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Abstract

Fluorescent proteins have been extensively engineered and applied as optical indicators for
chloride in a variety of biological contexts. Surprisingly, given the biodiversity of fluorescent
proteins, a naturally occurring chloride sensor has not been reported to date. Here, we present the
identification and spectroscopic characterization of the yellow fluorescent protein from the
jellyfish Phialidium sp. (phiYFP), a rare example of a naturally occurring, excitation ratiometric,
and turn-on fluorescent protein sensor for chloride. Our results show that chloride binding tunes
the pKj of the chromophore Y66 and shifts the equilibrium from the fluorescent phenolate form to
the weakly fluorescent phenol form. The latter likely undergoes excited state proton transfer to
generate a turn-on fluorescence response that is pH dependent. Moreover, anion selectivity and
mutagenesis in the chloride binding pocket provide additional evidence for the proposed chloride
sensing mechanism. Given these properties, we anticipate that phiYFP, with further engineering,
could be a new tool for imaging cellular chloride dynamics.
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Chloride is the most abundant, biologically relevant anion with intracellular concentrations
ranging up to 70 mM in eukaryotic cell types.(1:2) The mobilization of chloride across
extracellular and intracellular membranes is intimately linked to a variety of biological
functions including cell volume, pH regulation, cell division, muscle contraction, and
neuroexcitation.(3-5) Moreover, mutations or differential expression of universally expressed
chloride channels can lead to chloride dysregulation in a wide range of diseases including
cystic fibrosis, epilepsy, and chronic pain.(6-9 Our understanding of chloride in these
contexts has been aided by small molecule and genetically encoded fluorescent biosensors
that can provide both spatial and temporal resolution. Quinolinium and acridinium-based
sensors are pH-independent and have been widely used to measure intracellular chloride,
even though these sensors undergo collisional quenching and can be difficult to target to
subcellular compartments.(3:10-12) However, Clensor, is a more recent advance that
combines nucleic acids with a chloride-sensitive acridinium scaffold to afford a pH-
independent, ratiometric chloride sensor for the quantification of chloride exclusively in
acidic organelles.(13.14)

In parallel, genetically encoded biosensors based on yellow fluorescent protein H148Q
(avYFP-H148Q), an engineered chloride-sensitive variant of green fluorescent protein
(avGFP) from the jellyfish Aequorea victoria, have been developed.(1516) Relative to avGFP,
avYFP-H148Q has five amino acid substitutions: S65G, V68L, S72A, H148Q, and T203Y.
(16) The latter rc-stacks with the chromophore Y66 and is essential for chloride binding.(16)
In addition to Y203, the chloride binding pocket consists of Q69, R96, and Q183 with
hydrophobic residues lining the coordination sphere.(16) This has been confirmed in the
crystal structure of avYFP-H148Q bound to iodide (PDB ID: 1F09, Figure 1A).16) It is
through these interactions that chloride tunes the pKj of the chromophore Y66 and shifts the
equilibrium from the more fluorescent phenolate form to the weakly fluorescent phenol
form, resulting in a turn-off fluorescence response. Even though avYFP-H148Q is a pH
dependent, turn-off fluorescent sensor for chloride, it has been extensively engineered, along
with avGFP, and fused to other fluorescent proteins for intensity or ratiometric-based
imaging of cellular chloride.(2:10.17-23) Ratiometric sensors including Clomeleon, CI-Sensor,
and Super-Clomeleon provide a quantitative measure of chloride but are still pH dependent,
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thus requiring rigorous controls and calibrations.(2:10.17-20) Most recently, to account for
these pH changes, LSSmClopHensor provides a dual readout of chloride and pH.(10.21-23)

Inspired by this body of work and given the diversity of fluorescent proteins in Nature, we
were curious if a fluorescent protein chloride sensor with different properties could exist.
(24.25) |n this Communication, we report the identification and spectroscopic characterization
of the yellow fluorescent protein from the jellyfish Phidlidium sp. (phiYFP), a previously
unidentified turn-on fluorescent protein sensor for chloride that is pH-dependent but
operates in an excitation ratiometric mode independently of a fused protein. Anion
selectivity and mutagenesis in the chloride binding pocket suggests that the observed
spectral properties arise from an excited-state proton transfer (ESPT) event.

