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Kaede is the prototype of the optical highlighter proteins, which are an important subclass of the fluorescent
proteins that can be permanently switched from green to red emitting forms by UV irradiation. This
transformation has important applications in bioimaging. Optimising brightness, i.e. enhancing fluorescence
characteristics, in these proteins is an important objective. At room temperature, the excited state dynamics
of the red form of the kaede chromophore are dominated by a broad distribution of conformers with
distinct excited state kinetics. Here, we investigate substituent effects on the photophysics of this form of
the kaede chromophore. While an electron withdrawing substituent (nitro) red shifts the electronic spectra,
the modified chromophores showed no significant solvatochromism. The lack of solvatochromism suggests

Received 20th August 2024,
Accepted 5th November 2024

small changes in permanent dipole moment between ground and excited electronic states, which is
consistent with quantum chemical calculations. Ultrafast fluorescence and transient absorption spectroscopy
reveal correlations between radiative and nonradiative decay rates of different conformers in the
chromophores. The most significant effect of the substituents is to modify the distribution of conformers.
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1. Introduction

Isolation of fluorescent proteins (FPs) from marine jellyfish and
corals, and the subsequent creation of numerous mutants,
drove a revolution in bioimaging by permitting the labelling
of specific proteins in live cells with a variety of colours.’” The
kaede FP, isolated from the stony coral Trachyphyllia geoffroyi,
is the original example of an “optical highlighter”.®” These FPs
undergo irreversible photoconversion between a green and red
emitting chromophore upon UV irradiation. This property has
been harnessed to allow permanent in vivo labelling of a sub-
population of a sample already specifically labelled with the
unconverted FP.>° The subsequent temporal-spatial evolution
of that sub-population is readily monitored by fluorescence
microscopy. The permanent colour change of these photocon-
vertible FPs distinguishes them from reversibly switchable
(rsFPs) examples, which undergo a reversible photochromic
conversion between fluorescent and nonfluorescent forms,
usually by a sequential photoisomerisation and deprotonation
mechanism." The rsFPs are widely exploited in super-resolution
bioimaging.
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The results are discussed in the context of enhancing brightness of optical highlighter proteins.

The mechanism of photoswitching in kaede FP has been
described previously.>*™? Initially, a green form of the kaede FP
exists, in which the chromophore familiar from the original
green FP is formed from the tripeptide sequence, His-Tyr-Gly.
Irradiation in the UV initiates photochemistry that leads to a
B-elimination reaction, ultimately incorporating the His sidechain
into the conjugated 7 system. This extended conjugation gives rise
to the red-shifted spectrum of the chromophore (1 in Fig. 1). The
red-absorbing chromophore is photostable and yields a quite
strongly emissive protein (¢; ~ 0.3”) with an emission spectrum
that is easily distinguished from the original green fluorescence.

Since the discovery of kaede FP, several other optical high-
lighter proteins have been reported, which together constitute
an important and distinct class of FPs.*®'® The desirable
optical highlighter properties of these FPs has prompted wide
interest in the photophysics of the red form of the chromo-
phore, with the ultimate goal of providing a template for the
rational design of improved derivatives.'>'*™*® Studies on GFP
variants have shown that substitutions such as halogenation or
nitration on the phenoxy ring or incorporating non-canonical
amino acid (ncAAs) into the GFP-like chromophores can signifi-
cantly shift the absorption and emission spectra to the red,
revealing how molecular modifications influence photophysics.***°
In this work, red form of kaede chromophore 1, and two of its
derivatives 2 and 3, have been synthesised (Fig. 1) and their
spectroscopy in solution investigated. For 1, the photophysics
have been studied in both gas and solution phase, 6782122
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Fig. 1 The red kaede FP chromophore analogues considered in this work: 1 — wild-type, 2 — pyridine (meta), 3 — nitrobenzene (para). 1 and 2 both have
four possible ground state conformers linked with rotation about the single bonds denoted A and B. On the other hand, 3 possess two conformers linked
with rotation about B. Potential energy surfaces (see ESI, Fig. S1) indicate that the gas phase (i.e. no solvent) conformations lie within 5 kJ mol™ of each
other with interconversion barriers of 25-30 kJ mol™, suggesting population of multiple conformers at T = 300 K.

