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Photoconvertible fluorescent proteins (pcFPs) have greatly advanced life sciences and cellular imaging with
sub-diffraction resolution. A subset of Kaede-like pcFPs can reversibly photoswitch and irreversibly
photoconvert, which vyield intriguing properties for sophisticated bioimaging, yet blinking may
complicate image analysis. Many investigations on such pcFPs lack transient information that can dictate
their optical properties, especially on ultrafast timescales. We study a family of ancestrally derived pcFPs
with varying photoconversion and photoswitching efficiencies based on the least evolved ancestor (LEA).
With ultrafast electronic and vibrational spectroscopies that complement steady-state measurements,
we dissect the primary events upon near-UV excitation of the native and photoswitched neutral
chromophores, which initiates both off — on photoswitching and green-to-red photoconversion. We
demonstrate that cis — trans isomerization underlying negative photoswitching occurs the fastest in
acidic buffers upon green light irradiation, which forms a distorted neutral off state proportional to the
initial green cis anionic population. Femtosecond transient absorption measurements reveal that this
dynamic off state rapidly photoswitches back to the bright on state upon near-UV excitation, in contrast
to the native form. With various mutants and photoinduced states, we find that off — on photoswitching
likely involves excited state proton transfer from the distorted chromophore, which competes with

photoconversion. In contrast, femtosecond stimulated Raman spectroscopy (FSRS) of the much less
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Accepted 20th November 2025 photoswitchable LEA-A69T tracks the efficient nonradiative relaxation of the native cis neutral

chromophore. We propose rational design strategies to inhibit off — on photoswitching while improving
the photoconversion efficiency of both neutral states. This work is envisioned to inspire more dynamic
investigations of diverse photochromic FPs on ultrafast timescales.
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design of more advanced bioprobes with targeted optical
properties.

Many of these fascinating proteins are based on the same
motif and feature similarities in terms of interactions between

Introduction

Photoconvertible fluorescent proteins (pcFPs) are instrumental
bioprobes for advanced imaging techniques.”* The Kaede-like

green-to-red pcFPs bearing the three-residue His-Tyr-Gly chro-
mophore are particularly useful for bioimaging techniques like
photoactivated localization microscopy (PALM).*> Certain
aspects of the green-to-red photoconversion mechanism are
well understood, including the ubiquitous peptide cleavage
occurring alongside the chromophore conjugation extension
that effectively redshifts the biomolecular optical spectra.*
However, due to the low photoconversion quantum yield and
broad timescales proposed ranging from femtoseconds (fs) to
milliseconds, pertinent key details regarding the photo-
conversion mechanism remain elusive. While there have been
important modifications to Kaede-like pcFPs for improving
performance, unknown mechanistic aspects hinder the rational
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the chromophore and local environment; however, even the
mutation of one residue can have drastic influences on the
static and dynamic optical properties of the chromophore.
Several Kaede-like pcFPs including IrisFP,>® mEos,” pcDronpa,®
Dendra,” LEA,"" and more possess the unique ability to
repeatedly photoswitch following light activation at certain
wavelengths in addition to irreversible photoconversion. The
photoswitched dark “off” state typically consists of a trans or
trans-like distorted structure®® that forms upon negative pho-
toswitching via cis — trans isomerization by illuminating the
bright cis anionic “on” state with green light (Fig. 1). In this
subcategory of pcFPs, the “off” state (GA’) corresponds to the
neutral protonated chromophore and remains in a metastable
state at thermal energy for hours-to-days before eventually
relaxing to the bright cis resting state (GB).**** However, the
photoswitched “off” state efficiently returns to this resting state
upon gentle irradiation with ~400 nm light, typically with
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Fig. 1 Illustration of (a) photoswitching and (b) photoconversion in
LEA proteins. (c) Proposed chromophore conformations in the “dark”
neutral state of LEA. The P-, |-, and far imidazole (H62) rings are
labelled. (d) Photoconversion efficiencies of fluorescent proteins in
this work.
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a much higher quantum yield than the on — off photo-
switching. This unique ability to photoswitch and photoconvert
adds to the complexity toward understanding the photody-
namic behaviour of these biomolecules; for example, molecular
blinking can complicate image analysis and lead to over-
counting in super- resolution imaging.'®* However, this photo-
chromic behaviour also leads to additional layers of external
control of bright or dark states that can be exploited during
sophisticated imaging techniques including the monitoring of
dynamic processes.

While the engineered least evolved ancestor (LEA) displays
unexpected photoswitching,™ it was originally designed as
a scaffold to understand how photoconversion may have
evolved from the ancestral green fluorescent protein (ALL-GFP).
The LEA protein bears the minimal number of mutations to
enable efficient photoconversion from the
photoconvertible ALL-GFP, which was modified to produce
ALL-Q62H by a single-site substitution that incorporates
a histidine residue into the chromophore structure. The Kaede-
like chromophore in ALL-Q62H remains non-photoconvertible,
highlighting the dynamic chromophore-environment interac-
tions as important factors for photoconversion and optical
properties of the protein."” Two other mutants feature key
single-site mutations from LEA (LEA-A69T and LEA-H62X),
which display varying degrees of photoswitching and photo-
conversion capabilities (Fig. 1d).*®*

non-
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Given the consensus that photoconversion starts from the
neutral (protonated) green chromophore (GA), there remains
debate whether GA is cis or trans. Since the efficient off — on
photoswitching and the rather inefficient photoconversion are
both triggered by near-UV (~400 nm) irradiation of GA/GA/,
does photoswitching actively compete with photoconversion or
produce an intermediate toward the photoconverted product?
To tackle this question, we exploit a set of recently engineered
LEA derivatives displaying various photochromic efficiencies to
enable a systematic evaluation of photophysical properties via
steady-state and ultrafast electronic/vibrational techniques. The
largely unchanged chromophore-environment interactions
before/after photoconversion suggest that transient dynamics
play a key role,**-** highlighting the importance of such ultrafast
measurements to dissect reaction intermediates inside FPs.

Notably, we performed steady-state optical spectroscopy
involving sequential light irradiation on LEA under various
buffer pH conditions to better distinguish the photophysical
properties of the chemically equilibrated GA and photoinduced
GA’ species. We previously showed that GA’ can photoconvert,
albeit less efficiently than GA," so we aim to shed new light on
the photoconversion mechanism by comparing the primary
events in contrasting FPs after near-UV excitation with femto-
second transient absorption (fs-TA) spectroscopy. The photo-
switched off state (GA’) and mutants with reduced
photoconversion efficiencies display a pronounced biphasic
rise of the stimulated emission feature assigned to the cis
anionic chromophore (GB), which is absent in the pH-induced
(GA) population in LEA. This result suggests that off — on
photoswitching may compete with and quench the photo-
conversion. Femtosecond stimulated Raman spectroscopy
(FSRS)**™* provides structural information on the neutral
chromophore population, tracking excited-state GA* vibrational
signatures that rapidly decay on the femtosecond-to-picosecond
(fs-to-ps) timescale for efficient nonradiative relaxation of the
flexible chromophore. The LEA chromophore structure and
local environment are compared with several other photo-
chromic Kaede-like pcFPs to inspire future ultrafast investiga-
tions of these versatile and functional biomolecules, thereby
providing more rational and targeted design principles for
efficient protein and bioprobe/biosensor engineering.

