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Abstract

The goal of this work is to determine how GCaMP6m’s fluorescence is altered in response

to Ca2+-binding. Our detailed spectroscopic study reveals the simplest explanation for how

GCaMP6m changes fluorescence in response to Ca2+ is with a four-state model, in which a

Ca2+-dependent change of the chromophore protonation state, due to a shift in pKa, is the

predominant factor. The pKa shift is quantitatively explained by a change in electrostatic

potential around the chromophore due to the conformational changes that occur in the

protein when calmodulin binds Ca2+ and interacts with the M13 peptide. The absolute pKa

values for the Ca2+-free and Ca2+-saturated states of GCaMP6m are critical to its high sig-

nal-to-noise ratio. This mechanism has important implications for further improvements to

GCaMP6m and potentially for other similarly designed biosensors.

Introduction

Genetically-encoded Ca2+ sensors based on a single fluorescent protein (i.e. non-FRET based)

are important imaging tools in neuroscience. The newest generation GCaMP6 sensors

(GCaMP6s, GCaMP6m, and GCaMP6f, [1]) are bright and respond to transient increases in

Ca2+ within the cell with such large changes in fluorescence that they can be used to image

neuronal activity in awake, behaving animals, throughout large regions of the brain [2–5] and

in entire brains [6,7].

The GCaMP sensors are constructed with circularly-permuted GFPs [8] in which the original

N- and C-termini of the enhanced green fluorescent protein (EGFP) are linked together with a

short, 6 amino acid peptide, and new termini are created in the middle of the 7th β-strand of the

11-stranded β-barrel, creating an opening in the side of the barrel directly adjacent to the pheno-

late oxygen in the chromophore. A portion of the Ca2+ binding protein calmodulin, and its target

peptide the M13 domain, are individually fused to the new C- and N-termini of the circularly-

permuted GFP, respectively (Fig 1). The fusion of these proteins at this very sensitive location

couples the Ca2+-dependent calmodulin binding of M13 to large changes in the fluorescence of

the circularly-permuted GFP.

The GCaMPs have been extensively studied and iteratively improved upon. More is known

about the GCaMP sensors than any other biosensor, but there is still no quantitative molecular
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model that explains how these Ca2+ sensors produce such large changes in fluorescence. There are,

however, several hints in the literature. First, it is clear that the pKa (pKa = -lgKa, where Ka is the

acid dissociation constant) of the chromophore in the Ca2+ sensor is different for the Ca2+-free

and Ca2+-saturated states [8,10–15]. Second, amino acids at key positions close to the chromo-

phore are critical to the function of the Ca2+ sensor [9,11,12,14–17]. Third, the protein conforma-

tion of the Ca2+-free state allows increased solvent access directly to the chromophore, via the

circularly-permuted GFP opening in the side of the protein barrel, compared to the Ca2+-saturated

state [9,11,14,18].

Ultimately, there are only three ways for GCaMP fluorescence to change as a function of

Ca2+-binding: the extinction coefficient can change, the quantum efficiency of emission can

change, or there can be rapid changes in the concentration of the fluorescent chromophore.

Our goal was to determine which of these mechanisms is most important.

Results

The mechanism of GCaMP6m is more complicated than a simple "dim"

to "bright" transition of the chromophore

GCaMP fluorescence is typically imaged with ~480 nm excitation (for one-photon excitation),

observing the total emission peaking at ~510 nm [19–22]. Fig 2A illustrates that when Ca2+ lev-

els inside the cell are low, there is little fluorescence, and when Ca2+ levels rise, so does the 480

nm excited fluorescence intensity (green trace, Fig 2A). The GCaMP6m response can also be

observed using 410 nm excitation, but the fluorescence is weaker (with comparable excitation

power and the same detection filter) and it decreases during the response to Ca2+ (blue trace,

Fig 2A). This phenomenon was also observed for the earlier, GCaMP-like ratiometric pericam

Ca2+ sensor [12], and indicates that the mechanism of GCaMP6m is more complicated than a

simple chromophore transition from a dim state to a bright state.

To understand this behavior, we need to characterize the photophysical properties of

GCaMP6m. The absorption spectra for purified GCaMP6m protein are different in Ca2+-free

and Ca2+-saturated states (black traces, Fig 2B and 2C). For the Ca2+-free state, there is a domi-

nant neutral form peak at 403 nm and a very small anionic form peak at 504 nm (Fig 2B). For

Ca2+-saturated state, the absorption intensities redistribute such that the anionic form

peak at 497 nm is dominant and the neutral form peak at 397 nm is smaller (Fig 2C). There

Fig 1. Schematic of Ca2+-saturated GCaMP6m structure. M13 domain (orange); circularly-permuted GFP

domain (green); calmodulin domain (purple). Made using 3WLD.pdb [9].

doi:10.1371/journal.pone.0170934.g001
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is a notable blue-shift in the peak absorption of the anionic chromophore, from 504 nm in

the Ca2+-free state to 497 nm in the Ca2+-saturated state (Fig 2B and 2C). This shift can be

qualitatively explained by a change in the local electric field at the GCaMP6m chromo-

phore due to Ca2+-dependent rearrangements of the chromophore surrounding [23].

The intensity distribution in the fluorescence excitation spectra is different from the

absorption spectra. Whether the neutral or anionic form of the chromophore is excited, almost

all of the GCaMP6m fluorescence emission comes from the anionic form of the chromophore

(~515 nm), due to the excited state proton transfer (ESPT) that occurs from the electronically

Fig 2. The Ca2+-dependent change in GCaMP6m fluorescence is more complicated than a chromophore

transition from dim to bright. A) Transient changes in Ca2+ produce different responses in the 410 nm and 480

nm excited fluorescence of GCaMP6m. This graph shows GCaMP6m response to the release of intracellular

Ca2+ stores in HEK293 cells (average of 12 cells, mean ± standard error). Green trace represents 480 nm

excited fluorescence (left axis), Blue trace represents 410 nm excited fluorescence (right axis), fluorescence

emission was collected at� 515 nm. Muscarinic receptor (M1) activation was used to trigger the Ca2+ transient.

Inset image: two HEK293 cells at peak value of 480 nm excited fluorescence. B and C) show that GCaMP6m

exists in an equilibrium between at least two forms of the chromophore. Absorption spectra (black trace, left axis)

and excitation spectra (red trace, right axis), and emission spectra for 400 nm excited fluorescence (blue trace,

right axis) and 470 nm excited fluorescence (green trace, right axis) for purified GCaMP6m protein in 0 μM free

Ca2+ buffer (Ca2+-free, B) and 39 μM free Ca2+ buffer (Ca2+-saturated, C). Fluorescence emission collected at

550 nm for excitation spectra.

doi:10.1371/journal.pone.0170934.g002
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excited state of the neutral form of chromophore to a nearby proton accepting group [24–26].

The fluorescence excitation spectra (red traces, Fig 2B and 2C) are measured by detecting the

fluorescence of the anionic form. By normalizing the excitation and absorption spectra with

respect to the anionic form peak, it is clear that the excitation at the neutral form peak (~400

nm) produces a much weaker signal than expected from the neutral form absorption peak.

This is true for both the Ca2+-free and Ca2+-saturated states of GCaMP6m.

If the quantum efficiency of the ESPT is much less than 1, the fluorescence efficiency of the

indirectly-excited anionic form (via excitation of the neutral form) will be much smaller than

that of the directly-excited anionic form and there will be a decrease of the excitation signal,

compared to the corresponding absorption. The inefficient ESPT in GCaMP6m, compared to

wild-type GFP, is most likely due to the T222 residue (T65 in EGFP) which breaks the essential

proton transfer wire [24,27]. Without the proton transfer wire and with inefficient direct emis-

sion from the neutral form (blue trace, Fig 2), the relaxation of the neutral chromophore from

the excited state to the ground state is dominated by a more efficient internal conversion [24].