Significantly, 1 is observed to have very different photophysics to
those of the original green fluorescent protein (GFP) chromophore
due to the additional conjugated functionality.'® For example, the
absorption and emission spectra of both the neutral and anionic
forms of 1 are red shifted from the GFP chromophore. In addition
to this red-shift, 1 has a much higher quantum yield for fluores-
cence than the GFP chromophore (ca. 5 x 107> and <107
respectively, in aqueous solution) and exhibits markedly more
complex excited-state decay kinetics, showing high non-expon-
entiality with sub-picosecond to tens of picosecond decay times."®
Thus, extending the conjugation of the GFP chromophore (HBDI)
by a double bond plus single aromatic ring unit has a profound
effect on the chromophore photophysics. This contrasts with
previous studies where extension of conjugation in HBDI by a
single double bond only modified the photophysics slightly (e.g:
in the chromophore of the kindling fluorescent protein®®).

In this work, we probe the origin of the photophysical
changes to the red form of the kaede chromophore and discuss
the potential for them to be chemically altered by contrasting
the spectroscopy and photophysics of 1 with those of two
derivatives having different aromatic substituents. Specifically,
we compare solvent- and temperature-dependent spectroscopy
and excited state dynamics of 1-3 (Fig. 1) and discuss the
results in light of quantum chemical calculations.

2. Methods

2.1 Experimental

2.1.1 Steady-state absorption and emission. UV-visible
absorption spectra were recorded with a PerkinElmer Lambda
XLS spectrophotometer. Quartz cells of 1 cm optical path were
used, and the absorption was kept below 0.1 (<2 pM). Emission
spectra at room temperature were recorded using Edinburgh
Instruments FS5 spectrofluorometer under right angle configu-
ration with a bandwidth of 5 nm in both excitation and emission.

2.1.2 Cryogenic variable temperature emission measure-
ment. Emission spectra were recorded at different temperatures
using an Oxford Instruments DN1704 cryostat placed in Fluorsens
fluorimeter. Each sample was prepared in a glass tube with a
width of 1 ecm, ensuring an optical density, OD ~ 0.1. Measure-
ments were performed over a temperature range of T & 90 K to

This journal is © the Owner Societies 2024

room temperature with £0.5 K precision. The sample was allowed
to stabilise at each temperature for 30 minutes. Separate fluores-
cence measurements at 7 = 77 K (sample in a 4 mm diameter
quartz EPR tube immersed in a liquid nitrogen bath) were
performed using the Edinburgh Instrument fluorimeter fitted
with a liquid nitrogen Dewar module.

2.1.3 Time resolved measurements. The ultrafast fluores-
cence up-conversion experiment has been described in detail
elsewhere®® and uses a continuous mode locked source deliver-
ing 1 W sub-20 fs pulses at 800 nm. Excitation is by the second
harmonic at ca. 400 nm and the power at the sample is 9 mW.
Up-conversion was done in a 300 um thickness BBO crystal
leading to a time resolution of ~75 fs, as judged from up-
conversion of solvent Raman scattering. The transient absorp-
tion apparatus has also been described elsewhere;>* the pump
is derived from a tuneable optical parametric amplifier, and the
probe is a white light continuum generated in a sapphire plate.
The resolution of transient absorption set-up is ~120 fs, as
determined from measuring the non-resonant response of the
neat solvent. The pump pulse energy at 420 nm is always <1 pJ.
Measurements were performed in 1 mm pathlength cuvette
with OD < 1 (corresponding to a concentration below 1 mM).
In all cases, absorption spectra were measured before and after
the time-resolved measurements and were found unchanged,
indicating the absence of photodecomposition.

2.2 Computational

Quantum chemical calculations were performed using the Gaussian
16 software package.”® Geometries were optimised at the ®B97X-D/
cc-pVTZ level of theory””?® with and without the SMD (solvation
model based on density) implicit solvation model assuming EtOH
or THF,” followed by harmonic vibrational frequency analysis.
Absorption and fluorescence spectra were modelled in the
Franck-Condon-Herzberg-Teller framework as implemented in
Gaussian 16.%°

3. Results and analysis
3.1 Steady-state electronic spectroscopy

Absorption spectra of 1-3 in polar hydrogen-bonding ethanol (EtOH,
& = 24.3 at 298 K) and weakly polar THF (¢, = 7.6 at 298 K) are
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Fig. 2 Steady-state absorption spectra of 1-3 at T = 298 K in: (a) EtOH, and (b) THF. In both solvents, the spectra for 1 and 2 are nearly identical.

