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A single point mutation converts a proton-pumping
rhodopsin into a red-shifted, turn-on fluorescent
sensor for chloride¥

Jasmine N. Tutol, ©2 Jessica Lee,® Hsichuan Chi,?® Farah N. Faizuddin,?®
Sameera S. Abeyrathna,? Qin Zhou,® Faruck Morcos,” Gabriele Meloni®?
and Sheel C. Dodani & *

The visualization of chloride in living cells with fluorescent sensors is linked to our ability to design hosts that
can overcome the energetic penalty of desolvation to bind chloride in water. Fluorescent proteins can be
used as biological supramolecular hosts to address this fundamental challenge. Here, we showcase the
power of protein engineering to convert the fluorescent proton-pumping rhodopsin GR from
Gloeobacter violaceus into GR1, a red-shifted, turn-on fluorescent sensor for chloride in detergent
micelles and in live Escherichia coli. This non-natural function was unlocked by mutating D121, which
serves as the counterion to the protonated retinylidene Schiff base chromophore. Substitution from
aspartate to valine at this position (D121V) creates a binding site for chloride. The binding of chloride
tunes the pK, of the chromophore towards the protonated, fluorescent state to generate a pH-
dependent response. Moreover, ion pumping assays combined with bulk fluorescence and single-cell
fluorescence microscopy experiments with E. coli, expressing a GR1 fusion with a cyan fluorescent
protein, show that GR1 does not pump ions nor sense membrane potential but instead provides
a reversible, ratiometric readout of changes in extracellular chloride at the membrane. This discovery
sets the stage to use natural and laboratory-guided evolution to build a family of rhodopsin-based
fluorescent chloride sensors with improved properties for cellular applications and learn how proteins
can evolve and adapt to bind anions in water.

Advances along these lines could contribute to our general
understanding of aqueous anion recognition and to the design
of new fluorescent sensors for chloride.

Chloride is an essential inorganic ion for life."> Beyond its role
as an electrolyte, chloride mobilization across cellular
membranes is known to be involved in a wide range of
homeostatic processes including, but not limited to, pH regu-
lation, fluid excretion, and electrical activity.>* The growing
importance of chloride in normal physiology and disease is
further evident by recent discoveries of new transporters and
biological roles, which have been accelerated through the
application of fluorescent sensors for chloride.* The fluores-
cence imaging of chloride in living cells is linked to our ability
to build hosts that can recognize chloride in water, a funda-
mental challenge in the field of supramolecular chemistry.'***
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A key limitation for the recognition of chloride in water is the
inherent energetic penalty for desolvation.'®** To overcome
this, successful examples of fluorescent molecular and polymer
hosts integrate Nature's design principles and combine coop-
erative, non-covalent interactions, including hydrogen bonding,
ion-pairing, and Van der Waals with the hydrophobic
effect.*''*** However, synthetic hosts that allow for the fluo-
rescence imaging of chloride in living cells remain rare and
have been limited to quinolinium and acridinium-based fluo-
rophores. The positively charged pyridinium cation directly
interacts with chloride, bromide, and even iodide resulting in
collisional fluorescence quenching.'***** These molecular
fluorescent sensors are pH-independent, and additional bio-
conjugation strategies have enabled improved cellular uptake,
organelle targeting, and ratiometric fluorescent outputs.**** It
is important to note that the lack of selectivity has not been
a point of improvement for cellular applications since chloride
is the most abundant halide.*