Results and discussion

pH-dependent GA’ formation in the LEA via on-to-off
photoswitching

Relative to other Kaede-like pcFPs, the elevated pK, of LEA (6.3)
allows for an in-depth comparison of GA and the metastable GA’
chromophores in aqueous buffers with physiologically relevant
pH values. The photoconversion efficiency has been studied
under several buffer pH conditions, and it has been observed
that the optimal photoconversion occurs at pH 6.1;"* however,
the recently discovered photoswitching behaviour in LEA has
not been investigated as a function of pH. We studied LEA
under 505 nm irradiation in buffer solutions with pH values
from 6 to 8 (Fig. 2) to investigate how the charge/protonation
states of the FP local environment residues (i.e., protein

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc06279a

Open Access Article. Published on 01 Aralk 2025. Downloaded on 1.03.2026 20:09:29.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article
=7 ‘pre-imadiation (GA)
% 804 post-505 nm /
S ol irradiation (GA + GA')| PH6 /
3 /
&
8 40 - )
?
2 201
< X =
0+ } i t
300 400 500
Wavelength (nm)
8 121 b 121 C .9
IS el
s
o 81 8 e
o -
&
Qo e’
5 4 4
2 GA « GB
©
x O 0+ 4
o 360 380 400 420 60 80 100
Wavelength (nm) GB;, intensity (mOD)
1.0 100 on—off e
E ;\3 photoswitching
5 ~ 80 (505 nm irradiation)
2 3
@ 3
805 8 60
S 2
E C
2 P 40
< o

360 380 400 420 0 20 40 60 80
Wavelength (nm) Time (minutes)

Fig. 2 The pH-dependent steady-state absorption spectra of LEA
under 505 nm illumination. (a) UV/vis absorption spectra of LEA before
(dashed) and after (solid) 505 nm illumination in pH 8 (green), 7 (blue),
and 6 (red) buffers. The spectra, scaled to 277 nm, represent an equal
total FP concentration regardless of the buffer pH. (b) Pure GA’
absorption spectra produced after 505 nm illumination by taking the
difference, (GA + GA') — GA, from panel a. (c) Plot of GA’ absorption
intensity against the initial GB intensity (GBg) before 505 nm irradiation.
The circle size represents the largest (at pH 7) spectral data deviation
(at 1 s.d.) from the center value, which reflects the uncertainty of
measurements. (d) The normalized absorption spectra of GA’ (solid
color-coded) in each buffer versus GA in pH 6 buffer (dashed red). (e)
Decay of GB absorption intensity (%) as a function of time during on
— off photoswitching under 505 nm illumination (color-coded, three
pH conditions). The absorption intensities in (a—c) are in milli-optical-
density (mOD) units.

matrix) may affect the on — off photoswitching and the optical
properties of the GA” versus GA species.

As expected from the chromophore pKj,, fresh proteins that
have not been exposed to light irradiation display a progressive
reduction of the cis anionic form (GB) absorption peak at
~505 nm and a concurrent rise of the protonated form
absorption band at ~380 nm (GA) as the buffer pH decreases
(Fig. 2a). A slight blueshift of the GB peak is observed in the
more acidic buffer, indicating that local-environment residues
with certain modified charge or protonation states can affect
the spectroscopic properties of the chromophore. After 505 nm
light irradiation of the fresh LEA protein sample, a large
decrease in the GB absorption band is matched by a moderate

© 2026 The Author(s). Published by the Royal Society of Chemistry
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increase in the neutral absorption band assigned to GA’
formation, reflecting the greatly reduced transition oscillator
strength of the ¢trans neutral versus the cis anionic chromophore.
An analysis of the relative absorption peak intensities of GA,
GA', and GB revealed that the oscillator strength of GA' is
reduced by ~60-70% relative to GA (see Table S1 in the SI),
indicative of a distorted chromophore that has been proposed
in Kaede-like pcFPs.**?* The metastability of GA’ that slowly
recovers over days in the dark suggests that chromophore
interactions with the protein local environment can stabilize
the GA’ population and raise the reaction barrier height to
hinder the off — on thermal recovery. Moreover, the redshifted
GA' absorption peak following 505 nm irradiation versus that of
GA without any irradiation (Fig. 2a and d) supports a distorted
conformation of GA'.

Taking the difference between (GA + GA’) and GA spectra, we
obtained a pure GA’ absorption band in each pH environment
(Fig. 2b), revealing a distinct redshift of the GA’ band as the
buffer pH decreases. This result shows that GA’, unlike GA, is
especially sensitive to the charge/protonation states of the local
environment (e.g., an adjacent His194 likely becomes proton-
ated when pH drops from 8 to 6, see below). Notably, the GA’
absorption peak drops at a lower pH. In fact, plotting the initial
GB absorption intensity before any irradiation (GB,) in three pH
conditions against the final GA’ intensity after 505 nm irradia-
tion reveals a linear trend (Fig. 2¢): the amount of GA’ formed is
proportional to the initial GB population (also see Fig. S1, SI).
Therefore, the cis — trans isomerization model*” holds for
LEA's on — off photoswitching under 505 nm illumination, as
also indicated by the isosbestic point supporting a two-state
model (Fig. 2a).

It has been hypothesized that the pK, of GA’ is higher than
that of GA, primarily because the neutral form population
increases after on — off photoswitching while the buffer pH
remains the same.*™*® Since we observed that the amount of GA’
formed in LEA is largely insensitive to pH values of 6-8, the pK,
of GA' is well above 8, corroborated by the ¢rans chromophore in
Kaede-like pcFPs with a pK, > 10.> Due to intrinsic heterogeneity
in the protein matrix, there may be some cis-distorted GA’
populations in more acidic buffers (Figs. 1c, 2d) as shown by the
redshifted but still broad absorption at pH 6, proposed in
photoswitchable pcFPs like mEos4b™?® and reversibly switch-
able fluorescent proteins (rsFPs).”® The pK, of cis-GA in LEA"
was determined to be 6.3, so the pK, of cis-GA' is likely above 6.3,
leading to more cis-GA' population as the buffer pH decreases.

Such a conformational heterogeneity can be rationalized by
chromophore-environment interactions, particularly for the
neutral chromophore having fewer electrostatic interactions
with the local environment, thus promoting flexibility versus the
anionic chromophore. Some trans-neutral to cis-neutral equili-
bration may occur, in accord with the aforementioned frus-
trated GA’ conformation inside an irradiated protein matrix,
supported by some off — on thermal recovery that we observed
under the dark-adapt condition (i.e., without light exposure).*®
Future investigations using advanced structural techniques®**>*
should provide new insights into such interconversion events.
For more evidence, we calculated the electronic absorption

Chem. Sci., 2026, 17, 151-163 | 153
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spectra of the cis and ¢rans neutral green chromophore in vacuo
and predicted that the ¢trans conformer absorbs redder than the
cis conformer (Fig. S2, SI),** corroborating the continuous
redshift of the GA” absorption peak with a significantly smaller
oscillator strength than that of GA (Fig. 2b). Future experi-
mental and computational studies factoring interactions
between trans/cis neutral species and their local environment
will be required to investigate the steady-state and dynamic
heterogeneity more rigorously.'>'®*® For instance, primary
events may differ upon excitation of trans, cis, or distorted
neutral species to critically affect the FP photoswitching and
photoconversion efficiencies. Furthermore, the mechanistic
implications for photoconversion due to the currently unclear
starting conformation(s) are set to provide profound insights
into photoconversion.””**