All spectra are normalised to unit intensity.

Table 1 Spectral parameters for electronic absorption (abs) and emission
(em) spectra and relative fluorescence quantum yields (@), where A4 is the
Stokes shift

Solvent Molecule ups maxMM  Aem max (a)/nm AL (A)*em™ &

EtOH 1 436 525 (539) 3888 (4383)  0.12
2 436 525 (550) 3888 (4757)  0.14
3 455 585 (620) 4884 (5849)  0.08
THF 1 432 535 (552) 4457 (5033)  1.00
2 432 545 (557) 4800 (5195)  0.98
3 455 602 (622) 6537 (7071)  1.07

4 Stokes shift calculated from the average (first moment) fluorescence
wavelength, 7. ” Reported relative to 1 in THF by integrating the area
under the emission spectrum normalised for absorbance. The absolute

quantum yield in EtOH was measured as ~ 5 x 10 >.'® Uncertainties in

relative quantum yields are +0.02.

shown in Fig. 2; these chromophores are not sufficiently
soluble for study in less polar solvents. Absorption maxima
are summarised in Table 1. In EtOH, the absorption spectrum
of 1 exhibits a broad featureless profile with a maximum
at ca. 436 nm. The absorption spectrum of 2 is essentially
identical to that of 1. For 3, the absorption spectrum is also
broad and featureless, but the maximum is red shifted to
455 nm, indicating a significant effect of the electron with-
drawing NO, group. The absorption spectra of 1 and 2 in THF
are again near identical and are blue shifted by ca. 4 nm
compared to EtOH. The absorption spectrum of 3 in THF
closely matches that in EtOH (i.e. red shifted by ~19 nm
relative to 1 and 2).

Emission spectra for the three chromophores are shown in
Fig. 3 (normalised according to absorbance at the excitation
wavelength as to display their relative quantum yields); spectral
peak maxima, mean fluorescence wavelength, and Stokes shifts
are given in Table 1. In both solvents, the emission spectra of 1
and 2 show modest vibronic structure, more obviously in THF,
which is not evident in the absorption spectra. This lack of
mirror symmetry between absorption and emission spectra has
been discussed for 1 in terms of a broad distribution of
conformers, which have different distributions in the ground

29050 | Phys. Chem. Chem. Phys., 2024, 26, 29048-29059

and excited states. The mirror image relation is restored at low
temperature (discussed in Section 3.2). In contrast to 1 and 2,
the room temperature emission spectra of 3 are broad and
essentially featureless. From Fig. 1 and the conformer ener-
getics summarised in the ESI, we expect 1 and 2 to have four
conformers in solution at room temperature. On the other
hand, 3 has only two conformers. The broadening of the
emission spectra for 3 compared with 1 and 2 is thus unlikely
to be associated with conformers, rather our TD-DFT calcula-
tions indicate that the rocking motion about bonds A and B
sampling geometries accessible at room temperature (7= 300 K
~ 3 kJ] mol™") produces a broader distribution of vertical
transition energies for 3 than for 1 or 2. The same effect occurs
on the excited state for fluorescence. This effect is presumably
amplified in hydrogen-bonding solvents such as ethanol due to
the strong hydrogen bonds with the nitro group.

The solvent-dependent Stokes shift data (Table 1), which
includes data calculated from the first moment of the emission
rather than peak maximum to remove the effect of the solvent-
dependent vibronic structure, do not suggest strong solvato-
chromism in these derivatives. The Stokes shift is slightly larger
for 3 than for 1 and 2, perhaps suggesting a larger dipole
moment change on excitation associated with the electron
withdrawing substituent. However, for all three chromophores
the Stokes shift is larger in THF than in the more polar EtOH.
This result is at odds with expectations from the continuum
model of solvatochromism developed by Lippert and Mataga,
which estimates the Stokes shift as:

2(e—1 =1\ (ug — pg)
he\2¢e+1 2n?2—1 a3

Up — Up = + constant
where ¢ is speed of light, % is Planck’s constant, 7, and v are
absorption and emission maxima, n is refractive index, ¢ is
dielectric constant, ug and ug are excited and ground state
dipole moments, and « is the radius of the cavity in which the
fluorophore resides. Similar equations from Bakshiev and
Kawski predict similar behaviour.>*

From the Lippert-Mataga equation, polar solvents should
result in an increase in Stokes shift whenever there is a

This journal is © the Owner Societies 2024
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Fig. 3 Steady-state emission spectra of 1-3 at T = 298 K in: (a) EtOH, and (b) THF. Spectra are normalised to reflect relative quantum yields (in THF,

all three chromophores have similar quantum yields).

Table 2 Ground and excited state dipole moments calculated in EtOH/
THF at the ®B97X-D/aug-cc-pVDZ level of theory with SMD implicit
solvation

Ha/D ue/D
1 5.8/4.4 6.5/5.4
2 4.9/4.5 4.8/4.6
3 1.3/0.8 2.8/1.8

significant change in permanent electric-dipole moment between
ground and excited state, A = g — . Based on data for 1-3, we
conclude that Ay is small in these chromophores in solution. This
conclusion is supported from quantum chemical calculations of
the S, and S; electronic states (Table 2). The small blue shift
observed in THF might then reflect the influence of higher-order
terms in the model, or a specific solvent effect not included in
continuum models, such as hydrogen bonding. It is significant
that incorporation of a strongly electron accepting NO, group into
the conjugated kaede backbone (3) leads to a large spectral red
shift but no increase in solvatochromism - ie., the substituent
has not led to a large contribution of charge transfer (CT)
configurations in the emitting state. Again, this conclusion is
consistent with quantum chemical calculations (Table 2), which
predict a modest Ay for 3.

The most remarkable feature of the calculations is that the
absolute value of the dipole moments for 3 are calculated to be
significantly below those of 1 and 2, indicating a substituent
effect on electronic structure underpinning the observed red
shift in absorption. This is rationalised from a consideration of
the calculated natural type orbitals (NTOs, Fig. 4). Briefly, NTOs
are a visualisation of the total orbital changes on excitation in
terms of an electron and hole, and account for multiconfigura-
tional character of a transition. For 1 and 2, the S; « S,
transitions are dominated by the HOMO — LUMO configura-
tions (>95%), meaning that the NTOs resemble the canonical
molecular orbitals. Within in our computational framework
(isolated molecule with SMD continuum solvation but no
specific solute-solvent interactions), the transition in 3 is
delocalised across the molecule with little charge-transfer

This journal is © the Owner Societies 2024

Electron Hole

e

Fig. 4 Natural transition orbitals (NTOs) for the electron (left) and the hole
(right), for 1 (upper), 2 (middle), and 3 (lower).

character. For 3, the transition is still predominantly HOMO —
LUMO in character (~80%) but has gained some HOMO —
LUMO+1 character (~15%). However, because the HOMO has
less electron density on the phenyl-nitro moiety, and because the
LUMO+1 is more localised on the phenyl-nitro moiety, the transi-
tion has a small extent of charge-transfer character. While not as
large as might be anticipated for molecule with a strongly electron
withdrawing functional group, the charge-transfer character is
still larger for 3 than for 1 and 2.

In contrast to the electronic spectra, the fluorescence quan-
tum yields for the three chromophores show some solvent
polarity dependence (Table 1). While all three chromophores
have similar quantum yields in THF, in EtOH (more polar and
hydrogen-bonding in character) the quantum yields are
reduced by an order of magnitude. The fluorescence quenching
in EtOH is particularly marked for 3, which has a 13-fold lower
quantum yield than in THF. A similar solvent-dependent

Phys. Chem. Chem. Phys., 2024, 26, 29048-29059 | 29051
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fluorescence yield was already noted for 1,"® however the effect
is significantly enhanced for 3. This polar solvent quenching in
3 was further investigated in THF/EtOH mixtures, where rela-
tive fluorescence intensity and peak wavelength were moni-
tored as a function of EtOH mole fraction (ESI,t Fig. S2). The
fluorescence yield decreases rapidly with increasing mole frac-
tion of EtOH (Xgon); > 75% of the total extent of the quenching

