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GCaMP is one of the most widely used calcium indicators in neuronal imaging and calcium cell biology. The newly developed
GCaMP6 shows superior brightness and ultrasensitivity to calcium concentration change. In this study, we determined crystal
structures of Ca**-bound GCaMP6 monomer and dimer and presented detailed structural analyses in comparison with its par-
ent version GCaMP5G. Our analyses reveal the structural basis for the outperformance of this newly developed Ca®* indicator.
Three substitution mutations and the resulting changes of local structure and interaction explain the ultrasensitivity and in-
creased fluorescence intensity common to all three versions of GCaMP6. Each particular substitution in the three GCaMP6 is
also structurally consistent with their differential sensitivity and intensity, maximizing the potential of using GCaMP6 in solv-
ing diverse problems in neuronal research and calcium signaling. Our studies shall also be beneficial to further struc-
ture-guided optimization of GCaMP and facilitate the design of novel calcium indicators.
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The intracellular concentration of free calcium ions (Ca®")

changes quickly in excitable cells such as neurons and mus-
cle cells [1,2]. Monitoring Ca** dynamics using specialized
Ca**indicators could track the activity of neuronal popula-
tions and also excitation of a single neuron in real time
[3—6]. Two types of Ca** indicators have been developed for
Ca” imaging. The chemically synthesized Ca®* indicators
have high sensitivity and fast kinetics but could not be tar-
geted to specific cells [7,8]; genetically encoded calcium
indicators (GECIs) (also called fluorescent calcium indica-
tor proteins; FCIPs) can enable long-term noninvasive im-
aging of defined cells and subcellular compartments but
suffer from low brightness and slow response speed [9,10].
Extensive efforts have been made to develop effective Ca**
indicators with desired performances in both cell targeting
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and Ca®" sensing.

GCaMP is one of the most widely used GECIs. GCaMP
is developed by fusing a circularly permuted variant of en-
hanced green fluorescent protein (cpEGFP) with the calci-
um-binding protein calmodulin (CaM) at the C terminus and
a CaM-binding M13 peptide (from myosin light chain) at
the N terminus [11]. Crystal structures of GCaMP2 reveal
the structural basis for Ca** sensing by GCaMP [12,13]. In
the absence of Caz+, the chromophore in EGFP exists in the
solvent-exposed neutral state as a result of EGFP inversion.
Upon Ca®* binding, the CaM moiety of GCaMP interacts
with the M13 peptide, and the resulting CaM-M13 complex
undergoes a significant structural reorganization, in proxim-
ity to the chromophore of cpEGFP. Ca**-induced CaM and
cpEGFP interaction blocks solvent access and restores the
deprotonation of the chromophore, giving rising to a desired
spectroscopic transition and measurable fluorescence
changes [12,13]. GCaMP is a powerful tool for tracking
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Ca” dynamics in target cells, but has not yet acquired satis-
factory sensitivity and kinetics comparable to chemically
synthesized Ca** indicators. Structure-guided optimization
has been performed to improve the fluorescence properties
of GCaMP [14,15]. The most recently developed version
GCaMP6 possesses long-sought ultrasensitivity to Ca®* dy-
namics [16]. GCaMP6 consists of three types, GCaMP6s,
6m, 6f (for slow, medium and fast kinetics, respectively).
All the three types outperform their parent version
GCaMP5G [15] in fluorescence intensity and signal-to-
noise ratio, and their sensitivity to Ca** concentration
change is comparable to that of the chemically synthesized
Ca* indicator. Of all known GECIs, GCaMPo6f shows the
fastest response kinetics [16]. Among the three GCaMP6
versions, GCaMP6m has the most balanced performance
between signal intensity and sensitivity. Its fluorescence
intensity is as high as the highest version GCaMPb6s, yet its
response kinetics is faster [16].

To understand the structural basis underlying the superior
property of GCaMP6, we determine crystal structures of
Ca’*-bound GCaMP6m monomer and dimer at 2.7 and
2.49 A, respectively. Comprehensive structural analyses
provide mechanistic insights into how the improved fluo-
rescence intensity and response speed of GCaMP6 are gen-
erated from substitution mutations of the parent version
GCaMP5G.

