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Abstract

AU : Pleaseconfirmthatallheadinglevelsarerepresentedcorrectly:Potassium ion (K+) plays a critical role as an essential electrolyte in all biological systems.

Genetically encoded fluorescent K+ biosensors are promising tools to further improve our

understanding of K+-dependent processes under normal and pathological conditions. Here,

we report the crystal structure of a previously reported genetically encoded fluorescent K+

biosensor, GINKO1, in the K+-bound state. Using structure-guided optimization and directed

evolution, we have engineered an improved K+ biosensor, designated GINKO2, with higher

sensitivity and specificity. We have demonstrated the utility of GINKO2 for in vivo detection

and imaging of K+ dynamics in multiple model organisms, including bacteria, plants, and

mice.

Introduction

The potassium ion (K+) is one of the most abundant cations across biological systems [1]. It is

involved in a variety of cellular activities in organisms ranging from prokaryotes to multicellu-

lar eukaryotes [2–4]. While studies of other biologically important cations, notably calcium

ion (Ca2+), have been revolutionized by the availability of high-performance genetically

encoded biosensors [5,6], the development of analogous biosensors for K+ has lagged far

behind. Canonical methods to monitor K+ include K+-sensitive microelectrodes and synthetic
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dyes. Microelectrodes are considered the gold standard for their sensitivity and selectivity, but

they are invasive and not suitable for high-throughput cellular or subcellular K+ detection [7].

Synthetic dye-based approaches allow K+ visualization in live cell populations with improved

spatiotemporal resolution [8–11]; however, they still require dye loading and washing proce-

dures and lack the targetability to specific cell types or subcellular compartments.

A high-performance genetically encoded fluorescent biosensor for K+ could enable a variety

of applications that are currently impractical or impossible by enabling targeted expression

and noninvasive in vivo imaging. We have previously reported a prototype intensiometric K+

biosensor, designated GINKO1, based on the insertion of K+-binding protein (Kbp) [12] into

enhanced green fluorescent protein (EGFP) (Fig 1A) [13]. Ratiometric genetically encoded

biosensors have also been reported [13,14]. To create a more robust K+ biosensor with broader

utility, we undertook an effort to further improve the sensitivity and specificity of GINKO1.

Results and discussion

Structureof GINKO1
To better understand the K+-dependent fluorescence response mechanism of GINKO1 and

facilitate further engineering, we determined the crystallographic structure of GINKO1 in the

K+-bound state at 1.85 � (Figs1Band S1 andS1Table).Well-diffracting crystals of the

unbound state were unattainable. The K+-bound crystal structure revealed the location and

coordination geometry of the K+-binding site of Kbp (Fig 1C), which was not apparent from

the previously reported NMR structure (Fig 1D and1E)[12]. Notably, the K+ ion is coordi-

nated via 6 backbone carbonyl oxygen atoms (from amino acids V154, K155, A157, G222,

I224, and I227). This coordination via backbone carbonyl oxygen atoms is similar to that

observed in the K+ selective filters of KcsA (PDB ID: 1BL8) [15] and TrkH (PDB ID: 4J9U)

[16], as well as K+-coordinating compound valinomycin [17]. The distances of coordinating

carbonyl oxygens to K+ in GINKO1 range from 2.6 to 3.2 � with a mean value of 2.8 � (Fig
1C), similar to those in KscA (2.70 to 3.08 �, with a mean value of 2.85 �) [18], valinomycin

(2.74 to 2.85 �) [17]. One difference is that K+ is coordinated via 8 oxygens from backbone

carbonyls in both KcsA and TrkH, and 6 backbone carbonyls in Kbp.

In the previous study that described the Kbp NMR solution structure, it was suggested that

crystallization of Kbp for X-ray crystallography was challenging [12]. We suspect that fusing

Kbp to EGFP constrains the conformational mobility of Kbp, thus increasing the stability of

Kbp protein for it to be crystallized as a domain in GINKO1. A similar approach has recently

been reported to stabilize small transmembrane proteins for crystallization [19]. The Kbp

region of the GINKO1 structure aligns well with the previous Kbp NMR solution structure

(Fig 1D and1E).The BON domain and the LysM domain of Kbp were both well resolved in

the GINKO1 structure. The structure further revealed that the K+ binding site is located in the

BON domain, close to the interface between the BON and LysM domains (Fig 1D). This is

consistent with the previous finding that the BON domain binds K+ and the LysM domain sta-

bilizes the K+-bound BON domain [12].

