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The spectroscopic properties of Calcium Green 2 (CG-2), a dual-fluorophdre i@ificator dye, were
characterized by a combination of steady state and time-resolved ensemble spectroscopic measurements,
molecular mechanics calculations and single-molecule fluorescence spectroscopy. It was found that in Ca
free solutions, CG-2 exists primarily as a highly quenched intramolecular dimer, but when bounttto Ca

the molecule adopts an extended, fluorescent conformation. The difference in emission properties of these
two CG-2 conformations is explained in terms of simple exciton theory. Through single-molecule fluorescence
measurements, we have shown that the bulk increase in ensemble fluorescence intensity correlates with a
simple statistical increase in the number of fluorescent molecules in solution. In addition, we have also observed
that the majority of CG-2 molecules photobleach in a single step, despite the molecule possessing two distinct
fluorophores. A small fraction of molecules photobleach in multiple steps or show a series of transitions
between emissive and nonemissive fluorescent states (“blinking”). We rationalize these photophysical
phenomena using a simple model based on dipdigole Faster coupling between fluorophores in conjunction

with irreversible photodamage to one of the constituent chromophores.

1. Introduction A) Oﬁo/\l

The ability to detect and quantify intracellular freeCas NK\ N
of singular importance in understanding a diverse range of o;( »o’ O;( 3/_07
cellular processes, particularly those involving intracellular o O o o
messaging.4 Of special importance in this regard has been
the development of fluorescent €andicator dyes for in vivo B
biological studies involving measurement of cytosolic freé"Ca )
levels. In general, G4 indicators are molecules that, in the o Yo
absence of Ca are essentially nonfluorescent but upon N
exposure to CH yield a product with strong fluorescence ,_( 3/* . ;(N» )
emission. There are currently a wide variety ofCidicators © 0o 0
available, ranging from simple, small organic molectiéso o
protein constructs based on autofluorescent protein fluorescence
resonance energy transfer pairs (“cameleofisty. C) (o)

In terms of organic indicator dye molecules, a subset of
compounds that have proven to be particularly well-suited
for cytosolic C&" measurements are those based on 1,2
bis(o-aminophenoxy)ethaéN,N'N'-tetracetic acid (dubbed
“BAPTA").5 713 BAPTA is a variant of the well-known
chelating agent, ethylene glycol kséminoethyl ether)-
N,N,N',N'-tetracetic acid (EGTA), in which constituent meth-
ylene groups have been substituted with benzene groups.
Chemical structures for EGTA and BAPTA are shown in Figure
1A,B. BAPTA-based indicator dyes have excellenf Gainding
properties, including low dissociation constants, rapid binding
kinetics and high binding selectivity, making them particularly Figyre 1. Chemical structures of (A) EGTA, (B) BAPTA, and (C)
well suited for use in vivo. Calcium Green 2.

Basic spectroscopic characterization of the BAPTA moiety
itself has been carried out by Tsieit was found that binding ~ it was proposed that the observed spectral changes are caused
of Ca* by BAPTA gave rise to a significant blue shift in its Py the breaking of conjugation between the aromatic ring
UV absorption spectrum. The spectrum of the molecule in the Structures and the nonbonding electrons on the amine groups
unbound state resembled that of a simple dialkylaniline, but upon When the nitrogen ring-bonds twist during Lachelation.

Ca* binding, the spectrum resembled an alkylbenzene. As such, Though informative, such shifts in UV absorption bands are
not well suited for optical detection in cellular environments,
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based indicator dyes. Arguably the most successful approachinto the nature of the exciton formation and collective emission
in this regard has been to attach a strongly fluorescent functionalquenching via photoinduced trap states, one shortcoming of the
group directly to the constituent benzene ring, usually ortho to system used in this study was that the dimers were thought to
the amine group. Of particular note are the indicator dyes “rhod- exist in a number of different conformations, ranging from a
1" and “fluo-1”, in which variants of rhodamine and fluorescein compact arrangement in which the chromophore units are held
fluorophores have been linked to BAPTA to yield indicators in close proximity, to an extended conformation in which the
that emit strongly in the visible regidf.Since their original chromophores are far apart. We believe that, should the exciton
chemical synthesis, these molecules have been the basis fomodel prove valid for describing the behavior of CG-2, ité Ca
many closely related commercial variants that have a range ofbound form should be structurally rigid and kinetically stable,
absorption and emission properties. Despite the widespreadmaking it ideally suited for SM investigation of fluorophore
application of these indicators, many aspects of their spectro-coupling in dimeric systems.

