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Natural and laboratory-guided evolution has created a rich diversity of fluorescent protein (FP)-based
sensors for chloride (Cl7). To date, such sensors have been limited to the Aequorea victoria green
fluorescent protein (avGFP) family, and fusions with other FPs have unlocked ratiometric imaging
applications. Recently, we identified the yellow fluorescent protein from jellyfish Phialidium sp. (phiYFP)
as a fluorescent turn-on, self-ratiometric Cl™ sensor. To elucidate its working mechanism as a rare
example of a single FP with this capability, we tracked the excited-state dynamics of phiYFP using
femtosecond transient absorption (fs-TA) spectroscopy and target analysis. The photoexcited neutral
chromophore undergoes bifurcated pathways with the twisting-motion-induced nonradiative decay and
barrierless excited-state proton transfer. The latter pathway yields a weakly fluorescent anionic
intermediate (I;), followed by the formation of a red-shifted fluorescent state (I;) that enables the
ratiometric response on the tens of picoseconds timescale. The redshift results from the optimized w—m
stacking between chromophore Y66 and nearby Y203, an ultrafast molecular event. The anion binding

leads to an increase of the chromophore pK, and ESPT population, and the hindrance of I} —1,
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Accepted 20th July 2021 conversion. The interplay between these two effects determines the turn-on fluorescence response to

halides such as Cl™ but turn-off response to other anions such as nitrate as governed by different
binding affinities. These deep mechanistic insights lay the foundation for guiding the targeted
engineering of phiYFP and its derivatives for ratiometric imaging of cellular chloride with high selectivity.
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imaging with fluorescent indicators has been widely used and

Introduction

Chloride (C17) is the most abundant physiological anion and
serves important roles in various biological processes including
regulation of the cell volume and intracellular pH, stabilization
of the resting membrane potential, and neurotransmission.'”
Dysregulation of Cl™ gradients is associated with many human
diseases such as cystic fibrosis, nephrolithiasis, and epilepsy,*”
so the pathology and potential treatment demand an accurate
detection of intracellular Cl™ concentrations. Fluorescence
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made significant contributions to this important aim.*™°
Chemical fluorescent probes such as quinolinium-based dyes
and bioconjugates thereof have been reported to exhibit high
sensitivity to CI”™ with excellent binding affinity, and are pH-
independent.”** These properties make them suitable to
monitor CI™ in the physiological concentration range of 3-
80 mM.? However, these small chemical indicators often exhibit
shortcomings that include photobleaching due to UV excitation
and gradual leakage of loaded dyes from the labeled cells.

An alternative to these exogenous indicators is the endoge-
nously expressed fluorescent proteins (FPs). This endeavor has
been mostly limited to the Aequorea victoria green fluorescent
protein (avGFP) family.” The yellow variant avYFP** and
enhanced GFP (EGFP) mutant E°’GFPY are two major players,
both of which incorporate the key mutation T203Y for halide
ion binding. In avYFPs, ClI” binding quenches the fluorescence
of the anionic chromophore by shifting the ground-state equi-
librium to the neutral form due to the increased pK,.'" It
makes avYFP and its mutants (e.g., avYFP-H148Q) turn-off
fluorescence sensors. The residue Y203 and three other polar

© 2021 The Author(s). Published by the Royal Society of Chemistry
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residues, Q69, R96, and Q183, constitute the C1™ binding pocket
(see the crystal structure in Fig. 1b). Notably, this binding
pocket is located at the opposite end of the chromophore Y66
protonation site and is close to the carbonyl group of the imi-
dazolinone ring. The pK, increase of the avYFP chromophore
was thus attributed to the suppression of the phenolate negative
charge delocalization upon Cl™ binding.*® Y203 plays an indis-
pensable role in ClI- binding, supported by the drastically
weakened binding affinity of the Y203T mutant.” Meanwhile,
the antiparallel -7 stacking between Y203 and chromophore
Y66 leads to a spectral redshift from GFP. In contrast, the turn-
off fluorescence in E*GFP was ascribed to a static quenching
mechanism wherein Cl™ binding leads to a nonfluorescent
protein population.”

Indeed, protein engineering methods have been used to
improve avYFP and E®GFP in intensity or ratiometric-based
imaging applications.® To achieve the latter, fusions with Cl™-
insensitive or pH-independent FPs** have enabled ratiometric
sensing to account for variations in expression, irradiation
intensity, photobleaching, or pH.?**® For example, Clomeleon is
a fusion of avYFP with cyan fluorescent protein (CFP) based on
a Forster resonance energy transfer (FRET) mechanism, where
the CFP and YFP units are the energy donor and acceptor,
respectively.” Other Cl~ sensors include, but are not limited to,
Cl-Sensor,>* SuperClomeleon,** ClopHensor,* and
LSSmClopHensor.>¢

Recently, the yellow fluorescent protein from the jellyfish
Phialidium sp. (phiYFP) was identified as an excitation ratio-
metric C1~ sensor, which has long been overlooked.”” phiYFP
has a high sequence identity to avYFP-H148Q (52%) and has the
exact same residues in the anion binding pocket: Q69, R94,
Q183, and Y203, while Y203 m-stacks with the chromophore Y66
(see Fig. 1b and c). The resemblance causes quenched fluores-
cence of the anionic chromophore due to an increased pK, in
the presence of Cl1™. Interestingly, upon excitation of the neutral
chromophore, phiYFP displays enhanced fluorescence of the
anionic form with the addition of CI™ (Fig. S1a in the ESI}),
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indicative of excited-state proton transfer (ESPT).>**° In
contrast, phiYFP shows turn-off (e.g., NO;™) or insensitive (e.g.,
phosphate) fluorescence to other oxyanions.” The underlying
mechanism remains elusive since fluorescence is an ultrafast
process,® which is further complicated by two fluorescence
bands from the anionic chromophore. Moreover, the wild-type
phiYFP is impractical for cellular imaging due to the low
operational pH and Cl~ binding affinity (Kg ~ 300-400 mM at
pH = 5-6). To enable rational engineering of phiYFP for live-cell
imaging applications, a mechanistic understanding of the
excited-state dynamics®***> of phiYFP has become crucial.