By comparing the absorption and excitation spectra, the ratio of the quantum yields for the

neutral and anionic forms in GCaMP6m can be roughly estimated: ~0.05:1 (neutral:anionic)

for Ca2+-free, and ~0.055:1 for Ca2+-saturated states. These excitation spectra are consistent

with previous measurements of GCaMP6m and other GCaMP genetically-encoded Ca2+ sen-

sors [1,10,11,13,14,16,17,28].

The significant red-shift of the absorption peak of the anionic chromophore in both the

Ca2+-free and Ca2+-saturated GCaMP6m (504 nm and 497 nm, respectively), relative to the

parent EGFP (488 nm), can be explained by rearrangement of local hydrogen-bonding with

the chromophore. Instead of three hydrogen bonds of the phenolate oxygen in EGFP (with

T203, H148, and a water molecule) there are only two in GCaMP6m (with 2 water mole-

cules) [9]. In GCaMP6m, the mutations T115V (T203V in EGFP) and H60E (H148E in

EGFP) disrupt the hydrogen-bonding of these residues with the chromophore. Similar rear-

rangements in the hydrogen bond network of other GFP variants are known to result in the

red shift of the anionic chromophore [23,24].

To examine the fluorescence behavior of the neutral and anionic forms of the chromophore

upon binding Ca2+, we collected Ca2+-dependent fluorescence emission spectra with 470 nm

(Fig 3A) and 400 nm (Fig 3B) excitation. The 470 nm excited fluorescence increases as a func-

tion of increasing Ca2+ concentration, whereas the 400 nm excited fluorescence decreases. The

400 nm excited fluorescence response is the opposite of the 470 nm excited response, but of

qualitatively different magnitude. The Ca2+ concentration dependent behavior in the purified

protein samples is similar to the fluorescent responses observed in our HEK293 cells experi-

ments (Fig 2A).

Careful inspection reveals that there is a shift in the peak emission wavelength as a func-

tion of increasing Ca2+ concentrations in the spectra excited at 400 or 470 nm (Fig 3A and

3B). The peak emission of the anionic form blue-shifts 3 nm between the 0 and 39 μM buff-

ered free Ca2+ samples when excited at 470 nm (from 516 to 513 nm, Fig 3A). The peak

emission of the neutral form blue-shifts 2 nm between the 0 and 39 μM buffered free Ca2+

samples when excited at 400 nm (from 514 to 512 nm, Fig 3B). Normalized spectra in the

expanded lower graphs highlight this shift for each Ca2+ titration. This reproducible shift

(see S1 Fig for more data) is consistent with the shift in absorption of the anionic form, and

inconsistent with a simple equilibrium between only two forms of the chromophore.

The peak fluorescence intensities for both the 470 and 400 nm excited emission spectra are

plotted against buffered free Ca2+ concentration in Fig 3C and 3D, respectively. For the 470

nm excitation plot, the red line represents the best fit of the data to the Hill equation (Fig 3C),

which illustrates the apparent Ca2+ affinity and cooperativity of GCaMP6m. The apparent Kd

Deciphering the molecular mechanism responsible for GCaMP6m’s Ca2+-dependent change in fluorescence

PLOS ONE | DOI:10.1371/journal.pone.0170934 February 9, 2017 4 / 24



and Hill coefficient values (Kd = 164 ± 31 nM and n = 2.43 ± 0.44) are consistent with the pre-

viously reported values [1].

For the 400 nm excitation (Fig 3D), the red line is only a qualitative illustration of the

decreasing fluorescence trend. The 400 nm excited fluorescence signal cannot be accurately fit

with the Hill equation because it includes the emission of more than one form of the chromo-

phore. One is the neutral form, peaking near 400 nm, and the other is the anionic form, peak-

ing near 500 nm but with a long absorption tail extending near 400 nm. The Ca2+-saturated

spectrum in Fig 3B (39 μM free Ca2+ buffer, red trace marked with black arrow) and the corre-

sponding peak intensity in Fig 3D (final data point), illustrate this confounded measurement

via an unexpected increase in 400 nm excited fluorescence. The relatively small fraction of the

anionic form excited through the spectral tail overwhelms the response of the excited neutral

form because it has a much larger fluorescence quantum yield.

Fig 3. The GCaMP6m Ca2+-dependent spectra are consistent with four fluorescent states of the

chromophore. A and B) illustrate the Ca2+ concentration dependent fluorescence of GCaMP6m. 470nm (top,

A) and 400 nm (top, B) excited fluorescence spectra for purified protein at 11 different buffered free Ca2+

concentrations, ranging from 0 μM (dark blue trace) to 39 μM (dark red trace), at pH 7.2. The 400 nm excited

spectra for 39 μM free Ca2+ sample is marked with black arrow (B). Extended lower graphs highlight Ca2+

concentration dependent λmax with normalized 470 nm (A) and 400 nm (B) excited fluorescence (same spectra

as top graphs). Arrows mark the apparent peak wavelength shift between 0 μM (dark blue trace) to 39 μM (dark

red trace) buffered free Ca2+ concentrations. C and D) Peak fluorescence intensity values from spectra in 2A

and 2B, respectively, plotted against buffered free Ca2+ concentration. F-Fmin (y-axis, 2C) is used for 470 nm

excited fluorescence because baseline fluorescence in the 0 μM free Ca2+ buffer is the minimum fluorescence

at this excitation wavelength. Alternatively, F-Fmax (y-axis, 2D) is used for 400 nm excited fluorescence

because baseline fluorescence in the 0 μM free Ca2+ buffer is the maximum fluorescence at this excitation

wavelength.

doi:10.1371/journal.pone.0170934.g003
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There are four different Ca2+-dependent states of GCaMP6m

A four-state model can explain the observed results. This model includes a Ca2+-free neutral

form, a Ca2+-free anionic form, a Ca2+-saturated neutral form, and a Ca2+-saturated anionic

form (Fig 4). Here, we assume that each state has a unique combination of photophysical

parameters, including extinction coefficient, quantum yield and two-photon cross-section,

and they are connected through equilibrium constants (Kd and Ka). Each GCaMP6m state is

also characterized by a unique electrostatic interaction energy of the chromophore with the

surrounding protein (part of Gibbs free energy, G).

With at least two forms of the chromophore in equilibria for a given sample, it is difficult to

accurately measure the extinction coefficients for each form. The traditional 1-step alkaline dena-

turation of the entire sample is insufficient to resolve the concentrations of the individual chro-

mophore species. Alkaline titration, however, makes it possible to measure both the ratio of the

concentrations of two different forms of the chromophore and the total concentration of chro-

mophore in the sample. Fig 5 illustrates the changes in absorption spectrum for the Ca2+-free

(5A) and Ca2+-saturated (5B) purified protein samples as they are titrated from neutral to more

alkaline pH.

For the Ca2+-free state, with increasing pH, the neutral form absorption peak decreases

and the anionic form peak increases (Fig 5A), as expected. At pH values larger than 10.5, the

anionic form peak shifts to shorter wavelengths (485 nm) and another peak belonging to the

anionic chromophore of the denatured protein (447 nm, [29]) starts to grow, becoming the

only peak at pH > 11.

Fig 4. A four state model requires the quantitative characterization of each of the four distinct Ca2+-dependent states

of GCaMP6m. This model illustrates a simple four state equilibrium that includes all possible combinations of the Ca2+-saturated

and Ca2+-free states of the sensor protein, as well as anionic and neutral forms of the chromophore. Indices: Anionic form (A);

Neutral (N); Ca2+-free (0); Ca2+-saturated (+); Quantum yield (φ); extinction coefficient (ε); Gibbs free energy of the protein (G);

dissociation constant for calmodulin in GCaMP6m with anionic chromophore (Kd
(A)); dissociation for calmodulin in GCaMP6m

with neutral chromophore (Kd
(N)); Acid dissociation constant for chromophore in Ca2+-saturated state of GCaMP6m (Ka

(+)); Acid

dissociation constant for chromophore in Ca2+-free state of GCaMP6m (Ka
(0)).

doi:10.1371/journal.pone.0170934.g004
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There appears to be two isosbestic points, or a "smearing" of the spectra, for Ca2+-free state.