Notably, the on — off photoswitching accelerates in more
acidic buffers (Fig. 2e). The time-dependent contour plots
(Fig. S3, SI) manifest spectral evolution on the minute timescale
under 505 nm irradiation and the redshifted GA’ formation in
pH 6 buffer. By plotting the GB and GA’ absorption intensities
as a function of time (Fig. S4, SI), we estimated the on — off
photoswitching rate constant in each buffer pH. The increased
on — off photoswitching efficiency in more acidic buffers also
correlates with the photoconversion efficiency," highlighted for
LEA in pH 6 versus 8 buffers under 400 nm illumination (Fig. S5,
SI). This finding implies that acidic pH values induce changes
in the protonation states of the surrounding residues and
provide a more flexible chromophore environment, which
supports prior molecular dynamics simulations suggesting that
chromophore structural dynamics are important for
photoconversion."”

Off-to-on photoswitching of GA’ in LEA upon 400 nm
excitation forms GB'

We measured fluorescence with UV (360-400 nm) excitation
across buffer pH values of 6-8 to investigate the interplay
between off — on photoswitching and GA/GA’ photoconversion
(Fig. 3). We focus on the emission spectra in pH 8 buffer after
400 nm excitation because this wavelength has been commonly
used in bioimaging, while it allows a straightforward connec-
tion to the fs-TA measurements (see below). This buffer repre-
sents a physiologically relevant pH and a more direct evaluation
of GA/, since at pH 8 there is minimal GA to begin with. Steady-
state emission spectra with other excitation wavelengths and
buffers can be found in the SI (Fig. S6) for detailed comparisons.

The emission spectra of GA and (GA + GA') reveal that both
species are weakly fluorescent (Fig. 3a). The photoinduced off
state exhibits increased emission from ~420-480 nm, where the
neutral form emits, in part because the absorption intensity at
the excitation wavelength is elevated due to GA’ (Fig. 3b). We
isolated the GA emission (Fig. S7, SI) without spectral overlap
from GB emission above ~470 nm. The most striking aspect
after GA excitation is the dominant emission from the anionic
green chromophore (GB), which may occur via several pathways
(see below) and is intrinsic to the chromophore featuring
a much larger oscillator strength of GB than GA.'*** The
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Fig. 3 Steady-state (a) emission and (b) absorption spectra of GA +
GA'’ (green) and GA (black) in pH 8 buffer. The emission spectra upon
400 nm excitation are overlaid with the GB emission spectrum upon
direct (490 nm) excitation (grey dashed). Weak emission of the neutral
chromophore from ~420-480 nm is shown in the inset. In panel b,
solid/dashed traces represent the electronic absorption spectra
before/after the fluorescence measurements in panel a with 400 nm
excitation. Green arrows indicate the major spectral changes upon
excitation of GA + GA'. The dashed orange trace shows that there is no
major absorption change after 400 nm excitation of GA. (c) Absorption
intensities of fresh GB (circles) and GB’ (diamonds) before/after
(purple/green) 360-400 nm (UV) excitations. Horizontal green bars
represent the time duration of 505 nm illumination on LEA. The
photocycle number and time (minutes) under 505 nm illumination of
GB’ to regenerate GA’ are listed for each photocycle.

broad, weak emission of GA and GA’ (inset of Fig. 3a) supports
flexibility of a ¢rans neutral chromophore with more heteroge-
neity in the excited state and enhanced nonradiative relaxa-
tion."** There is no clear trend for emission peak wavelengths
or band shapes of GA/GA’ from pH 6-8 with 360-400 nm exci-
tation (Fig. S6, SI), suggesting that the local environment exerts

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a minor effect on the fluorescent state, unlike the absorption
from the electronic ground state (S,). While the broad spectral
profiles suggest heterogeneity, there is no evidence for distinct
subpopulations. Moreover, there is no clear signature of GA’
emitting species, although the emission profile appears slightly
redshifted from that of GA which is similar to the trend for
absorption bands (Fig. 2).

One property change becomes apparent upon (near)-UV
excitation of GA versus GA. GA' is significantly more prone to off
— on photoswitching. This is demonstrated by the changed
absorption spectra before/after UV-excitation (Fig. 3b), which
manifests more/less of GB/GA’ after light activation. The rapid
off — on photoswitching supports the notion that GA’ features
a distorted conformation and frustrated interactions with the
local environment. In contrast, the absorption spectra before/
after excitation of GA do not change (Fig. 3b), indicating that
GA does not undergo off — on photoswitching which is sup-
ported by steady-state measurements with a larger GA pop-
ulation in more acidic buffers (Fig. S6, SI). In general, upon
excitation of GA/GA’, there are primarily three pathways through
which GB emission can occur: (1) direct excitation of GB, (2)
Forster resonance energy transfer (FRET),** and (3) excited
state proton transfer (ESPT).>"?>**?° Direct GB excitation is
unlikely given the large energy difference between the excitation
wavelength and GB absorption peak. Indeed, the GB emission
intensity upon excitation of (GA + GA') is about twice more
intense than that in the GA excitation case (Fig. 3a), refuting
direct excitation playing a large role because the GB absorption
(Fig. 3b, black trace) is much stronger than that after 505 nm
illumination in order to generate GA' (Fig. 3b, green trace).

Meanwhile, FRET could occur because LEA is a tetrameric
pcFP like other Kaede-like pcFPs,>"' and the chromophore-
chromophore distances among four subunits are a function of
geometry. FRET was proposed for Kaede-like FPs with similar
tetrameric geometries to LEA.*>"** Subsequent analysis of the
steady-state absorption/emission spectra (Fig. S8, SI) and fs-TA
measurements suggest that FRET may contribute; however,
neither FRET nor direct excitation can cause the equilibrium
change before and after UV excitation of GA’ as evidenced by the
absorption spectra (Fig. 3b). We confirmed this change during
the fluorescence measurements by varying the slit width as well
as scan speed (Fig. S9, SI). Given that excitation of the neutral
species leads to emission from the anionic form, proton
transfer likely occurs in the electronic excited state or ground
state, reported to generally occur in FPs*** and Kaede-like
pcFPs,* motivating a series of fs-TA measurements (see below).