As a complementary approach, we use and evolve Nature to
build protein-based hosts for chloride. Even though there are
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only twenty proteinogenic amino acids, protein sequence space
is vast and can be further enriched through protein engineering
methods.” By selecting for a desired function or property,
laboratory-guided evolution allows for this sequence space to be
quickly sampled and filtered.” For our goal, this approach
affords a diverse pool of hosts with new and improved proper-
ties for the fluorescence imaging of chloride in living cells.
Along these lines, the green fluorescent protein family (GFP,
Pfam: PF01353) has been widely explored and engineered to
build fluorescent sensors for chloride.****! Indeed, pioneering
work from Wachter and Remington established that variants of
the green fluorescent protein (avGFP) from the jellyfish
Aequorea victoria are sensitive to chloride.**?* Of these, the
yellow fluorescent protein avYFP-H148Q is well characterized.
As shown in the crystal structure bound to iodide (PDB ID:
1F09), the halide binding pocket in avYFP-H148Q is lined with
hydrophobic residues and four polar amino acids, including
two glutamines, arginine, and tyrosine, that can hydrogen bond
with the anion (Fig. 1A and B).** The latter tyrosine residue
connects the binding of chloride through a m-7 interaction
with the 4-(p-hydroxybenzylidene)imidazolidin-5-one chromo-
phore.** Because of this close proximity, chloride binding
increases the pK, of the chromophore and shifts the equilib-
rium from the fluorescent phenolate state towards the non-
fluorescent phenol state, generating a turn-off fluorescence
response.**?* The E*GFP variant of avGFP is also sensitive to
chloride but operates via static fluorescence quenching with no
change in the chromophore equilibrium.*® This sensing mech-
anism could be attributed to a different chloride binding
pocket; the chloride ion forms four hydrogen bonds: one with
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a tyrosine residue, two with the peptide backbone connecting
the chromophore to valine and glutamine residues, and one
with a water molecule (Fig. 1C).** Both avYFP-H148Q and
E>GFP, and variants thereof, have been applied for the fluo-
rescence imaging of chloride despite being pH-dependent, turn-
off, and not selective over bromide, iodide, or nitrate ?"3>37-*
However, fusion with other fluorescent proteins have enabled
ratiometric fluorescent outputs that account for variability in
protein expression or pH dependence in living cells but still
require rigorous experimental controls.*>-*®

Relative to these literature precedents, we have identified low
sequence identity homologues that are also sensitive to chloride
but with different properties.*** The chloride binding pocket in
the naturally occurring yellow fluorescent protein from the
jellyfish Phialidium sp. (phiYFP) is identical to that of avYFP-
H148Q (Fig. 1D).**** Similarly, chloride binding increases the
PK, of the chromophore but generates an excitation ratiometric,
turn-on fluorescence response, likely through an excited state
proton transfer process.”” In addition, through a structure-
guided search, we identified that the yellow fluorescent
protein lanYFP from the cephalochordate Branchiostoma lan-
ceolatum and its engineered monomer mNeonGreen also bind
chloride.” In mNeonGreen, chloride forms five hydrogen bonds
with histidine, arginine, serine, threonine, and tyrosine resi-
dues near the chromophore (Fig. 1E).*> Based on this, we
recently reported that chloride binding decreases the pK, of the
chromophore and shifts the equilibrium from the non-
fluorescent phenol state to the highly fluorescent phenolate
state, generating a turn-on fluorescence response.>® Further-
more, we attributed this unique sensing mechanism to a non-
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Fig. 1

(A) The overall B-barrel structure of a representative chloride-sensitive fluorescent protein with the chromophore shown as sticks in

yellow (left, PDB ID: 1F09), and a general schematic of the chloride-dependent conversion of the two chromophore states (right). Comparison of
the anion binding sites in the crystal structures of (B) avYFP-H148Q with iodide (PDB ID: 1F09), (C) E2GFP with chloride (PDB ID: 2024), (D)
a variant of phiYFP (PDB ID: 4HE4), and (E) mNeonGreen with chloride (PDB ID: 5LTP). Note: the structure in panel C is rotated by 180° in the
counter-clockwise direction. For each protein, the chromophore is shown as yellow sticks, and the residues corresponding to the anion binding
pocket are shown as light gray sticks with the oxygen (red) and nitrogen (blue) atoms. Residues are labeled with the position number and the
single letter amino acid code. Hydrogen bonds are shown as black dashed lines. The iodide ion, chloride ions, and water molecule are shown as
maroon, green, and red spheres, respectively.
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coordinating arginine residue, instead of a tyrosine residue,
above the chromophore. Together, these homologues highlight
how differences in the amino acid residues, within and outside
of the chloride binding pocket and even in the chromophore,
can influence sensor properties. This is a key advantage of
sampling and enriching the vast protein sequence space to
build hosts for chloride.

