
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

3/
06

/2
4 

04
:0

8:
36

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Discovery of a m
aDepartment of Chemistry and Biochemis

Richardson 75080, Texas, USA. E-mail: shee
bDepartment of Biological Sciences, The U

75080, Texas, USA

† Electronic supplementary informa
https://doi.org/10.1039/d2sc03903f

Cite this: Chem. Sci., 2022, 13, 12659

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 12th July 2022
Accepted 5th October 2022

DOI: 10.1039/d2sc03903f

rsc.li/chemical-science

© 2022 The Author(s). Published by
onomeric green fluorescent
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Chloride is an essential anion for all forms of life. Beyond electrolyte balance, an increasing body of

evidence points to new roles for chloride in normal physiology and disease. Over the last two decades,

this understanding has been advanced by chloride-sensitive fluorescent proteins for imaging applications

in living cells. To our surprise, these sensors have primarily been engineered from the green fluorescent

protein (GFP) found in the jellyfish Aequorea victoria. However, the GFP family has a rich sequence space

that could already encode for new sensors with desired properties, thereby minimizing protein

engineering efforts and accelerating biological applications. To efficiently sample this space, we present

and validate a stepwise bioinformatics strategy focused first on the chloride binding pocket and second

on a monomeric oligomerization state. Using this, we identified GFPxm163 from GFPxm found in the

jellyfish Aequorea macrodactyla. In vitro characterization shows that the binding of chloride as well as

bromide, iodide, and nitrate rapidly tunes the ground state chromophore equilibrium from the phenolate

to the phenol state generating a pH-dependent, turn-off fluorescence response. Furthermore, live-cell

fluorescence microscopy reveals that GFPxm163 provides a reversible, yet indirect readout of chloride

transport via iodide exchange. With this demonstration, we anticipate that the pairing of bioinformatics

with protein engineering methods will provide an efficient methodology to discover and design new

chloride-sensitive fluorescent proteins for cellular applications.
Introduction

The ability to clone, express, and visualize GFP from the jellysh
Aequorea victoria (avGFP) in living cells catalyzed the green
uorescent protein revolution.1 Since then, new GFP family
members from a range of marine organisms found in diverse
ecological niches have been identied, characterized, and
engineered as reporters of cellular activities.2–16 Members of this
family are typically oligomeric and have a b-barrel structure
with a buried tripeptide chromophore primarily based on
tyrosine.9,17 Even though the chromophore is enclosed, crystal
structures show that it is connected to bulk water that allows for
the coordinated passage and recognition of small ions,
including protons, halides, and oxyanions, in a nearby
pocket.18–20 Wachter and Remington rst demonstrated this in
dimeric avGFP variants such as avYFP-H148Q where the
try, The University of Texas at Dallas,
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binding of anions increases the chromophore pKa, generating
a pH-dependent, turn-off uorescence response (Fig. S1†).18,21

Since chloride is the most abundant biologically relevant anion,
this intrinsic mechanism was exploited by Jayaraman and
Verkman to apply avYFP-H148Q (Kd ¼ 100 mM at pH 7.5) as the
rst genetically encoded sensor to image the uptake and
exchange of intracellular chloride with exogenously supple-
mented iodide and nitrate in mammalian cells.18,19,21–23

Building off this starting point, rational design and muta-
genesis strategies have provided access to new sensors with
improved properties such as dynamic range, binding affinity,
pH dependence, oligomerization state, and/or excitation/
emission proles.19,22,24–33 While these advances have enabled
the discovery of new roles for chloride in normal physiology and
disease, sensor design has been largely derived from the avGFP
scaffold.24,34–38 Notably, the red-uorescent protein EqFP578
from the sea anemone Entacmaea quadricolor has been used as
a scaffold to generate mBeRFP-based sensors.39,40 Given the
biodiversity of uorescent proteins, the GFP family has a rich
yet undersampled sequence space. To explore this, we are using
bioinformatics to identify new scaffolds that can ultimately be
applied for imaging cellular chloride pools over a wide
concentration range �3–110 mM.23,41–44 These efforts are part of
Chem. Sci., 2022, 13, 12659–12672 | 12659
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our larger program aimed at decoding the sequence level
determinants of biological anion recognition.45–47

In our rst report in 2019, we used a global similarity anal-
ysis with reference to avYFP-H148Q to identify a homologous
sequence in the jellysh Phialidium sp. that encodes for
a dimeric yellow uorescent protein called phiYFP.13,42,48

Surprisingly, this naturally occurring protein and the engi-
neered avYFP-H148Q have identical residues similarly arranged
in the anion binding pocket: Q69, R94 (96 in avYFP-H148Q),
Q183, and Y203 (Fig. 1A and B). The latter residue still forms
an anti-parallel p–p interaction with the tyrosine-based chro-
mophore, whereby anion binding generates an optical change.
Like avYFP-H148Q, the binding of chloride to phiYFP increases
the chromophore pKa, shiing the equilibrium from the uo-
rescent phenolate state to the non-uorescent phenol state.
Interestingly, excitation of the neutral chromophore generates
a turn-on uorescence response corresponding to the anionic
chromophore with a weak binding affinity (Kd ¼ 290 mM �
44 mM at pH 5). This excitation ratiometric response is indic-
ative of an excited state proton transfer and is unique to
phiYFP.49 However, the operational pH and binding affinity for
chloride must be engineered to directly monitor the uptake and
cellular distributions of chloride. Moreover, it will also need to
be monomerized to prevent aggregation and enable fusions to
signal peptide/proteins for subcellular targeting or to secondary
Fig. 1 The anion binding pockets for (A) avYFP-H148Q bound to iodide (
ID: 4HE4), and (C) GFPxm163 (homology model derived from avYFP-H1
sticks in yellow or green and abbreviated as CRO. The residues in the a
corresponding single letter amino acid code and residue number. Oxyge
iodide ion is shown as a purple sphere. (D) Multiple sequence alignme
follows: conserved and identical (red), conserved and similar (blue), and
chromophore are highlighted in yellow or green, and the binding pock
dashes (–).