Interestingly, after at least one photocycle (on — off under
505 nm illumination and then off — on under 360-400 nm
excitation), we observed that GA’ was likely converted to a new
form of the anionic green chromophore (GB'), reminiscent of
the previously reported cis anionic chromophore under 400 nm
illumination of the fresh LEA at pH 7.9, wherein calculations
pointed to a distorted chromophore with a twisted phenolate
ring."* Recently, other reports identified the photoinduced
heterogeneity of green as well as red cis chromophores in Kaede-
like pcFPs.*** The new evidence for GB' in the LEA is provided
by the much faster on — off photoswitching after one

© 2026 The Author(s). Published by the Royal Society of Chemistry
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photocycle (Fig. 3c). An example of the absorption spectra
before/after 400 nm excitation is shown (Fig. 3b), corresponding
to GB' absorption intensities (Fig. 3c). The off — on photo-
switching occurs rapidly (4-5 seconds) upon 360-400 nm exci-
tation, whereas the on — off photoswitching proceeds on the
minute timescale, in accord with the much larger off — on
photoswitching quantum yield (psQY) than the on — off psQY
commonly observed for photoswitchable Kaede-like pcFPs and
other rsFPs.** The absorption and emission spectra are shown
in all three buffers (Fig. S10, SI), providing additional evidence
for GB'. Notably, the decay of GB' during on — off photo-
switching under 505 nm illumination is even faster in more
acidic buffers, which indicates that lower pH values may
support a more flexible protein local environment with dynamic
H-bonding for the light-induced GB’ chromophore.'**’

Fs-TA of GA and GA’ in LEA and LEA-A69T upon 400 nm
excitation dissects the off-to-on photoswitching mechanism:
primary events

To help resolve the question whether proton transfer occurs in
the electronic ground or excited states during the off — on
photoswitching, we compared the fs-TA spectra of GA and GA’
species in LEA upon 400 nm excitation (Fig. 4) along with the
key mutant LEA-A69T. We also studied GA in pH 5 buffer
(Fig. 4a) where it is the dominant species (Fig. S11, SI). This
sample greatly reduces the contribution from FRET (if any)
since there is only a minor GB population as a potential FRET
acceptor. In contrast, we studied the fs-TA dynamics of the
photoswitched off state in pH 8 buffer (Fig. 4b) to isolate and
excite as much pure GA’ species as possible with minimal GA
contributions (i.e., the GA absorption peak is barely visible at
PH 8, see Fig. 2a). We also measured and analysed the fs-TA
spectra of the LEA and other mutants (both GA and GA’
species) in pH 6-8 buffers (Fig. S12-S15, SI) to provide a more
holistic overview of the transient electronic dynamics of neutral
green species in LEA.

Overall, fs-TA spectra of neutral chromophores in the LEA
and mutants exhibit an excited-state absorption (ESA) band
from ~425-470 nm involving GA*/GA’* species (asterisk
denotes the excited state S;; see their weak emission band in
Fig. 3a), and a stronger stimulated emission (SE) band near
510 nm due to GB* because its peak position largely matches
that of the steady-state emission band (Fig. 3a). The SE feature
from GA* is largely hidden by spectral overlap from the ESA that
overwhelms this region, consistent with the upward transition
oscillator strength of a “dark state” being much larger than that
of the downward transition.*>*® Upon comparing the fs-TA
contour plots, we note the most pronounced ESA drop that is
accompanied by a concomitant SE increase for GA'* in Fig. 4b,
indicative of the highly dynamic nature of GA’ species under-
going an ultrafast photoswitching event. Meanwhile, the GB* SE
feature exhibits a delayed rise peaking between 10-100 ps,
indicative of an interconversion between two states. Impor-
tantly, upon direct excitation of GB in the LEA and mutants with
a 490 nm actinic pump, we observed an instantaneous ultrafast
rise (<140 fs) within the instrument response function (IRF, see
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Fig. 4 Transient electronic dynamics of the protonated green species in LEA. Contour plots of fs-TA spectra for (a) GA of the fresh LEA in pH 5
buffer, (b) GA” of LEA after 505 nm light treatment in pH 8 buffer, and (c) GA of LEA-A69T in pH 6.3 buffer upon 400 nm excitation with global
analysis of the corresponding fs-TA spectra shown in panels d—f. In the top panels, the intensity values in milli-optical-density (mOD) units are
shown by colour bars, and the vertical time axis is in the logarithmic scale. Dashed arrows highlight the major spectral evolution of the GB*
stimulated emission (SE) after GA/GA’ excitation; the horizontal line indicates when the GB* SE reaches its peak maxima. In the bottom panels,
evolution-associated difference spectra (EADS) track the sequential evolution (black — red — blue — green) with colour-coded lifetimes.
Vertical grey and blue dashed lines highlight the SE shoulder band (~485 nm) and the main SE peak (~510 nm), respectively. The horizontal grey

dotted lines represent zero spectral intensity.

the Experimental section below) that is followed by a bi-
exponential decay process.” The drastically different GB* SE
dynamics following 400 versus 490 nm excitations suggest that
direct excitation of GB does not play a significant role in fs-TA
spectra after 400 nm excitation, which allows the tracking of
neutral and intermediate species dynamics in S;.**"

There is a clear difference between the fs-TA spectra upon
excitation of GA and GA' in LEA, which sheds new light on the
initial electronic dynamics of cis- and trans-neutral green
species.'"? After excitation of the mostly pure ¢trans GA’ at pH 8,
the GB* SE displays a sustained and substantial intensity
increase while the peak position remains largely stagnant
(Fig. 4b). The UV/visible (UV/vis) spectra before and after GA’
excitation (Fig. S11, SI) confirm that some off — on photo-
switching occurs during the experiment. In contrast, the mainly
cis-GA* dynamics in LEA (Fig. 4a) appears more nuanced: there
is a clear narrowing of a broad SE band on the fs-to-ps timescale
and a pronounced peak redshift throughout the experimental
time window.

To better understand the underlying transient processes, we
performed global analysis of fs-TA spectra (Fig. 4d-f) with the
evolution-associated difference spectra (EADS). The grey vertical
line at 485 nm highlights the SE feature (Fig. 4d) where GA* is
expected to emit (Fig. 3a)."* Upon 400 nm excitation of primarily
GA in LEA at pH 5, we observe an instantaneous and ultrafast
(~140 fs) signal increase in both probe regions where GA* and
GB* are expected to emit (Fig. S6, SI), also represented by the
black trace (700 fs lifetime; see detailed discussions in the SI on
some apparent wavery features due to the initial coherent arti-
facts) in Fig. 4d. Given the rise within the IRF of the optical
setup, direct excitation of some GA and GB species likely
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contributes to the initially broad SE band; however, the excited-
state chromophore dynamics (e.g., ESPT and isomerization)
would dictate the subsequent spectral evolution.

In particular, the black trace quickly evolves into the red
trace on the 700 fs timescale, tracking Franck-Condon
dynamics and initial relaxation of GA* by conformational
rearrangement of the chromophore and local environment. In
other Kaede-like pcFPs, similar time constants and spectral
profiles have been retrieved and attributed to an intermediate
species.*® Notably, the red trace features an SE shoulder at
~485 nm and a primary SE peak at around 500 nm, while the
shoulder is only prominent after excitation of the fresh LEA in
pH 5 buffer, as highlighted by the normalized EADS (Fig. S15,
SI). The GA* SE feature is the most pronounced because any
contribution from GB is greatly diminished in this most acidic
buffer. The dominant SE peak at ~500 nm may be attributed to
I*, which is in between the GA* and GB* SE peaks, likely via
ESPT en route from the cis neutral to cis anionic chromophores
which continues with a ~10 nm redshift (red — blue trace in
Fig. 4d). Given the cis-GA species at equilibrium in pH 5 buffer
according to its pK, (~6.3),'* the pK, (excited-state pK,) is low-
ered for FP chromophores and the photoacids in general to
promote an ESPT reaction.?>3%47:8

The red trace evolves with an ~7 ps lifetime, which involves
the fast nonradiative decay of cis GA* (~485 nm SE band). The
matching GA* decay and GB* SE rise on the 15-20 ps timescale
from probe-dependent fits (Fig. S14, SI) supports a two-state
model that is consistent with ESPT. Since little photo-
switching was observed after GA excitation, there is no clear cis-
to-trans isomerization. The cis anionic species (blue and green
traces in Fig. 4d) decay with two lifetimes of 245 ps and 2.1 ns,
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likely due to inhomogeneous FP chromophore populations with
a decent fluorescence quantum yield (FQY) for GB**** sup-
ported by the matching blue/green traces in normalized EADS
(Fig. S15, SI).