Engineeringof GINKO2
Structure-guided mutagenesis and directed evolution were used to optimize GINKO1. Align-

ing structures of GINKO1 and GCaMP6 (Fig 2A) [20] revealed that GINKO1 E295 structur-

ally aligns with GCaMP6 R376. R376 is engaged in a water-mediated interaction with the

chromophore in GCaMP, likely acting to communicate the Ca2+-dependent conformational

change in the Ca2+-binding domain to the GFP chromophore [21]. We mutated GINKO1

E295 to basic and hydrophobic amino acids (K/R/W/Y/P/L/F), with the hypothesis that these
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residues could similarly modulate the chromophore environment by introducing an opposite

charge or removing the charge altogether. Among the E295 variants, E295F was selected as

GINKO1.1 due to it having the largest K+-dependent intensity change (���/� 0 = 2.0) (S2Fig).

As previous structural and mechanistic analysis of high-performance biosensors has suggested

that the linker regions are of particular importance for biosensor function [22], we performed

site-directed saturation mutagenesis on the linker residues connecting EGFP to Kbp and

screened for variants with a larger ���/� 0 (Fig 2B). This yielded GINKO1.2 with a linker

sequence of A296-A297-N298 (Fig 2C) and a 30% improvement in ���/� 0. We further opti-

mized GINKO1.2 via directed evolution in ����������	 �
�� (S3Fig). After multiple rounds of

iterative evolution, we settled on a final variant, designated GINKO2, with substantially

improved brightness and K+ response (Figs2D and S4 andS2Table).

With the structural insight provided by the GINKO1 crystal structure, we were able to

rationalize some critical mutations accumulated during GINKO2 engineering (S2Table).

K356R, a mutation that doubled the fluorescence change ���/� 0, is located at the interface of

the Kbp and EGFP in the GINKO1 structure (S4AFig). This mutation may help to stabilize

the K+-bound GINKO1 by reducing the distance to D148 and hence increasing their electro-

static interaction (S4BFig). Another case is mutation of a pair of lysines (K259N on Kbp

domain and K102E on EGFP domain) that are in relatively close proximity (S4CFig). The

K259N and K102E mutations first appeared in 2 different variants in the GINKO1.5 library

and provided only small improvements. When using both variants as templates to generate the

GINKO1.6 library, K259N and K102E were simultaneously incorporated into the selected

GINKO1.6.15 variant (S2 Table),which provided a substantial improvement of ���/� 0 from

approximately 2.5 to 3.5. The double mutation may help to further stabilize the interaction

between Kbp and EGFP in the K+-bound state (S4DFig).

Characterizationof GINKO2
To characterize GINKO2 in vitro, we determined its fluorescence spectra, brightness, affinity,

fluorescence change (���/� 0), specificity, kinetics, and pH dependence. Upon K+ binding,

Fig 1. GINKO1 structure. (A) Schematic representation of GINKO. In the top panel, the linear DNA representation of GINKO gene shows the ligand

recognition domain Kbp (BON in cyan and LysM in yellow) inserted in the split EGFP (green). In the bottom panel, the illustration shows a K+-binding

induced conformational change of Kbp leading a change in fluorescence. (B) Cartoon representation of the structure of GINKO1 with the BON (bacterial

OsmY and nodulation) domain of Kbp in cyan, the LysM (lysin motif) domain of Kbp in yellow, and the EGFP in green. The chromophore and the K+ ion

(green) are shown in sphere representation. (C) The K+ is coordinated by carbonyl backbone atoms of 6 amino acids. The distance (in �) of each amino acid

backbone oxygen to the K+ ion was measured in PyMOL. (D) Structure alignment of the Kbp domain in GINKO1 and the previously reported NMR structure

of Kbp (PDB ID: 5FIM). Kbp NMR structure ensemble is shown in ribbon representation. GINKO1 BON domain is in cyan; GINKO1 LysM domain is in

yellow. Kbp NMR structure BON domain is in blue, and LysM domain is in orange. (E) Zoom-in view of the binding pocket in the GINKO1 crystal structure

and the Kbp NMR structure (PDB ID: 5FIM). Structure coloring is the same as in (D). EGFPAU : AbbreviationlistshavebeencompiledforthoseusedinFigs��; ��; ��; and��:Pleaseverifythatallentriesarecorrect:, enhanced green fluorescent protein; Kbp, K+-binding protein.

https://doi.org/10.1371/journal.pbio.3001772.g001
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GINKO2 emission exhibits a 15� intensiometric increase at its peak of 515 nm (Fig 3A).

GINKO2 also exhibits a ratiometric change in excitation spectrum (���/� 0 = 20.0 � 0.4, where

� represents the excitation ratio of 500 nm/400 nm), enabling ratiometric detection of K+ con-

centration (Fig 3B). The ratiometric excitation is also observed in 2-photon (2P) characteriza-

tion with the maximum fold change of 8.1 at the 2P excitation wavelength of 960 nm (Fig 3C).