12660 | Chem. Sci., 2022, 13, 12659–12672
uorescent proteins for ratiometric/multianalyte imaging.50 The
monomerization process could in turn affect the anion sensing
properties. To minimize these protein engineering efforts, we
have utilized our prior knowledge of the chloride-binding
pocket described above to develop a stepwise bioinformatic
strategy. This has allowed us to rapidly mine the GFP sequence
space for monomeric chloride-sensitive uorescent proteins as
new starting points. Herein, we have validated this strategy and
report the identication, in vitro characterization, and cellular
application of GFPxm163 as a monomeric, turn-off uorescent
sensor for chloride.
Results and discussion

To identify a monomeric, chloride-sensitive uorescent protein,
we rst analyzed all the sequences in the GFP family (Pfam:
PF01353). Sequences with identical residues at the positions
that dene the chloride binding pocket in both avYFP-H148Q
and phiYFP were selected (Fig. 1A and B).19,42,48 Since the
analyzed sequence space encodes for both naturally occurring
and engineered uorescent proteins with different oligomeri-
zation states, the third lter was restricted to knownmonomers.
This approach led us to identify GFPxm163 (UniProt ID:
Q8WTC8), which is derived from GFPxm (UniProt ID: Q8WP95)
that is naturally found in the jellysh Aequorea macrodactyla
PDB ID: 1F09), (B) phiYFP (homology model derived from phiYFPv, PDB
48Q, PDB ID: 1F09) are conserved. The chromophores are shown as
nion binding pockets are shown as sticks in gray and labeled with the
n atoms are shown in red, and nitrogen atoms are shown in blue. The
nt of avYFP-H148Q, phiYFP, and GFPxm163. Residues are defined as
non-conserved (black). In each sequence, the residues that make up
et residues are highlighted in gray. The alignment gaps are shown as

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 1C and D).51,52 Based on a global sequence alignment,
GFPxm163 is 83% and 51% identical to avYFP-H148Q and
phiYFP, respectively (Fig. S2†). Moreover, based on a structural
model of GFPxm163, the residues in the putative chloride
binding pocket are arranged in a similar fashion near the
tyrosine-based chromophore (Fig. 1C). With this comparison,
we were encouraged to characterize if GFPxm163 could also be
sensitive to chloride.
Fig. 2 In vitro spectroscopic characterization reveals that GFPxm163
is a pH-dependent, turn-off fluorescent sensor for chloride. (A)
Absorbance and (B) emission spectra of GFPxm163 titrated with 0 mM
(bold black) to 512 mM Cl− (red) at pH 6. (C) Fluorescence response of
GFPxm163 at 524 nm to [Cl−] from 0 mM (black) to 512 mM (white) at
pH 6, 6.5, and 7. In panels A and B, the arrow direction corresponds to
increasing pH or [Cl−]. Data is shown for one of two protein prepa-
rations eachmeasured in triplicate and reported as an average with the
standard error of the mean (S.E.M.). All experiments were carried out at
room temperature (24–26 �C) with 2.3 mMof protein in 50mM sodium
acetate buffer for pH 4–5.5 or 50 mM sodium phosphate buffer for pH
5.5–9. Absorbance was collected from 350–600 nm. Excitation was
provided at 480 nm, and emission was collected from 500–600 nm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
To date, GFPxm163 has only been puried and characterized
in 25 mM Bis-Tris buffer at pH 6.5 with 100 mM NaCl.51 To test
our hypothesis, we rst prepared and characterized the
chloride-free monomer (Fig. S3–S5†). Like other uorescent
proteins, GFPxm163 has a pH-dependent absorption prole
corresponding to the equilibrium of the tyrosine-based chro-
mophore between the phenolate and phenol states. At pH 9,
GFPxm163 has an absorption maximum at 512 nm with
a shoulder at 480 nm. These spectral features are indicative of
the phenolate state (Fig. S6 and S7†). Upon lowering the pH to 4,
the absorbance intensity at 512 nm decreases with the appear-
ance of an isosbestic point at 440 nm and a new absorption
maximum at 392 nm, indicating the formation of the phenol
state (pKa ¼ 5.39 � 0.06). To our delight, similar spectral
changes are also observed in the presence of 512 mM chloride
with the largest changes across a physiological range at pH 6 >
6.5 > 7 (Fig. S6 and S7†). Interestingly, the binding of chloride
increases the chromophore pKa to 7.13 � 0.12, favoring the
phenol state to a greater extent. Based on these results, chloride
titrations at pH 6, 6.5, and 7 show that the chromophore
equilibrium can be tuned in a dose-dependent manner (Fig. 2A,
S8 and S9†). Moreover, this response does not arise from ionic
strength effects as indicated by a negative control with gluco-
nate (Fig. S10 and S11†).

Next, we characterized the emission response of GFPxm163
to chloride with steady-state and time-resolved uorescence
spectroscopy at pH 6, 6.5, and 7. Excitation of the phenolate
state (lex¼ 480 nm) in the absence of chloride at pH 6, results in
an emission maximum at 524 nm (Fig. 2B, S8 and S9†). The
addition of chloride does not shi the emission maximum but
quenches the intensity by 93% with 512 mM chloride. Using
a single-site binding model, the apparent dissociation constant
(Kd) for chloride binding to GFPxm163 was determined to be
34.4 � 0.2 mM (Table 1, Fig. S18 and S19†). We note that exci-
tation of the phenol state does not generate a uorescent signal
above background and was not further evaluated in this study.
Similar, albeit attenuated, uorescence quenching and weaker
chloride binding affinities are observed at pH 6.5 (86%, Kd ¼
79.6 � 0.4 mM) and pH 7 (69%, Kd ¼ 230.1 � 19.7) (Table 1,
Fig. 2C, S8, S9, S18 and S19†). Notably, the molar brightness is
more signicantly affected by the addition of chloride rather
than differences in pH (Table 1, Fig. S20–S26†). We can further
connect these data to the kinetics of chloride binding deter-
mined with stopped-ow measurements under pseudo-rst
order conditions (Fig. S27–S29†). Fitting of the kinetic traces
to a biexponential model reveals two components as reported
previously for avYFP-H148Q (Fig. S33†).21,53 The major and
faster on-rate can be ascribed to the binding of chloride whereas
the minor and slower on-rate could possibly correspond to
a rearrangement in the chromophore environment or weak
secondary interactions with the b-barrel but was not investi-
gated in greater detail.54 We nd that the on-rate of chloride
binding decreases from pH 6 to 7 as follows: 2.5� 0.3 M−1 s−1 >
0.8 � 0.1 M−1 s−1 > 0.3 � 0.03 M−1 s−1 (Table 1, Fig. S33†).

Given the known plasticity of anion-sensitive uorescent
proteins, the selectivity of GFPxm163 was evaluated with a panel
of halides and oxyanions under the same pH conditions tested
Chem. Sci., 2022, 13, 12659–12672 | 12661
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Table 1 In vitro spectroscopic properties of GFPxm163. For each experiment, the average of at least two protein preparations, eachmeasured in
triplicate with the S.E.M. is shown. All experiments were carried out at room temperature (24–26 �C for steady-state measurements and 22 �C for
time-resolved measurements) in 50 mM sodium phosphate buffer at pH 6, 6.5, and 7

pH 6 pH 6.5 pH 7

Molar extinction coefficient (M−1 cm−1) Apo 57 067 � 5930 65 939 � 2706 67 845 � 2818
Cl− 3574 � 253 10 784 � 627 29 453 � 2130

Quantum yield Apo 0.97 � 0.03 0.92 � 0.03 0.89 � 0.03
Cl− 0.08 � 0.001 0.08 � 0.003 0.08 � 0.001