In this work, we implemented time-resolved femtosecond
transient absorption (fs-TA) spectroscopy to reveal ultrafast
ESPT dynamics and molecular origins of anionic species that
underpin the excitation ratiometric response of phiYFP. Two
representative cases (Cl~ and NO;™) were investigated with
400 nm excitation. Using model-specific global analysis,*** we
revealed key bifurcated pathways for the photoexcited neutral
chromophore: ultrafast ESPT and formation of a dark state. The
ESPT pathway yields two anionic species, I; and I, the latter of
which contributes to the ratiometric response. Notably, I} and I,
are both anionic states with the m-m stacking between the
chromophore Y66 and nearby Y203 unoptimized and opti-
mized, respectively. Anion binding inhibits the I; > I, conver-
sion. The interplay between the ESPT population increase and
inhibition of I; — I, conversion leads to high selectivity to Cl.
Based on these fresh and deep mechanistic insights, we propose
strategies to engineer phiYFP for cellular imaging by improving
Cl™ binding affinity and operational pH.

Results and discussion
Excited-state dynamics upon Cl~ binding

We examined the excited-state dynamics of phiYFP in pH = 5.5
buffer where phiYFP shows the best ratiometric response to C1~
binding. In the presence of 400 mM Cl~ (the apparent dissoci-
ation constant Ky is 384 mM),” ground-state phiYFP is
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Fig. 1 Crystal structures of (a) avGFP (PDB ID: 1EMB),®° (b) avYFP-H148Q bound with iodide (purple sphere) (PDB ID: 1F09),*® and (c) phiYFPv
(PDB ID: 4HE4).*” The chromophore is shown as sticks in green for avGFP, yellow for avYFP-H148Q, and orange for phiYFPv, while water
molecules (W) are shown as red spheres. The oxygen and nitrogen atoms are colored in red and blue, respectively. The highly ordered residues
that could participate in the excited-state proton transfer pathway are highlighted in cyan. Similar residues constituting the anion-binding pocket

(a tightly packed environment) in avYFP-H148Q and phiYFPv are shown
panel (a).
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in light gray in panels (b) and (c), reminiscent of the avGFP residues in
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Fig. 2 Normalized steady-state (a) absorption and (b) emission
spectra (Aex = 400 nm) of phiYFP in 50 mM MES buffer (pH = 5.5) with
400 mM NaCl (red) and NaNOs (blue). The absorption spectra are
normalized at the protonated chromophore A band maximum. The
multiple emission species are labeled with peak positions indicated.

populated by neutral (A) and anionic (B) forms of similar
concentrations (pK, = 5.7) with the peak absorption at 403 and
526 nm, respectively (Fig. 2a).>® Notably, the apo protein with no
ions bound (pK, = 4.9) shows a negligible A peak at pH = 5.5
(see Fig. S3a and d in the ESIT).

Upon 400 nm excitation of the A form, phiYFP with 400 mM
Cl™ is dominated by an emission band at 542 nm (Fig. 2b),
which is the same as that with 490 nm excitation of B (Fig. S2¢ in
the ESIt) and hence attributed to the anionic form. We term this
emitting species T, (“I” denotes the anionic intermediate and
the asterisk denotes the excited state) due to the unrelaxed
protein environment which is common for FPs with ESPT.***!
Two other emission peaks are also identified with much weaker
intensities (Table 1 and Fig. S2b in the ESIY), further validated
by the emission spectra with 400 mM NO;~ (Fig. 2b, Sic, d and
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S2d in the ESIT) or at lower pH values.” The peak at 470 nm
(better shown in Fig. S2b, ESIt) originates from A* emission,
which is similar to avGFP and expected for the neutral chro-
mophore with a Stokes shift of ~70 nm.**** Meanwhile, since
the anionic I, (B*-like) is already present, the emission peak at
505 nm likely arises from an I; species due to its spectral
departure from A*. Interestingly, with decreasing pH, the
photoexcited phiYFP becomes trapped in I; while I, emission is
diminished (spectra shown in our previous report).”” At pH =
4.5 (below its pK,) and upon 400 nm excitation, only the I
emission is observable with a shift in the peak maximum
(Fig. S4 and Table S1 in the ESIT). This behavior stems from the
pH-dependent fluorescence response of phiYFP, reminiscent of
avYFPs and E°GFP that are also pH-dependent CI~
indicators.'”*?

To track molecular events that lead to the biosensor fluo-
rescence, we collected the fs-TA spectra of phiYFP with CI™ by
400 nm excitation of the neutral chromophore (pH = 5.5, Fig. 3a
and b). The spectral evolution can be divided into four stages.
Stage I involves the ultrafast formation (within the cross-
correlation time of ~80 fs) of I; as evinced by the rise of the
stimulated emission (SE) band at ~510 nm. Meanwhile, the
excited-state absorption (ESA) band at ~450 nm increases and
becomes broader, leading to a reversal of the intensity change
from stage I to II at ~500 nm (Fig. 3a, see Fig. S5a in the ESI} for
detailed dynamics), which indicates the interference from
another state or species (e.g., a dark state). Therefore, the
apparent SE band decay at ~500 nm in stage I is due to the
spectral overlap of a broader absorption feature in this region
(i.e., manifesting the transient ESA band rise dynamics). Stage II
shows opposite dynamics of the ESA (~450 nm, decay) and SE
(500-530 nm, rise) bands (Fig. 3a), and their similar time
constants imply the decay of the tentative dark state (Fig. S5 and
Table S2 in the ESIt). Such a dark state evolving on the fs-to-ps
timescale can be uncovered from TA global analysis and control
experiments (see below).