scopic behavior remains poorly understood and need to be

thoroughly explored. 2. Experimental Section

Of particular interest to our research group is the commercial
indicator known as Calcium Green 2 (CG-2; Molecular Probes/
Invitrogen). CG-2 is very well suited for in vivo €adetection;
the manufacturer reports an almost 100-fold increase in fluo-
rescence intensity on €achelation, a low dissociation constant
(Kg = 0.55uM), and an absorption maximunapfax ~ 503 nm)
that is reasonably well-matched to excitation by conventional
laser source¥! The chemical structure of this indicator is shown described in detail by TsiehBriefly, the buffers are based on

in Figure 1C. CG-2 is different from many commercial the C&" chelating agent, EGTA, and make use of the propensity

ir_1dicators in that itis a difluoropho_ric system. Instead, of a of EGTA to bind with C&" to regulate the amount of e
single rhodamine or fluorescein unit attached to the benzeneavailable in solution. For ensemble measurements, an initial

group, two_identical fluorophores have_ been adqed to produceginck solution of CG-2 was prepared by dissolving the bulk
a symmetrical molecule. The mechanism that gives rise to an g4 i pH 7.2 TRIS buffer to give a final stock solution

increase in fluorescence intensity with Cabinding is not .hcentration of approximately 0.3 mM. Stock solutions of
immediately apparent from inspection of CG-2's chemical ~G_5 were kept refrigerated in the dark until needed. Im-
structure. The manufacturer_suggests that intramolgcular “self- mediately before taking spectroscopic measurements, aliquots
quenching” of fluorophores in the absence ofCanight be of the stock solution were added to the differentGa. buffers,
taking place, though there is no published evidence to supportgiving final concentrations of CG-2 of around 1BV for
or refute this. In our view, it seems feasible for this system t0 cqrhance measurements and aroundM2for emission
assume a conformation that promotes nonfluorescent excitoneasurements. We note that the solutions made from mixing
(intramolecular H-dimer) formation, possibly by adopting a he cG-2 stock solution and the Cabuffers became less
coplanar arrangement of the two fluorophotes. fluorescent after several days of storage, suggesting a slow
Although the primary goal of these studies is to elucidate decomposition of the fluorescent product. Care was taken to
the mechanism of action of CG-2 via conventional spectroscopic use only freshly prepared samples for spectroscopic measure-
methods, we also wish to explore the suitability of this indicator ments.
dye for the study, in a simple and controlled way, of excitonic (B) Ensemble Spectroscopy Measurementsibsorption
behavior in a simple dimer system at the single-molecule level. spectra were collected with a Varian Cary 500 s
In addition to being a generally useful spectroscopic method of spectrometer and steady-state emission spectra were collected
analysis, single-molecule (SM) fluorescence spectroscopy hasysing a SPEX 212 spectrofluorometer. Measurements were
proven to be a powerful tool for probing excitonic coupling in - carried out in either 1.0 cnx 1.0 cm disposable polystyrene
a range of multichromophoric systems, ranging from light- cuyvettes (absorption) or quartz cuvettes (emission), at room
harvesting complexes, to doneacceptor substituted biopoly-  temperature. Fluorescence lifetimes were measured using the
mers, to multifluorophoric dendrimers and protetfs’® SM method of time-correlated single-photon counting (TCSPC).
fluorescence measurements have shown that there exists ®riefly, the output from a mode-locked, frequency-doubled
surprising number of common features in coupled systems, of femtosecond Ti-sapphire laser was directed onto the sample
particular note being the tendency of multifluorophoric mol-  solutions contained in 1.0 cm 1.0 cm quartz cuvettes. The
ecules to show a collective quenching of fluorescence emis- decay rate of fluorescence was determined by TCSPC, with
sion!”20-22 This has tentatively been linked to the formation emission collected at the magic angle. Excitation was performed
of photoinduced trap states, though much work still remains to at 490 nm, with an emission collection wavelength of 536 nm.
be done in this area. Decay profiles were fit using a nonlinear least squares recon-
Many of the SM investigations that have been carried out on volution procedure based on the Marquardt algorithm. The
coupled fluorophore systems to date have been very challengingquality of fit was assessed through the value of the redyéed
to interpret, because the systems that have been studied typicallyaind through the distribution of weighted residuals.
contain large numbers of fluorophores. Hernando et al. (C) Single Molecule Microscope Setup and Sample Prepa-
attempted to address this issue by studying exciton formation ration. Single-molecule fluorescence measurements were carried
in a simple test system consisting of a tetramethylrhodamine- out using a wide-field epifluorescence microscope (Nikon
5-isothiocyante (TRITC) dimer, and comparing the results with TE2000, Nikon, Canada), with 488 nm continuous-wave excita-
monomeric TRITC alone. It was found that in this system, only tion. The linearly polarized output from an argon-ion laser
weakly coupled TRITC dimers were fluorescent, and that having (Melles Griot, Carlsbad, CA, U.S.A.) was directed through a
one unit in a dark (likely triplet) state can lead to emission series of neutral-density filters to adjust laser power, a quarter-
quenching in the other subunit. Though providing good insight waveplate to generate circularly polarized light and was then