To date, protein-based fluorescent sensors for chloride have
only been based on the GFP family. Beyond these advances, we
envisioned that microbial rhodopsins (Bac_rhodopsin, Pfam:
PF01036) could serve as new scaffolds to engineer fluorescent
sensors for chloride with the added advantages of red-shifted
spectral properties and membrane localization. The latter
could expand current biological applications to monitor the
uptake and recycling of chloride at the plasma or organelle
membranes.* Microbial rhodopsins are light-activated, trans-
membrane ion pumps with seven a-helices and a covalently
bound retinylidene Schiff base chromophore (SBC) - generated
from the condensation of all-trans-retinal and a lysine residue
(Fig. 2A).>*"® The SBC and its protonation state are stabilized by
a key counterion position, which plays a role in the ion pumping
pathway and selectivity.”® In chloride-pumping rhodopsins
(CPRs), this counterion position corresponds to a threonine or
asparagine, such that the chloride ion serves as the counterion to
the protonated SBC.>*****% This is observed in the X-ray crystal
structures of representative CPRs from Halobacterium salinarum
(HR) and Nonlabens marinus $1-08" (CIR) (Fig. 2B and C).%*%**
The chloride binding pocket also consists of polar amino acids,
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including serine and threonine, and highly ordered water
molecules that can form hydrogen bonding interactions with the
chloride ion.®*** However, the homologous counterion position
in proton-pumping rhodopsins (PPRs) corresponds to a nega-
tively charged aspartate, which accepts the proton from the
protonated SBC (Fig. 2D).>***% Interestingly, the well-studied
PPR bacteriorhodopsin (BR) from Halobacterium salinarum can
be converted into a CPR by substituting the aspartate counterion
position (D85) with serine, threonine, or asparagine.®” Absorp-
tion spectroscopy indicates that these variants bind chloride and
other anions, including bromide, iodide, and nitrate, but have
varying pumping activities.*””7° Of the three variants, BR D85S
has been crystallized with bromide (Fig. 2E).”* Similar to CPRs,
the serine residue at the counterion position directly interacts
with the bromide ion, which forms a hydrogen bond with the
protonated SBC.”' The residues R82, mediated by a highly
ordered water molecule, and D212 form two hydrogen bonding
interactions with bromide, thus adapting to accommodate this
non-natural function.” Outside of these contexts, when illumi-
nated with near-infrared light, PPRs can also access fluorescent
states in the photocycle.”>”* Because of this property, engineered
PPRs have been repurposed as fluorescent proton sensors to
provide a readout of the membrane potential at plasma or
mitochondrial membranes in cells and in vivo.’*”7*7¢7% On
a molecular level, the protonation state of the SBC controls the
on and off fluorescent states, which can be influenced by the
counterion position.”*”*

A B (o3
PN R108 RO5
Counterion W99
R \_wnz 1« - j\: e
& e ‘\\ \ \
53 !" S73 A61
L \;\\ LY RET 1 &
{5115 D231 S T02
K242 K235
D E F
R82 R82 R118
W86 & W86
% ‘1\ D85 /{% \ D85S —\‘— W13f/\0121
=) . /B N ® \
g
”\T\? vk A53 /\_\ e AS3 I oo £ ea
RET' / \\,-\L RET \"‘\\/ ¥ RET / \/‘\\/
D212 ¢ T89 D212 T89 D253 (¢ T25
K216 K216 K257

Fig. 2

(A) Microbial rhodopsins are light-activated, transmembrane ion pumps with a covalently bound retinylidene Schiff base chromophore