Contrastingly, beyond the initial ultrafast signal rise within
the IRF, the trans GA’ lifetimes via global analysis (3 and 19 ps,
4.5 ns in Fig. 4e) largely track the GA'* ESA decay and GB* SE
rise, with the latter being more intense than its counterpart
after GA excitation (Fig. 4d). The probe-dependent fits at
~485 nm (Fig. S14, SI) reveal that the dominant GB* SE band at
around 510 nm may obfuscate the pure GA'* dynamics, since
the overlaid peak intensity dynamics in both regions are quite
similar. The faster decay of GA’' (3 ps) than GA (6.6 ps) is
consistent with the distorted structure of GA’ to promote faster
twisting motions and nonradiative decay of the neutral chro-
mophore,*®** which likely undergoes the trans-to-cis isomeri-
zation and proceeds through an S;/S, conical intersection
before the ultrafast bifurcation to produce ¢rans and cis neutral
species in the hot ground state. Such a model has been invoked
for the faster-photoswitching IrisFP,** wherein the cis neutral
species deprotonates in S, on much longer timescales (micro-to-
milliseconds). Similar isomerization time constants in the FP
literature***° agree with the weakly fluorescent nature of GA*. In
tandem, the 3 ps time constant also accompanies the GB* SE
rise, which could be due to ESPT***** or FRET since GB* SE
maintains its profile and continues to rise (red — green traces,
Fig. 4e) with a 19 ps time constant. Such a FRET pathway may
transiently contribute®”** in tetrameric FPs like LEA, with inter-
chromophore distances governing the FRET efficiencies.

Interestingly, X-ray structural comparisons (Fig. 5a) unveil
a major factor to rationalize the slow photoswitching in LEA and
mEos4b versus the much faster photoswitching in IrisFP: the
much smaller S173 (than F173) in IrisFP reduces steric
hindrance for P-ring twists that are commonly implicated for
a photoexcited chromophore.>''*®* Meanwhile, structural anal-
ysis (Fig. 5b) of the trans green off state in model pcFPs reveals
a Glu144 in the vicinity of the chromophore P-ring end, which
lends credence to a potential ESPT pathway.*>*'"** For compar-
ison, ESPT in wild-type GFP with a water-Ser205-Glu222 H-
bonding chain occurs on a ~5 ps timescale.> The minor
change in the electronic absorption spectra before and after fs-
TA measurements (Fig. S11, SI) supports this assignment of
ESPT occurrence during photoswitching, which cannot be due
to FRET that transfers energy via the coupled electric dipoles.®”

When comparing steady-state absorption and fs-TA spectra
of GA versus GA' in LEA-H62X (Fig. S11-S15, SI), the larger
increase in GB* SE within ~100 ps upon GA excitation than GA’
excitation does not directly scale to GA/GA’ populations, while
the much larger GB population may act as FRET acceptors.
Interestingly, the fs-TA spectra of GA’ in LEA and LEA-H62X are
very similar (Figs. S12-S15, SI), both in terms of pertinent time
constants and transient spectral evolution. This correlation
warrants discussions. The on — off photoswitching in LEA-
H62X is much more efficient than that in LEA, resulting in an
~90% reduction of GB absorption and a large GA’ population*®
which should show clear GA'* features but are not supported by
global analysis (Fig. S13, SI). This finding points to a rapidly

36,38
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Fig. 5 Overlaid protein pockets of Kaede-like pcFPs in the green on
and off states. (a) Crystal structures of the green on state in LEA (green),
mEos4b (yellow), and IrisFP (magenta) with PDB IDs of 4DXN,*
6GOY,* and 2VVH,® respectively. (b) Crystal structures of the green off
state in mEos4b (yellow) and IrisFP (magenta) with PDB IDs of 6GOZ*
and 2VVI,? respectively. The chromophore (CRO) and nearby residues
(single-letter abbreviation) are shown by thick and thin sticks,
respectively. The oxygen, nitrogen, and sulfur atoms are colored inred,
blue, and gold, respectively. Water (if any in the region) is denoted by
a sphere in the FP-specific color. The H-bonds, -7 stacking (the
chromophore P-ring with an adjacent histidine/H194), and cation-m
(the chromophore P-ring with an adjacent arginine/R91) interactions
are denoted by dashed lines in the FP-specific colors to highlight
differences between FPs.

fleeting GA’ in a distorted state (Figs. 1c and 2b). Different from
GA' in LEA, GA' in LEA-H62X completely relaxes to the resting
state (GB) in the dark,*® implying a more flexible protein pocket
with a reduced barrier for thermal equilibration. The fs-TA
spectra of GA and GA’ in LEA-H62X are also similar (Fig. S12,
SI). In essence, the GA/GA’ states in LEA-H62X and the GA’
states in LEA have similar ultrafast behaviours after photoex-
citation, in correlation with the reduced photoconversion effi-
ciency of GA’ in both LEA and LEA-H62X."*'® Given the
modification to His62 that is unconjugated in the green chro-
mophore, such dynamic similarities allow us to connect the far-
imidazole ring to the P- and I-rings of the chromophore
(Fig. 1c). The methyl group on the histidine ring can disrupt
surrounding residues in the chromophore pocket through a salt
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bridge (H-bonding chain) involving Glu212, Arg66, Glu144, and
His194 (Fig. 5b),"*®*” which can reduce the LEA photo-
conversion efficiency (requiring a planar chromophore for the I-
and far-imidazole rings)*'* but enhance the photoswitching
properties (e.g., P-ring twists).'®

It is notable that His194 is a conserved residue in Kaede-like
pcFPs as part of the aforementioned four-residue internal
charge network that stabilizes the chromophore to maintain
a high FQY, while playing a key role in photoconversion. Two of
these residues were assigned apparent pK, values of ~4.5
(Glu212) and ~7.5 (His194) in LEA that dictate photoconversion
efficiency.” The protonation state change of His194 from pH 8
— 6 likely influences the spectroscopic properties of both GB
and GA' in cis and distorted trans conformations, respectively.
In the cis conformation, His194 maintains m-7 stacking inter-
actions with the chromophore phenol/phenolate (P)-ring, which
likely contributes to the blueshifted GB absorption as the buffer
pH decreases (Fig. 1a). In the distorted trans configuration,
His194 is further away from the chromophore P-ring based on
crystal structures of the off state in mEos4b and IrisFP
(Fig. 5b).>*” Therefore, the protonation state change of His194
likely has an indirect influence on the trans-like chromophore
through interactions with certain residues in the proximal
internal charge network like Glu212, Arg66, and Glul44 (see
above). We envision this work to inspire future X-ray crystal-
lography of GA or GA’ species of LEA for a more direct
comparison to the depicted off state if innovative methods can
help isolate these intrinsically “dark” species under physiolog-
ical pH conditions."*?