GINKO2 has a 1-photon brightness of 16 mM�1 cm�1 in the K+-bound state, a 1.8� improve-

ment over GINKO1 (8.6 mM�1 cm�1 ) (S3 Table).The 2P brightness of GINKO2 is 4.1 � 0.6

GM in the K+-bound state (S4 Table).The affinity ( d) of purified GINKO2 for K+ is 15.3

mM. While GINKO1 shows substantial sodium (Na+)-dependent fluorescence response at

concentrations below 150 mM, complicating applications where Na+ is abundant [13],

GINKO2 is not responsive to Na+ at concentrations up to 150 mM, thus showing an improved

specificity (Fig 3D). As the affinity for K+ of GINKO2 (15.3 mM) is substantially lower than

that of GINKO1 (0.42 mM) (S3 Table),the affinity for Na+ may have also decreased

Fig 2. Structure-guided optimization anddirectedevolution on GINKO1. (A) Crystal structure alignment of GINKO1 and GCaMP6m. Alignment of R376

(magenta sticks) of GCaMP6m (PDB: 3WLC) to E295 (yellow sticks) of GINKO1. GINKO1 is represented by green ribbons, and GCaMP6m is represented by

blue ribbons. Both residues point toward the chromophore of the EGFP (sphere representation). (B) GINKO1 Linker2 region, highlighted using stick

representation. (C) Structure-guided optimization of GINKO. Amino acid sequences of linker regions of GINKO1, GINKO1.1, and GINKO1.2 are labeled.

Green-colored residues are on GFP, orange-colored residues are on Kbp, gray colored residues are on linkers, and blue-colored L and magenta-colored E (N in

GINKO1.2) are the positions of “gatepost” residues that define the optimal insertion points in EGFP [22]. (D) Selected variants in the directed evolution of

GINKO. Each dot represents a variant that was selected for its improved ���/� 0 in the lysate screening. GINKO1.2 is represented by the blue solid circle. The

final variant GINKO2 is highlighted in green. The dotted lines separate libraries. The underlying data for Fig 2D can be found in S1 Data. EGFP, enhanced

green fluorescent protein; Kbp, K+-binding protein.

https://doi.org/10.1371/journal.pbio.3001772.g002
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proportionally. Since the  d value for Na+ of GINKO1 is 153 mM [13], a proportionally

increased Na+  d in GINKO2 would be well outside of the physiologically relevant range of

Na+ concentrations. GINKO2 responds to Rb+, which has an ionic radius similar to that of K+,

but does not respond to Zn2+, Mg2+, Ca2+, Ba2+, Cs+, Li+, or NH4
+ at physiologically relevant

concentrations (Figs3E,S5,andS6).Rb+ is unlikely to interfere with GINKO2 biosensing (S5
Fig) due to its low abundance in living organisms [23], except when used as a substitute for K+

in certain experimental conditions. In addition, the K+-sensing ability of GINKO2 is not

affected by the presence of Na+, Zn2+, Mg2+, Ca2+, Ba2+, Cs+, Li+, or NH4
+, according to the

ion competition assay (S6Fig). GINKO2 (p a = 6.8 in the K+-bound state) inherited the pH

Fig 3. GINKO2 characterization exhibitedbetter sensitivityandselectivity. (A) Emission spectra for GINKO2. (B) Excitation spectra for GINKO2. (C)

Two-photon (2P) spectra of GINKO2. The 2P excitation spectra of GINKO2 in K+-free (dash line) and K+-saturated (solid line) states are colored in blue. The

2P K+-dependent response of GINKO2 versus 2P excitation wavelength is colored in red. (D) K+ and Na+ titration of GINKO2. (E) Ion specificity of GINKO2

(� � 3). The concentrations of cations used were above their physiological concentrations. (F) pH titrations of GINKO1 and GINKO2. For each variant,

fluorescence intensity is normalized to the maximum fluorescence. Green triangles and lines represent the presence of 100 mM K+; blue circles and lines

represent the absence of K+. Solid symbols and lines represent GINKO2; empty symbols and dotted lines represent GINKO1. (G) Kinetics of GINKO2 (� = 3).

(H) Representative in situ K+ titration with digitonin-permeabilized HeLa cells. (I) GINKO1 (� = 6) and GINKO2 (� = 10) response curves based on in situ

titration in HeLa cells. GINKO1 response curve from 0.1 to 50 mM K+ is shown in the inset (� = 17). The underlying data can be found in S1 Data.

https://doi.org/10.1371/journal.pbio.3001772.g003
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