Stage III involves key processes for phiYFP to function as
a turn-on fluorescence biosensor for Cl™. The 510 nm SE band
(17) decay time constants (31 and 132 ps) largely match the rise
time constants (36 and 406 ps) of the 530 nm SE band (I,),

Table 1 Photophysical properties of avGFP, avYFP, avYFP-H148Q, and phiYFP®

Absorption (nm)

Emission” (nm)

* *

FPs A B A* I I, B* pKa
avGFP-865T” 394 489 459 n.a. 508 510 6.0
avYFP? 392 514 Negligible n.a. n.a. 528 5.4
avYFP—H148Qb 396 515 n.a. n.a. n.a. 529 6.7
phiYFP (C17)* 403 526 470 504 542 542 5.7¢
phiYFP (NO; ™) 402 524 463 506 534 534 6.6

“ The A%, I’l‘, and I; emission bands result from the excitation of A; the B* emission results from the excitation of B. ? Data are taken from the
literature.’>*>> avYFP and avYFP-H148Q values were measured in aqueous solution without any interfering anions (buffered with 150 mM

9cC

gluconate).!

The emission wavelengths at pH = 5.5 are extracted from the second-order derivative analysis®* (Fig. S2 in the ESI) with the anion

concentration of 400 mM. ¢ The pK, of the apo phiYFP was measured® to be 4.9 (see more details about the chromophore pK, determination

using pH-dependent spectra and Fig. S3 in the ESI). ¢ n.a.: not available.
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Fig.3 Time-resolved fs-TA spectra of phiYFP at pH = 5.5 with 400 mM (a and b) CL~, and (c) NO3z~ following 400 nm photoexcitation. (1), (I), (Il1),
and (IV) denote four distinct stages of spectral evolution. Stages (I) and (ll) with 400 mM NOs3™ (Fig. S9 in the ESIT) are omitted due to the similarity
to Cl™. Red and black arrows denote the transient electronic peak intensity magnitude rise and decay, respectively. mOD: milli-optical density.

a (D (1n) - av)
VAL | U ] Ty LT LA | T
""" ——SE@510nm ]
L Y\ —S—SE@530nm
g -t
E
z I
<
_10_

36 ps (+)
406 ps (+)

L CI™

-6 ER

10°

10°

Ll sl
10° 10*
Time delay (fs)

10°

Fig. 4 Kinetics of stimulated emission bands at 510 (red) and 530 nm
(blue) in the fs-TA spectra of phiYFP at pH = 5.5 with 400 mM (a) CLl™
and (b) NOs~ after 400 nm photoexcitation. The time constants of
stage (lll) and (IV) are listed by the fits (solid black lines) with +/— signs
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indicating a two-state model (i.e., I; — I, see Fig. 4a). Mismatch
of the longer component (132 ps versus 406 ps) may be caused
by the spectral overlap of different molecular species or
competing processes.*>*® This observation suggests that the
turn-on fluorescence is enabled by I; —1I, conversion in the
presence of Cl~ as I, is the strongly fluorescent state. Stage IV
mainly probes the radiative decay of I, reflected by the SE band
decay at 530 nm (Fig. 3b). The nanosecond (ns) time constant
agrees well with the high fluorescence quantum yield (FQY) of

* 27
L.

© 2021 The Author(s). Published by the Royal Society of Chemistry

To deconvolute the spectral overlap that hinders direct
visualization of the underlying reaction species and processes,
global analysis is required to simultaneously treat both spectral
and temporal dimensions and yield a topological landscape for
the excited-state potential energy surface (PES).** We performed
the model-specific global analysis, also termed target anal-
ysis,***” to account for the observed transient dynamics of
phiYFP. A branched kinetic model was used to examine the fs-
TA dynamics wherein the photoexcited A* species bifurcates
and evolves along two reaction coordinates: pathways P1 and P2
(Fig. 5a). P1 involves the nonradiative decay of A* likely through
conformational twisting motions, whereas P2 involves an ESPT
reaction that produces I; and I,. Notably, the presence of P1 is
corroborated by two observations. First, the 500 nm SE band (I,
that converts from A*) shows complex dynamics within ~5 ps
(Fig. 3a) due to the overlapping electronic bands; otherwise its
decay would be monotonic for a pure species/state in the
unidirectional I; —... —> I, reaction (see Fig. S5, as well as Fig.
S6t with global analysis of TA spectra in the ESIt). Second, P2
has a small weight that can be estimated from the FQY. The
large difference in FQYs of I, (B*-like) and B* upon excitation of
A and B (i.e., 0.06 and 0.44, respectively)*” as well as similar
intensity of I; and T, SE bands (an efficient I; — T, conversion in
the presence of 400 mM Cl™) indicate that A* decays mainly via
other nonradiative channels (e.g., P1) instead of ESPT (P2). The
resultant species-associated difference spectra (SADS) from
least-squares fits (see Fig. S7 and S8 in the ESI{ for the fit
residuals in our detection window) display expected spectral
features for the examined kinetic model, which constitute an
accurate representation of the fs-TA data.*

The black and red SADS are the Franck-Condon state (FC,
<70 fs) and A* (70 fs) preceding the bifurcated reactions,
respectively (Fig. 5a). P1 can be fit with two SADS attributed to
a dark twisted intramolecular charge transfer state (TICT, blue
trace) and a hot ground state (HGS, green trace, Fig. 5b) of the
biosensor chromophore. This assignment is firmly supported
by clear spectral resemblance to the GFP chromophore and its
structural analogues that share the same flexible methine
bridge. These chromophores in solution are nonfluorescent and

Chem. Sci., 2021, 12, 1382-11393 | 11385
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state 2 (red, the planar A* state in top panels) and a sub-ps decay time constant back to the electronic ground state (green, the HGS in middle

panels) of the protonated chromophore.

characteristic of ultrafast ring-twisting-induced nonradiative
decays.*®*** The aforementioned dark state is also consistent
with various high-level calculations that predicted the twisted
intermediate state(s) along the phenolic/phenolate (P-) ring
and/or imidazolinone (I-) ring-twisting coordinates of the
chromophore.**** In addition, for experimental corroboration,
we obtained the fs-TA spectra of several GFP chromophore
derivatives that we recently synthesized in solution (see Fig. S10
and S11 in the ESIt),* which exhibit an early-time significantly
red-shifted SE band from the fluorescence peak and a bluer ESA
band around 450 nm (resembling Fig. 5b and ¢ middle panels
for the A*-like TICT state, twisting is involved).