Notably, the fs-TA spectra of GA species in LEA-A69T at pH
6.3 (Fig. 4c,f) are quite similar to those of the LEA at pH 6.3
(Fig. S12a, SI), while LEA-A69T does not undergo on — off
photoswitching under 505 nm irradiation. The assignments of
EADS and lifetimes of LEA-A69T remain similar to those of LEA,
and the second component (14 ps) can have contributions from
ESPT and FRET pathways given the much larger rise of the GB*
SE peak within ~100 ps as well as a minor kinetic isotope effect
of ~1.5 by comparing the GB* SE rise dynamics (Fig. S14e and i,
SI). The initial rise of the GB* SE is also larger in LEA-A69T with
a more confined chromophore via interactions with an adjacent
His194 that is ww-stacked over the P-ring,* likely hindering the P-
ring twists and nonradiative decay of GA*. Among all the LEA
mutants studied, LEA-A69T displays the most prominent GA*
signature due to the elevated chromophore pK, and more
restrictive local environment of LEA-A69T."”** The ~485 nm SE
shoulder band tracks GA* (highlighted by overlaid EADS in
Fig. S15, SI), which exhibits a ~12 ps time constant from global
analysis and probe-dependent fits (Fig. S14, SI), longer than the
~7 ps time constant of GA* in LEA (Fig. 4d). This result is
consistent with the more flexible chromophore pocket with
Ala69 in LEA particularly near the P-ring."”* Meanwhile, the
retrieved longest lifetime of 2.6 ns is smaller than the 4.5 ns
lifetime after GA' excitation (Fig. 4), lending support to the
bright GB* formation after 400 nm excitation of the neutral
species, mostly efficient for the light-induced GA’ species of
LEA. In sum, we can rank the off — on photoswitching capa-
bility of this unique set of comparative FPs in the low-to-high
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order: GA of LEA < GA of LEA-A69T < GA of LEA-H62X < GA' of
LEA < GA’ of LEA-H62X, which is correlated with green-to-red
photoconversion capability in the high-to-low order: GA of
LEA > GA of LEA-A69T > GA of LEA-H62X > GA’ of LEA > GA' of
LEA-H62X (Fig. 1d and Fig. S5, SI).">**'*' As a useful spectral
marker, the ~485 nm SE shoulder band is only pronounced in
fs-TA for the more photoconvertible GA species, whereas it is
much reduced and fleeting with a shorter lifetime for the more
photoswitchable GA species (Fig. S14 and S15, SI).

FSRS reveals vibrational signatures of the neutral
chromophore in LEA-A69T and ultrafast nonradiative decay of
cis-GA*

The FSRS methodology has emerged as a powerful three-pulse
technique using a sequence of fs and ps pulses to track tran-
sient molecular structural dynamics of a variety of
systems.>*>>** It is especially beneficial to study FPs given the
broad wavelength tunability of the FSRS setup to target, isolate,
and enhance signals from the three-residue chromophore
amidst hundreds of amino acids in the protein matrix.** We
applied ground-state (GS) and excited-state (ES)-FSRS on the
much less photoswitchable LEA-A69T to complement prior
measurements on the LEA and mutants. Due to the elevated pK,
of LEA-A69T that reduces GB in a pH 6.3 buffer, we used
a 400 nm actinic pump to excite fresh GA species along with
a ~550 nm Raman pump that provides desirable pre-resonance
enhancement with the SE feature.>»* In particular, the 552 nm
Raman pump beyond the red edge of the GB absorption band
(Fig. S11e) avoids enhancement of the cis-anionic species, and
instead obtains GS-FSRS signatures for dominant GA species of
LEA-A69T (Fig. 6b). Though the GS-FSRS peak intensities are
much weaker than those collected with a 540 nm Raman pump
for LEA-A69T in pH 8 buffer (Fig. S16, SI), key peak frequency
shifts within 1200-1300 and 1600-1700 cm ™' confirm the P-ring
C-O(H) and I-ring C=0/bridge C=C stretching motions of the
protonated GA species of LEA-A69T (see illustrations of several
Raman marker bands in Fig. S17, SI) in pH 6.3 buffer.’****® In
contrast, the much stronger GB modes at ~1370 and 1540 cm ™"
dominate GS-FSRS of LEA-A69T in pH 8 buffer (Fig. S16, SI).*
The 2D-contour plot of ES-FSRS (Fig. 6a) manifests several
prominent transient vibrational peaks that are shifted versus
their GS-FSRS counterparts (Fig. 6b), which reflect the coupled
electronic and vibrational motions of the chromophore going
from S, to S;.>*** The excited-state peaks are at least twice more
intense than many ground-state peaks, mainly due to cis-GA
species (Fig. S16, SI) which are supported by quantum calcula-
tions (see mode assignments in Table S2, SI), although contri-
butions from cis-GB still occur due to better resonance
conditions with the minor GB population (see Fig. S11, SI).
Interestingly, the ~1050 cm™' mode in GS-FSRS of LEA-A69T
becomes especially enhanced versus other peaks (Fig. 6b), but
diminishes after photoexcitation (Fig. 6a). This mode assigned
to the CCH bending motions of the chromophore histidine ring
(His62; see Fig. S17a, SI) may serve as a sensitive probe to the
local environment, and this end of the chromophore does not
exhibit rich Franck-Condon dynamics that are associated with
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Fig. 6 Transient vibrational signatures of cis GA* in LEA-A69T. (a)
Contour plots of ES-FSRS of LEA-A69T in pH 6.3 buffer after 400 nm
excitation with a 552 nm Raman pump. Intensity values in Raman gain
(RG) are shown by using a colour bar, and the vertical time axis is in the
logarithmic scale. (b) GS-FSRS of LEA-A69T. The double-sided arrow
represents the RG magnitude. (c) Global analysis of the ES-FSRS
spectra in panel a. The evolution-associated difference spectra (EADS,
dashed lines) represent a sequential scheme with colour-coded life-
times, overlaid by gaussians from least-squares fits (transparent peaks)
and the summation (solid lines). (d) Intensity dynamics from ES-FSRS
(blue) and fs-TA (green) of LEA-AG9T. Data points (hollow) are overlaid
with exponential fits (solid curves). The RG magnitude (blue) is rep-
resented by the integrated area of the least-squares-fit gaussians. The
probe wavelength region for GB SE is from 500-510 nm. Time delay is
in the logarithmic scale. Solid grey and dashed vertical lines denote the
peak and plateau of the ES-FSRS peaks.

the conjugated chromophore ring system. In general, the high-
frequency peaks (~1580-1700 cm ') in the ES-FSRS spectra
correspond to C=C and C=N stretching motions of P- and I-
rings (Fig. S17e and f, SI), while broad peaks from ~1300-
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1500 cm ™" track C-N stretching on the I-ring and C-C stretch-
ing and C-H rocking motions on the P-ring (Fig. S17b-d, SI).
The ES-FSRS peak centred at ~1200 ¢cm ' is more global
involving delocalized H-rocking motions across the P-, I-, and
histidine rings.

