ca states of the chromophore, as well as the apparent dissocia-
binding proteins in the ER have a low €ainding affinity tion constant for binding of Ca to Ca-G1 were determined
corresponding to the submillimolar free resting?Caon- using stopped-flow fluorescence measurements. This ap-
centration in the ER lumen. Calreticulin, one of the most proach established that the rates of association and dissocia-
prominent C&" binding proteins in the ER lumen, binds®a  tion of C&* with and from the sensor must be significantly
with low affinity and high capacityq = 2 mM, Bnax= 25 larger than both the forward and reverse first-order rate
mol of C&"/mol of protein) 66). Using a competitive assay, constants that define the chemical equilibrium of the chro-
we have also demonstrated that the developed €ansor mophore k; andk,, respectively, in Scheme 1), which are
has a good metal selectivity for €aover other physiological  between~10 and~20 s 1. The rate of association of €a
metal ions. Furthermore, the existence of small molecules, with proteins is generally a diffusion-limited process with
including ATP, ADP, GTP, GDP, and GSH, does not alter an on-rateK,,) equal or greater than & 10° M~ s (36).
the C&" sensing capability of the developed sensor. Since the apparent dissociation constant for th& Gading
Developing C&" Sensors at Chromophore Sengiti process determined in this study for Ca-G1-8.8 mM for
Locations of a Fluorescent Proteids shown in Figure 2, Ca-G1, an off-ratekgs) of ~800 st can be estimated from
the grafting of a C&-binding motif into three different  the equatiorks = konKg. Whereas the on-rate of GFP-based
locations of EGFP results in different effects on the EGFP C&" sensors is generally not the limiting factor in Ca
chromophore properties. Grafting the?Cdinding motif at measurements, the slow off-rate exhibited by'Csensors
Asn144-Tyr145 (Figure 1) resulted in a lack of chromophore limits their usefulness in monitoring changes in2Ca
formation, although the same site in the enhanced yellow concentration in vivo, especially for fast €aoscillations
fluorescent protein, EYFP, has been used to fuse CaM or a(32, 36). To overcome this limitation, an improvement of
zinc finger domain to newly introduced termir33, 57). the off-rate constantk(s) to 256 s' was obtained by
Grafting at GIn157-Lys158 had only a small effect on the redesigning the binding interface between calmodulin and
chromophore properties, as this construct had extinctionits targeting peptide in GFP-based ?Casensors 32).
coefficients and quantum yield constants similar to those of Optimizing the protonation rate of the chromophore in GFP-
EGFP-wt (Table 1). While previous studies have inserted based C& sensors will provide a means of enhancing further
either a pentapeptide58), a hexapeptide 59), TEM1 the accuracy with which Cé signals can be measured with
p-lactamase §0), CaM, or a zinc finger domain at either high temporal resolution.
Glul72-Aspl73 or GIn157-Lys1583), no detailed char- C&* Responses in the ERo understand the role of the
acterization of the effect on the chromophore properties wasER in C&" signaling, many innovative studies have been
reported. Grafting Ca-binding motifs between Glu172 and conducted. Both ratiometric dyes such as Mag-fura-2 and
Asp173 of EGFP, which is located-20 A from the nonratiometric dyes such as Mag-fluo-4 with?Cainding
chromophore, significantly altered the chromophore proper- affinities of ~50 uM have been used to measure the
ties with an increase in the absorption spectrum at 398 nmintraluminal C&" concentration in the ER6B, 61—63). Hofer
and a decrease at 490 nm (Figure 2A). Concurrently, thereand colleagues were the first to report an estimate of the
was a significant increase in the fluorescence emission atCa&*" concentration in the ER of BHK-21 cells, 188 21
510 nm with excitation at 398 nm. These changes suggestuM (27). Pozzan and colleagues directly monitored the free
that grafting a C#-binding motif between Glul72 and C&* concentration in both the ER and the SR by targeting
Asp173 of EGFP-wt shifts the chromophore equilibrium from the C&" sensitive photoprotein aequorin to these compart-
the anionic to the neutral state. Further?Clainding resulted ments in cultured skeletal muscle myotubes and estimated
in an increase in the absorption spectra at 398 nm and athe C&" concentration to be approximately 2@0/ (64).
decrease at 490 nm (Figure 3A). Such changes in spectralThe agonist-induced Caresponse in the ER of HeLa cells
properties permit ratiometric measurements of'Gancen- was successfully monitored by Miyawaki et al. using GFP-
trations using the fluorescence emission ratio monitored at pair C&" sensors with different Ca binding affinities, and
510 nm for excitation at 398 and 490 nm. Clearly, binding [Ca']er was reported to be in the range of-6400uM (31).
of Ca&" to Ca-G1 promotes the protonation of the anionic Later, a new generation of GFP-pair &aensors, named
form of this construct and increases the proportion of the D1, was developed using both modified CaM and its binding
neutral form of the chromophore (Figure 1B). While the peptide to monitor Cd oscillations in response to ATP in
grafting location of the Ca-binding motif at Glu172-Asp173 the ER of Hela cells and to explore the effect of the
is not in the immediate neighboring environment of the antiapoptotic protein Bcl-2 on ER €aof MCF-7 breast
chromophore, it nevertheless has a significant effect on thecancer epithelial cells3@). We have shown here that the
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EGFP-based Ca sensor Ca-G1-ER is able to monitor
[Ca&T]er in BHK-21 cells after stimulation of cells with
agonists or the Ga ionophore. The Ca concentration in
the ER of BHK cells was estimated to be less than 1.0 mM
which is consistent with values reported previougy, (31,
32, 64).