Notably, caution needs to be taken here that the blue SADS
(assigned to TICT in Fig. 5b and ¢ middle panels) may not be the
true species spectrum of the TICT state but instead represen-
tation of a state/species possibly with overlapped TA features of
the A* (e.g., with an SE band) and TICT (e.g., with an ESA band)
states possessing the same time constant as a sequential model
is used for this pathway. This point is partially aided by calcu-
lations that confirmed the dark-state nature of a twisted inter-
mediate state of GFP chromophores (see above), and hence the
observed red-shifted SE feature (P1 in Fig. 5, also see Fig. S10
and S11 in the ESIt) could arise from the overlap of A* SE and
A*/TICT ESA bands. However, the significantly red-shifted SE
peak with respect to the A* fluorescence peak in phiYFP (ie.,
~460-470 nm — ~550-570 nm, the latter SE peak is even

1386 | Chem. Sci,, 2021, 12, 1382-11393

redder than the deprotonated I, /T, /B* fluorescence peak), and
likewise in GFP chromophore analogues (Fig. S11 in the ESI{)
with a stagnant SE band position concomitant with a rising
adjacent ESA band can hardly be attributed to an A* subpopu-
lation with a planar conformation. In other words, when the
initially excited planar A* state decays in the absence of ESPT
(P2 pathway here) or steric restrictions, it does so on a sub-ps
timescale (e.g., 340 fs in Fig. 5b and 200 fs in Fig. 5¢) by
motions along a barrierless twisting coordinate, which likely
involves the P-ring twist that is not directly attached to the
protein backbone (i.e., I-ring side) and could contribute to the
observed TA features along the uncovered P1 pathway as an S;
potential energy minimum has been proposed in the litera-
ture.>** Nevertheless, more efforts are required to elucidate the
exact chromophore (A*) twisting mechanisms in solution and
the protein matrix after photoexcitation. The ultrafast forma-
tion (likely within the cross-correlation time of 70-80 fs, see
Methods in the ESIt) and decay (340 fs for CI™ and 200 fs for
NO; ™, see Fig. 5b and ¢ middle panels) of the TICT state are also
hinted and supported by the fs-TA dynamics with global anal-
ysis featuring the TICT and HGS of three related GFP chromo-
phore analogues (see Fig. S11 in the ESI}). In essence, this
ultrafast twisting pathway (P1) directly competes with the
similarly fast ESPT pathway (P2; <70 fs from the rise of the
510 nm I; SE band, see Fig. 4 and Table S2 in the ESIY), echoing
Meech et al. and our recent studies on the halogenated GFP

© 2021 The Author(s). Published by the Royal Society of Chemistry
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chromophores (essentially nonfluorescent superphotoacids in
nature) which demonstrate active competition between these
two ultrafast pathways.?>*°

We also remark that the precise assignment of this TICT
state with certain ring twisting motions (I- and/or P-ring)
remains an active research subject particularly for various
calculations and simulations of GFP-like chromophores in
solution and a protein environment where the interplay
between the chromophore and its surroundings needs to be
accurately modeled and validated by experimental findings. In
essence, this rapidly formed state along the P1 pathway can be
considered A*-like (highlighting its protonated chromophore
nature in S; but with some characteristic TA signatures that
differ from the planar A*, see Fig. 5 top and middle panels) and
mainly involves the ultrafast ring-twisting motions with weak
environmental frictional forces,*®** in the absence of the ESPT
reaction (i.e., P2 pathway herein, Fig. 5a). The main focus of this
work is thus to identify the “hidden” P1-branching pathway for
this protein chromophore in active competition with the ESPT
reaction and gain fundamental insights into low FQY of phiYFP
upon excitation of the protonated A form>” so we could interpret
the complex TA spectral patterns and develop the rational
design principles for chloride sensing from the bottom up (see
below).

On the other hand, the best fit of P2 results in three SADS
that dominantly track the I; (magenta) to I, (orange) transition.
Notably, the uncovered intermediate state (dark cyan) exhibits
a similar SE band maximum to I, but with a broader bandwidth
(Fig. 5b, bottom panel), and hence we surmise that it represents
a vibrationally unrelaxed state within the PES well of I,.3%%
Therefore, the major time constant for the I; T, conversion is
20 ps inside phiYFP with 400 mM Cl ™.

Anion selectivity: chloride versus nitrate

Similar to avYFPs, the deprotonated form B* fluorescence of
phiYFP is sensitive to many anions due to the increased pK,
(thus more protonated A form) and quenched B* fluorescence
upon the excitation of the deprotonated B form.'**”*¢ In this
regard, phiYFP can be utilized as an intensiometric C1~ sensor.
However, in terms of an excitation-ratiometric response, phiYFP
exhibits notably higher sensitivities to halides (see Fig. S1, ESIt)
than many oxyanions such as NO; ™. Poor selectivity to NO; ™ lies
in the significantly inhibited I; —I, conversion (see the fs-TA
results below), which leads to the apparent turn-off fluores-
cence of T, (Fig. Sic in the ESIY).

In the presence of 400 mM NO; ™, the ground-state phiYFP
chromophore at pH = 5.5 is dominated by the protonated
form with a higher chromophore pK, than that in the case of
400 mM Cl~ (Fig. 2a). This is in accord with the higher
binding affinity of NO;~ (Kg = 19 mM at pH = 5.5)* that
destabilizes the anionic chromophore due to electrostatic
repulsion between the delocalized negative charge and the
bound anion. In the electronic state after excitation of the A
form, the NO; -bound phiYFP exhibits similar early-time
dynamics to the Cl -bound phiYFP in stages I and II (see
Fig. S9 in the ESIf for TA spectra). In stage III, the absence of
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a clear rise of the I, SE band at ~530 nm indicates that NO;~
significantly inhibits the I; > 1T, conversion and traps most
ESPT product populations in the I state (Fig. 3¢). Only a small
population of I, (less than 10% of I}, derived from the SE band
intensities assuming similar oscillator strengths for the SE
transitions) is observed at late time in stage IV. As a result, the
SE band intensities at 510 nm (I;) and 530 nm (I,) exhibit
almost identical dynamics to the last ns component at a small
weight reflecting the I, dynamics (0.7 ns decay at 510 nm,
faster than 1.3 ns at 530 nm, Fig. 4b).