1 Materials and methods
1.1 Cloning, expression, and purification

GCaMP6m with N-terminal RSET truncation was sub-
cloned into a modified pET-28a(+) vector with a Hisg tag, a
SUMO tag, and a Ulpl protease site at the N terminus to
facilitate protein folding and purification. The recombinant
plasmid was transformed into Escherichia coli strain BL21
(DE3) (Novagen, Germany). Proteins were expressed for
18 h at 295 K after induction with 0.5 mmol L™ isopropyl-
b-D-thiogalactoside. Cell pellets expressing recombinant
GCaMP6m were harvested and lysed by sonication in lysis
buffer (20 mmol L™ HEPES pH 7.5, 0.2 mol L™' sodium
chloride and 10 mmol L™} imidazole). After centrifugation,
the soluble proteins were first purified by using Ni-NTA
agarose beads (GE Healthcare, USA). The Hisq and SUMO
tags of STK25ct were removed by Ulpl protease digestion.
Subsequently, the monomeric and dimeric GCaMP6m were
separated by size-exclusion chromatography using a Hiload
16/60 Superdex 200 column (GE Healthcare). The purified
monomeric and dimeric proteins were concentrated to 10
mg mL™, and stored in a buffer containing 20 mmol L™
HEPES pH 7.5, 150 mmol L™' NaCl, and 1 mmol L™ CaCl,
at 193 K.
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1.2 Crystallization and data collection

Both GCaMP6m monomer and dimer crystals were grown
by the hanging-drop vapor diffusion method at 293 K with
2 pL drops containing 1 pL protein solution and 1 pL reser-
voir solution equilibrated over 500 pL reservoir solution.
GCaMP6m monomer crystals were obtained with reservoir
buffer containing 0.1 mol L™ HEPES pH 7.4, 18% w/v
polyethylene glycol 3350. The crystals were soaked in a
cryoprotectant solution containing 0.1 mol L' HEPES
pH 7.4, 18% w/v polyethylene glycol 3350, and 20% dime-
thyl sulfoxide before being flash-frozen with liquid nitrogen.
X-ray diffraction data were collected on a Rigaku FR-E
diffraction system using a Rigaku R-Axis IV++ image plate
detector. GCaMP6m dimer crystals were obtained with res-
ervoir buffer containing 0.1 mol L' HEPES pH 8.0, 20%
w/v polyethylene glycol 3350. The crystals were transferred
through a solution containing 0.1 mol L™ HEPES pH 8.0,
20% w/v polyethylene glycol 3350 and 15% ethylene glycol
before being flash-frozen with liquid nitrogen. X-ray dif-
fraction data were collected on a Rigaku 007 diffraction
system using a Rigaku Saturn CCD detector.

1.3 Structural determination and refinement

The crystallographic data were processed with IMOSFLM
[17] and scaled with SCALA from the CCP4 program suite
[18]. Both structures of GCaMP6m monomer and dimer
were determined by molecular replacement with Phaser [19]
and the structure of the parent version GCaMP5G (PDB
code: 3SG4) was used as a starting model. The structure
was refined by using Phenix.refine [20,21] with manual
modelling using COOT [22] between refinement cycles.
The quality of the final models was checked with MolPro-
bity [23]. All the figures were rendered in PyMOL (http://
www.pymol.org). The atomic coordinates of GCaMP6m
monomer and dimer have been deposited in the Protein Da-
ta Bank with the accession codes 3WLD and 3WLC, re-
spectively.

2 Results and discussion
2.1 Overall structure of Ca**-bound GCaMP6m

The intact GCaMP contains an N-terminal RSET module
preceding the M13 peptide, which functions to facilitate the
expression and purification of recombinant GCaMP proteins
[12,13]. Given that the RSET module has no effect on the
Ca® sensing ability of GCaMP [12], we truncated the
RSET of GCaMP6m and refer to this truncated form
as GCaMP6m hereafter. Like other GCaMP variants,
GCaMP6m, in the presence of Ca2+, existed in both a
monomeric and a dimeric state during the purification pro-
cess, which was successfully separated by gel filtration
chromatography and crystallized for structure determination.
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The statistics for crystallographic data collection and struc-
ture refinement are summarized in Table 1. Structure of the
dimeric GCaMP6m adopts a domain-swapped assembly,
highly similar to the previously determined GCaMP2 dimer
structure [12,13] (Figure 1). Formation of the dimer largely
results from high protein concentration and crystallization
condition; the dimer indeed has poor fluorescence proper-
ties that are insensitive to Ca>* [12,13]. Thus, we confined
our in-depth structural analyses onto the functionally rele-
vant GCaMP6m monomer.