Advantage of This New Class of &aSensors Compared
to Other GFP-Based Ca SensorsThe fact that GFP and

Biochemistry, Vol. 46, No. 43, 2007.2285

sensors is dependent on conformational changes associated
with the cooperative binding of Gato four C&" binding

sites. While CaM binds G4 in the range of 0.210 uM

(22, 80), several mutational efforts have been made to
increase this range, but such attempts often resulted in
multiple signal responses with a tradeoff in dynamic range
and required stringent calibratior31). Clearly, then, the
development of C& sensors that are not based on endog-

its derivatives are fluorescent and can be targeted easily toenous C& binding proteins would be highly advantageous.

different cellular compartments has stimulated many efforts
to develop GFP constructs as®€aensors in vivo. Generally,
two series of GFP-based €asensors have been developed.

All cells and their subcellular compartments have mech-
anisms for regulating their pH at a steady-state level. For
example, the cytoplasm has a fairly uniform pH range of

One is based on fluorescence resonance energy transfer.1—7.3, equivalent to the pH in the ER. An elegant study

(FRET) between two GFP variants following binding of?’Ca

to CaM, or more recently to TnC, resulting in the binding
to a target peptide (M13 for CaM and Tnl for TnC) and a
subsequent change in distance between paired GHP34,

65). Another series of GFP-based Lasensors has been
constructed by the insertion of CaM and its targeting peptide
at defined locations within a single GFP molecule. The

conducted by Kim and his colleagues reported that the pH
in the endoplasmic reticulum of HelLa cells is maintained at
7.07 + 0.02 (meant standard error) at rest and during
calcium release 81). Using noninvasive measurements,
fluorescence ratio imaging, and two independent calibration
procedures, they clearly demonstrate that bothalkid H
activities within the ER are similar to that of the cytosol

resulting constructs exhibit a change in fluorescence signalusing nigericin and 140 mM K Cells stimulated with either

following binding of C&" (66). All such GFP-based Ca

ATP, histamine, or lysophosphatidic acid exhibited increases

sensors reported so far are based on a similar mechanismin cytosolic C&" concentration by releasing &afrom the

namely, using natural Gabinding proteins (e.g., CaM and
TnC) to confer C& sensitivity to a GFP-based sensor.

ER store. In contrast, parallel measurements indicated that
the pHw remained stable throughout the period of?’Ca

However, there are three important concerns and limitations release. These findings strongly support the assumption that

related to the application of these aensors comprised
of essential C& binding proteins and their binding partners
(e.g., CaM binding peptides). First, CaM is a ubiquitous
signaling protein in mammalian cells, and its concentration
varies from several micromolar to millimolar levels depend-
ing on cell type and sublocations within cell34( 67, 68).

our probe can be used to measure the rate of release?of Ca
from the ER without interference from a significant change
in the pH of the ER in response to cell stimulation.

A problem that plagues nearly all types of Caensors
and probes, including the ones described here, is that of pH
sensitivity. This is largely due to the fact that ligand atoms

In the past few years, CaM has been reported to be associatefbr C&" binding are highly charged. Many GFP-based’Ca
with ion channels, pumps, and gap junctions, and dynamic sensors 33, 66, 82) have been utilized to monitor €a

changes in CaCaM complex levels are an integral part of
cellular C&" signaling 69—71). Since expression of a

micromolar level of C& sensors is generally required for
cell imaging 72 and this concentration is comparable to

signals in vivo, although theirlas are also near physiologi-

cal pH like that of our sensor developed here. The pH
sensitivity of GFP variants presents a challenge for the
development of GFP-based biosensors. The development of

endogenous levels of CaM already present in the cell, this yellow fluorescent protein (YFP) variants is an example of