Target analysis of the NO; -bound phiYFP reveals a similar
topology of the excited-state PES as the Cl -bound phiYFP. In
the presence of NO; ™, phiYFP bifurcates into a TICT-featured
nonradiative pathway and ESPT, the latter pathway differing
from the Cl”-bound phiYFP in the I; — I, conversion. In Fig. 5c,
the magenta and dark cyan SADS show similar SE bands at
~510 nm (the peak intensity decreases on the ps timescale),
tracking the I; species. The existence of two I; SADS suggests
that I; might decay along two reaction coordinates. Notably, T
is a much less fluorescent state than I, and phiYFP is mostly
trapped in the I; state when NO; ™ is present (Fig. 3¢c). Therefore,
the magenta SADS with a lifetime of 9 ps likely reflects the major
nonradiative decay channel that is similar to that of A*. This
pathway effectively competes with the I; — T, reaction as repre-
sented by the dark cyan to orange SADS transition with a life-
time of 65 ps. The slower rate of this latter pathway leads to
a limited accumulation of I,. This is in contrast to Cl~ binding
for which the I; — I, conversion with a time constant of 20 ps is
more efficient (Fig. 5b, bottom panel). Therefore, the lower
reaction barrier of the I; > T, conversion underlies the turn-on
fluorescence response for Cl™. The working mechanism of
phiYFP as a Cl~ sensor is summarized in Fig. 6, wherein the
anion selectivity results from the I; — I, barrier that is dictated
by the efficient reorganization of m—m stacking between Y203
and chromophore Y66 (see below).

Origins of the emitting species I; and I,

The fs-TA results show that the conversion from I; to I, (both
with deprotonated chromophore species), preceded by ESPT, is
key to the excitation ratiometric response of phiYFP to Cl™. The
identical emission wavelength of T, and B* (Table 1) infers that
I, has the highest structural resemblance to B*. The red-shifted
wavelength (~540 nm) versus avGFP (~510 nm) is caused by 7
7 stacking interactions between the chromophore Y66 and
adjacent Y203 (Fig. 1c), which is also characteristic of avYFP
(Fig. 1b). We note that the chromophore is deprotonated (buffer
pH is higher than the chromophore pKj,) in the crystal structure
(Fig. 1¢).¥” To interpret I; without a direct observation of the
ground-state I;, we obtained the correlated spectral and
computational results of phiYFP that shed light on the struc-
tural difference between I; and I, and we can attribute I; to the
anionic chromophore with insignificant - stacking interac-
tions with the proximal Y203 as follows.

First, the absorption or emission of A with anion binding
exhibits a decent redshift from GFP (by ~500 cm ™" or less, Table
1), in contrast to I, /B* where -7 stacking plays a major role in
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phiYFP biosensor

proton transfer coordinate

Fig. 6 Schematic potential energy surfaces of phiYFP as a chloride
sensor. The excited-state dynamics are governed by two reaction
coordinates: a twisting coordinate (P1) and a proton transfer coordi-
nate (P2) as substantiated by target analysis in Fig. 5. The magenta and
violet upward arrows denote the photoexcitation and excited-state
absorption (ESA) of the neutral chromophore (mainly from the TICT
state), respectively. The red downward arrow could represent weak
stimulated emission (SE) of the TICT state (protonated chromophore,
A*-like). The green and orange wavy arrows denote radiative emission
of the If and I states, respectively. In the inset, the representative
chromophore structures/conformations of I, I5, and TICT states are
depicted in green, orange, and black, respectively, by their potential
energy wells. Both twisting angles of the methine bridge are depicted
to represent a likely pathway for nonradiative relaxation of the initially
bifurcated A* species that enters a dark state (left side). The associated
ESA and red-shifted SE bands are characteristic of GFP-like chromo-
phores in the S; state, which differ from the transient electronic
features when ESPT occurs.

red-shifting the peak by ~1000 cm™"' or more.*® This implies
that a neutral chromophore might experience weak m-m stack-
ing interactions, consistent with the unchanged A peak wave-
length from the apo (with 400 mM gluconate) to the 400 mM
Cl -bound phiYFP.”” Density functional theory (DFT) calcula-
tions for the neutral chromophore of phiYFP in the absence of
anions show that the - stacking between two phenolic rings
could intrinsically red-shift the Sy-S; gap to an appreciable
extent (Fig. S12 in the ESIT), and the -7 stacking configura-
tions could be characteristic of certain anion binding events
near the chromophore (e.g., see Fig. 1b and c). Interestingly for
comparison, a red-shifted absorption was observed for the
avYFP-H148Q neutral chromophore (416 nm) in the absence of
any interacting anions." The addition of ClI™ then blue-shifts
the absorption by 10-20 nm, indicating that the -7 stacking
interaction of the neutral chromophore in avYFP-H148Q is
likely disrupted or weakened by Cl™ binding. This finding is
corroborated by the crystal structures of apo and iodide-bound
avYFP-H148Q." Compared to the apo structure, I" binding
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causes the Y203 hydroxyl to move toward I due to the strong H-
bond and thus distorts the bond parallelity between the
phenolic rings of chromophore Y66 and Y203 (Fig. S13a, side
view, ESIT), in accord with the observed electronic absorption
peak blueshift.