(SBC), formed from all-trans-retinal (yellow sticks) and a conserved lysine residue (Lys, black sticks). The counterion position (black sticks)
stabilizes the protonated SBC (PSBC) and controls ion selectivity (PDB ID: 6NWD). Comparison of (B) the chloride-pumping rhodopsin (CPR)
from Halobacterium salinarum (HR) with chloride (PDB ID: 5AHY), (C) the CPR from Nonlabens marinus $S1-08" (CIR) with chloride (PDB ID:
5G28), (D) the proton-pumping rhodopsin (PPR) from Halobacterium salinarum (BR, PDB ID: 1KGB), (E) the engineered PPR BR D85S with
bromide (PDB ID: IMGY), and (F) the fluorescent PPR from Gloeobacter violaceus (WtGR, PDB ID: 6NWD) selected for this study. For each
structure, the residues corresponding to the anion binding pocket in the CPRs and BR D85S are shown as light gray sticks with the oxygen (red)
and nitrogen (blue) atoms. Hydrogen bonds are shown as black dashed lines. Each residue is labeled with the position number and the single
letter amino acid code. The retinal (RET) is shown as sticks in yellow covalently bound to a conserved lysine residue, generating the SBC. The
counterion position to the SBC is labeled in bold. The water molecules, chloride ions, and bromide ion are shown as spheres in red, green, and
purple, respectively.
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Motivated by these studies, we hypothesized that chloride
could replace the aspartate as the counterion in a fluorescent
PPR, form an electrostatic interaction with the protonated SBC,
and tune the optical properties to generate a fluorescent sensor
for chloride. To test this, we selected the fluorescent PPR from
the cyanobacterium Gloeobacter violaceus (GR) because it has
been spectroscopically and structurally characterized, can
readily be expressed in Escherichia coli, and remains fluorescent
even after the introduction of multiple mutations (Fig. 2F).”>**
We have developed a workflow to rapidly evolve, screen, and
discover chloride-sensitive variants of GR. Based on this screen,
we highlight how a single point mutation at the SB counterion
position from aspartate to valine, a non-natural substitution,
transforms wild-type (w¢) GR from a proton pump into GR1,
a red-shifted, turn-on fluorescent sensor for chloride. In vitro
data indicates that chloride binding to GR1, but not wtGR,
increases the pK, of the SBC, shifting the equilibrium towards
the protonated, fluorescent state, generating a pH-dependent,
turn-on response. Ion pumping assays combined with bulk
fluorescence measurements and single-cell fluorescence
imaging of live E. coli demonstrate that GR1 does not pump ions
nor sense membrane potential but instead is a reversible sensor
for changes in extracellular chloride at the membrane.