The first point is at 450 nm and corresponds to absorption spectra between pH 7.15 and 7.90

(grey arrow, Fig 5A). The second isosbestic point is shifted to shorter wavelengths, at 440 nm,

corresponding to absorption spectra between pH 8.29 and 9.32 (grey arrow, Fig 5A). The shift

between the two isosbestic points is due to the emergence of an additional, shorter-wavelength

absorbing anionic form (peaking at ~485 nm), that is not the denatured form (447 nm). This

blue-shifted anionic form can be tentatively explained by the titration of a nearby acidic resi-

due in GCaMP6m, E134 (E222 in EGFP), close to the deprotonated chromophore. Analogous

spectral shifts are seen in the red fluorescent proteins, mCherry and mStrawberry, where the

peaks also blue-shift because of the titration of the corresponding E215 residue at more alka-

line pH [30].

The correlation between the optical densities of the two main absorption peaks in Ca2+-free

GCaMP6m (Fig 5A, inset) maintains a consistent linear relationship (see methods for more

details) between pH 7.15 and 9.89, before the shorter-wavelength peak starts to dominate. The

slope of the linear fit for the first four data points is used to obtain the ratio of the two extinc-

tion coefficients for the neutral and anionic chromophore species. These points correspond to

the spectra in the titration range of the first isosbestic point, before the emergence of a new

form. The individual extinction coefficients for the Ca2+-free neutral and anionic chromo-

phores are presented in Table 1.

For the Ca2+-saturated state, with increasing pH, there is a gradual transition from the neu-

tral form into the anionic form (Fig 5B). This transition is illustrated by a single, clean isosbes-

tic point at 432 nm, corresponding to the absorbance spectra between pH 7.15 and 8.29. A

clean isosbestic point indicates the presence of only two forms in this pH range. Similar to the

Ca2+-free state, at pH� 8.7, the anionic absorption peak significantly blue-shifts (~485 nm)

most likely due to the titration of E134, before the protein is denatured (447 nm). Another iso-

sbestic point at 455 nm corresponds to this second transition.

The inset graph (Fig 5B) illustrates the linear relationship between the optical densities of

the neutral and anionic chromophore in Ca2+-saturated GCaMP6m within the titration range

of the first isosbestic point (pH 7.15 and 8.29), from which we extracted the ratio of the two

individual extinction coefficients. The individual Ca2+-saturated extinction coefficients and

fluorescence quantum yields measured for each of the four distinct fluorescent forms in

GCaMP6m are listed in Table 1.

The extinction coefficient of the neutral form of the chromophore is almost identical for

the Ca2+-free and Ca2+-saturated states (Table 1). The extinction coefficient of the anionic

form of the Ca2+-saturated state is 14% larger than that of the Ca2+-free state (Table 1). There

are also very small changes in the quantum yields for the neutral form and the anionic form

upon binding Ca2+ (Table 1).

The measurement of ΔF/F0 for GCaMP6m is wavelength dependent because the anionic

chromophore absorption blue shifts when GCaMP6m binds Ca2+ (Fig 5A and 5B). The maxi-

mum relative change of fluorescence of anionic form between Ca2+-free and Ca2+-saturated

states occurs when exciting near 470 nm, ΔF/F0 = 30 (see S2 Fig). At 470 nm, there is a 25%

increase in extinction coefficient of the anionic form and 13% increase in quantum yield

upon binding Ca2+, which cannot explain ΔF/F0 = 30. The predominant factor responsible

for the large Ca2+-dependent change in 470 nm excited GCaMP6m fluorescence is most

likely a dramatic change in the relative concentration of the neutral and anionic forms of the

chromophore.

Deciphering the molecular mechanism responsible for GCaMP6m’s Ca2+-dependent change in fluorescence
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There is a Ca2+-dependent change in pKa for the GCaMP6m chromophore

The shift of the neutral—anionic equilibrium upon binding Ca2+ is driven by a change of the

pKa value of the GCaMP6m chromophore. To examine this shift quantitatively, we collected

Fig 5. Alkaline titration makes it possible to measure the extinction coefficient of two different forms

in the same sample. A and B) Absorption spectra for alkaline titration of purified GCaMP6m protein in 0 μM

free Ca2+ buffer (Ca2+-free, A) or 39 μM free Ca2+ buffer (Ca2+-saturated, B). Individual traces represent

absorption spectra at different pH values. The final two colored traces and the first black trace for Ca2+-free

sample (A) are marked with arrows. The last colored trace and first two black traces for Ca2+-saturated sample

are marked with arrows (B). This boundary marks a significant pH dependent change in the shape of the

absorption peak near 500 nm and the last spectrum where we see linear intercorrelation of the change in OD

for the two peaks. Light grey arrows below traces mark the isosbestic points. The peak value at 447 nm (black

trace), gives the total concentration of chromophore. Inset plots: Absorbance values for 403 nm versus 504 nm

taken from the first 8 colored traces (from pH 7.15 to 9) of the absorption spectra for Ca2+-free GCaMP6m (A),

and for 397 nm versus 497 nm taken from all of the colored traces (from pH 7.15 to 8.29) for Ca2+-saturated

GCaMP6m (B). These plots illustrate the change in OD for the neutral form (397 nm or 403 nm) relative to the

anionic (497 nm or 504 nm) form for the respective pH ranges. The red linear fit of the first 4 data points (from

pH 7.15 to 7.90) for Ca2+-free (A) and all 5 data points for Ca2+-saturated (B) in the change in OD plots gives us

the ratio of the extinction coefficients for the neutral and anionic forms in the given sample.

doi:10.1371/journal.pone.0170934.g005
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fluorescence emission from the anionic GCaMP6m chromophore excited at 470 nm as a func-

tion of pH, for the Ca2+-saturated and Ca2+-free states. Both the Ca2+-saturated and Ca2+-free

states of GCaMP6m exhibit an increase in peak fluorescence as a function of increasing pH.

For the Ca2+-saturated state, the fluorescence signal increases up to pH ~8.9 (solid circles, Fig

6). The last two data points in the Ca2+-saturated titration at pH 8.47 and 8.83, before fluores-

cence starts to decrease, do not correspond to the initial anionic form alone. The signals in this

range include emission from the blue-shifted anionic form observed in the extinction coeffi-

cient absorption measurements (first two black traces, Fig 5B). To get the apparent pKa for the

chromophore, we only used the data for pH from 4 to 8.39 (colored traces, Fig 5B; green fit

trace, Fig 6), giving us a pKa of 7.10 ± 01 for Ca2+-saturated GCaMP6m. This pKa is slightly

higher than previously reported value [1].

There are two distinct titration events that show up in the pH titration curve for the Ca2+-free

state (open circles, Fig 6), which requires a two-binding site model. After pH ~11.5, the protein

begins to denature and the 470 nm excited fluorescence decreases because the chromophore in

denatured state does not fluoresce. The apparent pKa of the Ca2+-free GCaMP6m chromophore in

the first range is 8.01 ± 0.01. The second titration at the larger pH values most likely corresponds

Table 1. Photophysical parameters for GCaMP6m.

εmax M-1cm-1 φ σ2 GM n pKa

(λabs, nm) (λfluor, nm) (λabs, nm)

Neutral Anionic Neutral Anionic Neutral Anionic Neutral Anionic

Ca2+-free 37,300 73,600 0.041 0.56 140 54 0.97 0.03 8.01,10.08

(403) (514) (514) (516) (790) (930) 8.68*

Ca2+-saturated 37,700 83,100 0.048 0.63 — 50 0.49 0.51 7.10

(397) (497) (512) (513) (930) 6.90*

0.61*

Extinction coefficient (ε); quantum yield (φ); two-photon cross-section (σ2); relative concentration of chromophore (n), previously reported values for

GCaMP6m are in italics.