Like all early versions of GCaMP, the overall structure
of Ca**-bound GCaMP6m could be divided into two global
domains, the cpEGFP moiety and the Ca**-induced CaM-
M13 peptide complex (Figure 2A). cpEGFP adopts a f-
barrel fold with the chromophore, formed by 3TYGys,

Table 1 Data collection and refinement statistics®

GCaMP6m monomer ~ GCaMP6m dimer

Data collection
Space group P4,2,2 Cc2
Cell dimensions

a=124.44, b=46.86,

a, b, c(A) a=b=120.88, ¢=97.62 =68.34
a, B,y (°) a=f=y=90.00 a=7=90.00, 4=99.36
Wavelength (A) 1.5418 1.5418
. e 60.44-2.70 20.08-2.49
Resolution (A) (2.85-2.70) (2.62-2.49)
Unique reflections 20011 (2774) 13660 (1826)
Runerge (%) 8.7 (37.7) 7.8(25.1)
Average I/o(1) 12.7 (3.3) 12.3 (4.6)
Completeness (%) 98.1 (95.3) 98.6 (91.4)
Redundancy 5.3 (4.1) 3.5(3.2)
Refinement
e 54.06-2.70 20.08-2.49
Resolution (A) (2.84-2.70) (2.68-2.49)
No. reflections 19975 (2705) 13659 (2563)
17.11/21.15 17.70/22.48

Rwork/Rfree (%)

(23.36/30.63) (19.70/25.68)

No. atoms
Protein 3111 3103
Water 162 160
Chromophore 22 22
Calcium ion 4 4
B-factors (A2
Protein 32.75 20.00
Water 27.71 20.44
Chromophore 17.16 7.78
Calcium ion 31.97 19.19
r.m.s. deviations
Bond lengths (A)  0.006 0.004
Bond angles (°) 1.085 0.748
Dihedral angles (°)  14.602 15.893
Chirality (°) 0.066 0.055
Planarity (A) 0.004 0.003
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sitting at the a-helix along the central axis of the barrel. The
phenolic group of the chromophore points to a f-barrel sur-
face entrance generated by EGFP circular permutation
(Figure 2B). The M13 peptide is folded into a straight o-
helix and inserted into a long central channel of Ca**-bound
CaM (Figure 2C). The tightly bound CaM-M13 complex is
located at one side of cpEGFP, appropriately covering the
surface entrance of cpEGFP with the chromophore partially
exposed (Figure 2A). Extensive interactions were observed
at the interface between the cpEGFP and the CaM-M13
complex, mainly involving a4, a5 and the connecting loop
in the CaM moiety. These interactions are critical for the
occlusion of chromophore exposure and the consequent
fluorescence change in response to Ca**. Notably, Arg376
from a4 in CaM protrudes towards the surface entrance of
cpEGFP and stabilizes the deprotonated phenolic group of
the chromophore through water-mediated hydrogen bonds
(Figure 2D). Tyr380, derived from generation of the parent
version GCaMP5G [15] and located at the end of o4, pro-
vides a large phenolic group that further blocks solvent ac-
cess to the chromophore (Figure 2D).

2.2 Critical mutations on GCaMP5G enhance Ca**
sensitivity of GCaMP6

GCaMP6 is generated by introducing three point mutations,
Thr381Arg, Ser383Thr and Arg392Gly, into its parent ver-
sion GCaMP5G. Arginine substitution of Thr381 at the
cpEGFP-CaM interface below the surface entrance creates
new strong interactions between cpEGFP and CaM. The
positively charged side-chain of Arg381 of CaM stretches
into a local negatively charged area in cpEGFP and is fixed
by forming two hydrogen bonds with the side-chain of
Glu299 and the main-chain of Gly87 in cpEGFP (Figure
3A). In addition, the Ser383Thr substitution, right adjacent
to Arg381 in GCaMP6, results in introduction of a methyl
group and generation of new hydrophobic interactions with
the two non-polar residues Val88 and Leu90 in cpEGFP
(Figure 3A). Thus, the Thr381Arg and Ser383Thr substitu-
tions shall facilitate and further stabilize Ca®* binding-
induced interactions between the CaM-M13 complex and
the cpEGFP moiety, thereby providing a plausible structural
explanation for the increased sensitivity and fluoresce in-
tensity observed with GCaMP6. Moreover, the third
Arg392Gly substitution is located nearby one of the Ca®*
binding sites of CaM in GCaMP6 (Figure 3B). Consistent
with this structural observation, this substitution has been
shown to promote the compaction process of CaM and in-
crease the Ca®* affinity in the GCaMP5 study [15]. The
three substitutions exist in all three types of GCaMP6, and
the resulting structural alteration and effects on Ca®*-
induced conformational changes described above underlie
the enhanced Ca** sensitivity of GCaMP®6.
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Figure 1 Structure and assembly of GCaMP6m dimer. A, Overall structure of GCaMP6m dimer in cartoon scheme. Of one GCaMP6m monomer in the
dimer, M13, cpEGFP and CaM are colored in yellow, green and cyan, respectively; the chromophore (CRO) is shown as stick models and colored in magen-
tas; the four Ca®* bound to the CaM are shown as grey spheres. For clarity, the other GCaMP6m monomer in the dimer is totally colored in salmon. B,
Structural superimposition of GCaMP6m dimer (in green) with GCaMP2 dimer (PDB code: 3EVU, in white).