In analogy, the absorption peak at ~400 nm with no blue-
shift upon halide binding in phiYFP* indicates that the
neutral chromophore is likely in an unoptimized -7 stacked
conformation even in the apo phiYFP. Further evidence could
be provided by X-ray crystallography performed at a lower pH
than the chromophore pK, value. In our fs-TA experiments,
due to the ultrafast ESPT reaction that does not allow signifi-
cant environment reorganization, the nascent photoproduct I;
and nearby residues would remain in a similar conformation
to A*2°323% The fact that I, emits at a similar wavelength
(~500-510 nm) to the anionic GFP chromophore (Table 1) also
implies the absence or significant lack of m-m stacking for I,
versus 1,. Further support arises from our DFT calculations for
the phiYFP anionic chromophore. As the phenolic ring of Y203
is rotated away from the optimal antiparallel position with
chromophore Y66, the calculated So-S; energy gap is shifted to
bluer wavelengths (Fig. S14 in the ESIt). Though the calcula-
tions do not involve the anions explicitly, we focus on the
intrinsic effect and general implications (without specific
consideration of a unique protein matrix or employing the
high-level full-scale QM/MM calculations from the electronic
ground to excited states) of -7 stacking configurations that
sample the chromophore phase space directly modulated by
the anion binding events.

Second, the dimness of I; suggests a weak m-7 stacking
interaction. The high FQY of B* (0.44 in the presence of 400 mM
Cl7)”” suggests that -7t stacking suppresses nonradiative decay
pathways. This mechanism is nicely supported by site-directed
mutagenesis of phiYFP: the mutation of Y203 by residues
such as valine, threonine, and serine results in reduced fluo-
rescence.””** We note that phiYFPv was crystallized from
aqueous buffer containing 20 mM Tris-HCI at pH = 8 with
200 mM NacCl,*” while wild-type phiYFP was dissolved in 20 mM
Tris-HCI buffer at pH = 8 with 100 mM NaCl in an earlier
study,* so the associated spectral data of phiYFP and its
mutants taken in such buffer solutions could involve CI™
binding and its effect on the chromophore environment.
Meanwhile, these mutations blue-shift the absorption and
emission with respect to the wild-type phiYFP,***® supporting
the assignment of I; and I, whose electronic transition wave-
lengths are sensitive to - stacking interactions. Our steady-
state (FQY) and fs-TA (lifetime) results demonstrate that both
A* and I; are much less fluorescent than I, (Fig. 2 and 3). Weak
fluorescence of A* is correlated with bifurcated pathways where
nonradiative twisting motions and ultrafast ESPT constitute the
dominant decay dynamics (Fig. 5 and 6). Similarly, weak fluo-
rescence of I; could be a consequence of two competing non-
radiative channels: one involves the TICT-mediated decay
characterized by the magenta — dark cyan SADS on the tens of
ps timescale (see Fig. 5 bottom panels, showing low/high weight
with ClI7/NO;~ binding, respectively); the other is the I; —T,
conversion (more prominent with C1~ than NO; ™), highlighted

© 2021 The Author(s). Published by the Royal Society of Chemistry
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by a notable SE peak redshift on the 20 ps timescale in the
presence of 400 mM Cl~ (Fig. 5b bottom panel). The former
pathway is rationalized by the I; conformation: it is produced by
an ultrafast (<100 fs) ESPT reaction that yields a largely intact
nuclear arrangement as A* (particularly with weak m—7 stack-
ing).* The corresponding local environment presumably favors
the chromophore ring-twisting-induced decay pathways, which
become more kinetically dominant when the competing
pathway, ie., optimization of the m-m stacking, occurs on
a slower timescale (especially in the NO; -bound state, see
Fig. 5¢).

Correlations between anion binding and ratiometric
fluorescence response

The excellent ratiometric fluorescence response differentiates
phiYFP from the previously reported Cl™ sensors such as avYFP-
H148Q, which by itself can only work as an intensiometric
indicator and lacks selectivity between halides and other anions
such as NO; . In our study, the excited-state dynamics of
phiYFP have been elucidated with a key I; —1I, conversion
governing the excitation ratiometric response that is highly
sensitive to Cl~ binding. Notably, NO; ™ leads to turn-off fluo-
rescence of I, that essentially causes poor ratiometric
responses. A closer inspection of the fluorescence spectra shows
that the I; > I, conversion is slightly hindered by CI~ binding.
Such a hindrance becomes more significant for Br, I, and
NO;™ and is in the order of CI” <Br~ <I" <NOj;  (Fig. S1 in the
ESIY). This result is in line with their binding affinities,* sug-
gesting that anion binding commonly impedes the I;—T,
conversion, ie., optimization of -7 stacking. It is rationaliz-
able in that the anion binding would distort the antiparallel
conformation between the chromophore Y66 phenolate and
Y203 phenolic rings (see Fig. 1c for phiYFPv, and Fig. S13 in the
ESIf for detailed comparisons between the phiYFPv and avYFP-
H148Q crystal structures) due to the electrostatic interaction
between the anion and Y203 phenolic hydroxyl, thus exerting an
energy barrier for the optimization of the m-7 stacking inter-
actions to reach the I, state.