Notably, the ~1400 cm ™" mode peaks slightly earlier than
the other modes in the excited state, which we could attribute to
the light-induced P — I-ring charge transfer within the Franck-
Condon region as an intrinsic property of the FP chromo-
phore,*® subsequently enabling P-ring twists as an effective
energy dissipation pathway after the initial charge migration.
This step is well corroborated by the later-peaked ~1200 and
1568 cm™ " modes (around 120 fs, Fig. 6) involving P- and far
imidazole ring motions (see the 1568 cm ™" mode illustration in
Fig. S17d, SI), with pertinent twists implicated for the unique
photoswitching behaviour of pcFPs such as LEA.">"

Global analysis of ES-FSRS (Fig. 6c) reveals two major life-
times for transient vibrational peak decay, ~200 fs and 150 ps,
due to Franck-Condon relaxation and the average of subse-
quent radiative and nonradiative processes. The ~150 ps life-
time is much shorter than prior ES-FSRS targeting GB* in the
LEA and mutants with an ~2 ns lifetime typical of FPs with
bright fluorescent states. Furthermore, ES-FSRS modes mono-
tonically decay after photoexcitation (~250 fs and 100-150 ps
from probe-dependent fits), clearly contrasting the biphasic rise
of GB* SE intensity (Fig. 6d) with ~600 fs, 10 ps rise and 2.5 ns
decay from the probe-dependent fits (Fig. S14, SI). This result
reveals that ES-FSRS mainly reflects the GA* decay dynamics
instead of the GB* population that is primarily tracked by fs-TA.
The strategic tuning of the Raman pump to redder wavelengths
than the GB* SE band edge highlights the uniqueness of FSRS
to catch fleeting chromophore populations with weak oscillator
strengths, achieving the goal of tracking the intrinsic cis-GA*
dynamics. A direct comparison of ES-FSRS spectra of GA* after
400 nm excitation and GB* after 490 nm excitation near the
photoexcitation time zero (Fig. S16c, SI) reinforces this key
point. Notably, the relatively fast ~150 ps long time constant
involves a much enhanced nonradiative relaxation which is
characteristic of a dark or dim (weakly fluorescent) neutral
chromophore with reduced interactions to the rather flexible
protein local environment.'”**3°

Conclusions

With both equilibrium and nonequilibrium spectroscopies, we
monitored the formation of the photoswitched off state at
various buffer pH values and in comparative pcFP scaffolds.
Upon near-UV excitation, we compare the photoresponse of
native and photoswitched neutral chromophores, which are
both photoconvertible, and find that the native cis neutral GA
form can undergo a rapid nonradiative relaxation to its elec-
tronic ground state and also undergo ESPT due to conforma-
tional inhomogeneity. In clear contrast, the distorted trans GA’
population efficiently returns to the initial nonphotoconvertible
cis anionic resting state via isomerization and proton transfer
that underlies the off — on photoswitching. The benchmarking
of ultrafast cis-GA* and trans-GA’* dynamics in the excited state,
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starting from the photoexcitation time zero, provides a holistic
portrait of the complex potential energy landscape inside
a dynamic protein pocket, which allows for photoswitching of
this engineered LEA originally intended only for photo-
conversion. For GA species in the fresh LEA, LEA-A69T, and
LEA-H62X proteins, we can correlate their increased off — on
photoswitching efficiency (in that order) with decreased green-
to-red photoconversion after UV excitation.

Based on these mechanistic insights, we propose rational
design strategies involving the reduction of potential proton
acceptors near the chromophore to inhibit the ESPT reaction
(hence avoiding an efficient ultrafast energy dissipation
pathway) as well as modification of the intrinsic chromophore
properties via noncanonical amino acid (ncAA) incorpora-
tion®>** to achieve an optimal balance between electrostatic and
steric effects.>* The His194X could be a target as this 7-stacked
histidine can affect both the chromophore P-ring flexibility as
well as the internal charge network nearby (see Fig. 5 and the
associated discussions on the chromophore properties). These
strategies may also enhance the photoconversion quantum
yield of the photoswitched off state, eventually making dual
illumination***” involving both 400 and ~500 nm light a supe-
rior illumination condition for rapid photoconversion. This
powerful strategy produces more neutral species at physiolog-
ical pH values or even under basic buffer conditions, increasing
the potential reservoir for photoconversion in unique environ-
ments. For both the native and photoswitched off neutral
chromophores, a careful balance between optimizing the
chromophore flexibility with planarity and rigidity*®> must be
maintained for efficient photoconversion with a high FQY. The
engineering of the monomeric LEA (mLEA) would realize
substantial progress toward its use in advanced bioimaging
techniques,®>*® in addition to a more sensitive evaluation of the
ultrafast dynamics and primary events following near-UV exci-
tation of the neutral chromophore without interference from
FRET. Furthermore, we observed some FRET quenching in the
LEA on the ~10 ps timescale, which may diminish photo-
conversion because the FRET donor and photoconvertible
population are one and mixed. On a related note, this work may
open the door for ultrafast investigations of FRET pairs, espe-
cially involving highly fluorescent FP-based acceptors for
sensing applications, which remain understudied throughout
the literature.***> We foresee that this work will provide broad
informed design principles and inspire vigorous collaborations
between ultrafast spectroscopists, protein engineers, and the
bioimaging community to enable the next generation of versa-
tile (pc)FPs with targeted properties.

Experimental materials and methods

Protein expression and sample preparation

The Wachter Lab prepared the pcFPs including LEA, LEA-A69T,
and ALL-Q62H according to published protocols.”” The Mills
Lab prepared the mutant LEA-H62X (X = 3-methyl-histidine) via
ncAA incorporation with detailed procedures reported in our
prior work.'® Before steady-state, light-emitting diode (LED),
and time-resolved spectroscopies, protein samples were placed
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in a —4 °C fridge to gradually thaw from a —80 °C freezer, and
then warmed to room temperature (~22 °C) in the dark to
prevent sample exposure to ambient light. When necessary, FPs
were centrifuged to form a precipitate of aggregated or photo-
bleached samples, and the resulting supernatant was pipetted
for subsequent measurements or stored in a —4 °C fridge. The
samples additionally went through a 0.22 um filter to reduce
light scattering prior to ultrafast experiments. Several buffers
with pH values ranging from 5-8 were used to study the LEA and
mutants. The pH 8 solution consisted of a 50 mM HEPES-NaOH
buffer, and the measured pH was 7.9. The pH 7 solution
involved adding HCI to the aforementioned HEPES-NaOH
buffer until the measured pH was 6.9-7.0. The pH 6 solution
was comprised of 50 mM PIPES buffer with a measured pH of
6.3. The pH 5 solution consisted of a 50 mM citrate buffer with
a measured pH of 5.1. All buffer solutions contained 150 mM
NaCl and 0.1 mM EDTA."® Buffer exchanges were performed
with a centrifuge to transfer protein samples using the
Centrifugal Filter Units (Millipore) with 2 mL vials (Amicon
Ultra) and Centrifugal Filters (Ultracel) involving regenerated
cellulose with a 10 KDa molecular weight cutoff.