(A) Sample Preparation for Ensemble Measurements.
CG-2 (octapotassium salt) and calcium buffers that contain well-
defined concentrations of “free” €a (not chelated, herein
referred to as Cd e Were purchased from Invitrogen
(Invitrogen Canada Inc., Burlington, ON., Canada) and used as
received. The preparation, calculation of fClaee and the
underlying chemistry for the Ca buffers used here have been
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focused onto the back focal-plane of a>§01.4 NA oil- lecular changes in CG-2 associated with2Cainding. In
immersion microscope objective with a 500 mm focusing lens. addition, the appearance of two peaks in the absorption spectra
Excitation light was reflected onto the sample using a dichroic is also in excellent agreement with the results expected from
500DRLP beam splitter (Omega Optical, Brattleboro, VT, Kasha's exciton model for parallel transition dipoles in molec-
U.S.A)). Fluorescence emission from the sample was passedular dimerst® as will be discussed in further detail later in this
through two long-pass filters (500AELP) to attenuate residual article.
excitation light and directed onto a front-illuminated CCD Steady-state fluorescence emission spectra were also collected
photodetector (Cascade 512F, Photometrics, Tucson, AZ, U.S.A.).for CG-2 solutions over a range of different [Chee. A series
Data analysis was carried out using the software MetaMorph of emission spectra showing fluorescence emission intensity as
(Universal Imaging, Downington, PA, U.S.A). Excitation a function of [C&"]see is shown in Figure 3. As expected, the
intensities reported in the body of the text were determined by fluorescence intensity increases markedly with increasing
measuring the excitation power at the focal plane and dividing [C&?"]wee The fluorescence intensity was found to reach a
by the experimentally measured illumination area. maximum at [C& e Of approximately 3%M and increasing
Samples for SM fluorescence experiments were prepared bythe concentration beyond this level had no further significant
first spin-casting dilute solutions~<(10°—10"1° M) of CG-2 effect on the measured signal. This indicates that CG-2 was
in appropriate C& buffers onto clean microscope coverglass Saturated with calcium at this concentration. On the basis of
slides, then spin-casting a layer of dilute polymer (2 wt % poly- the total integrated peak areas, we found that the emission
(vinyl alcohol) in Millipore water) onto the coverglass. Careful intensity of CG-2 at [C&ree = 39 uM was 38 times greater
control samples consisting of the coverglass alone and cover-than that of the [C&]ree = 0 uM sample. An equilibrium
glass treated with the different buffers, solvents and polymers dissociation constanig) and C&" binding stoichiometry for
in the absence of CG-2 were imaged to ensure observed signal$he CG-2/C&" complex can be determined from the emission
were from CG-2 alone. In all cases, the control samples showeddata by making use of a simple equilibrium binding model that
no fluorescent impurities when imaged at the single-molecule assumes proportionality of fluorescence emission intensity with
level. concentration of Cda-bound CG-Z. Defining the following
dissociation equilibrium and corresponding dissociation constant:

3. Results and Discussion

CG-2Cd" ) =CG-2+nCa" 1)
(A) Bulk Spectroscopic MeasurementsA series of absorp-
tion spectra were collected in which the concentration of CG-2 [CG-2][Ca?+]"
was kept fixed but [C& e Was systematically varied (repre- Ka= > (2)
sentative spectra shown in Figure 2K). Each absorption [CG'2‘C6‘2 (n)]

spectrum consisted of two strongly overlapping peaks, with the

two peak maxima located at 490 and 508 nm. As[Gia.was ~ Where CG-2Ca&*(, is the CG-2/C&" complex. Assuming that
increased, the intensity of the longer wavelength peak increasedthe experimentally measured emission intensity is proportional
relative to that of the shorter wavelength peak. The appearancel0 the reagent concentration, we can derive the following
of two peaks in the absorption spectrum is consistent with the €Xpression:
coexistence of two different types of rhodamine species in F_F
solution. There are two likely mechanisms that can result in x min | _ o