Results and discussion

Fluorescence library screening and identification of GR
sensors for chloride

The fluorescence of wtGR was evaluated in live E. coli at pH 5,
6, and 7 in the absence and presence of 400 mM sodium
chloride. This screening method relies on the fact that the
bacterial periplasmic space can readily equilibrate with the
conditions of the extracellular environment.®” Since wtGR is
localized in the inner-membrane and is exposed to the peri-
plasm, it can provide a readout for changes in extracellular
chloride levels at the membrane. To account for any vari-
ability in protein expression, wtGR was fused to a chloride-
insensitive cyan fluorescent protein (CFP) to generate the
wtGR-CFP construct as previously described (Fig. S1-S37).°°
The soluble CFP tag is localized to the cytosol and normali-
zation to this signal generates a ratiometric output. Upon
excitation at 530 nm, the rhodopsin-based emission of wtGR-
CFP is centered at 710 nm and does not change in the pres-
ence of chloride (Fig. 3 and S37). Next, site-saturation muta-
genesis (SSM) was carried out at position 121 to sample all
possible amino acid substitutions that could give rise to
a chloride-sensitive variant. To our surprise, mutation from
aspartate to valine (GR1-CFP) results in a ca. 2.2-fold turn-on
fluorescence response with 400 mM sodium chloride at pH 5
(Fig. 3 and S4, S57). In addition, substitution with leucine (ca.
1.2-fold), threonine (ca. 1.3-fold), asparagine (ca. 1.3-fold), or
isoleucine (ca. 1.5-fold) results in a turn-on fluorescence
response, albeit to a lesser extent (Fig. S4 and S6-S9t). No
chloride-sensitive variants were identified in the library
screen at pH 6 or pH 7. However, upon rescreening, GR1-CFP
shows a ca. 1.2-fold turn-on fluorescence response at pH 6
(Fig. 3). Given these results, the CFP tag was removed from the
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Fig. 3 Site-saturation mutagenesis at the D121 counterion position
converts wtGR—-CFP into the chloride-sensitive variant GR1-CFP. Bars
represent the integrated emission response of the rhodopsin (Fgr)
normalized by the integrated emission of CFP (Fcgp) in the absence
(black bars) and presence of 400 mM sodium chloride (gray bars).
Spectra were acquired with live Escherichia coli expressing wtGR-CFP
or GR1-CFP in 50 mM sodium acetate buffer at pH 5, 50 mM sodium
phosphate buffer at pH 6, and 50 mM sodium phosphate buffer at pH
7. Excitation for the rhodopsin was provided at 530 nm, and the
emission was collected and integrated from 600-800 nm (Fgg).
Excitation for CFP was provided at 390 nm, and the emission was
collected and integrated from 425-560 nm (Fcgp). The average of
three biological replicates with standard error of the mean is reported.

wtGR and GR1 constructs, and comparable results were
observed in live E. coli (Fig. S101). Interestingly, asparagine
and threonine are enriched at this counterion position in
a subset of CPRs, whereas, the hydrophobic substitutions,
such as leucine, isoleucine, and valine, have yet to be identi-
fied at this position in the rhodopsin family (sequence iden-
tity > 23%, Fig. S4Ct).

Spectroscopic characterization of purified wtGR and GR1

Next, the in vitro properties of purified wtGR and GR1 in deter-
gent micelles were compared in sodium acetate buffer at pH 5,
supplemented with sodium gluconate for protein stability
(Fig. S11 and S127).°***** Consistent with previously reported
absorbance spectra, wtGR has one absorption maximum at
545 nm that corresponds to the covalently bound SBC
(Fig. S137).808186878991 Upon excitation at 530 nm, wtGR has
a broad emission band with a maximum centered at 705 nm
(®apo = 2.0 x 10 %, Fig. 3A and S14}).* The wtGR absorption and
emission maxima do not shift upon the addition of 400 mM
sodium chloride (Fig. S131). Instead, the emission intensity
increases ca. 1.2-fold with no clear indication of binding (®¢; =
2.4 x 1077, Fig. 4A and S14%). As expected, the absorption
maximum of GR1 is red-shifted to 560 nm and does not change
upon the addition of sodium chloride (Fig. S151).°° However,
with excitation at 530 nm, GR1 displays a ca. 1.6-fold turn-on
fluorescence response that saturates with 400 mM sodium
chloride at 705 nm (P,po = 3.0 X 107, Py = 3.9 x 10 °) with no
shift in the emission maximum, suggesting an excited state
process (Fig. 4B and S14, S151). This titration data can be fitted
to a single site binding model for chloride resulting in an
apparent dissociation constant (Ky) of 203 + 41 mM (Fig. S157).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Characterization of purified wtGR and GR1 in detergent
micelles shows that GR1 has a chloride binding site and is also sensitive
to bromide, iodide, and nitrate. Fluorescence spectra of ~3 uM (A)
wtGR and (B) GR1 in the presence of 0 (bold), 12.5, 25, 50, 100, 200,
300, and 400 mM (red) sodium chloride. Insets: integrated emission
response (y-axis) to sodium chloride. (C) Integrated emission response
of ~3 uM GR1 to 0 mM (F;, Ctrl) or 400 mM (F;) sodium chloride,
bromide, iodide, nitrate, or dihydrogen phosphate. All spectra were
acquired in 50 mM sodium acetate buffer containing 600 mM sodium
gluconate at pH 5. Excitation for the rhodopsin was provided at
530 nm, and the emission was collected and integrated from 600—
800 nm. The average of three technical replicates with standard error
of the mean is reported.