Molar brightness Apo 54.45 � 5.71 60.99 � 4.02 61.04 � 4.13
Cl− 0.29 � 0.02 0.89 � 0.05 2.31 � 0.15

Kd (mM) Cl− 34.4 � 0.2 79.6 � 0.4 230.1 � 19.7
Br− 7.9 � 0.3 18.6 � 0.5 46.2 � 5.3
I− 0.7 � 0.03 1.7 � 0.1 6.4 � 0.1
NO3

− 3.8 � 0.1 8.9 � 0.3 24.1 � 0.8
kon (M−1 s−1) Cl− 2.5 � 0.3 0.8 � 0.1 0.3 � 0.03

Br− 4.1 � 0.6 1.3 � 0.2 0.8 � 0.01
I− 9.7 � 0.7 3.0 � 0.2 1.6 � 0.06
NO3

− 24.0 � 2.0 6.5 � 0.5 2.6 � 0.3
koff (s−1) Cl− 85 � 10 63 � 4 70 � 9

Br− 32 � 5 25 � 3 37 � 4
I− 7.1 � 0.6 5.2 � 0.4 10.2 � 0.4
NO3

− 93 � 7 58 � 4 63 � 7
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above. Based on the absorption proles, bromide, iodide, and
nitrate can tune chromophore equilibrium from the phenolate
to the phenol state; thus, providing evidence that, like chloride,
these anions bind near the chromophore (Fig. S12–
S17†).19–22,42,43 Indeed, titrations from pH 6 to 7 show all three
anions quench the uorescence intensity by more than 95%
with clear differences in the binding affinities: iodide > nitrate >
bromide > chloride (Table 1, Fig. S12–S19†). One noteworthy
observation is that this ranking tracks with increasing ion
dehydration enthalpies; however, this is not the case for the on-
rates of binding: nitrate > iodide > bromide > chloride (Table 1,
Fig. S30–S36†).55 Both trends are maintained with increasing pH
for each anion, as the degree of uorescence quenching,
binding affinity, and on-rate of binding decrease. Interestingly,
the calculated off-rates of binding track in the opposite direc-
tion of the ionic radii: iodide > bromide > nitrate z chloride
(Table 1).55

We exploited affinity of GFPxm163 for chloride versus iodide
to validate it as a sensor in live cells. To do so, we selected the
well-established Fischer rat thyroid (FRT) cell line over-
expressing the cAMP-activated cystic brosis transmembrane
conductance regulator (CFTR).22,56 This cell model enables
a real-time anion exchange assay that relies on the endoge-
nously expressed sodium-iodide symporter (NIS) and the acti-
vation of CFTR to effectively transport both chloride and iodide
but not gluconate to the same extent.57,58 Cells transiently
overexpressing GFPxm163 and incubated in buffer with chlo-
ride show endogenous uorescence signal in the cytoplasm and
nucleus (Fig. 3A–D, S37, ESI Movie 1–4†). The replacement of
extracellular chloride with iodide, results in an inux of iodide
through the NIS quenching the intracellular uorescence
(�40%), which is in line with the fact that GFPxm163 is more
sensitive to iodide than chloride at pH 7 (Fig. 3E). This response
is further enhanced (�5%) through the activation of CFTR with
12662 | Chem. Sci., 2022, 13, 12659–12672
forskolin (FSK) and readily reversed to baseline levels by
replenishing extracellular chloride, suggesting that chloride
could displace iodide bound to the sensor. To further probe
this, a chloride–gluconate exchange assay was carried out in
a similar fashion, however, the intracellular uorescence does
not signicantly change (Fig. 3F, ESI Movie 5–10†). Since the
binding affinity for chloride to GFPxm163 is relatively weak at
pH 7 (Kd ¼ 230.1 � 19.7 mM), the baseline uorescence could
correspond to the apo form or a partially bound form that does
not alter the uorescence signal. We do note that avYFP-H148Q
produces only a 12% increase in the intracellular uorescence
under similar conditions. As such a higher affinity sensor could
be used to monitor an efflux of endogenous chloride.21 More-
over, the intracellular pH does not change under the assay
conditions tested as indicated by the pH-sensitive dye BCECF
(Fig. S38, S39, ESI Movie 11–22†).59–61

Finally, we evaluated the oligomeric state of GFPxm163 by
anchoring the protein to the cytosolic face of the endoplasmic
reticulum (ER) through an N-terminal fusion to a trans-
membrane segment from a rabbit cytochrome P450 (Fig.
S40†).62,63 Homo-oligomerization of the fusion protein drives
restructuring of the ER from a reticular architecture into an
organized smooth ER (OSER). Analysis of 10 000 cells reveals
that 89.7 � 1.1% of cells retain normal ER morphology, indi-
cating that GFPxm163 has a low tendency to oligomerize
(Fig. 4).50 Taken together, this application showcases that
GFPxm163 is a monomeric sensor that provides a reversible yet
indirect readout of intracellular chloride.
Conclusion

In summary, we have presented and validated a stepwise
bioinformatics-guided strategy to discover GFPxm163 as a new
monomeric uorescent protein sensor for chloride.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Spectroscopic characterization shows that the binding of not
only chloride but also bromide, iodide, and nitrate rapidly tunes
the ground state chromophore equilibrium from the phenolate
to the phenol state generating a pH-dependent, turn-off uo-
rescence response. Furthermore, uorescence microscopy
reveals that GFPxm163 provides a reversible, yet indirect
Fig. 3 Fluorescence microscopy reveals that GFPxm163 is sensitive to
halides in live FRT cells overexpressing CFTR. Representative fluores-
cence images of cells at 37 �C in amodified live cell imaging solution at
pH 7.4 containing (A) 140 mM Cl−, (B) 40 mM Cl−/100 mM I−, (C)
40mMCl−/100mM I−with 20 mMFSK, and (D) 140mMCl−with 20 mM
FSK. (E) Plot of the normalizedmedian fluorescence intensity over time
for the Cl−/I− exchange. The average of all regions of interest (n ¼ 69)
from four biological replicates with the S.E.M. is reported. (F) Plot of the
normalized median fluorescence intensity over time for the Cl−/Gluc
exchange. The average of all regions of interest (n ¼ 168) from six
biological replicates with the S.E.M. is reported. The corresponding
time-lapse fluorescence microscopy data are shown in ESI Movie 1–
10.† Abbreviation: Fischer rat thyroid, FRT; Cystic fibrosis trans-
membrane conductance regulator, CFTR; Gluconate, Gluc; Forskolin,
FSK.

Fig. 4 The organized smooth endoplasmic reticulum (OSER) assay
reveals that GFPxm163 is a monomer in FRT-CFTR cells (n ¼ 10 000,
Score ¼ 89.7). Representative images are shown for live FRT-CFTR
cells overexpressing CytERM-GFPxm163 with (A) normal and (B)
whorled ER structures at 37 �C in a modified live cell imaging solution
at pH 7.4.