*[1]

doi:10.1371/journal.pone.0170934.t001

Fig 6. GCaMP6m has a single pKa for the Ca2+-saturated state and two pKa’s for the Ca2+-free state.

Normalized 470 nm excited fluorescence intensity at 515 nm plotted against pH for Ca2+-saturated (solid circles)

and Ca2+-free (open circles) states. A single-binding site model fit (green trace) was used for the Ca2+-saturated

state and includes data points for one titration event from pH 4.3 to 8.39 with a pKa of 7.10 ± 0.01. A two-binding

site model fit (red trace) was used for the Ca2+-free state and includes data points for two titration events from pH

4.3 to 10.5, the first with a pKa of 8.01 ± 0.01, and the second with a pKa of 10.08 ± 0.02.

doi:10.1371/journal.pone.0170934.g006
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to the deprotonation of E134, and the apparent pKa for this range is 10.08 ± 0.02. If all the data are

fitted with a one-binding site model curve, the pKa will be close to 9.0, similar to what has

been previously reported [1]. The large change in pKa between the first titration curve of

Ca2+-free and Ca2+-saturated states (8.01 to 7.10) results in an increase in the concentration

of the anionic chromophore at neutral pH, and consequently, a significant increase of the

fluorescence signal excited at 470 nm.

The pH titration fluorescence measurements are wavelength dependent. Using a more red

shifted excitation wavelength for the pH-dependent fluorescence measurements (488 nm ver-

sus 470 nm, for example) limits the resolution of the multiple chromophore species that show

up as pH increases, making it more difficult to determine individual pKa values.

To better understand GCaMP6m, we need to understand the molecular

mechanisms of the Ca2+-dependent change in pKa

The most significant factor in GCaMP6m’s large change in fluorescence is a Ca2+-dependent

change of pKa. In proteins, the pKa depends on electrostatic potential energies of interactions

between a titratable group, the GCaMP6m chromophore in this case, and the surrounding

protein [31]. When the calmodulin domain in GCaMP6m binds Ca2+, there is a significant

conformational change in the protein and several charged amino acid residues shift position

relative to the chromophore. The displacement of these charged residues results in a change of

potential at the chromophore and, consequently, pKa of the chromophore. Determining the

main amino acids contributing to this change will help to better understand the GCaMP sen-

sors and could prove useful in future improvement of GCaMP6m.

The pKa is related to the change of the free energy (ΔG) that occurs in the process of proton

transfer from a titrating group to the surrounding water molecules [31]:

2:3RT � pKðpÞa ¼ GðpÞs ðA
� Þ � GðpÞs ðAHÞ þ GðwÞs ðA

� Þ � GðwÞs ðAHÞ þ 2:3RT � pKðwÞa ð1Þ

where pKa
(w) corresponds to pKa of the chromophore in water (w), pKa

(p) corresponds to the

pKa of the chromophore surrounded by the protein barrel (p), and Gs is the solvation energy

of either the anionic (A-) or neutral chromophore (AH). We only consider the difference

between the pKa values for the Ca2+-free (0) and Ca2+-saturated (+) states. Applying Eq 1 to

these two different states and subtracting one from another to get the ΔpKa, we obtain,

DpKa ¼ pKðp;0Þa � pKðp;þÞa ¼
DDGs

2:3RT
ð2Þ

where,

DDGs ¼ DGðp;0Þs � DGðp;þÞs ð3Þ

and

DGðpÞs ¼ GðpÞs ðA
� Þ � GðpÞs ðAHÞ ð4Þ

Eq 3 describes the difference between the changes of free energy of the proton transfer reaction

upon binding Ca2+.

It is essential to calculate the ΔΔGs contributions from various amino acid residues in the

chromophore environment to identify those that are most important for the Ca2+-dependent

change in pKa. All of the free energy contributions from amino acids that do not move between

the Ca2+-free and Ca2+-saturated states cancel in calculating ΔΔGs, therefore we only consider

the ΔGs
(0) and the ΔGs

(+) contributions for amino acids with a Ca2+-dependent change of posi-

tion in proximity to the chromophore. We examined charged amino acid residues inside the
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pocket close to the circularly-permuted GFP opening and occupying the surfaces of GFP-

M13 linker in both the Ca2+-free and Ca2+-saturated states: the α3 helix in calmodulin for

the Ca2+-saturated state, α4 and α5 helices of calmodulin in the Ca2+-free and Ca2+-satu-

rated states, the linker between α4 and α5 of calmodulin in the Ca
2+

-free and Ca2+-saturated

states, and the linker between β6 strand in GFP and α1 helix in calmodulin for the Ca2+-free

state. The selection of residues belonging to the pocket is somewhat subjective, but we pick-

ed those that interact with the chromophore directly. Direct interaction was defined as an

unobstructed (by any other domain of the protein) line of connection between the residue

and the center of chromophore (the CB2 atom). These residues represent the "first shell"

of the chromophore surrounding. We assume other charged amino acids in more distant

"shells" are screened by bulk water and therefore not contributing to the total electrostatic

potential of the chromophore environment.

To calculate the electrostatic potential energy, we apply the point charge model for the

amino acid residues and a set of Mulliken charges on the chromophore atoms for both anionic

and neutral forms [32,33]:

G ¼ 1390Si
Qqi

Ri
ð5Þ

where G is calculated in kJ/mol, Q is the charge on the residue (in units of elementary charge),

qi is the charge on the i-th atom of chromophore, and Ri is the distance between Q and qi (in

Angstrom). For all potential energy calculations, we used the GCaMP2 protein as a template

because both the Ca2+-free and Ca2+-saturated GCaMP2 crystal structures are available. The

coordinates of the atoms for the Ca2+-free monomeric form were taken from the 3EKJ pdf file

[11] amended with a Ca2+-free calmodulin structure (1CFD pdb file [34]) by overlaying the

two proteins (to the best coincidence) using UCSF Chimera software. For the Ca2+-saturated

monomeric protein we used the 3EK4 pdb file [11]. The structures of circularly-permuted

EGFP (3EVP.pdb [18]), and Ca2+-saturated monomeric GCaMP2-ΔRSET (3EVR.pdb [18]),

GCaMP3-ΔRSET (4IK5.pdb [35]) and GCaMP6m (3WLD.pdb [9]) proteins were also used to

obtain additional information on the position of water molecules and amino acids in

GCaMP6m that were missing in the GCaMP2 structure.

To check our model, we first considered the effect of point mutations on ΔpKa. If a charged

amino acid is removed from the structure, the ΔΔG and consequently ΔpKa will change because

of the eliminated electrostatic interaction. A single mutation D380Y in GCAMP3 protein was

made to make the GCaMP5A protein [14]. This substitution results in a ΔpKa = 1.93 for GCaM

P5A, compared to the ΔpKa = 1.43 for GCAMP3 [14]. In GCaMP3, the D380 residue is in the

linker between the α4 and α5 helices of CaM, directly above the opening of GFP barrel. It is

positioned approximately 31 Å from the center of the chromophore in the Ca2+-free state and

moves closer, ~15 Å from the center of the chromophore, in the Ca2+-saturated state. The D380

residue belongs to the "first shell" of the chromophore surrounding. The calculated D380 ΔΔG

contribution is ΔΔΔG = -73.0 kJ/mol, which corresponds to a change of ΔpKa by -12.6. This

means that the removal of the D380 charge with the D380Y mutation should result in an in-

crease of ΔpKa by 12.6 units. Although there is an increase in ΔpKa between the two proteins,

magnitude of the calculated difference is much larger than what is observed experimentally,

ΔΔpKa = 0.5 [14].