Using the BLAST search algorithm, we determined that phiYFP (UniProt ID: Q6RYS7) is a
naturally occurring homolog with the highest sequence identity (51%) to avYFP-H148Q
(Figure S1). To our surprise, multiple sequence alignment revealed that phiYFP has the same
set of amino acids, including Q69, R94, Q183, and Y203, at the positions corresponding to
the chloride binding pocket in avYFP-H148Q (Figure S2). The similarity in the arrangement
of these amino acids can be clearly seen in the phiYFP crystal structure that was previously
solved without a halide (PDB ID: 4HE4, Figure 1B).(26) Compared to avYFP-H148Q, the
chromophore in phiYFP is made up of T65, Y66, and G67 and can undergo conversion from
the phenolate to the phenol form in a pH dependent manner (pK; = 6.6).(27) Based on these
observations, we hypothesized that phiYFP could be a fluorescent chloride sensor with
unique properties.

Here, we find that in the absence of chloride phiYFP has one major absorption band at 525
nm that corresponds to the phenolate form of the chromophore. The relative intensity of this
absorption band does not change from pH 5 to 9, and we do not observe a pH dependent
equilibrium with the phenol form of the chromophore as previously described (Figure S3A).
(27) It is important to note that prior studies with phiYFP were carried out in buffers
containing sodium chloride, giving rise to the differences we observed(®”) However, upon
lowering the pH to 4.5 or adding 400 mM chloride, the relative intensity of the absorption
band decreases at 525 nm, a clear isosbestic point is observed at 450 nm, and a new
absorption band appears at 400 nm corresponding to the phenol form of the chromophore
(Figure S3B). In the presence of 400 mM chloride, the phiYFP chromophore pKj increases
from 4.9 to 5.4, with the most observable absorbance changes occurring at pH5 >5.5>6
(Figure S3C). Given these results, we carried out chloride titrations at these pH values to
show that the chromophore equilibrium is indeed dependent on the concentration of chloride
like avYFP-H148Q (Figures 2A, S4A-S4C).(16)

Next, we evaluated the fluorescence properties of phiYFP as a function of chloride at pH
5.5, which is higher than the chromophore pKj in the presence of chloride. With Aqy = 480
nm, apo phiYFP has a single emission peak at 540 nm (& = 0.44) (Figures 2B, S4H). This
emission maximum corresponds to the excited state of the phenolate form of the
chromophore.(27) Addition of 400 mM chloride quenches this emission by 23% (® = 0.49)
(Figure 2B, S4H). Interestingly, with Ag= 400 nm, apo phiYFP has a single emission
centered at 540 nm (@ = 0.02, Figures 2C, S4E), and the addition of chloride triggers a 3.5-
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fold (® = 0.06) increase in fluorescence intensity with no shift in the emission maximum,
making phiYFP excitation ratiometric (Figures 2C, S4E, Table S1). Similar results were also
obtained under conditions of constant ionic strength (Figure S7). The phenol form of the
chromophore is fluorescent at lower pH values, but its emission maximum is at 510 nm
(Figure S4D). As such, we speculate that like avGFP, phiYFP can undergo ESPT from the
chromophore Y66 to a proton acceptor in the chloride binding pocket to generate the
fluorescent phenolate form of the chromophore.(28-30) The turn-on emission response is
unique to phiYFP and is not observed with avYFP-H148Q (Figures S8).

Given the turn-on fluorescence response and larger dynamic range with Agy = 400 nm, we
further characterized the chloride binding properties of phiYFP at this excitation
wavelength. Even though it is known that phiYFP is a weak dimer in solution, Hill plot
analysis indicates that chloride binding is not cooperative (= 0.90 + 0.07, Figure S5E).
(27) The apparent Kj for chloride binding to phiYFP was calculated using a single site
binding model and is 384 + 46 mM (Figure S5B, Table S1).