© 2022 The Author(s). Published by the Royal Society of Chemistry
readout of intracellular chloride via iodide exchange in the FRT-
CFTR model. In the context of anion sensitive GFPs, GFPxm163
is the rst derived from the GFP found in the jellysh Aequorea
macrodactyla. Even though GFPxm163 has a weaker chloride
binding affinity at physiological pH than avYFP-H148Q and
other widely used sensors, it has a higher molar brightness and
is a monomer.22 Because of these properties, GFPxm163 is an
ideal starting point for engineering new sensors. With respect to
the parent GFPxm, GFPxm163 has only three mutations and
thus an underexplored mutational landscape.51,52 To this end,
we are using directed evolution to enrich and sample this
sequence space for improved and new sensor properties to
feedback into our bioinformatics pipeline. Ultimately, this will
allow us not only to image cellular chloride but also to identify
mutational hotspots to inform the design and discovery of this
novel function within the GFP family.
Experimental methods
General

Reagents and chemicals were purchased from Sigma-Aldrich,
Thermo Fisher Scientic, or VWR International unless other-
wise stated.
Multiple sequence alignment and percent identity matrix

A global sequence alignment was generated using the
sequences from the green uorescent protein family (GFP;
Pfam: PF01353) in Pfam. This was analyzed using Python to
identify the only known monomer GFPxm163 (Uniprot ID:
Q8WTC8), an engineered variant of GFPxm (Uniprot ID:
Chem. Sci., 2022, 13, 12659–12672 | 12663
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Q8WP95) that is naturally found in Aequorea macrodactyla.64 The
multiple sequence alignment in Fig. 1 and percent identity
matrix in Fig. S2† were generated using the Clustal Omega
soware V1.2.4.65

Crystal structures and homology models

The homology models of phiYFP and GFPxm163 were generated
using MODELLER V10.1 with the crystal structures of phiYFPv
(PDB ID: 4HE4) and avYFP-H148Q (PDB ID: 1F09), respec-
tively.66 The images in Fig. 1 were generated using PyMol V2.5.0.

Construction of plasmids

All plasmids used in this study were commercially synthesized
by GenScript. For recombinant protein expression, the nucleo-
tide sequence encoding wild-type GFPxm163 was codon-
optimized for Escherichia coli and cloned between the NdeI
and BamHI restriction sites with an N-terminal polyhistidine tag
and C-terminal stop codon in the pET-28a(+)-TEV vector. For
live cell uorescence imaging experiments, the DNA sequence
encoding wild-type GFPxm163 was codon-optimized for
expression in human cell lines and cloned between the BamHI
and EcoRI restriction sites with a C-terminal stop codon in the
pcDNA3.1(+) vector. The GFPxm163-pcDNA3.1(+) plasmid will
be deposited in Addgene. For the Organized Smooth Endo-
plasmic Reticulum (OSER) assay, the rst 29 amino acids of the
endoplasmic reticulum signal anchor membrane protein
CytERM with a 17 amino acid linker were added to the N-
terminal end of GFPxm163 to anchor the fused protein onto
the cytoplasmic side of the ER.62,63 This gene was cloned
between the BamH1 and EcoR1 restriction sites with a C-
terminal stop codon in the pcDNA3.1(+) vector. The nucleo-
tide and amino acid sequences for each plasmid are shown in
Fig. S3, S37, and S40†.

Expression of GFPxm163

E. cloni EXPRESS BL21 (DE3) competent cells (Lucigen) were
transformed with the GFPxm163-pET-28a(+)-TEV plasmid by
electroporation (MicroPulser Electroporator, Bio-Rad Labora-
tories), plated onto a LB (lysogeny broth; 10 g L−1 tryptone, 5 g
L−1 yeast extract, and 10 g L−1 NaCl, Research Products Inter-
national) agar plate with 50 mg mL−1 kanamycin, and incubated
at 37 �C for 18 h. For protein expression, a single colony was
picked into 50 mL of LB with 50 mg mL−1 kanamycin and
incubated overnight at 37 �C with shaking at 250 rpm. The next
day, 24 mL of the overnight culture was inoculated into 600 mL
of LB with 50 mg mL−1 kanamycin for protein expression. The
culture was incubated at 37 �C with shaking at 250 rpm until the
OD600 reached �0.7. Following this, protein expression was
induced by adding 600 mL of 1 M isopropyl b-D-thiogalactopyr-
anoside (IPTG, Gold Biotechnology) to a nal concentration of
1 mM. Aer incubation at 37 �C with shaking at 250 rpm for
24 h, cells were harvested by centrifugation at 3,000g for 25 min
at 4 �C, resuspended in 30 mL of lysis buffer (20 mM Tris at pH
7.5 containing 200 mM NaCl, 2 mM MgCl2, 20 mg mL−1 DNase,
and 1 capsule of protease inhibitor per 500 mL of buffer
(Pierce)), and stored at −20 �C until further use.
12664 | Chem. Sci., 2022, 13, 12659–12672
Purication of GFPxm163

The frozen cell pellet was thawed in a water bath at room
temperature. Once thawed, the cell suspension was sonicated at
30% power amplitude with a 15 s and 45 s on-off pulse cycle for
a total of 20 min in an ice bath, followed by ultracentrifugation
at 18,000g for 35 min at 4 �C (Optima XPN, Beckman Coulter).
The claried supernatant was loaded through a sample pump of
an NGC Quest 10 Chromatography System (Bio-Rad Laborato-
ries) onto a pre-equilibrated 5 mL nickel nitrilotriacetic acid
affinity column (HisTrap HP, GE Healthcare) with a running
buffer (20 mM Tris buffer at pH 7.5 containing 200 mM NaCl
and 30 mM imidazole). The column was washed with the
running buffer over 10 column volumes, and then the protein
was eluted with a 0–100% linear gradient of an elution buffer
(20 mM Tris at pH 7.5 containing 200 mM NaCl and 500 mM
imidazole) over 10 column volumes. The fractions with an
absorbance at 512 nm were combined and loaded as described
above onto a pre-equilibrated desalting column (HiPrep 26/10
Desalting, GE Healthcare) with a desalt buffer (200 mM
sodium phosphate buffer at pH 7.5). The resulting fractions
with an absorbance at 512 nm were combined and loaded as
described above onto a pre-equilibrated size-exclusion column
(HiLoad 26/600 Superdex 200 prep grade) using the desalt
buffer. A representative size-exclusion chromatography chro-
matogram is shown in Fig. S4† with a gel ltration protein
standard (Bio-Rad Laboratories). The fractions from the single
monomer peak were combined and diluted ten-fold and buffer
exchanged three times into 10 mM sodium phosphate buffer at
pH 6.5 with an Amicon Ultra-15 Centrifugal Filter Unit Ultracel-
10 (Millipore) by centrifugation at 3,000g at 4 �C. The resulting
protein stock solution was stored at −20 �C until further use.
The purity of the buffer-exchanged fractions was determined
using sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) as previously described.42 Briey, an aliquot of
the puried protein was diluted to 1 mg mL−1 with distilled
water, and 20 mL of the sample was mixed with 5 mL of a 5X
Laemmli sample buffer containing 10% b-mercaptoethanol
(Bio-Rad Laboratories). The sample was boiled for 5 min at
95 �C and loaded into a 12% polyacrylamide gel. The gel was run
in 1X Tris-Glycine-SDS Buffer (TGS 10X solution, Research
Products International) at 150 V for 45 min, and then visualized
with Coomassie Blue stain. The Coomassie-stained SDS-PAGE
gel with all four protein preparations used in this study is
shown in Fig. S5.†
Protein concentration determination