approach has the potential to interfere with?Caignaling
(67). It has been reported that the overexpression of CaM in
transgenic mice results in severe cardiac hypertro@By. (
Thus, it is possible that perturbation and/or alteration of the
existing C&" signaling system in cells can result by the
introduction of additional CaM and M13 peptides, or troponin
C/l, as part of current G4 sensors. Second, CaM is a
versatile protein involved in the regulation of many important

efforts to improve pH resistance. The first generation of YFP,
EYFP (GFP-Ser65Gly/Ser72Ala/Thr203Tyr), includes a ty-
rosine residue substituted at position Thr203 (T203Y). The
m—m interaction between Tyr203 and the chromophore
phenol ring results in a red shift in both the excitation and
emission wavelengths, resulting in a yellow fluorescent
variant of GFP. The mutations in EYFP, however, resulted
in a variant more pH sensitive Kg = 6.9) than that of GFP

biological processes and has been found to associate with(79, 83). A second-generation EYFP (EYFP-Val68Leu/

more than 300 different protein8% 74, 75). This class of
GFP-based Ca sensors suffers from competition with

GIn69Lys) slightly improved its acid resistance with l&,p
of ~6.4 (79). Additionally, third-generation derivatives,

endogenous CaM or TnC and/or its numerous target proteinsCitrine (EYFP-Val68Leu/GIn69Met; i, = 5.7) @4) and

within living cells, reducing the dynamic range of this class
of C&" sensors{6—78). Because of these issues, numerous

Verus (EYFP-Phe46Leu/Phe64Lue/Met153Thr/Vall63Ala/
Serl75Gly; K, = 6.0) 85), have a high pH resistance.

efforts have been made to increase the dynamic range andAnother example of a GFP variant with high pH resistance

reduce the level of competition with endogenous proteins,
including V68L and Q69K mutations in yellow fluorescent
protein (YFP) 79), the modification of both CaM and its
binding peptide 32, 34), the insertion of CaM targeting
peptides into CaM §5), replacement of YFP with its
circularly permuted variant (cpYFP) or Venu5( 38), and

the replacement of CaM with other €abinding proteins
such as TnC36, 37). Third, the sensing capability of these

is cyan-green fluorescent protein (CGFP). The T203Y
mutation in enhanced cyan fluorescent protein results in a
decrease inlg, from ~ 6 to <4.0 @86). Thus, it should be
possible to improve the pH sensitivity of our Tasensors
through specific mutations in the future.

Our strategy for developing €asensors by grafting only
the C&"-binding motif into a sensitive location of EGFP
represents a new approach with several advantages. First,
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without using natural Ca binding proteins such as CaM 3.

and TnC and their numerous target proteins such as M13,
kinases, etc., our approach eliminates interference due to
competition with endogenous CaM and TnC and their target

receptor proteins. To the best of our knowledge, this is the 5.

first description of a GFP-based €a&ensor that uses neither

a natural C&" binding protein such as CaM or TnC norone ¢
of its numerous target proteins. Second, our sensor permits
a fuller range of C& responses to be recorded with minimal
perturbation of the cell-intrinsic & signaling networks.
Since the quantum yield of the sensors is comparable to that

of EGFP-wt (Table 1), the expression of the sensor at a 8.

micromolar concentration is usually sufficient to permit
cellular imaging. The Ca buffer effect of the sensor is

expected to be negligible, since the GFP sensor concentration g

is relatively low ¢~1 uM) compared to the G4 concentra-
tion in the ER ¢100 uM). Third, by varying the C#&-
binding motifs through the addition of flanking EF-hand
helices or glycine linkers, this grafting approach yields a
specific range of biologically useful €aaffinities. Currently
available sensors hawg values that range from0.2 uM

to 0.5 mM @31, 32, 34, 35, 65, 82). With aK4 range of 0.4-

2.0 mM, our sensors have the lowest affinity reported to date, 12.

and theirKqy is well matched for measurements of’Ca
concentrations in cellular compartments containing high' Ca

concentrations. Fourth, the newly developed sensors are 13

ratiometric and not FRET-based, which may allow them to 14,

be used with a slightly wider range of secondary fluorophores
that might otherwise overlap with the CFP excitation or YFP
emission spectra of most FRET probes. The dynamic range
of Ca-G1-37 is 1.8, which is comparable to the reported value
of the YC2.1 series of Ca sensors31). Given the unique
versatility of our sensor, we envision that it can be further
modified in dynamic range and pH sensitivity to be targeted
to other cellular compartments in the future. We envision
that this approach will provide tools for studying the
contribution of the ER and other cellular compartments to
cellular C&" signaling in a wide variety of cell types, under
different physiological conditions, and in various disease
states.
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