The fluorescence response of phiYFP to other halides and oxyanions (Aex = 400 nm) at pH
5.5 is shown in Figure 3 (Table S1). As expected, phiYFP binds to bromide (5.4-fold turn-
on, Ky =106 £ 5 mM) and iodide (4.2-fold turn-on, Ky =50 mM + 2 mM) (Figures S9-
S12). With A¢ = 480 nm, the emission is quenched in the presence of both halides (Figures
S9-S12). No change is observed, irrespective of the excitation, in the presence of phosphate
and sulfate, which equilibrate towards dihydrogen phosphate and hydrogen sulfate at pH 5.5
(Figures S13-S15). However, the fluorescence is quenched by 19% in the presence of nitrate
even though the chromophore equilibrium is shifted to the phenol form as seen in the
absorbance spectra (Kg =19 mM + 4 mM, Figures S16B, S17B). Similar quenching occurs
with Aey = 480 nm (Figure S16H). This suggests that nitrate binding could prevent ESPT
from the phenol form of the chromophore to a proton acceptor in the chloride binding
pocket, as speculated above. Of note, an emission ratiometric response from 540 nm to 510
nm is observed in the presence of iodide and nitrate with Ag = 400 nm (Figures S11E,
S16E). The anion selectivity of phiYFP is similar to that observed with previously reported
avYFP and avGFP-based chloride sensors.(10.16.21)

This turn-on emission response is not only a function of the chloride concentration but also
of pH (Figure 3B, Table S1). At pH 5 with Agx = 480 nm, phiYFP has a single emission at
540 nm that is quenched by 73% with 400 mM chloride. However, with Agy = 400 nm,
phiYFP has an emission ratiometric response where the emission shifts from 540 nm to 510
nm with chloride (2.3-fold turn-on, Ky =290 mM + 44 mM, Figures S4E, S5A). Since the
pH tested was lower than the chromophore pKj; with chloride, ESPT would not be favored to
the same extent giving rise to the phenol emission at 510 nm. At pH 6 in the presence of
chloride, the emission intensity at 540 nm does not significantly change (p> 0.5) with Agy =
480 nm but increases by 2.5-fold with gy = 400 nm (Ky = 306 = 38 mM, Figure S4F, S5C).
A similar pH dependence is observed for the other anions tested (Figures S9-S17). The
differences observed in the emission responses are likely due to how both anion binding and
the protonation state of ionizable residues affect the chromophore equilibrium at each pH.
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With spectroscopic data showing that phiYFP is a turn-on fluorescent sensor for chloride,
we turned our attention to validate the putative chloride binding pocket. It is quite likely that
chloride binds near the chromophore and due to electrostatic repulsion, shifts the
chromophore equilibrium to the neutral phenol form. Based on the crystal structure avYFP-
H148Q bound to iodide, we identified Q69 as a starting point for mutagenesis in phiYFP. Of
the three amino acids in avYFP-H148Q that interact with iodide, Q69 is the closest (3.2 A,
Figure 1A).(6) Moreover, mutations at this position in avYFP variants can reduce chloride
affinity and do not significantly interfere with chromophore maturation, which we deemed
useful for a plate reader screening assay with phiYFP.(18:31) Site-saturation mutagenesis of
phiYFP was carried out at Q69, and we identified two variants, Q69L and Q69H, with
reduced chloride affinity (Figures 4A, 4B). Similar to wild-type phiYFP at low pH, the
chromophore in both variants can undergo conversion from the phenolate form to the phenol
form (Figures S18A, S19A). In the presence of 400 mM chloride, the chromophore pK; of
both Q69L and Q69H increases from 4.7 to 5.2 (Figures S18C, S19C).