Meanwhile, the addition of Cl™ results in a simultaneous
increase of I; and T, fluorescence bands (Fig. S1a in the ESIY),
indicative of an increased I; population as a result of ESPT,
following excitation of the A form at 400 nm. This is because
more neutral populations are excited due to the increased pkK,,
which also occurs for other anions in the order by potencies: CI™
<Br  <I ~ NOj; (see Fig. S1 in the ESIf). In aggregate, these
results show that the different ratiometric responses of phiYFP
to CI” and NO;  originate from an intrinsic competition
between the pK, increase (thus more A* and then I; generation)
and the inhibition of I; > I, conversion. The dominance of the
former factor leads to the turn-on response of phiYFP upon Cl™
binding. This finding also explains why the best ratiometric
performance can be achieved at pH values around the chro-
mophore pK, where population interchange between the
neutral and anionic forms is the most significant (with the
largest slope in the titration curve when pH = pkK,).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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We propose that anion binding affinity is the dominant
factor for both chromophore pK, and I;—T, conversion in
phiYFP. First, the pK, increase is reflective of the free energy
change in the ground state. Anions with higher binding affini-
ties suppress the charge delocalization of the anionic chromo-
phore to a larger extent and thus increase pK, more (Table 1).
Second, anion binding hinders the I; — T, conversion because of
greater destabilization of T, than I; and hence a decreased free
energy change. This is corroborated by our spectral observation
that I, with CI~ binding emits at a redder wavelength (542 nm)
than with NO;~ binding (534 nm), whereas I; emits at similar
wavelengths (~505 nm) for both cases (Fig. S2 in the ESL, T and
Table 1). Observations at a lower pH of 4.5 yielded similar
trends (Fig. S4 and Table S1, ESIT). The destabilization of I, by
anion binding (see Fig. S4e in the ESIY) is due to the repulsive
interaction between the anion and delocalized negative charge
of the chromophore. The extra destabilization effect on I,
(similar to B* in Fig. S4f, ESIt), besides electrostatic repulsion,
may result from the weakening of -7 stacking due to anion
binding that changes the relative conformation of Y203 and the
nearby chromophore (e.g., Fig. S13a in the ESIT).”*** Regarding
the anion binding affinity, previous studies on avYFP-H148Q
suggested it to be correlated with, but not limited to, the ion
dehydration energy: ClI~ > Br~ > NO;~ > I"."*°%% The protein
interaction usually increases with decreasing dehydration
energy. Other factors such as the size, electrostatic configura-
tion, and symmetry of anions (e.g., trigonal nitrate versus
spherical halide)'® may also contribute to the radiative emission
properties of the chromophore embedded in the protein matrix
that hosts the bound ions.

Difference between phiYFP and avYFPs

Despite the high similarity of phiYFP and avYFPs, the latter
proteins cannot be effectively used in an excitation ratiometric
mode without fusion with another FP. This is probably a result
of low ESPT efficiency that leads to weak fluorescence of the
anionic chromophore. Weak fluorescence also occurs for the
neutral form due to out-of-plane torsions as suggested.*®
Recently, avYFP-H148Q was examined upon the neutral form
excitation (at 400 nm) and showed turn-off fluorescence in
response to Cl~ binding without two anionic species such as in
phiYFP (i.e., I; and I,).”” The contrasting excited-state dynamics
highlight the difference in the local environment of neutral
chromophores of the two FPs.

As unraveled from the above spectral analysis, the neutral
chromophore of phiYFP undergoes ultrafast ESPT (faster than
our ~80 fs instrument response time, see Experimental
methods in the ESI}) in competition with a twisting-motion-
induced nonradiative decay pathway. The Cl~ binding raises
the pK, and consequently leads to an increased ESPT product
(1) due to photoexcitation of more A species. In contrast,
avYFP-H148Q exhibits a hindered ESPT reaction as reflected by
the decreasing anionic form fluorescence, even though Cl™
binding raises the pK,.>” This finding indicates that, for some
reason, Cl~ binding could reduce the ESPT efficiency, which
requires further time-resolved spectral characterization of
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avYFP. In contrast, the observed ultrafast ESPT rate of phiYFP is
insensitive to anion binding (e.g., CI” and NO;™) and reminis-
cent of the avGFP mutant S65T/H148D, wherein ultrafast ESPT
occurs and a short H-bond was identified between the chro-
mophore hydroxyl and D148 in the crystal structure (see Fig. 1a
for avGFP).””*° Unfortunately, the crystal structure of phiYFP at
low pH (having dominant neutral chromophores) remains
unavailable.

To mitigate this issue, we dissect the high-pH crystal struc-
ture (with an anionic chromophore, Fig. 1c)*’ to gain more
insights into ESPT. The H-bonding chain, chromophore —
water — S205 — E222, has been widely accepted to enable
ESPT in wild-type GFP and its many mutants.*>* However, it is
unlikely to be the ESPT route in phiYFP due to truncation of this
H-bonding chain by V205 (Fig. 1c), which is incompatible with
the ultrafast ESPT pathway starting from the phenolic hydroxyl
group.”®%4%* Therefore, it is highly plausible that H146 with
a short distance to the chromophore hydroxyl (2.8 A for N---O at
pH = 8 with a deprotonated chromophore) acts as the proton
acceptor by forming a short H-bond with the chromophore
hydroxyl in its neutral form, thus supporting an ultrafast ESPT
as observed (Fig. 3 and 4). Meanwhile, we cannot exclude the
possibility that ESPT could occur through an adjacent water
molecule and then V205 or T144 (H-bonded to the water
molecule with distances of 3.1 and 2.8 A, respectively, at pH =
8), connecting to the exterior of protein. The low-pH crystal
structure of phiYFP is expected to further elucidate such a bar-
rierless ESPT reaction from a neutral chromophore. Moreover,
the ESPT occurrence upon H148Q mutation (confirmed by the
observation of emission from the anionic chromophore by
excitation of the neutral chromophore)*?* implies that the
chromophore — water — S205 — E222 H-bonding chain
constitutes the main ESPT route for avYFP-H148Q, which likely
occurs on the ~10 ps timescale®**** that is much longer than
that in phiYFP (see Fig. 5 and 6).

Perspectives on protein engineering for live-cell imaging

The wild-type phiYFP exhibits the reddest emission maximum
of all FPs with an unmodified p-HBDI chromophore (GFP
chromophore)*”* and shows high selectivity to halides in the
excitation ratiometric measurements, which makes it a prom-
ising standalone Cl™ indicator. On the FP color tuning side,
phiYFP emission is reminiscent of Boxer's recent work on the
anionic GFP chromophore that adopts a diabatic two-state
model to explain the color-tuning mechanism.* Any effort to
destabilize the negative charge on the phenolate leads to
a spectral redshift. Increasing the electron density around or at
the phenolate ring such as incorporating - stacking (e.g., an
adjacent Y203 here) or electron-donating groups would red-shift
the anionic chromophore emission.**** On the ion-sensing
front, the low binding affinity (K4 ~ 300-400 mM at pH = 5-
6) makes the current phiYFP unsuitable for intracellular
detection of CI~ concentrations without further engineering. In
order to improve the binding affinity, one direct approach is to
strengthen the electrostatic interaction between the anion and
protein residues that constitute the binding pocket. Recent
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mutagenesis of phiYFP at Q69 showed that the replacement
with less polar residues such as leucine reduces the binding
affinity and consequently weakens ratiometric responses.”
Conversely, we envision the mutation of Q69 by a more polar
residue such as lysine, which has similar sterics to glutamine
and does not induce other significant conformational changes
in the pocket near the chromophore imidazolinone ring
(Fig. 1c), may help to improve the halide binding affinity.®®