Stock solutions of GFPxm163 were serially diluted with 50 mM
sodium phosphate buffer at pH 7, and a 200 mL aliquot of each
solution was transferred to a 96-well UV-Star microtiter plate
(Greiner) for analysis with a microplate reader (Spark, Tecan)
at room temperature (24–26 �C). For each well, the absorbance
intensity was collected from 250–600 nm (2 nm step size,
3.5 nm bandwidth) and corrected by subtracting the absor-
bance intensity at 600 nm at each point. The dilution factors
(d) were plotted versus the corrected absorbance intensities at
280 nm and tted with a linear regression (R2 > 0.99) to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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determine the slope for each sample (Gs). To maintain the
linearity of the tting, corrected absorbance values less than
0.1 were plotted. Based on this analysis, the protein concen-
trations were calculated using the following equations based
on the Beer–Lambert law (A ¼ 3lc) where A is the absorbance, 3
is the extinction coefficient, l is the optical path length and c is
the concentration. The extinction coefficient of 23 380 M−1

cm−1 was determined using the ProtParam tool in ExPASy
using the sequence shown in Fig. S3†.67 The optical pathlength
of 0.59 cm was determined by collecting the absorbance
intensities at 975 nm (A975) and 900 nm (A900) for a 200 mL
sample of water in a well of a 96-well microtiter plate using the
microplate reader and an 800 mL sample of water in a 1 cm
quartz cuvette using a UV-Vis-NIR spectrophotometer (Cary
7000, Agilent) in the equation below. For each biological
replicate, an average of three measurements was used to
determine the concentration.

A¼Gs � d

c ¼ Gs

3280 � l

l ¼ A975ðwellÞ � A900ðwellÞ
A975ðcuvetteÞ � A900ðcuvetteÞ

� 1 cm
pKa determination

The stock solutions of GFPxm163 were diluted in 10 mM
sodium phosphate buffer at pH 6.5 to a nal protein concen-
tration of 9.6 mM or 18.4 mM. These new stock solutions were
further diluted 8-fold with 50 mM sodium acetate buffer at pH
4, 4.5, 5, and 5.5 and 50 mM sodium phosphate buffer at pH
5.5, 6, 6.5, 7, 7.5, 8, 8.5, and 9 in the absence and presence of
sodium chloride to a nal protein concentration of 1.2 mM or
2.3 mM protein and 0 or 512 mM sodium chloride. A 200 mL
aliquot of each solution was transferred to a 96-well microtiter
plate for analysis using a microplate reader at room tempera-
ture (24–26 �C). For each well, the absorbance intensity was
collected from 350–650 nm (2 nm step size, 3.5 nm band-
width). The absorbance spectra were corrected by subtracting
the absorbance intensity at 600 nm for each point. Fluores-
cence excitation was provided at 480 nm with (5 nm band-
width), and the emission intensity was collected from 500–
600 nm (2 nm step size, 5 nm bandwidth, 30 ashes). To
calculate the pKa values, each pH was plotted versus the cor-
rected absorbance intensity at 512 nm (A512) and tted to the
equation below where Amax is A512 at pH 9, Amin is A512 at pH 4,
P− is the deprotonated chromophore, and HP is the proton-
ated chromophore.

pH ¼ pKa � log

� ½P��
½HP�

�

© 2022 The Author(s). Published by the Royal Society of Chemistry
A512 ¼ ðAmax � AminÞ �
� ½P��
½P�� þ ½HP�

�
þ Amin

A512 ¼ ðAmax � AminÞ �

0
BB@ 1

1þ ½HP�
½P��

1
CCAþ Amin

A512 ¼ ðAmax � AminÞ �

0
BBB@

1

1þ 10
�log

�
½P��
½HP�

�
1
CCCAþ Amin

A512 ¼
�

Amax � Amin

10ðpH�pKaÞ þ 1

�
þ Amin

The pKa values were also calculated by plotting the normal-
ized emission intensity at 524 nm (Fn) versus the pH and tted to
the equation below where F is the raw emission intensity at
524 nm, Fmax is F at pH 9, and Fmin is F at pH 4.

Fn ¼
�

F � Fmin

Fmax � Fmin

�
¼

�
1

10ðpH�pKaÞ þ 1

�

Data is shown for two protein preparations eachmeasured in
triplicate and reported as an average with the S.E.M. (Fig. S6 and
S7†). The average of the two protein preparations with S.E.M. is
reported in Table 1. All errors were propagated by a grouped
data standard deviation.
Apparent dissociation constant (Kd) determination

The stock solutions of GFPxm163 were diluted with 50 mM
sodium phosphate buffer at pH 6, 6.5, and 7 to a nal protein
concentration of 8 mM or 13.6 mM. These new stock solutions of
GFPxm163 were further diluted 8-fold with 50 mM phosphate at
the same pH in the presence of sodium chloride, bromide,
iodide, nitrate, and gluconate to make a nal concentration of 1
mM or 2.3 mM with 0, 2, 4, 8, 16, 32, 64, 128, 256, 512 mM of the
sodium salt for each anion. A 200 mL aliquot of each solution
was transferred to a 96-well microtiter plate for analysis using
a microplate reader at room temperature (24–26 �C). For each
well, the absorbance intensity was collected from 350–650 nm
(2 nm step size, 3.5 nm bandwidth) and corrected by subtracting
the absorbance intensity at 600 nm for each point. Fluorescence
excitation was provided at 480 nm with (5 nm bandwidth), and
emission intensity was collected from 500–600 nm (2 nm step
size, 5 nm bandwidth, 30 ashes). For each anion at each
concentration, the uorescence intensity (F) at 524 nm was rst
normalized (Fn), where Fmax is F with 0 mM anion and Fmin is F
with 512 mM of iodide at the corresponding pH. Then the
normalized uorescence intensity was used to determine the
apparent dissociation constant (Kd) by tting with SciPy to
a single binding site model using the equation below.68 Data is
Chem. Sci., 2022, 13, 12659–12672 | 12665
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shown for two protein preparations each measured in triplicate
and reported as an average with the S.E.M. (Fig. S8–S19†). The
average of the two protein preparations with S.E.M. is reported
in Table 1. All errors were propagated by a grouped data stan-
dard deviation.