One explanation for this difference could be that we disregard the chromophore polarizabil-

ity, i.e. the redistribution of electronic density that occurs when GCaMP3 binds Ca2+ and the

negative charge of D380 moves closer to the chromophore. This charge—induced dipole inter-

action would reduce the interaction energy by, (1/2)α �[e/R2]2, where α is the polarizability of
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the chromophore in the ground state, and R is the distance between the center of chromophore

and D380 side chain in the corresponding Ca2+-dependent state. Using the polarizability value

for the GFP chromophore, α = 76 x 10−24 cm3 [36], and the distances described in the previous

paragraph, we estimate the correction to ΔΔΔG< 1 kJ/mol (absolute value), which cannot

explain the observed difference between our calculated ΔΔΔG value (73.0 kJ/mol) and what is

expected from the experimentally measured ΔpKa (ΔΔΔG = 2.9 kJ/mol).

Large discrepancies between experimental and calculated values of electrostatic interaction

energies have been observed for similar systems in which a charged amino acid moves relative

to a fluorescent probe (tryptophan residue) at the protein surface, if only protein charges are

considered [37]. The discrepancies are entirely resolved if point charges from all water mole-

cules within ~15 Å of the fluorescent probe are included, because of the opposing electrostatic

field from the water molecules ordered by the protein charges (dielectric compensation) [37].

In circularly-permuted GFP, the opening in the β-barrel allows water molecules to access and

hydrogen-bond with the chromophore, especially the phenolate moiety [11,18]. All of this con-

sidered, we make two important assumptions: one is that for part of the chromophore, the change

of potential due to displacement of D380 is fully compensated by the dielectric response of nearby

water molecules; and the second is that because the number of water molecules decreases towards

the center of the protein barrel, the atoms with full compensation are most likely closer to the cir-

cularly-permuted opening. With these assumptions, we can make a series of calculations for the

interaction energy (Eq 5) by sequentially setting the electric potential of each chromophore atom

equal to zero, starting with a single atom, the phenolate oxygen closest to the circularly-permuted

opening, and moving inward toward the imidazolinone ring, further from the circularly-per-

muted opening (Fig 7). The corresponding potential energies (Table 2) demonstrate that as more

atoms experience an electric potential of zero, the calculated ΔΔpKa value between GCaMP3 and

GCaMP5A (due to the mutation D380Y) approaches the experimental value. The calculated

ΔΔpKa is consistent with the experimental ΔΔpKa once the atom potentials from the phenolate

oxygen to the CB2 atom are set to zero (i.e. considering only the electric potentials on all of the

atoms of the imidazolinone ring).

We checked this approach for the following GCaMP transitions: GCaMP3 to GCaMP5D,

GCaMP5D to GCaMP5G, and GCaMP5G to GCaMP6m. In all of these cases, the calculations

are consistent with the reported experimental values of ΔpKa (Table 3). We assumed that K379S

(GCaMP5G to GCaMP6m transition) is in the pocket only for the Ca2+-saturated state, R392G

(GCaMP5G to GCaMP6m transition) is not in the pocket for both Ca2+-free and Ca2+-saturated

Fig 7. Atom numbering for the GCaMP chromophore.

doi:10.1371/journal.pone.0170934.g007
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states, and all other mutated charged residues (for all other transitions in Table 3) are in the

pocket for both Ca
2+

-free and Ca2+-saturated states.

This approach reveals critical charged amino acids that affect the ΔΔG and the correspond-

ing Ca2+-dependent ΔpKa for GCaMP2 and GCaMP6m, individually (Table 4). As before, we

consider only those residues that fill the pocket around the circularly-permuted GFP opening

and parts of calmodulin, and disregard those that do not move significantly upon Ca2+ binding

(residues with ΔΔG< 1 kJ/mol). There are approximately 9–10 contributing charged amino

acid residues for both proteins (Table 4). Their total effect on ΔpKa agrees well with the experi-

mental values (Table 4). The number of contributing residues and the magnitude of their con-

tribution varies between the GCaMP generations. In GCaMP6m, E386 and E60 provide the

largest effects (in absolute values), the rest contribute smaller amounts, in relatively equal pro-

portions. In GCaMP2, the effect of E61 is very close to the total effect (ΔpKa = 1.92 vs. 1.6,

respectively) because the interactions of the rest of the residues almost cancel each other. This

can explain why the point mutations E61K and E61G (GCaMP2 numbering) can reduce or

completely eliminate the Ca2+-dependent change in fluorescence of GCaMP2 [18]. The impor-

tant effects of amino acids E387, R377, D381, K380 (GCaMP2 numbering) on increasing or

decreasing the Ca2+-dependent fluorescence response have also been demonstrated by point

mutagenesis [11,18].

The two-photon absorption properties do not necessarily follow the same

behavior as the one-photon absorption

The GCaMP6 sensors are important tools for imaging activity in living brains, much of which

is done with two-photon excitation [2–7]. The two-photon absorption properties do not neces-

sarily follow the same behavior as the one-photon properties [38]. Fig 8 illustrates the two-pho-

ton excitation spectra of GCaMP6m Ca2+-saturated and Ca2+-free states at neutral pH. In both

states, the chromophore exists as a mixture of neutral (N) and anionic (A) forms (concentra-

tions nN and nA, respectively). Both forms of the chromophore are fluorescent within the same

Table 2. Calculated changes ofΔΔG andΔpKa for the transition from GCaMP3 to GCaMP5A in a model that assumes different sets of chromo-

phore atoms interacting with D380 residue.

Atoms included in calculation with electric potential of non-zero Experimental Value*

All CZ to CA3 CE2 to CA3 CD2 to CA3 CG2 to CA3 CB2 to CA3 CA2 to CA3

ΔΔΔG (kJ/mol) -73.0 -30.8 -42.2 -16.3 -8.5 -13.5 -4.6 –

ΔΔpKa -12.8 -5.4 -7.4 -2.9 -1.5 -2.4 -0.79 -0.5 ± 0.03

Each step of included atoms for the sequential calculations in our model (excluded atoms have electric potential equal to zero). Refer to Fig 7 for labelled

illustration of the GCaMP chromophore.

*[14]

doi:10.1371/journal.pone.0170934.t002

Table 3. The changes inΔpKa between recent GCaMP generations.

GCaMP Transitions Relevant Charge Changing Mutations Experimental ΔΔpKa* Calculated ΔΔpKa

GCaMP3 to GCaMP5A D380Y 0.50 ± 0.03 0.79

GCaMP3 to GCaMP5D R303P 0.05 ± 0.06 0.02

GCaMP5D to GCaMP5G D380Y 0.70 ± 0.08 0.79

GCaMP5G to GCaMP6m K379S, T381R, R392G -1.27 ± 0.06 -1.33

*[14]

doi:10.1371/journal.pone.0170934.t003
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spectral region (green), have unique two-photon absorption spectra, and they contribute to

the observed spectrum based on their relative concentrations, ρN = nN/(nN + nA) and ρA = nA/

(nN + nA). Considering all of the above, the y-axis of Fig 8 represents a linear combination of

the two individual two-photon action cross-section spectra: F2 (λ) = σ2,N (λ) φN ρN + σ2,A (λ)

Table 4. Contributions toΔΔG andΔpKa from important charged amino acids in GCaMP2 and GCaMP6m.