the formation of multiple species in solution, both of which IOQ(F - F ) nlog [Caz I~ logKq 3)

may be acting simultaneously for this system. The first possible

source is that the rhodamine groups of different CG-2 moleculeswhereFy, Fnin and Fmax are the fluorescent intensities corre-
might associate with one another, giving rise to equilibrium sponding to the [CH]fee Of interest, the intensity at [Célee
between intermolecular CG-2 dimers and their component = 0 and the intensity measured at the maximum value of
monomers (intermolecular dimerization). The second, and in [C&']iee A plot of the variable on the left-hand side of eq 3
our view the dominant mechanism in this system, is formation versus log[C#&'] is shown in Figure 3B. From the-intercept,

of two chemical species associated with a2Céinding— we calculateKq = 1.13 uM, and a slope of 1.10, the latter
dissociation reaction. In terms of the former, it is well-known indicating one-to-one binding stoichiometry between CG-2 and
that a number of xanthene (rhodamine-like), cyanine and C&*. In our hands, the measur&g was approximately twice
acridine dyes have a strong tendency to dimerize in solution or as large as the value reported by the manufactdr8imilar
when confined in structures such as liposomes (see, for examplemeasurements taken using a set of higher (albeit less accurately
refs 24-26). To assess the possibility that intermolecular known) [C&]xee buffers yielded comparably largé€, values.
dimerization might play an important role over the concentration The reason for the discrepancy between the manufacturer’s value
range of interest, we measured absorption spectra for ftee and our values is not currently clear.

buffers over a CG-2 concentration range of calb uM and The increase in fluorescence emission intensity correlates with
found no detectable change in the relative intensities of the two the increase in intensity of the high wavelength absorbance peak.
absorbance peaks with CG-2 concentration. If intermolecular This indicates that CG-2 exists in either one of two states: the
dimerization were occurring to a substantial degree, dilution first, a strongly fluorescent molecule with an absorption maxima
would perturb the monomeidimer equilibrium distribution and  in the high wavelength region of the spectrum when bound to
thus alter the relative absorption peak height ratios. In general, C&*, and the second, a blue-shifted, nonfluorescent molecule
one expects intermolecular dimerization effects to become in the absence of Ca. The latter two properties, a blue-shifted
important at dye concentrations significantly higher (typically (relative to the monomer) absorption spectrum accompanied by
on the order of~ 10 mM?%) than those used here. These fluorescence quenching, are well-known characteristics of
measurements, in conjunction with the strongqQa.c depen- exciton formation between planar molecules. In his work on
dence of the long wavelength peak, indicate that we can the subject of excitons, Kasha presented a classical vector model
reasonably attribute the observed spectral changes to intramodescribing exciton formation in dimeric systeMisDimer

max X
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Figure 2. Series of absorbance spectra showing the effect offJ&a on spectral peak shape. For all spectra, the CG-2 concentration was kept
constant at 1..M. The [C&"]«ee for each spectrum is (A) 0.00M, (B) 0.04 uM, (C) 0.23uM, (D) 0.60uM, and (E) 1.35um.

association in which the transition dipole moments for the center-to-center distance between the two transition dipole
component molecules form an oblique angle to one another moments,a is the angle between the molecular planes of the
(Figure 4) was predicted to lead to a splitting of the monomer two fluorophores and; , are the angles between the molecular
energy levels into a red- and blue-shifted level, with a splitting centers and the transition dipole moment of the two fluoro-

energy given by

1 2M

- cos —
Ae dreg ruy3 (cosx — 3co9,cod,) 4)

whereM is the monomer transition dipole momenyy is the

phores. For the case of parallel transition dipokes= 0), the

transition from the ground state to the lower (red-shifted,
transition dipoles out of phase) energy state is forbidden.
Additionally for parallel transition dipoles, there is often a rapid
conversion from the upper to the lower exciton state, from which
radiative transitions are forbidden. This generally results in
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Figure 4. Schematic model of excitonic splitting in the CG-2 system.
00 4 The illustration at the top of the figure illustrates the simple vector
model used to describe the interaction between transition dipole
05 moments (represented by the double arrows) of the two constituent
fluorophores (oval represents long axis of the molecule). The variables
a, 6 andr,, are described in eq 4.

structure was based on the structure of CaEGTA complexes as
181 determined by X-ray crystallography studfiés8