F ¼ ðFmax � FminÞ �
�
1� ½anion�

Kd þ ½anion�
�
þ Fmin

Fn ¼ F � Fmin

Fmax � Fmin

¼ Kd

Kd þ ½anion�

Quantum yield and extinction coefficient determination

Coumarin 153 was used as the reference standard (Fc ¼ 0.25 in
50% ethanol).69 A 1 mM stock solution of Coumarin 153 was
prepared and serially diluted in 50% ethanol eight times, and
a 200 mL aliquot of each solution was transferred to a 96-well
microtiter plate for analysis using a microplate reader at room
temperature (24–26 �C). For each well, the absorbance intensity
was collected from 400–600 nm (2 nm step size, 3.5 nm band-
width) and corrected by subtracting the absorbance intensity at
600 nm for each point. Fluorescence excitation was provided at
425 nm with (5 nm bandwidth), and the emission intensity was
collected from 440–800 nm (2 nm step size, 5 nm bandwidth, 30
ashes). Then each emission spectrum was integrated from
440–800 nm in Microso Excel. The integrated emission
responses were plotted versus the corrected absorbance inten-
sities at 425 nm and tted with a linear regression (R2 > 0.99) to
determine the slope for Coumarin 153 (Sc) (Fig. S20†). To
maintain the linearity of the tting, corrected absorbance
intensities less than 0.1 were plotted.

The stock solution of GFPxm163 was diluted in 50 mM
sodium phosphate buffer at pH 6, 6.5, and 7 containing 0 or
512 mM NaCl and then serially diluted with the same buffer
eight times, and a 200 mL aliquot of each solution was trans-
ferred to a 96-well UV-Star microtiter plate for analysis using
a microplate reader at room temperature (24–26 �C). For each
well, the absorbance intensity was collected from 250–600 nm
(2 nm step size, 2.5 nm bandwidth) and corrected by sub-
tracting the absorbance intensity at 600 nm for each point.
Fluorescence excitation was provided at 480 nm with (5 nm
bandwidth), and emission intensity was collected from 500–
600 nm (2 nm step size, 5 nm bandwidth, 30 ashes). Then
each emission spectrum was integrated from 500–600 nm. The
integrated emission responses were plotted versus the cor-
rected absorbance intensities at 480 nm and tted with
a linear regression (R2 > 0.99) to determine the slope for each
sample (Ss) (Fig. S21–S23†). To maintain the linearity of the
tting, corrected absorbance intensities less than 0.1 were
plotted.

Given the refractive indices of the 50% ethanol (hc ¼ 1.36)
and the water (hs ¼ 1.33), the uorescence quantum yields of
GFPxm163 (Fs) were calculated using the equation
below.70,71 The average of three protein preparations each
measured in triplicate with S.E.M. is reported in Table 1. All
12666 | Chem. Sci., 2022, 13, 12659–12672
errors were propagated by a grouped data standard
deviation.

Fs ¼ Fc �
�
Ss

Sc

�
�
�
hs

hc

�2

The extinction coefficients of apo and chloride bound
GFPxm163 were calculated for the phenolate form at 512 nm
(3512) based on the extinction coefficient of GFPxm163 at
280 nm (3280). For these calculations, the corrected absor-
bance intensities at 512 nm and 280 nm for each sample
above were plotted versus each other and tted with a linear
regression (R2 > 0.99) to determine the slope for each sample
(DA512/DA280) (Fig. S24–S26†). Based on this analysis, the
extinction coefficients were calculated based on the Beer–
Lambert law. Since the optical pathlength (l) and protein
concentration (c) in each sample were the same, the equation
can be simplied as shown below. The average of three
protein preparations each measured in triplicate with S.E.M.
is reported (Table 1). All errors were propagated by a grouped
data standard deviation.

DA ¼ 3 � l � Dc

3512 ¼ 3280 �
�
DA512

DA280

�

Kinetic rate constant determination

The stock solutions of GFPxm163 were diluted in 50 mM
sodium phosphate buffer at pH 6, 6.5, and 7 to a nal
concentration of �2 mM and kept on ice until further use.
Stock solutions of sodium chloride, bromide, iodide, nitrate,
and gluconate were prepared at ve different concentrations
in 50 mM sodium phosphate buffer at pH 6, 6.5, and 7. The
concentrations of the stock solutions for each anion were
minimally at the Kd and spread over a three-fold range from
the lowest to highest concentrations. Sodium chloride was
tested at the following series of nal concentrations: 32, 48, 64,
80, and 96 mM or 64, 96, 128, 160, and 192 mM at pH 6; 80,
120, 160, 200, and 240 mM at pH 6.5; 250, 375, 500, 625, and
750 mM at pH 7. Sodium bromide was tested at the following
series of nal concentrations: 8, 12, 16, 20, and 24 mM or 16,
24, 32, 40, and 48 mM at pH 6; 20, 30, 40, 50, and 60 mM at pH
6.5; 75, 150, 225, 300, 375, 450, 525, 600, 675, and 750 mM at
pH 7. Sodium iodide was tested at the following series of nal
concentrations: 1, 2, 4, 6, and 8 mM or 2, 4, 8, 12, and 16 mM at
pH 6; 20, 30, 40, 50, and 60 mM at pH 6.5; 8, 16, 32, 48, 64, 80,
96, 112, 128, 144, and 160 mM at pH 7. Sodium nitrate was
tested at the following series of nal concentrations: 4, 6, 8, 10,
and 12 mM or 8, 12, 16, 20, and 24 mM at pH 6; 20, 30, 40, 50,
and 60 mM for pH 6.5; 24, 36, 48, 60, and 72 mM at pH 7.

These experiments were carried out using a stopped-ow
spectrometer (SX20, Applied Photophysics) equipped with a 7
liter refrigerated circulator (Polyscience) at 22 �C. A 1.5 mL
© 2022 The Author(s). Published by the Royal Society of Chemistry
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aliquot of the protein stock solution was loaded into one syringe
and 1.5 mL of phosphate buffer, at the same pH, was loaded
into the second syringe. The syringe temperature was allowed to
equilibrate for 5 min. Aer this, at least seven co-injections of
both syringes were performed to purge and equilibrate the
uidics and sample cell in the system. Following this, the
detector baseline uorescence emission signal of the apo
protein was adjusted to 8 V using the auto PM function of the
instrument. For each sample, three equal volume co-injections
were measured for the kinetics of the apo protein. When
necessary, the syringe containing the protein was reloaded from
the same protein stock solution. The syringe containing phos-
phate buffer was exchanged starting with the anion stock
solution with the lowest concentration, and the equilibration,
injections, and measurements were repeated to test the
kinetics. This process was repeated for all concentrations of
a given anion and pH, with thorough cleaning between condi-
tion tested. Data was collected for two different protein prepa-
rations. Excitation was provided at 500 nm (9.3 nm bandwidth),
and the emission signal was collected with a 515 nm cutoff lter
placed between the sample cell and the uorescence photo-
multiplier. The uorescence was measured until the kinetic
process was completed.