GCaMP2 amino acid GCaMP6m amino acid Position with respect to pocket Contribution to ΔΔG (kJ/

mol)

Contribution to ΔpKa

Ca2+-free Ca2+-saturated GCaMP2 GCaMP6m GCaMP2 GCaMP6m

E61 E60 in in 11.0 11.0 1.92 1.92

E357 E356 out in -6.8 -6.8 -1.19 -1.19

E387 E386 out in -16.3 -16.3 -2.86 -2.86

E386 E385 in out 4.8 4.8 0.84 0.84

D381 Y380 in in -4.6 — -0.81 —

D383 D382 out in -6.1 -6.1 -1.07 -1.07

D305 D304 in out 6.8 6.8 1.19 1.19

R377 R376 out in 5.4 5.4 0.95 0.95

K378 K377 out in 6.1 6.1 1.07 1.07

K380 S379 out in 9.0 — 1.58 —

T382 R381 in in — 1.4 — 0.246

Total ΔΔG (kJ/mol) or ΔpKa (calculated): 9.3 6.3 1.6 1.1

Total ΔΔG (kJ/mol) or ΔpKa (experimental): — — 1.7* 0.91

*[11]

doi:10.1371/journal.pone.0170934.t004

Fig 8. Two-photon excitation spectra for GCaMP6m. Spectra are presented as a linear combination of the

two individual two-photon action cross-section spectra: F2 (λ) = σ2,N (λ) φN ρN + σ2,A (λ) φA ρA, where σ2 (λ) is

the wavelength-dependent two-photon excitation cross-section, φ is the fluorescence quantum yield, and ρ is

the relative concentration of the chromophore species (neutral, N, or anionic, A). Ca2+-saturated (solid circles)

and Ca2+-free (open circles).

doi:10.1371/journal.pone.0170934.g008

Deciphering the molecular mechanism responsible for GCaMP6m’s Ca2+-dependent change in fluorescence

PLOS ONE | DOI:10.1371/journal.pone.0170934 February 9, 2017 14 / 24



φA ρA, where σ2(λ) is the wavelength-dependent two-photon excitation cross-section and φ is

the fluorescence quantum yield.

For the Ca2+-saturated state, the spectrum is dominated by the anionic form, peaking at ~

930 nm (black solid circles, Fig 8). This is because the neutral form has a significantly lower

quantum yield (Table 1) and is in smaller relative concentration for the Ca2+-saturated state.

To obtain F2(λ), we normalized the whole spectrum to the value of F2 = σ2,A(λ) φA ρA at 930

nm. Since the neutral form does not absorb at this wavelength, the latter was calculated as a

product of independently measured σ2,A (930 nm) = 50 GM, φA = 0.63 (Table 1), and ρA =

0.51 (obtained from linear absorption spectrum in Fig 2, and extinction coefficients εA and εN

in Table 1). The two-photon excitation spectral peak for the anionic form (930 nm) is blue-

shifted with respect to twice the wavelength of the one-photon absorption peak, grey arrow

(994 nm) which can be explained by the enhancement of vibronic transition in two-photon

absorption versus one-photon absorption, as a result of the unique Herzberg-Teller coupling

effect [39,40].

In the Ca2+-free state, the neutral form dominates the two-photon excitation spectrum. The

F2 spectrum for this state was normalized to the peak value at 800 nm, which was obtained from

independently measured σ2,N (800 nm) = 130 GM, φN = 0.041 (Table 1), and ρN = 0.97 (obtained

similarly to ρA above). The neutral form two-photon excitation peak position (790 nm) is very

close to twice the wavelength of the corresponding one-photon absorption peak, and the anionic

form peak position is blue shifted with respect to twice the one-photon absorption peak.

We independently measured the two-photon absorption cross-section of the anionic form

of the Ca2+-free state to be σ2(930 nm) = 54 GM. This value is very close to what would be ex-

pected from the F2(930 nm) value, obtained directly from the spectrum (Fig 8). This compari-

son is consistent with the fact that the equilibrium constant (ρA and ρN values) and quantum

yields (φA and φN values) should be the same for one- and two-photon excited fluorescence.

However, the two-photon cross-section for the neutral form (σ2(790 nm) = 140 GM) is 2.6

times larger than the anionic form (54 GM) contrary to the ratio of extinction coefficients,

where the neutral form is 2 times smaller than the anionic form (Table 1).

Even though the Ca2+-free GCaMP6m two-photon fluorescence signal excited at 790 nm is

much stronger compared to that of 930 nm (Fig 8), the excitation of the anionic form at 930

nm is still preferred for two-photon imaging. The anionic form produces a larger Ca2+-depen-

dent change in fluorescence due to a much larger fluorescence quantum yield of the anionic

form: ΔF2,A/ΔF2,N = 5.6 (Fig 8).

The two-photon cross-sections for the neutral and anionic forms of GCaMP6m are signifi-

cantly larger than the comparable non-circularly-permuted T203I EGFP mutant [41], even

though they have similar one-photon absorption peak positions [23]. The σ2,max for the anionic

form of the T203I EGFP mutant is 19 GM [41], compared to 50 and 54 GM for Ca2+-saturated

and Ca2+-free GCaMP6m, respectively. The increase in anionic form σ2,max compared to T203I

EGFP, is probably due to differences in the local surrounding of the chromophore, namely

increased solvent access through the circularly-permuted opening and/or higher internal rota-

tional freedom of the chromophore in both Ca2+-free and Ca2+-saturated states.

Discussion

There is a significant difference in the quantum yield and extinction coefficients between the

neutral and anionic form of the chromophore, but the photophysical parameters of the anionic

form do not change much upon Ca2+-binding. When calmodulin binds Ca2+, it is the redistri-

bution of the GCaMP6m population, from the neutral to the anionic form of the chromo-

phore, that is responsible for the large change in ~470 nm excited fluorescence. The pKa value
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of the chromophore strongly depends on specific amino acid positions in the chromophore

environment. The change of the pKa in our measurements, from 8.01 to 7.10, is consistent

with the estimation of energies based on GCaMP2 and GCaMP6m crystal structures, as there

are several essential charged amino acids that shift positions with respect to the chromophore

when calmodulin binds Ca2+. We predict that E386, E60, E356, D304, D382, K377, R376, and

E385 are the most important. The change in pKa is important, but the absolute values of pKa

are important as well. Large signals will only be produced when the pKa values of the Ca2+-free

and Ca2+-saturated states straddle physiological pH. This relationship is illustrated in the com-

parison of the ΔF/F0 and pKa values reported for various GCaMP/GCaMP-like genetically-

encoded Ca2+ sensors [9–17,19,42] and other similarly designed circularly-permuted fluores-

cent protein biosensors [42–46].

The pKa of Ca2+-saturated GCaMP6m (pKa = 7.10) is very close to physiological pH. This

means at pH 7.2, roughly 50% of the Ca2+-saturated GCaMP6m remains in the non-fluores-

cent (with ~470 nm for one-photon excitation or ~930 nm for two-photon excitation) neutral

form of the chromophore. It also means that any small fluctuations of intracellular pH will

affect the fluorescence signal of the Ca2+ sensor. At pH 7.2, a 0.2 pH unit fluctuation would

result in a 17% change (increase or decrease, for alkaline or acidic pH fluctuations, respec-

tively) in the Ca2+-saturated anionic chromophore fluorescence. If the pKa of the Ca2+-satu-

rated state was shifted to a more acidic pH, it would reduce GCaMP6m pH sensitivity and

increase ΔF/F0. Altering the GCaMP6m design to include positive residues that move closer to

chromophore when calmodulin binds Ca2+ would produce this acidic pKa shift, increasing the

ΔpKa and the ΔF signal. As shown in Fig 6B, there is room to improve GCaMP6m ΔF by about

~70%. Rational or random mutagenesis of GCaMP6m combined with screening for specific

pKa properties [47], such as shifted pKa values (i.e. more acidic values for Ca2+-saturated state)

or increased ΔpKa would provide more information regarding pKa and ΔpKa effects on Ca2+

sensor function, and could be beneficial for evolving GCaMP6m for increased ΔF without

changing Ca2+-binding dynamic.

The four-state model we have applied for GCaMP6m could also be applied to understand

the Ca2+-dependent fluorescence changes observed for other GCaMPs [9–17,19,28,42] and

GCaMP-like biosensors [15,42–46,48–57]. iGluSnFR is a glutamate sensor based on a circu-

larly-permuted GFP design similar to the GCaMPs [48]. The glutamate dependent pKa shift

reported for iGluSnFR is from 7.0 in the "free" state to 6.5 in the "bound" state, the relative con-

centrations of neutral and anionic forms change upon binding glutamate. FlinG2 and FlincG3

are cGMP sensors, also based on a GCaMP-like circularly-permuted GFP design, and report

pKa shifts of 7.48 (free) / 7.33 (bound) and 7.94 (free) / 7.53 (bound), respectively [43]. The

FlincG biosensors also exhibit pH dependent changes in the ΔF signals, similar to what is seen

for GCaMP6m. It is reasonable to consider that pKa is important to how these sensors func-

tion, but to what extent is unclear. Applying a four-state model for these sensors, or any other

circularly-permuted fluorescent protein biosensor [44–46,49–55,57], could reveal the predom-

inant mechanism(s) responsible for their activity dependent changes in fluorescence and help

improve future generations.