The lowest energy conformers we found had structures such
201 as those shown in Figure 5AC. As shown in Figure 5A,B the
unbound state of CG-2 tends to adopt a conformation in which
the two rhodamine rings are approximately coplanar. From these
structures, we estimate the distance between the centers of the
two rhodamine groups as approximately 0.7 nm, the angle
Figure 3. (A) Series of fluorescence emission spectra showing the o ~g° andg ~65°. Again, this is exactly the type of structure
change in emission intensity as a function of{Qae ([C&" Jreeranges . is anticipated to lead to formation of exciton states.

gﬁ{,“ 0055382’_‘ 2M l’)i[,%%-; ]s;i?:figr’ﬁ,“(ft);y@ Plot used to determinks Substituting typical values measured for this preferred conformer
into eq 4, and calculating the transition dipole moment from

the appropriate absorption spectrum of CG-2 (calculated using

the software PHOTOCHEMCAD written by Lindsey et?§),

we calculate a spectral blue shift of around 16 nm, which is in

excellent agreement with the experimental value of 18 nm. This

1 Y agreement between experimental and calculated values also
gzgg %fnél{tnvsn?sﬁ]%ﬂgmﬁté fﬁ;g%ezh:\/tgse grsezenn?r? dfpii de Provides reassurance that differt_ances bgtween the op_tir_nized
h ttribute the high-wavelenath peak innyacuum structures and those in solution are of mmwn_ql
mhonobmer, then we canfa Fi 5 gb ing th 9 f E importance. Although the conformers shown here were signifi-
the absorption spectra from Figure 2 as being that of the pure cantly preferred over other noncoplanar geometries, it seems

monomer. The absorpthn peak that is blue-shifted from tr,us plausible that some small fraction of molecules might be found
by 18 nm falls well within the range expected from Kasha's in conformations where exciton formation does not take place.
vector model. In addition to the presence of trace amounts of'ga in the

In an attempt to better understand the nature of the structurepominal “zero” C&* concentration buffer, this may be a source
of CG-2 in the C&" bound and unbound states, we have carried of the small residual fluorescence we observe in the emission
out some simple structure optimization and conformational spectrum.
search calculations using molecular mechanics (MMFF, Spartan  of additional interest is the G&bound form of CG-2. The
‘04). It should be noted that these calculations are carried Out preferred conformer model indicates that, upor?*Cainding,
for molecules in a vacuum and that the true solution structures the two rhodamine units move apart both in distance (Center_
might differ from those calculated using this approach. With to_center distance of the rhodamine units approximately doubles
this caveat, we view these calculations as a useful, “semiquan-to 1.2 nm) and in relative orientation (angle between molecular

log (Fmeas-Fmin/Fmax' Fmeas)

-25

-2.0 -1.5 -1.0 -0.5 0.0 0.5

log [Ca*'.,

radiationless intersystem crossing to a triplet state and the
coupled system does not fluoresce.

Exciton splitting in dimeric systems typically leads to a blue
shift in the monomer absorption spectrum in the range 3000

titative” approach to understand the effect of?Chinding on
molecular conformations.

planes~55°) as compared to CG-2 without &€a According
to eq 4, these two conformational changes should have a drastic

For the conformational search calculations, we chose for the cumulative affect on the efficiency of exciton formation; we
initial structure of the unbound state of CG-2 the energy calculate that the energy splitting for the Zdound form

minimized structure of the molecule, and for the2Gaound
state, we modeled the &abinding site as a calcium ion
coordinated with the six binding moieties of BAPTA. This initial

should be<5% of that found for the Ca-free form. This
correlates with the appearance of the high-wavelength absorption
peak and the onset of fluorescence. We believe that the
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A)

Figure 5. CG-2 structural conformers calculated using molecular
mechanics (MMFF) conformational search. (A) and (B) are the
structures calculated in the absence of'Gawo different views), and
(C) is the structure that is predicted after CG-2 binding of'Ca

conformational change that occurs with binding ofCis such
that the ability of the system to form an exciton is negligible
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Figure 6. (A) Typical fluorescence lifetime measurement taken from
a 1.5uM solution of CG-2 in 0.60M [Ca®']xee. The solid line is a
double-exponential fit obtained using the fitting procedure described
in the main text. (B) Plot showing dependence of fluorescence lifetime
preexponential factors on [€dxe.. The filled circles correspond to
the slow (3.5 ns) lifetime component whereas the solid triangles
correspond to the fast (0.3 ns) lifetime component.

a range of [C&wee Via TCSPC. Results from a typical
measurement taken at a Cree of 0.6024M are shown in
Figure 6A, along with an appropriate decay fit. For the range
of [Ca?M]ree €xplored, it was found that the fluorescence decay
profiles were best fit by two adjustable exponential lifetimes
and two adjustable preexponential factors according to the
equation