Of note, GR1 can detect as low as 12.5 mM sodium chloride with
a ca. 1.1 turn-on fluorescence response, whereas wtGR does not
show a response.

Moreover, a turn-on fluorescence response is also observed
with 400 mM of sodium bromide (ca. 1.6-fold, kg4 = 194 + 14
mM) and iodide (ca. 1.8-fold, K4 = 170 £+ 34 mM), but quenching
is observed with sodium nitrate (~20%) and no change is
observed with sodium dihydrogen phosphate (Fig. 4C and S16-
S18t). As described above, these anion preferences are not only
found in GFP-based sensors but also naturally occurring CPRs

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and engineered variants of the PPR BR suggesting that the anion
binding site in GR1 could be adjacent to the SBC. To determine
how the binding of chloride contributes to the turn-on fluores-
cence response, we next measured the pK, of the SBC with
fluorescence spectroscopy. The pK, for apo wtGR is 4.9 £ 0.1 and
does not significantly change upon the addition of 400 mM
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Fig. 5 Bulk fluorescence measurements show that GR1-CFP is
a ratiometric, turn-on fluorescent sensor that dynamically responds to
changes in sodium chloride concentrations in live E. coli cells.
Normalized fluorescence spectra of (A) wtGR—CFP and (B) GR1-CFPin
the presence of 0 (bold), 12.5 25, 50, 100, 200, and 400 mM (red)
sodium chloride. Inset: integrated emission response of the rhodopsin
(FGr) over the integrated emission of CFP (Fcpp) (y-axis) to sodium
chloride. (C) Normalized integrated emission response (Fgr/Fcrp) Of
GR1-CFP in the presence of buffer (Ctrl, F,, white bar) and 400 mM (F;)
sodium chloride (black bars). Buffer-treated cells were re-equilibrated
with buffer only (Ctrl, F;, gray bar), and sodium chloride-treated cells
were re-equilibrated with 400 mM sodium chloride, sodium acetate
buffer, or sodium gluconate (F¢, gray bars). All spectra were acquired
with E. coli expressing wtGR-CFP or GR1-CFP in 50 mM sodium
acetate buffer at pH 5. Excitation for the rhodopsin was provided at
530 nm, and the emission was collected and integrated from 600—
800 nm (Fgr). Excitation for CFP was provided at 390 nm, and the
emission was collected and integrated from 425-560 nm (Fcgp). The
average of three biological replicates with standard error of the mean
is reported.
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sodium chloride (pK, = 4.6 *+ 0.1, p-value > 0.05, Fig. S197).
These values are consistent with that previously reported for
wtGR (pK, = 4.5) in the presence of 300 mM sodium chloride
using absorption spectroscopy.®” Interestingly, the pK, for GR1
increases from 3.1 £ 0.1 to 4.8 + 0.1 with 400 mM sodium
chloride (Fig. S20f). These data provide evidence that the
binding of chloride to GR1 shifts the equilibrium towards the
protonated, fluorescent SBC resulting in the observed turn-on
fluorescence response. Although it has been demonstrated that
the fluorescent state of the SBC is linked to the SBC protonation
state, we cannot rule out other factors that could be contributing
to the chloride sensing mechanism.””* We do note that below
PH 5, wtGR, like GR1, has a turn-on fluorescence response to
400 mM sodium chloride, but comparatively, the binding with
chloride cannot be saturated (for wtGR: K3 = 944 + 123 mM at
PH 4, Fig. S21;} for GR1: K4 = 97 + 6 mM at pH 4, Fig. S227).
Indeed, at pH values below the pK,, protonation of D121 and
other residues could give rise to a weak binding site for chloride
in wtGR. Nonetheless, together our data demonstrates that
mutation of the SBC counterion residue creates a chloride
binding site, generating a turn-on fluorescent sensor. We spec-
ulate that, like BR D85S, GR1 adapts to this new function. In line
with our hypothesis, substitution of the negatively charged
aspartate with a hydrophobic valine allows for the chloride ion
to bind instead and interact with the protonated SBC along with
nearby hydrogen-bond donating residues or water molecules
(Fig. 2E and F). These additional interactions combined with the
desolvation of the chloride ion could contribute favorably to the
overall driving force for chloride binding. Moreover, the gain
from the desolvation of GR1 would likely be minimal since it is
a hydrophobic, transmembrane protein.'**>