There are several clues in the literature that indicate a four-state model may also provide

some insight into how ArcLight [58] and similar voltage sensors [59] function. ArcLight is

constructed with a single, non-circularly-permuted, pH sensitive version of GFP, Super Eclip-

tic pHluorin [60] with an A227D mutation, fused to the intracellular C-terminal end of the

voltage sensing domain of Ciona intestinalis voltage sensitive phosphatase (CiVSP) [58]. The

Super Ecliptic pHluorin chromophore, like most GFP variants, exists in a protonation equilib-

rium. The neutral to anionic chromophore ratio is determined by its pKa (~7.1) [60,61]. A

change in the membrane potential of a cell expressing ArcLight triggers a conformational
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change in the voltage sensing domain of CiVSP, which translates to a decrease in the Super

Ecliptic pHluorin A227D fluorescence. It is clear that the pH sensitivity of the fluorescent pro-

tein in ArcLight is essential for a voltage-dependent change in fluorescence [58,62]. It is also

clear that a change in pH near the cell membrane during depolarization is not responsible for

the ArcLight signal: when a pH sensitive protein is anchored at the membrane, without a volt-

age-sensitive protein, it does not respond to voltage changes [59,62]. Pado is a genetically-

encoded voltage sensor consisting of a single, non-circularly-permuted super ecliptic pHluorin

A227D fused to the intracellular C-terminal end of the voltage sensitive domain in a functional

proton channel [59]. Pado is capable of monitoring changes in membrane potential and intra-

cellular pH [59]. In altered extracellular pH experiments, at voltage steps large enough to open

the proton conducting channel, Pado exhibits an increase in the magnitude of its 470 nm

excited fluorescence response with an increase in pH, and a decrease in the magnitude of the

470 nm excited fluorescence response with a decrease in pH [59], much like GCaMP6m. One

explanation for this data could be that Pado and ArcLight work like GCaMP6m and the report-

ing mechanism involves an essential voltage-dependent change in the pKa of the pH-sensitive

fluorescent protein, triggered by conformational changes in the CiVSP voltage sensing domain.

Remarkably, there are very few measurements of the neutral form in these single GFP-based

voltage sensors [63], or biophysical studies on the hyperpolarized and depolarized states [64],

that might help substantiate this idea. Applying a four-state model to this family of sensors and

exploring the importance of a voltage-dependent change in pKa is certainly worth exploring,

and will be a topic of our future investigation.

The remarkable redistribution of the GCaMP chromophore from neutral to anionic forms

has two important consequences. First, with 470 nm excitation, the Ca2+ sensor is dark at low

Ca2+ concentrations, and only fluorescent in active cells, producing an excellent signal-to-

noise ratio in complex tissues like the brain. Second, since the neutral form of the chromo-

phore is not absorbing the 470 nm light, the Ca2+ sensor is only susceptible to bleaching during

the brief periods that the cell is active. This is also true for two-photon excitation with 930 nm

light. The Ca2+ dependent equilibrium of the GCaMP6m chromophore essentially helps the

Ca2+ sensor "hide in the dark" when there is no activity to report, making these biosensors

uniquely resistant to photobleaching. This will be a beneficial property to incorporate into any

future biosensor designs, especially for applications involving high frame rates and increased

excitation light intensity.

Materials and methods

Imaging intracellular Ca2+ response in HEK293 cells

HEK293 cells were maintained in Dulbecco’s Modified Eagle Medium, High Glucose

(DMEM) and supplemented with 8% fetal bovine serum (FBS). Cells were plated in 24-well

glass bottom plates coated with poly-D-lysine and kept in an incubator at 37˚C with 5% CO2.

Transient transfection were done with lipofectamine following the manufacturer’s protocol

(Invitrogen). Cells were co-transfected with pGP-CMV-GCaMP6m (Addgene, Plasmid

#40754) and an M1 muscarinic receptor in the CMV expression vector pUB2.1 (Addgene,

Plasmid #40728). For imaging, DMEM was replaced with warmed Dulbecco’s Phosphate Buff-

ered Saline (DPBS) with Ca2+ and Mg2+. The wide-field imaging experiments were performed

on an Olympus IX70 microscope fitted with Sutter filter wheels and a 20x dry lens, alternating

excitation with 410/20 nm and 480/20 nm bandpass filters and collecting emission with a 515

nm long-pass filter and CCD camera (Hamamatsu). To elicit intracellular Ca2+ release, carba-

chol was added to the well to a final concentration of 50 μM.
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Preparation of purified protein samples

The coding region of GCaMP6m was moved into a constitutive bacterial expression vector

(pCP, generous gift from Nathan Shaner), using ligation-independent cloning [49]. E. coli col-

onies expressing GCaMP6m were picked for presence of 470 nm excited fluorescence and

grown at 34˚C for 48 hours in Circlegrow (MP Biomedicals) with Ampicillin. Bacterial pellets

were lysed using BugBuster (Novagen) and Benzonase (Novagen). Cleared lysates were then

His-tag purified using Protino Ni-TED 2000 packed columns (Macherey-Nagel). Purified fluo-

rescent proteins were eluted in 1x PBS with imidazole pH 8 buffer solution. The protein was

then concentrated and buffer exchanged into a pH 7.2 MOPS buffer using Vivaspin Turbo 15

(Sartorius) polyethersulfone ultrafiltration columns. The same buffer exchange columns were

used to make all Ca2+-free and Ca2+-saturated samples for protein measurements, except for

the Ca2+ titration experiments. All purified GCaMP6m Ca2+-free protein measurements for

this work were carried out in 10 mM EGTA /100 mM KCl / 30 mM MOPS at pH 7.2. All puri-

fied GCaMP6m Ca2+-saturated protein measurements for this work were carried out in 10

mM CaEGTA /100 mM KCl /30 mM MOPS at pH 7.2.

Ca2+ titration measurements

Ca2+ titration experiments for purified protein samples were done using Ca2+ Calibration Buffer

Kit #1 (Life Technologies), following their protocol. We measured fluorescence intensity at the

spectral peak (between 512 nm and 516 nm) as a function of Ca2+ concentration by varying

CaEGTA concentrations of the 2 mL sample (0 to 10 mM CaEGTA). We used excitation at 470

nm to measure the Ca2+ dependent fluorescence of the anionic form, and 400 nm for the neutral

form. The pH of the sample was measured at beginning and end of each titration series to ensure

there was no shift in pH during titration. For the apparent Kd and Hill coefficient values from

the 470 nm excited measurements, we averaged 3 separate Ca2+ titration measurements.