I(t) = iaie_‘/"

wherel(t) is the time-dependent fluorescence intensity decay,
a; are the preexponential factors amdare the fluorescence
lifetimes. The measurements gave a long lifetime component
equal to 3.5+ 0.1 ns, and a short component equal to ©.3
0.1 ns. It was also found that though the magnitude of the
preexponential factor depended strongly on the?{{iae the

(%)

and that the rhodamine subunits will essentially behave assame fluorescence lifetimes were obtained over the entire range
independent monomers. This suggests that in terms of aof [Ca&?™]yee measured. As [Cd]iee Was increased, the mag-

mechanism of action for CG-2, as more 2Cds added to

nitude of the long lifetime component increased and the

solution, the relative proportions of the quenched exciton form magnitude of the short lifetime component correspondingly
of CG-2 and the emissive form shifts, resulting in stronger net decreased. The magnitude of the preexponential factors is plotted

fluorescence emission.
To gain further insight into the mechanism of operation of

as a function of [C&# ]see in Figure 6B. If one assumes that the
ratio of preexponential factors for the two lifetimes represents

this system, fluorescence lifetimes of CG-2 were measured overthe ratio of concentrations of the relevant species, one can fit
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the data from Figure 6B to the same simple equilibrium binding A)
model described by eq 3. Doing so yields a dissociation constant
equal toKq = 0.52uM, which is in good agreement with the

value provided by the manufacturer, though slightly different

from the values we measured previously using steady-state
emission. As was the case with the steady-state spectroscopic
measurements, these results are consistent with the coexistence

of two distinct chemical species whose relative amounts depend

on the concentration of free &a

We note that the values measured for lifetimes and the
presence of two distinct, [C8]see dependent components in
the lifetime decay are very similar to the results obtained by
Sanders et &P (g = 0.97,71 = 0.46 ns andx, = 0.03,7, =
3.53 ns at nominal zero [EHee) in their fluorescence lifetime
imaging experiments in rat myocyte cells using Calcium Green-1
(CG-1) as a nonspecific stain. CG-1, another member of the

BAPTA-based indicator dye family, contains a single fluoro- B) § 14000 - 1)
phore that is identical to the constituent fluorophores in CG-2, _: 12000 4

and as such it is not surprising that we get comparable lifetimes. S .{Hion

Sanders attributed the existence of two lifetimes to the dual P

existence of the free and &€abound indicator dyes, and the E 8000 -

change in magnitude of amplitudes follows the relative change © 6000 -

in concentration of the Césee In the case of CG-2, we also E 4000

attribute the observed trend to the formation of the CG-2/Ca S L0004

complex. The increase in magnitude of the long lifetime o

component simply follows the increase in quantity of the ; 01

strongly fluorescent complex, and similarly, the decrease in 8 -2000 . T T 1

magnitude of the short component follows the decrease in 0 10 20 30 40
quantity of the quenched €afree intramolecular dimer.

In summary, the combination of absorption, steady-state and
time-resolved fluorescence measurements, in conjunction with
structure optimization calculations indicates that the mechanism
of C&" sensitivity in this indicator dye is the formation and
subsequent destruction of the intramolecular exciton on binding
of Ca&".

(B) Single Molecule Fluorescence MeasurementSamples
prepared for single-molecule imaging experiments revealed a
series of discrete fluorescent spots on a dark background when
imaged in the microscope. A typical fluorescence image of a
sample prepared in this way at a fChree of 10 uM is shown

6000
5000
4000
3000
2000
1000

-1000

CCD counts /100ms (arb unit)

in Figure 7A. The spots were300 nm in diameter (determined =0a0 5 10 A5 ad
by calibrating the detector pixel size against a standard USAF

test target), which is consistent with the diffraction-limited size Time (s)

expected for an individual molecule. Upon continuous laser = 18000 -

illumination at an excitation intensity of 0.9 kW/émthe € 16000 - 111)
majority of the fluorescent spots photobleached in a single, £ 14000 -

discrete step, which we take as the signature of an individual £ 42000 4

molecule. Several hundred individual molecules of CG-2 were E 10000

observed, and of these molecules, approximately 94% pho- S 8000 -

tobleached in a single step (typical time-trace shown in Figure S 6000 4

7B-i) with the remaining fraction showing more complex ‘E 4000 -

photobleaching behavior (Figure 7B-ii,iii discussed in more § 2000 A

detail later). We note that after extended continuous illumination o o

(minutes), molecules of CG-2 that photobleached in a single 8 -2000 . . . . .