Steady-state electronic spectroscopy

The steady-state electronic absorption and emission spectra
were collected with a JASCO V-760 spectrophotometer and
a Shimadzu RF-6000 spectrofluorophotometer, respectively.
The samples were housed in a four-sided rectangular quartz
cuvette with a 10-mm-pathlength for collecting absorption and
emission spectra. For absorption before/after ultrafast
measurements, the spectra were collected in a 1-mm-
pathlength quartz cuvette (Spectrosil 1-Q-1, Starna Cells, Inc.).
Dilute solutions with an optical density (OD) below 0.1 per mm
at all wavelengths above ~250 nm were used for steady-state
measurements to reduce self-reabsorption with the 10-mm-
pathlength cuvette, except for ultrafast measurements that
typically required higher sample concentrations in the 1-mm-
pathlength cuvette.?>**

Both the photoconversion and photoswitching of the LEA
and mutants were observed during fluorescence measurements.
We evaluated several parameters including the slit width, scan
speed, and sensitivity to maintain sufficient signal quality while
limiting phototransformation during spectral measurements.
Unless specified otherwise, the scan speed and sensitivity were
set to 2000 nm minute " and low. The slit widths for all the
measurements with 360-400 and 490 nm excitations were 5 and
3 nm, respectively. The slit width was reduced upon 490 nm
excitation due to signal saturation at the GB emission peak. The
cuvettes were placed in the sample compartment immediately
before each measurement and removed as soon as the spectral
collection ended to reduce any unwanted photoconversion or
photoswitching. The absorption spectra were collected before
and after each fluorescence measurement to monitor the
equilibrium change induced by the excitation source. Due to
photoconversion and photoswitching during fluorescence
measurements, individual fresh samples were prepared for all
fluorescent spectra collected upon excitation of GA to limit

© 2026 The Author(s). Published by the Royal Society of Chemistry
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contamination from other chromophore species, including the
photoconverted red neutral and anionic species. All steady-state
measurements were performed at room temperature.

Photoconversion and photoswitching with a 3D-printed LED
box for controlled irradiation

For photoconversion and photoswitching measurements, 400
and 505 nm LEDs (Bivar, Inc.), respectively, were wired into
a home-built 3D-printed “dark box” with 16 LEDs total in each,
with four LEDs per side. A four-sided rectangular quartz cuvette
was placed in the center of the box for an even and controlled
illumination. The illumination power of the LEDs was set to ~9
mW per bulb to be consistent with previous measurements;**
the illumination power was measured to be ~2.9 and 1.5 W
cm 2 for 400 and 505 nm illumination, respectively, at the
sample location in the box center. The power was measured
using a power meter with a thermal power sensor (S470C,
ThorLabs, Inc.). Photoconversion and photoswitching were
monitored via electronic absorption spectroscopy at pre-
determined time intervals until the absorption spectra stopped
changing, concurrent with the increased photobleaching indi-
cated by an elevated baseline during absorption measurements.
Targeting GB', the initial photoswitching was performed over
50-80 minutes depending on the buffer pH conditions. The
photoswitched samples were placed in a —4 °C fridge overnight,
wherein partial thermal recovery of the GA’ and GB/GB’ species
occurred. The samples were warmed to room temperature
before the subsequent photoswitching measurements, which
involved the sequential UV excitation (360-400 nm) triggering
off — on photoswitching during fluorescence measurements,
followed by on — off photoswitching under 505 nm illumina-
tion in the LED box. This process was repeated several times,
representing the photocycles in Fig. 3c for each excitation (360,
370, 380, 390, and 400 nm). The absorption spectra were
collected before and after each fluorescence measurement. All
the electronic absorption and emission spectra collected for
these sequential experiments involving on — off and off — on
photoswitching are shown in Fig. S10 in the SI.

Femtosecond transient absorption (fs-TA) and femtosecond
stimulated Raman spectroscopy (FSRS)

A thorough description of our homebuilt optical setup for the
wavelength-tunable fs-TA and FSRS experiments can be found
in prior publications.***>* The fundamental laser output
(~800 nm center wavelength and 35 fs pulse duration at 1 kHz
repetition rate) operates with an average power of ~3.6 W from
a Ti:sapphire regenerative amplifier (Legend Elite-USP-1K-HE,
Coherent, Inc.), seeded by a mode-locked Ti:sapphire oscil-
lator (Mantis-5, Coherent, Inc.) all placed on an air-float optical
table (RS2000, Newport, Inc.).

The fs-TA measurements with fs, 400 nm excitation involve
second harmonic generation (SHG) that doubles the frequency
of the 800 nm fundamental pulse before temporal compression
via a prism pair. A chopper synchronized to half the laser
repetition rate (500 Hz) was placed in the actinic pump beam-
path for signal generation. For FSRS measurements, the same
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actinic pump was used while the synchronized chopper was
placed in the Raman pump beampath. Tunable Raman pump
generation involves an fs noncollinear optical parametric
amplifier (NOPA), a spectral filter, a second harmonic band-
width compressor (SHBC), and a two-stage ps NOPA. The
Raman pump was tuned to ~540-550 nm for ground and
excited-state FSRS. The probe for fs-TA and FSRS experiments
was supercontinuum white light generated by focusing
a portion of the fundamental laser output onto a 2-mm-
pathlength quartz cuvette filled with deionized water, and
then compressed with a chirped mirror pair (DCM-9, 450-
950 nm, Laser Quantum, Inc.).

The pump and probe pulses were spatiotemporally over-
lapped onto a 1-mm-pathlength quartz flow cell with a peri-
staltic pump to ensure that only fresh sample solution was
irradiated throughout the measurements. Due to the photo-
sensitivity of LEA proteins,">** including photoconversion/
photoswitching during the 1.5-2 hour data collection, a large
sample reservoir (~5 mL) was constantly flowed to mitigate
contamination from the photoinduced species. The UV/visible
absorption spectra were collected right before and after each
time-resolved measurement to confirm sample stability** and
monitor any photoconversion or photoswitching that may have
occurred. The transmitted probe was focused into an IsoPlane
SCT-320 imaging spectrograph (Princeton Instruments, Inc.)
before being dispersed onto a PIXIS:100F CCD array camera
(Princeton Instruments, Inc.) for signal detection. The 1200
grooves per mm, 500 blaze wavelength and 300 grooves/mm,
300 nm blaze wavelength reflective gratings were utilized for
FSRS and fs-TA, respectively. The instrument response function
(IRF) with the 400 nm actinic pump was ~140 fs for all FSRS and
fs-TA measurements.'*® The actinic pump power was set at
~0.25 mW for fs-TA, while the Raman pump was set at ~2.0 mW
for the excited-state FSRS to reduce potential dumping of the
excited-state population due to resonance with the stimulated
emission feature.” The pertinent absorption ODs for fs-TA and
excited-state FSRS experiments are listed in Table S3 (SI).

Quantum calculations

The gas-phase electronic (ground-state geometric optimization
and single-point absorption energy) and vibrational (ground-
state Raman) calculations for both the cis and trans neutral
chromophores of LEA were performed using density functional
theory (DFT) and/or time-dependent (TD)-DFT at the B3LYP
level of theory with 6-311G+(d,p) basis sets. The calculated
ground-state Raman spectrum for the cis neutral chromophore
was scaled to match the experimental FSRS peak frequencies
(Fig. 6b) with a scaling factor of 0.985.” The representative
vibrational normal modes are illustrated in Fig. S17 in the SI. All
quantum chemical calculations were performed using the
Gaussian 16 software.®®
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