All data analysis was carried out and plotted using Python.72

For each uorescence trace, the rst 10 ms was removed to
account for the dead time of the instrument (�2 ms). Then, the
uorescence intensity of each kinetic trace was normalized
from 1 to 0 by applying the following function, where S is the
emission uorescence signal.

Snormalized ¼ S � Seq

S0 � Seq

The average and standard deviation for the three co-
injections were calculated. This was repeated for each tech-
nical replicate, and the overall average was determined with
a grouped data standard deviation.

These data were tted to the following double exponential
model, where S is emission uorescence signal and F is the
fractional change of uorescence signal for the rst kinetic
process, with a weighted least-squares minimization, where
initial parameters were calculated based on the solution to
a simple linear regression arising from an integral trans-
formation of the unweighted data for each anion at each
concentration and pH:73–75

SðtÞ ¼ S0 þ F � �
Seq � S0

�� e�kobs1�t þ ð1� FÞ
� �

Seq � S0

�
e�kobs2�t

Since all measurements were carried out under pseudo-rst
order conditions, the kobs1 rate constants were linearly related to
concentration. As such, the on (k1) rate of anion binding was
determined using the following relationship:53

kobs1 ¼ k1 � [anion] + k−1
© 2022 The Author(s). Published by the Royal Society of Chemistry
The on-rate of binding was determined for each protein
preparation. The off-rate was calculated based on the on-rate
from stopped-ow measurements and the Kd determined
from the microplate reader measurements as follows:

Kd ¼ k�1
k1

For Fig. S27–S36,† data is shown for two protein preparations
across three technical replicates each with three co-injections.
Data from each protein preparation is reported as an average
with the standard deviation. For Table 1, k1 and k−1 constants
are reported as an average with S.E.M. between the two protein
preparations. All errors were propagated by a grouped data
standard deviation.
Preparation of cell cultures

Fischer rat thyroid cells overexpressing the cystic brosis
transmembrane conductance regulator (FRT-CFTR) were kindly
gied by Dr Jeong S. Hong at Emory University and cultured
according to procedures from the Cystic Fibrosis Foundation
(https://www.cff.org/). Briey, cells were maintained in Coon's
modied Ham's F-12 medium supplemented with 10% fetal
bovine serum (Corning), 100 mg mL−1 hygromycin B (Gibco),
and 100 mg mL−1 Zeocin (Gibco) in a T-25 culture ask at 37 �C,
5% CO2. For passaging and plating, cells were trypsinized with
3 mL 0.05% trypsin–EDTA (Gibco) for 15 min at 37 �C, 5% CO2.
The trypsin was neutralized with 6 mLmedia, and then the cells
were collected by centrifugation at 200g for 5 min at room
temperature. Then the media was aspirated, and the cell pellets
were resuspended in fresh media. An aliquot of the collected
cells was stained with Trypan blue for counting using a hemo-
cytometer prior to plating. All experiments were carried out with
cells at a passage number less than twelve.
Ion exchange assays for GFPxm163 with uorescence
microscopy

For reverse transfection, 1 mg of the industrial grade GFPxm163-
pcDNA3.1(+) plasmid (GenScript), 1.5 mL of Lipofectamine 3000,
and 2 mL of P3000 reagent were complexed in 250 mL of Opti-
MEM media for 15 min at room temperature and added into
a 35 mm glass-bottom dishes (10 mmmicro-well, #1.5 coverslip,
Cellvis). Cells were plated at a seeding density of �2.5 � 105

cells per dish with 1.75 mL of media and were incubated for 3
days at 37 �C, 5% CO2.

Before imaging, the cells were washed twice with 2 mL of the
pre-warmed modied live cell imaging solution (20 mM HEPES
buffer at pH 7.4 containing 140 mM NaCl, 2.5 mM KCl, 1.8 mM
CaCl2,1 mM MgCl2, and 10 mM glucose) and incubated for
30 min at 37 �C on the stage top incubator (Tokai Hit) prior to
imaging at 37 �C. All modied live cell imaging solutions were
adjusted to �300 mOsm with distilled water using a vapor
pressure osmometer (VAPRO, ELITechGroup). All uorescence
and differential interference contrast (DIC) images were
collected using an inverted uorescence microscope (IX83,
Olympus) equipped with a light engine (Spectra X, Lumencor) at
Chem. Sci., 2022, 13, 12659–12672 | 12667
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37 �C. For image acquisition, a 40X oil immersion objective with
a numerical aperture of 1.4 and a working distance of 0.17 mm
and a custom lter set for EGFP (Chroma) were used. This lter
set consists of a 470/40 nm excitation lter for excitation at
480 nm, a 495 nm dichroic beamsplitter, and a 525/50 nm
emission lter to detect the emission at 524 nm. Excitation was
provided with 25% LED power at level 1 and an exposure time of
60–100 ms. The resolution of the camera was set to 64 � 64
pixels with 4 � 4 binning to enhance signal-to-noise ratio.

The following methods were adapted from previous
studies.21 At the start of the chloride–iodide exchange experi-
ment, the imaging solutions were pre-warmed and exchanged
using an automated perfusion system. First, 8 mL of modied
live cell imaging solution supplemented with iodide (20 mM
HEPES buffer at pH 7.4 containing 40 mM NaCl, 100 mM NaI,
2.5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, and 10 mM glucose)
was perfused into the dish at 4 mL min−1, followed by an
incubation step for 5 min. Next, 8 mL of the modied live cell
imaging solution supplemented with iodide and 20 mM for-
skolin (FSK, EMD Millipore; 20 mM HEPES buffer at pH 7.4
containing 40 mM NaCl, 100 mM NaI, 2.5 mM KCl, 1.8 mM
CaCl2, 1 mM MgCl2, 10 mM glucose, and 20 mM FSK from
a 20 mM stock in DMSO) was perfused into the dish at 4 mL
min−1, followed by an incubation step for 7 min. Finally, 8 mL
of modied live cell imaging solution supplemented with FSK
(20 mM HEPES buffer at pH 7.4 containing 140 mM NaCl,
2.5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 10 mM glucose, and
20 mM FSK) was perfused into the dish at 4 mL min−1, followed
by an incubation step for 7 min All uorescence and DIC images
were collected every 30 s with a ZDC at 37 �C. Four biological
replicates from varying cell passage numbers were imaged. The
chloride–gluconate exchange experiments were carried out
using the same protocol, but the modied live cell imaging
solution was supplemented with 140 mM sodium gluconate in
place of sodium iodide (20 mM HEPES buffer at pH 7.4 con-
taining 140 mM NaGluc, 2.5 mM KCl, 1.8 mM CaCl2, 1.0 mM
MgCl2, and 10 mM glucose). Six biological replicates from
varying cell passage numbers were imaged. All images were
analyzed as described below (Fig. 3 and ESI Movie 1–10†).
Dye-based pH calibration assay with uorescence microscopy