step d!d not return to an emi;sive state (irreversiple.p.hoto- 0 10 20 30 40 50
bleaching). The signal intensities we observed for individual .
CG-2 molecules were comparable with the signals we have _ Time (s) _
measured under similar imaging conditions for single rhodamine Figure 7. (A) Sln%le-m0|egfle fluorescence image of CG-2 (dye
6G molecules! It should be noted that the excitation intensities E%‘éﬁgrﬁfe”;mége sﬁi’e[ﬁi p]‘;fregxi:nfgtgl';"hgxc'ti‘go?n'”(tg)”é'i%’g?e-9

. L . . x 13 um. -
used here are well below the op_tlcal ssgturatlon |nten5|ty_ of the molecule time traces of CG-2 showing (i) single-step photobleaching
fluorophorg (for gxample, Schmidt et Imgasured atypical  gng (ii) and (i) complex blinking behavior.
saturation intensity for tetramethylrhodamine-a8 kW/cnv).

It is interesting to consider the mechanism of fluorescence single-molecule experiments. One can conceive of two possible
intensity increase for CG-2 solutions from the point of view of routes by which the overall solution fluorescence emission in a
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35 single, slightly skewed peak. The skewed Gaussian shape of
the intensity histograms is attributed to the random orientation
of molecules in the sample in conjunction with imperfectly
circularly polarized light (a similarly shaped histogram was
produced from a control sample consisting of individual
rhodamine 6G molecules measured under the same imaging
conditions). The histograms were fit with a skewed Gaussian
function (log-normal fit), and fitting parameters were compared
for the different experiments. The fitting parameters calculated
in all three cases differed from one another by less than one
increment of standard error, indicating there was no significant
difference between the measured intensities. This is the expected
result for a system in which CG-2 can be found in either a
guenched (and therefore undetectable) or emissive state only.

Although the relative intensity of individual CG-2 molecules
did not change with [C4], the number of fluorescent molecules
that could be observed did. This effect was studied in a
semiquantitative way by counting the average number of
molecules per image that could be detected in a series of 10
um x 10 um images. Quantifying this effect in a rigorous way
was problematic because at low FCh(0—1.35uM), a high
concentration of CG-2~108 M) was needed to have a
statistically relevant number of fluorescent molecules per frame,
whereas at higher [C&]ee, CG-2 concentrations of 18 M
gave rise to such a large number of molecules on the surface
that reliable counting became problematic. To account for this,
we adjusted the concentration of CG-2 such that a reasonable
number of molecules (typically around 10) could be counted
per frame and then scaled this number according to the
appropriate dilution factor used for the CG-2 solution. Normal-
izing the number of molecules per frame against the nominal
“zero” [Ca2*)see, We counted for [C&]iee 0f 0 uM, 10 uM
and above saturatiorr39 «M) an average, normalized numbers
of molecules per frame as around 1, 12 and 15. The corre-
sponding normalized fluorescence intensity from the ensemble
measurements give us values around 1, 18 and 36. Though the
values measured in the molecule counting experiment are only
semiquantitative at best, the general trend of increasing number
of molecules as a function of [€ce Was clearly observed
and can reasonably be correlated with the ensemble change in
fluorescence intensity.

An issue that is worth addressing at this point is the effect,
if any, of spin-casting on the binding between CG-2 and"Ca
One might expect that removal of water by spin-casting could
influence the binding of the metal ion. It is clear from the
measurements, however, that the samples remain strongly
fluorescent and therefore loss of water does not drastically alter
binding. It is conceivable that the differences between bulk
measurements and the number of detectable molecules described
above might, in part, be caused by changes in binding ability
with water loss. However, we are confident that any changes
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Figure 8. Histograms showing fluorescence intensity of individual
CG-2 molecules as a function of [E3ee, with a log-normal fit: (A)
[C&Mfree = O uM; (B) [Ca%t]free = 10 uM; (C) [C&']free = 100 uM.