It is also noteworthy that the anion binding is closely
correlated with the protonation state of the chromophore,
which accounts for the pH-dependent CI~ binding affinity of
phiYFP as well as avYFPs and E>’GFP."*?° This is typical for many
host/guest systems in which the binding free energy is changed
by the electrostatics of the binding partners due to the specific
protonation state.®”*®* The quantitative description of Cl 7/
protein (the embedded chromophore with different charge
states) binding can be found in the literature.’* Analogous to
avYFPs, the protonated phiYFP chromophore has a much
higher binding affinity to C1~ than the deprotonated chromo-
phore. The apparent binding affinity lies somewhere between
the two extremes and is higher at low pH."*” Furthermore, the
best ratiometric performance of phiYFP (by the ratio of I,/B*
fluorescence with A and B excitations) is at pH values around
the chromophore pK, due to a pronounced A/B population
interchange. This is because the ratiometric response is gov-
erned by an interplay between the I; population increase due to
the greater pK, and the I; — I, inhibition. It also agrees with the
observation that the phiYFP ratiometric response is diminished
at pH values below 5 (e.g., Fig. S4 in the ESIt) owing to the small
increase of I; population and a more drastic I; — T, inhibition
caused by stronger binding of anions.*” Therefore, upshifting
the chromophore pK, (ideally with a higher slope of pkK,
increase from apo to anion-bound proteins, see Table 1 for the
trend) is beneficial for the binding affinity and operational pH
for the physiological Cl™ detection.

To raise the chromophore pK, and hence the operational pH,
modifications of electrostatics in the chromophore Y66 moiety
would be more effective than that in the T65 moiety.”””* The
comparison of phiYFP with avYFPs and other GFP variants with
ESPT capability indicates the importance of residue 148 (146 for
phiYFP) and 205 in both ground- and excited-state proton
transfer.>”**®! Since V205 in phiYFP interrupts the common H-
bonding chain (with S205) necessary for ESPT, while the
hydrophobic V205 was shown to stabilize the conformational
state of Y203 (Fig. 1c) and maintain high brightness,” the
proximal H146 could be an effective target for future muta-
genesis. For instance, H146Q may simultaneously increase the
chromophore pK, and the Cl™ binding affinity, reminiscent of
avYFP-H148Q;"*” however, any significant disruption of the
aforementioned ESPT pathway (due to the replacement of H146
by a much weaker proton acceptor Q146) may abolish the
ratiometric response of the protein. Alternatively, since the GFP
variant S65T/H148D establishes a short H-bond between the
chromophore hydroxyl and D148 and leads to ultrafast ESPT
with an increased pK, (~8),”® this mechanism is potentially
applicable for phiYFP wherein the barrierless ESPT (Fig. 5 and
6) implies a short H-bond to promptly generate I; species.” We
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can anticipate that the slightly less steric aspartate (i.e., H146D
mutation) might retain an ultrafast ESPT reaction while
increasing the same TYG (T65-Y66-G67) chromophore pK, by
establishing a similar H-bonding interaction in phiYFP to that
in avGFP-S65T/H148D. In addition, monomerization”>”* and
increase of the FQY®**’® with multiple correlated mutations
could further enhance the phiYFP usability in live-cell imaging
applications.>™*

Conclusions

By implementing fs-TA spectroscopy and target analysis, aided
by a series of key control samples and quantum calculations, we
investigated the excited-state dynamics of the wild-type yellow
fluorescent protein from jellyfish Phialidium sp., phiYFP. It is to
date the only reported standalone FP to act as an excitation
ratiometric biosensor for Cl". It demonstrates high selectivity to
halides over many other anions. The probe-dependent elec-
tronic dynamics in combination with target analysis of fs-TA
spectra delineate the previously hidden branched reaction
pathways of the photoexcited phiYFP, which effectively powers
the appealing turn-on fluorescence with Cl~ binding. Upon
photoexcitation, the neutral chromophore promptly bifurcates
and evolves along two reaction coordinates: the twisting
motion-induced nonradiative decay (major)****” and ultrafast
barrierless ESPT (minor). The ESPT pathway yields a nascent
anionic product I; that converts to a red-shifted I, state on the
tens of ps timescale. The I; —I, conversion is intrinsically
inhibited by anion binding, the extent of which depends on the
binding affinity. The higher binding affinity of NO;~ than CI~
thus yields a more reduced I, population. Meanwhile, anion
binding raises the chromophore pK, and leads to a larger ESPT
population (hence more deprotonated I; generation after exci-
tation of the neutral A species).

In essence, the turn-on/turn-off fluorescence of I;, which
determines the anion selectivity in the ratiometric response, is
a result of active competition between the ESPT population
increase and inhibition of I; —> I, conversion. When the former
factor dominates, phiYFP exhibits a turn-on fluorescence
response and acts as an excellent excitation ratiometric biosensor
for anions such as CI™. In addition, the correlated spectral and
crystal structure results uncover the origins of I; and I: I, is the
anionic chromophore with an optimized m- stacking interaction
between the chromophore Y66 phenolate and Y203 phenol,
whereas I; is the anionic chromophore with a lack of m—m
stacking. Based on these fundamental insights, we proposed
rational design strategies that focus on active sites to improve the
anion binding affinity and raise the operational pH for cellular
imaging advances. Therefore, our work allows comprehensive
understanding of the working mechanism of phiYFP as a turn-on
fluorescence, excitation ratiometric biosensor for Cl~. Further
rational engineering of phiYFP, versatile and effective as a stand-
alone fluorescent protein without fusion with other proteins
relying on FRET, is expected to make timely and significant
contributions in a broad range of fields from photophysics,
protein engineering/de novo design, to biosensing applications.
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