Cells were plated at a seeding density of �5 � 105 cells in
35 mm glass-bottom dishes (10 mm micro-well, #1.5 coverslip,
Cellvis) with 2 mL of media and grown for at least 1 day at 37 �C,
5% CO2. The next day, cells were washed twice with 2 mL of the
pre-warmed modied live cell imaging solution and stained
with 2 mL of the same buffer supplemented with 5 mM BCECF-
AM (1 mM stock in DMSO) for 1 h at 37 �C on the stage top
incubator. Aer staining, the cells were washed twice with 2 mL
of the pre-warmed modied live cell imaging solution. The cells
were then incubated in a clamping buffer at pH 8 (10 mM
HEPES buffer containing 137 mM KCl, 0.8 mM CaCl2, 5 mM
nigericin from a 20 mM stock in DMSO, and 5 mM valinomycin
from a 10 mM stock in DMSO) for 30 min at 37 �C on the stage
top incubator, prior to imaging at 37 �C. All clamping buffers
were adjusted to �288 mOsm with distilled water using the
12668 | Chem. Sci., 2022, 13, 12659–12672
vapor pressure osmometer before adding the ionophores. For
image acquisition, a 20� air objective with a numerical aperture
of 0.7 and a working distance of 1.6 mm and a custom lter set
for BCECF (Chroma) were used. This lter set consists of two
excitation lters, 434/21 nm and 495/10 nm, for excitation at
440 nm and 490 nm, a 510 nm dichroic beamsplitter, and a 540/
40 nm emission lter to detect the emission at 535 nm. Exci-
tation was provided with 25% power at level 1 and an exposure
time of 200 ms. The resolution of the camera was set to 1024 �
1024 pixels.

The following methods were adapted from previous
studies.57 In solution, BCECF is excitation ratiometric (440 nm
and 490 nm) and has a single emission maximum (535 nm).56 At
the start of the experiment, the offset for Z-Dri Compensation
(ZDC) was set based on the uorescence signal for the 490 nm
excitation. Following this, the buffer was exchanged on stage
with 2 mL of each clamping buffer in the following order: pH
7.5, 7, 6.5, 6, and 8. The cells were incubated for 5 min at 37 �C
between each buffer, followed by collecting uorescence and
DIC images with ZDC at 37 �C. Six biological replicates from
varying cell passage numbers were imaged. All images were
analyzed as described below (Fig. S38, ESI Movie 11–16†).

Dye-based pH assay for Cl−/I− exchange with uorescence
microscopy. Cells were plated and stained with BCECF-AM as
described above. Aer staining, the cells were washed twice with
2 mL of the pre-warmed modied live cell imaging solution and
incubated for 30 min at 37 �C on the stage top incubator, prior
to imaging at 37 �C. For image acquisition, the 20� air objective
and the BCECF lter set described above were used. Excitation
was provided with 25% LED power at level 1 and an exposure
time of 200 ms. The resolution of the camera was set to 1024 �
1024 pixels. At the start of the experiment, the imaging solu-
tions were pre-warmed and exchanged as described above in the
ion exchange assay for GFPxm163. All uorescence and DIC
images were collected every 1 min with a ZDC at 37 �C. Six
biological replicates from varying cell passage numbers were
imaged. All images were analyzed as described below (Fig. S39
and ESI Movie 17–22†).
OSER assay for CytERM-GFPxm163 with uorescence
microscopy

Cells were plated at a seeding density of �5 � 105 cells in
35 mm glass-bottom dishes (20 mm micro-well, #1.5 coverslip,
MatTek) with 2 mL of media and grown for at least 1 day at
37 �C, 5% CO2 prior to transfection. The next day, 1 mg of the
industrial grade CytERM-GFPxm163-pcDNA3.1(+) plasmid
(Genscript), 1.5 mL of Lipofectamine 3000, and 2 mL of the P3000
reagent were complexed in 250 mL of Opti-MEM media for
15 min at room temperature. Following this, cells were treated
with the complex and incubated for 24 h at 37 �C, 5% CO2. Prior
to uorescence microscopy, cells were washed twice with 2 mL
of a pre-warmed modied live cell imaging solution and incu-
bated for 10 min at 37 �C on a stage top incubator. For image
acquisition, the 40� oil immersion objective and the EGFP lter
set were used. Excitation was provided with 100% LED power at
level 1 and an exposure time of �70 ms. The resolution of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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camera was set to 1024 � 1024 pixels. Cells that were at,
mononuclear, and nonmitotic were selected for counting (until
104 uorescent cells) as previously described using the built-in
Cellsens Soware (Olympus). Six biological replicates from
varying passage numbers were processed (Fig. 4).
Image process and analysis

Fiji is Just ImageJ soware (Fiji v2.0) was used to process and
analyze all uorescence imaging experiments. First, images
collected over time were visualized with the DragDrop function
in the Olympus Viewer plugin and concatenated into one stack.
All channels were separated by the Split Channels function, and
the uorescence channels were processed by the Sharpen
function. The sharpened image stacks were aligned using the
StackReg function in the Registration plugin. For the uores-
cence channel, a mask was created based on the maximum
intensity Z-projection. The threshold on each mask was
manually adjusted to lter out background and oversaturated
signals. The resulting mask was analyzed by the Analyze Parti-
cles function to mark the cells as regions of interest (ROIs) for
analysis. ROIs greater than 5 mm with circularity between 0 and
0.5, excluding the edges of the eld were selected. The DIC
images were used to conrm the selection of the ROIs. Specif-
ically, cells that were overlapping or in close contact were
considered as one ROI and not selected by the soware were
manually added as an ROI. The selected ROIs were applied to
the stacks with the ROI manager and analyzed through Multi
Measure to calculate the median uorescence intensity of each
ROI over time. For the BCECF experiments, the images were
processed as described above except all aligned stacks were
processed through Subtract Background function before
creating the mask. The mask corresponding to the 490 nm
excitation channel was used to mark the ROIs on both uo-
rescence channels.

For GFPxm163 analysis, the median uorescence intensity of
each ROI over time was normalized to the median of its initial
uorescence intensity for that biological replicate. The
normalized ROI uorescence intensities from all biological
replicates were averaged for reporting the uorescence change
over time in Fig. 3. For the BCECF analysis, the median uo-
rescence intensity of each ROI from the 490 nm excitation
channel over time was divided by its median uorescence
intensity from the 440 nm excitation channel over time to
calculate the emission ratio (Ex490/Ex440). To create a calibration
curve, the pH was plotted versus the averaged emission ratio for
a linear t (R2 ¼ 0.99) (Fig. S38†). This curve corresponds to the
linear part of the sigmoidal pKa curve. The average intracellular
pH change over time from the dye-based pH assay for Cl−/I−

exchange is shown in Fig. S39† based on the calibration curve
above.
Data availability

The data for this manuscript is provided in the main text and
ESI† and can be directly requested from the corresponding
author.
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