A
C"
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Application and validation of GR1-CFP in live E. coli

With in vitro characterization in hand, we turned our attention
to validating GR1-CFP as a ratiometric fluorescent sensor for
chloride in living cells using bulk and single-cell fluorescence
measurements. For this proof-of-concept, E. coli cells were
selected due to their tolerance in pH 5 buffer supplemented
with chloride.”**® Consistent with the library screening, cells
expressing wtGR-CFP show a measurable level of fluorescence
that does not change with increasing concentrations of sodium
chloride (Fig. 5A and S237). In contrast, the fluorescence of cells
expressing GR1-CFP increases, in a dose-dependent manner, by
ca. 2.5-fold with 400 mM sodium chloride and no interference
from sodium acetate (Fig. 5B and S24, S25t). A fluorescence
response (ca. 1.3-fold) is detected with as little as 12.5 mM
sodium chloride.

Similar to the in vitro measurements, a single site binding
model can also be used to fit this titration data, but an improved
affinity for chloride (Ky = 42 £ 1 mM) is observed in cells
(Fig. S247). This result and the larger dynamic range are in line
with the fact that GR1-CFP maintains proper folding when
expressed in live and intact membranes compared to purified
GR1. To test the reversibility of the turn-on response for GR1-
CFP, cells were equilibrated in buffer or 400 mM sodium chlo-
ride followed by re-equilibration in sodium chloride, sodium
acetate buffer, or sodium gluconate (Fig. 5C). With this washout
experiment, the fluorescence response was restored to baseline
levels, indicating that GR1-CFP can sense dynamic changes in
extracellular chloride that can readily equilibrate with the per-
iplasmic space.”” Finally, GR1-CFP was applied at the single cell
level using confocal fluorescence microscopy. As can be seen in
Fig. 6, GR1 localizes to the cell membrane, whereas CFP is
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Fig. 6 Molecular imaging shows that GR1-CFP is a fluorescent chloride sensor at the single cell level in live E. coli. Representative confocal
fluorescence microscopy images of E. coli expressing (A) wtGR—-CFP and (C) GR1-CFP immobilized on 1.5% agarose pads containing 0 mM and
400 mM sodium chloride in 50 mM sodium acetate buffer at pH 5. Images are shown for the rhodopsin in red (left) and an overlay of the CFP in
cyan with the transmitted light image (right). Scale bar = 2 um. Single-cell analysis of the normalized emission response to 400 mM sodium
chloride for (B) wtGR—-CFP (for 0 mM chloride n = 2829 regions of interest (ROls); for 400 mM chloride n = 3818 ROlIs) and (D) GR1-CFP (for
0 mM chloride n = 1890 ROIs; for 400 mM chloride n = 2913 ROIs). The median fluorescence intensity of the rhodopsin (Fgr) was hormalized to
the median fluorescence intensity of CFP (Fcgp). Boxplots represent the analysis for all cells in the fields of view with the lower and upper quartile
data enclosed by the gray box. The median values are indicated by the red line, and the minimum and maximum values for each data set are
indicated by the lines extending below and above the gray box. Data points that fall outside of these parameters are considered outliers and are
shown as open circles. At least four different fields were analyzed for each biological replicate (n = 3).
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diffusely localized in the cytosol. Cells expressing GR1-CFP
immobilized on agarose pads supplemented with 400 mM
sodium chloride display a ca. 1.8-fold turn-on response. Under
the same conditions, w¢GR-CFP does not show any response to
chloride (Fig. 6 and S267).