Figure 2  Structure of GCaMP6m monomer. A, Overall structure of GCaMP6m in cartoon scheme. GCaMP6m monomer is represented in the same scheme
as that in Figure 1A. B, Side view of cpEGFP in GCaMP6m. The entrance on the surface of cpEGFP is highlighted in red circle. C, Top view of
Ca**-induced M13-CaM assembly. D, Close-up view of the chromophore stabilized and occluded by the CaM. The water molecules and residues of the CaM
involved are shown as sphere and sticks, respectively. The hydrogen bonds are shown as black dashed lines.

2.3 Additional substitutions in each type of GCaMP6
contribute to differential improvement

In addition to the aforementioned three substitutions, each
type of GCaMP6, compared with GCaMP5G, has additional
substitutions to achieve their respective improved properties
[16]. GCaMP6s, which shows the highest Ca sensitivity
but slow response kinetics, contains a Lys78His substitution
in the cpEGFP moiety. According to the structure of
GCaMP6m we determined, this substitution is expected to
strengthen the hydrogen-bond network interactions among
Glu60, Arg80 and Glu386 at the cpEGFP-CaM interface.

Such structural alteration shall contribute to the blocking of
solvent access to the chromophore (Figure 4A). Thus, the
structural effect of Lys78His mutation is consistent with its
increased highest fluoresce intensity and relatively slow
kinetics. GCaMP6f is characterized by its fastest Ca®* sens-
ing kinetics, compared with GCaMP6s and GCaMP6m.
GCaMPof contains the Ala317Glu substitution at the
M13-CaM interface (rather than the cpEGFP-CaM inter-
face). Ala317 is involved in the extensive hydrophobic in-
teractions between CaM and M13, and introduction of a
long charged side chain likely causes a destabilizing effect
on the Ca’* induced CaM-M13 assembly (Figure 4B),
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Figure 3 Critical mutations of GCaMP6 on GCaMP5G. A, Structural
comparison of GCaMP6m an'd GCaMP5G (PDB code: 3SG4, light grey
color) and close-up view of the T381R and S383T substitutions. B, Struc-
tural view of the R392G substitution nearby the Ca® binding sites in the
CaM-M13 complex.

thereby accelerating the Ca®* sensing kinetics. As for
GCaMP6m, it possesses two unique substitutions, Met378-
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Gly and Lys379Ser, located between the CaM and the
cpEGFP. Compared with the crystal structure of GCaMP5G,
both substitutions appear to play no direct and evident roles
in either strengthening or weakening the interactions be-
tween CaM and cpEGFP (Figure 4C). However, these two
residues are spatially close to interacting residues in the
CaM and cpEGFP interface. Shortening of the side chains
of the two residues and the resulting decreased entropy may
reduce the structural unfitness and promote Ca**-induced
interaction between the CaM and cpEGFP interface. As a
result, GCaMP6m shows a balanced performance between
the fluorescent intensity and Ca”* response kinetics [16].

In summary, we presented detailed structural analyses of
GCaMP6 in comparison with its parent version GCaMP5G,
and revealed the structural basis for the outperformance of
this newly developed Ca®* indicator. Three substitution mu-
tations and the resulting changes of local structure and in-
teraction explain the ultrasensitivity and increased fluores-
cence intensity common to all three versions of GCaMP6.
Each particular substitution in the three GCaMP6 is also
structurally consistent with their differential sensitivity and
intensity, maximizing the potential of using GCaMP6 in
solving diverse problems in neuronal research and calcium
signaling. Our studies shall also be beneficial to further
structure-guided optimization of the current GCaMP and
facilitate the design of novel GECIs.
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Figure 4 Additional substitutions in each type of GCaMP6. A, Close-up view of K78 of GCaMP6m and the related hydrogen-bond network at the
CaM-cpEGFP interface. B, Close-up view of A317 of GCaMP6m and the related hydrophobic interactions at the M13-CaM interface. C, Structural compar-
ison of GCaMP6m and GCaMP5G and close-up view of M378G/K379S substitutions and some neighboring residues. GCaMP5G is represented in the same

scheme as that in Figure 3.
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