Fluorescence spectra, fluorescence excitation spectra, and quantum

yield measurements

Fluorescence spectra and fluorescence excitation spectra of purified protein samples were col-

lected using a PC1™ spectrofluorimeter (ISS). Fluorescence spectra were corrected for the

detection spectral sensitivity using the quinine sulfate solution in 1M H2SO4, whose corrected

spectrum is published [65]. Fluorescence excitation spectra were corrected for excitation spec-

tral variations using the styryl 9M (Aldrich) solution in ethanol, by comparing its excitation

spectrum with its independently measured absorption spectrum. Fluorescence quantum yield

(φ) of the GCaMP6m anionic chromophore (fluorescence peak for Ca2+-saturated at 513 nm; for

Ca2+-free at 516 nm) upon its direct excitation at 470 nm was measured versus fluorescein in 1M

NaOH (φ = 0.95) as a reference standard [65]. Fluorescence quantum yield (φ) of the GCaMP6m

neutral chromophore (fluorescence peak for Ca2+-saturated at 512 nm, for Ca2+-free at 514 nm)

was measured using excitation at 380 nm versus quinine sulfate in 1M H2SO4 (φ = 0.53) as a refer-

ence standard [65]. The fluorescence spectrum excited at 380 nm contains a minor short-wave-

length contribution due to the direct emission from neutral chromophore near 450–470 nm. To

get rid of this contribution, we used the fluorescence spectrum of Ca2+-free form excited at 470

nm (which lacks this contribution) and normalized it to the maximum of the spectrum excited at

380 nm (see S3 Fig). This normalized spectrum was then integrated. The optical density of the

solutions at each excitation wavelength and in the whole range of fluorescence was kept less than

0.07. Corrected integrated spectra were used to calculate quantum yields [65].
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Extinction coefficient measurements

To measure extinction coefficients of the neutral and anionic forms of the chromophore in

GCaMP6m (either in Ca2+-free or Ca2+-saturated states) separately, we measured the changes

of the corresponding absorption spectrum upon alkaline pH titration of the purified protein

solutions (cf. [66]). Absorption measurements were performed with a BioMate™ S3 spectro-

photometer (ThermoFisher). To gradually change pH from 7.2 to>12, small volumes of 1M

NaOH were added (1–5 μL) to the 2 mL sample. The pH of the sample was directly measured

for each step, using an Orion™ PeropHecT™ ROSS™ combination pH microelectrode (Thermo-

Fisher). In this titration, if the neutral form interconverts to the anionic form (i.e. before the

third, denatured form appears), then at each step of the titration the changes of the concentra-

tion of the anionic and neutral forms, nA and nN, are directly related:

DnA ¼ � DnN ð6Þ

The changes in optical densities of the anionic and neutral forms at each stage of titration are:

DODA ¼ εA � DnA ð7Þ

and,

DODN ¼ εN � DnN ð8Þ

Therefore, the dependence of ODA on ODN (in the region of pH where only two forms are

present) will give the straight line with a slope equal to:

DODA

DODN
¼
� εA

εN
ð9Þ

An additional equation involving εA and εN is obtained from the fact that the total concentra-

tion of chromophore before the titration (index 0) n(0) = n(0)
A + n(0)

N is equal to the concentra-

tion of chromophore in alkaline denatured form n(f)
D (where index f corresponds to the final

stage of denaturation before the onset of chemical degradation of the chromophore) which

absorbs at 447 nm and has an extinction coefficient of 44,100 M-1 cm-1 [29]. Therefore:

nðf ÞD ¼ nð0ÞA þ nð0ÞN ð10Þ

or,

ODðf Þð447 nmÞ
44; 100

¼
ODð0ÞA

εA
þ

ODð0ÞN

εN
ð11Þ

In this equation, everything is known except εA and εN. Combining Eqs (9) and (11) gives us

εA and εN.

pKa measurements

We independently measured the changes in fluorescence spectra for alkaline and acidic titra-

tion experiments with purified protein samples. To do this we used the same alkaline titration

method as the extinction coefficient measurements, and for acidic titration method we gradu-

ally added small volumes of 1M HCl (1–3 μl) to the 2 mL sample, from pH 7.2 to 4.3. pH (mea-

sured with Orion™ PeropHecT™ ROSS™ combination pH microelectrode, ThermoFisher) and

corresponding fluorescence spectra (measured with spectrofluorimeter, PC1 ISS) were col-

lected upon excitation of anionic form at 470 nm for the Ca2+-saturated and Ca2+-free states.

To calculate the pKa, the peak fluorescence intensity near 515 nm was plotted against pH to
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get a pH titration curve. The data were then fit using two-binding site model function in the

range of pH 4.3 to 11.4 for Ca2+-free GCaMP6m, and using a single-binding site model func-

tion for Ca2+-saturated GCaMP6m in the range of pH 4.8 to 8.3.

Two-photon measurements

Ca2+-free and Ca2+-saturated purified GCaMP6m protein samples (5 x 10−5 M) were measured

in 0.1 cm glass spectroscopy cuvettes (Starna cells). Two-photon excitation (TPE) spectra were

measured using an MOM Sutter Instrument two-photon fluorescent microscope coupled with

an Insight DeepSee (Newport) femtosecond laser tunable from 680 to 1300 nm in a similar

approach as described in [67]. A Plan NeoFluar 2.5x/0.075 Zeiss objective was used to excite

and collect fluorescence, which was passed through a Chroma ET 520/40m filter before reach-

ing the PMT. To correct the TPE spectra for the wavelength-to-wavelength variations of laser

properties (pulse duration and beam shape), fluorescein in a NaOH solution (pH 11) was used

as a reference standard [68,69]. The TPE fluorescence had quadratic dependence on excitation

power in the whole spectral range presented in our results section. Two-photon cross-section

was measured at 790 nm for the neutral form of the chromophore in Ca2+-free GCaMP6m

and 930 nm for the anionic form in the Ca2+-saturated and Ca2+-free GCaMP6m, using cou-

marin 485 in methanol (for 790 nm excitation) and fluorescein in NaOH aqueous solution

(pH 11) (for 930 nm excitation) as reference standards [69]. Fluorescence intensity, F, as a

function of excitation power, P, was measured for both the sample and the reference in the

same conditions through a 507/10 nm narrow-bandpass filter. From the fit of these depen-

dences to a quadratic function, F = α P2, factors α values were obtained and then normalized

to the concentrations (obtained spectrophotometrically, BioMate™ S3 spectrophotometer) and

differential quantum efficiencies at 507 nm (obtained with spectrofluorimeter, PC1 ISS).

Supporting information

S1 Fig. Emission spectra for purified GCaMP6m protein. A and B) Emission spectra for

purified GCaMP6m protein in the Ca2+-free (blue, right axis) and Ca2+-saturated (black, left

axis) states, excited at 400 nm (A) and 470 nm (B). Inset graphs: zoomed in view of Ca2+-depen-

dent peak emission shift.

(TIF)

S2 Fig. There is an optimal excitation wavelength to measure ΔF/F0 for GCaMP6m. Excita-

tion spectra for the anionic chromophore using purified GCaMP6m protein in the Ca2+-free

(dotted black trace) and Ca2+-saturated (solid black trace) states, fluorescence emission of the

anionic form collected at 550 nm. The ratio of the Ca2+-saturated and Ca2+-free spectra illus-

trates the ΔF/F0 wavelength dependence (red trace).

(TIF)

S3 Fig. Emission spectra used to resolve the fluorescence quantum yield for the Ca2+-free

neutral form emitting near 515 nm. Fluorescence spectra of Ca2+-free GCaMP6m excited at

380 nm (black trace) and at 470 nm (red trace). The 470 nm excited spectrum was normalized

to the maximum fluorescence intensity of the 380 nm excited spectrum.

(TIF)

S4 Fig. Two-photon absorption spectra for Ca2+-saturated GCaMP6m (black solid circles,

left x-axis and bottom y-axis). The cross-section of the Ca2+-saturated anionic chromophore,

50 GM, is the absolute cross-section at 930 nm excitation. Light grey arrow (B) marks the weak

shoulder at ~990 nm that corresponds to the pure electronic transition of the anionic form,

which occurs at double the wavelength of the one-photon peak absorption. B) Two-photon
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excitation spectra for Ca2+-free GCaMP6m (black open circles, left x-axis and bottom y-axis).

The cross-section of the Ca2+-free neutral chromophore, 140 GM, is the absolute cross-section

at 790 nm excitation, and the cross-section of the Ca2+-free anionic chromophore, 54 GM, is

the absolute cross-section at 930 nm excitation. For both Ca2+-saturated (A) and Ca2+-free (B),

the one-photon absorption is illustrated by the red solid trace (right x-axis, top y-axis).

(TIF)
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