Finally, since wtGR is a light-activated outward proton pump,
ion pumping assays were conducted in 400 mM sodium chlo-
ride. White light LED illumination of E. coli expressing wtGR-
CFP results in a time-dependent decrease in the extracellular
pH (Fig. S271). Upon removal of LED illumination, the extra-
cellular pH is restored to baseline levels. Moreover, treatment
with the protonophore carbonyl cyanide 3-chlorophenylhy-
drazone (CCCP, 30 uM) serves as a control to abolish the proton
gradient and equalize the membrane potential, thus validating
our experimental setup.®” Under the same conditions, GR1-CFP
does not pump protons; these observations are in line with dye-
based proton-pumping assays.”” We can also conclude that
GR1-CFP is not a light-activated chloride pump because the
extracellular pH does not change as observed in other CPRs and
engineered PPRs.®”*”'% Furthermore, since PPRs can also be
used as fluorescent indicators of membrane potential, chloride
titrations were carried out at pH 5 in the presence of CCCP.”
Even though CCCP treatment uncouples the membrane
potential, as independently confirmed with a commercially
available dye, the fluorescence response of both wtGR-CFP and
GR1-CFP to chloride are not affected (Fig. S28 and S29t).***
Taken together, our data show that w¢tGR-CFP can be converted
into a non-pumping, ratiometric fluorescent sensor for chloride
that is red-shifted and independent of membrane potential;
thus, allowing for the reversible detection of chloride in exog-
enously supplemented E. coli. We envision that by improving
the dynamic range, affinity, and operational pH of GR1 the
imaging of endogenous chloride dynamics at the membranes of
bacteria and eukaryotic cells could be possible. Moreover,
future generations of GR1 will enable multiplexing with GFP-
based sensors for chloride or other analytes to provide a more
complete picture for the roles of chloride in cell biology.

Conclusion

From a molecular perspective, naturally occurring CPRs
combine the hydrophobic effect with multivalent, cooperative
interactions to achieve anion recognition in water. Drawing on
these design principles, we showcase how protein engineering
can be used to create a chloride binding site in Gloeobacter
rhodopsin (WtGR), resulting in a non-pumping, red-shifted, and
turn-on fluorescent sensor for chloride (GR1) in detergent
micelles and live E. coli. This non-natural function was
unlocked by substituting the aspartate counterion to the
protonated SBC with valine at position 121, which to date has
not been identified in the rhodopsin family. In vitro character-
ization shows that chloride binding tunes the pK, of the SBC
towards the protonated, fluorescent state to generate a pH-
dependent response to not only chloride but also bromide,
iodide, and nitrate. Based on these spectroscopic data, it is
likely that chloride forms an electrostatic interaction with the
protonated SBC in the excited state. Future investigations with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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time-resolved spectroscopy will be used to confirm this mech-
7475 Moreover, bulk and single-cell fluorescence
measurements of E. coli expressing the GR1-CFP fusion show
that GR1 does not sense membrane potential but instead
provides a reversible, ratiometric readout of changes in extra-
cellular chloride at the membrane. Directed evolution efforts
are currently in progress to improve and alter the properties of
GR1 for expanded cellular applications in bacteria and eukary-
otic cell types. Our discovery establishes that rhodopsins can be
a new platform to build fluorescent sensors for studying chlo-
ride in living cells and provides an opportunity at the inter-
section of protein engineering and molecular recognition to
create biological supramolecular hosts for chloride.

anism.
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