C&" sensor dye system would increase; the first is that each
individual molecule of CG-2 emits with increasingly greater ! ) .
intensity as more Ca is added to solution, whereas the second, caused by spin-casting are minimal.

and that which is obviously supported by the ensemble Both the single peak in the intensity histograms and the fact
spectroscopic measurements, is that there are simply two discretéhat the majority of molecules exhibit single-step photobleaching
forms of the dye (emissive and quenched) and increasedindicates that the two constituent fluorophores in CG-2 are
emission comes from a statistical increase in the number of coupled rather than independent emitters. As noted in the
emissive molecules. One can differentiate between these twolntroduction, collective photobleaching of this kind has been
possibilities by using single-molecule measurements. Figure observed in a wide range of multifluorophoric systems. Because
8A—C shows histograms of single-molecule fluorescence of instrumental limitations, we were not able to carry out as
intensities (measured in CCD counts at fixed integration time extensive photophysical characterization for CG-2 as has been

and multiplier gain) recorded at three different?Caoncentra-
tions, ranging from below the Gasaturation level to signifi-
cantly above it. Histograms produced in this way showed a

carried out for other coupled systeAig223However, we can
suggest a plausible model for explaining the behavior observed
in this system. Because the single-molecule experiments were
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carried out below the optical saturation threshold, we only of the constituent fluorophores with respect to the polarization
considered models that involve excitation of a single fluorophore axis of the excitation beam. The idea that there may be several
at a time. possible conformations of CG-2 is consistent with results by

We have evaluated the possibility of dipeldipole Faster Hernando et a2 in their investigation of coupled TRITC
transfer taking place between the two constituent fluorophores dimers, who suggested this as a possible source of variation in
of CG-2. Coupling of this kind can reasonably be expected in emission polarization between different molecules. We anticipate
systems where the constituent fluorophore shows a relatively that the CG-2 system should have much less conformational
small Stokes shift3 For the CG-2 system, we have calculated flexibility than the TRITC dimer system, because the binding
the rate of energy transfer between the two constituent fluoro- of C&" should constrain the system into a more rigid structure.
phores using the standard expression: If blinking can be attributed to rare geometrical conformations

, of CG-2, then it is hardly surprising that this behavior is only
Qpk“[9000(In 10) e rarely observed.
: (%)f; Fod) ea®) 2*d1 (6) Although the blinking dynamics of this small subpopulation
1287'Nn of molecules is intriguing, at present, we are unable to
definitively identify a mechanism for the behavior. In general,
Using the previously calculated values for the overlap integral, a more in-depth study of the single-molecule photophysics of
the experimentally measured quantum yield(73 for saturat-  this system is called for, with particular emphasis being placed
ing C&* concentrations), lifetime and estimating the geometric on studies involving a range of higher excitation intensities to
variablesr and« from the optimized structures in part A, we  probe the possibility of higher-order bleaching processes and
calculate akgr of around 2.4x 10'2 s™L. The rate of energy  absorption from the excited state, as well as polarization
transfer in this system is more than 3 orders of magnitude greatermodulation experiments and single-molecule fluorescence life-
than the rate of fluorescence emission, indicating that emissiontime measurements. Efforts to expand our instrumental capabili-
can take place from either fluorophore, regardless of which ties and explore the single-molecule photophysics of this
fluorophore was initially excited. important system are ongoing.

On this basis, we postulate that the mechanism of coupling  |n summary, this paper describes the spectroscopic charac-
and hence collective photobleaching ig$ter energy transfer.  terization of the calcium-sensor dye CG-2 at both the ensemble
If one of the two fluorophores is damaged via a photochemical and single-molecule level. In the absence o¥'Cthe dye adopts
reaction, then the damaged fluorophore can act as a nonradiativey conformation in which fluorescence is quenched by intramo-
trap site for the other. That is, if one of the constituent lecular exciton formation. Binding of Ga gives rise to a
fluorophores bleaches, the excitation energy from the intact structural change, disrupting exciton formation and results in
fluorophore can be transferred to the damaged site and lost viathe formation of a strongly emissive dye. Through a combination
a nonradiative pathway. This mechanism is consistent with of ensemble and single-molecule spectroscopy, it was found
proposed photobleaching mechanisms in a variety of other that the bulk increase in fluorescence emission with"Gan
coupled systems. For example, in their study of the fluorescent pe attributed to a statistical increase in the number of emissive
proteinDsRed, Lounis et al. suggested a similar mechanism to CG-2 molecules. It was found that, at the single-molecule level,
explain collective photobleaching effects and offered in partial CG-2 tended to photobleach in a single step, though a small
support of this an observation of two distinct time scales in an subpopulation of molecules was found that bleached in two
ensemble photobleaching experiméfite first time scale was  steps. Several possible photophysical models were discussed
associated with photobleaching of an intact protein, the secondto rationalize the observed behavior, and though CG-2 appears
a photobleaching rate for an absorbing but not emitting to be well-suited for further study of fluorophore coupling in

(damaged) fluorophore. We have carried out similar ensemble single-molecules, further investigation is need to fully under-
measurements and also observed two different photobleachingstand some of the aspects of its photophysics.
time scales (data not shown), which lends support to this possible
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