Like wild-type phiYFP, apo Q69L has a single emission peak at 525 nm with Aqy = 400 nm
and Agx = 480 nm, and apo Q69H has a single emission peak at 535 nm with Agy = 400 nm
and Agx = 480 nm (Figures S20, S21). These emission maxima correspond to the phenolate
form of the chromophore, indicating that ESPT is not affected in the absence of chloride. In
the presence of chloride, Q69L shows a 1.5-fold increase with Agy = 400 nm and no
significant change with A¢, =480 nm (p > 0.05, Figures 4C, S20). For Q69H, the
fluorescence response increases by 1.7-fold with Ao, = 400 nm, and the fluorescence
response is quenched by 36% with Ao, = 480 nm (Figures 4C, S21). The emission response
to chloride for Q69L and Q69H at both excitation wavelengths is still significantly less than
wild-type phiYFP (p < 0.001). The apparent Ky values for Q69L and Q69H, could not be
determined due to weak binding or collisional quenching because there is a linear correlation
between the fluorescence intensity and chloride concentrations (Figures S20E, S21E). At
this position, the mutation from glutamine to leucine removes a hydrogen bond donor and
histidine, depending on its orientation and protonation state, can alter the hydrogen bonding
network in the chloride binding pocket, thus interfering with the formation of a strong
coordination complex.

To close, here we have identified and characterized phiYFP from the jellyfish Phialidium sp.
as a naturally occurring, excitation ratiometric, and turn-on fluorescent sensor for chloride.
Our data shows that chloride binding in the ground state tunes the p K; of the chromophore
Y66 and shifts the equilibrium from the phenolate to phenol form, which likely undergoes
ESPT resulting in a turn-on fluorescence response (Figure S22). Not only does our study
demonstrate that naturally occurring fluorescent proteins can have new properties, but also
how these can be starting points to potentially create functional tools. Future efforts will
focus on structural characterization and detailed study of the proposed ESPT mechanism(32)
Moreover, we anticipate that upon shifting the operational pH and improving chloride
affinity of phiYFP, we can take advantage of its excitation ratiometric properties for live cell
imaging applications.
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Figurel.
Comparison of the crystal structures (left) and chromophores (right) for the (A) avYFP-

H148Q (PDB ID: 1F09) bound to iodide (purple sphere) and (B) wild-type phiYFP from the
jellyfish Phialidium sp. (PDB ID: 4HE4). Residues are shown as sticks in gray and labeled
with the single letter amino acid code and residue number. The chromophores are shown as
sticks in yellow, and the oxygen and nitrogen atoms are in red and blue, respectively.
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Spectroscopic characterization of wild-type phiYFP (5 uM) at pH 5.5. (A) UV-visible
response to chloride. Emission response to chloride (B) with Aoy =480 nm and (C) with Ay
=400 nm. Arrow direction corresponds to increasing chloride concentrations. All spectra
were acquired in 50 mM MES buffer, pH 5.5 in the presence of 0 (bold), 25, 50, 100, 200,
and 400 mM chloride (red). The average of three technical replicates with standard error of

the mean is reported (Figure S4).
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Figure 3.

Agion selectivity and pH profile of wild-type phiYFP (5 uM). (A) Emission response to 0,
(Fo, black bar), 25, 50, 100, 200, and 400 mM (white bar) chloride, bromide, iodide,
dihydrogen phosphate, hydrogen sulfate, and nitrate. Spectra were acquired in 50 mM MES,
pH 5.5 with A¢, =400 nm. (B) Emission response to 0, (Fg, black bar), 25, 50, 100, 200, and
400 mM (white bar) chloride. Spectra were acquired in 50 mM citrate, pH 5 (black bars), 50
mM MES, pH 5.5, and 50 mM MES, pH 6 with Ao, = 400 nm. The average of three
technical replicates with standard error of the mean is reported. The sodium salt was used
for all of the anions tested.
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Figure 4.
Spectroscopic characterization of phiYFP Q69L (4.4 uM) and Q69H (4.4 uM) at pH 5.5.

UV-visible response of (A) Q69L and (B) Q69H to 0, 25, 50, 100, 200, and 400 mM
chloride (red). Arrows correspond to increasing chloride concentrations. (C) Emission
response wild-type phiYFP and variants to 0 (Fg, black bar), 25, 50, 100, 200, and 400 mM
(white bar) chloride. Spectra were acquired in 50 mM MES, pH 5.5 with A¢ = 400 nm. The
average of three technical replicates with standard error of the mean is reported.
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