(given byl — 7(5))( 7?) has occurred by Xg:on = 0.25. Concur-
0~ 1
rently, the spectrum shows a small (ca. 4 nm) red shift. The
decrease in fluorescence quantum yield and red shift continues
until Xgion = 0.36, where quenching is 90% complete. At this
mole fraction, the emission spectrum starts to shift back to the
blue, reaching 585 nm at Xg.on = 1.0 with only a further 10%
decrease in emission intensity. From the rapid quenching of
fluorescence at low Xgon, it is concluded that a specific
solvent-solute interaction, probably hydrogen bonding, accel-
erates radiationless decay. The accompaniment of this solvent-
solute interaction by a spectral red shift indicates that for-
mation of the complex leads to increased stabilisation of the
excited state relative to the ground state. The red shift reverses
as the polar medium begins to dominate the chromophore
environment, suggesting preferential stabilisation of the
ground state by the polar environment. The obvious structural
difference between 3 and the other two chromophores is the
electron withdrawing nitro group, which introduces a site of
charge separation. We expect stronger hydrogen-bonding inter-
actions between the nitro group in 3 compared with the
functional groups in 1 and 2, stabilising the charge separation.

3.2 Low temperature measurements

The temperature dependence of the emission spectra for 3 are
shown in Fig. 5a in EtOH; corresponding data for 1-2 in EtOH
and for 1 and 3 in 2-methyl-THF (2MTHF) are shown in the ESIt
(Fig. S3). 2MTHF is favoured over THF for low temperature
measurements because it forms a more uniform glassy matrix
on rapid freezing. As previously reported for 1,"® a >100-fold
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increase in fluorescence intensity was observed in both solvents
when cooling from 7 = 298 K to 100 K, accompanied by
emergence of distinct, well-resolved vibronic structure in the
emission spectrum at temperatures close to the glass transi-
tion. In both solvents, the fluorescence spectra of 3 exhibit an
initial bathochromic shift as the temperature decreases to ca.
210 K, followed by a shift towards the blue, accompanied by the
appearance of vibronic structure as the temperature decreases
further. The initial red shift was only seen for 3; both 1 and 2
show a monotonic blue shift with decreasing temperature. The
red followed by blue shift with decreasing temperature would
be consistent with an initial thermochromism for 3 as the
solvent polarity increases with decreasing temperature until,*
at the lower temperature, the solvent reorientation time
becomes slow compared with the fluorescence lifetime, pre-
venting full solvation from occurring so that the spectrum blue
shifts. However, solvent-dependent data for 3 (Fig. 2 and
Table 1) did not show large solvatochromism, so thermochro-
mism is also expected to be modest. Thus, the initial red shift
more likely reflects preferential population of a red shifted
conformer of 3 as temperature is reduced. The absence of this
effect for 1 and 2 suggests that the NO, substituent has
modified the excited-state conformer distribution.

The most striking feature of Fig. 5 is the large increase in
fluorescence quantum yield with decreasing temperature. This
was observed for all three chromophores in EtOH, and for 1
(see ref. 18) and 3 in 2MTHF, but the temperature dependence
is qualitatively different in the two solvents (2 was not studied
in 2MTHF because of its similarity to 1). For 3 in 2MTHF, the
initial increase in emission quantum yield with decreasing
temperature was slower but accelerated strongly at lower tem-
peratures, leading to a biphasic temperature dependence (ESLt
Fig. S4); a similar observation was made for 1. In contrast, the
temperature-dependent increase in fluorescence yield in EtOH
was continuous for all derivatives, and the data could be
analysed by an Arrhenius plot, under the assumption of a
single dominant non-radiative decay rate, k., in which case
kar oc ¢ '. The Arrhenius analysis (ESI,t Fig. S5) yielded an
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(a) Emission spectra for 3 in EtOH as a function of temperature. The inset highlights the initial red shift in the emission maximum on decreasing

from T = 296 K to 180 K. (b) Normalised emission spectra at room temperature and at T = 77 K showing the emergence of vibronic structure at low

Fig. 5
temperature.
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activation energy for radiationless decay at E, = 11 + 2 k] mol ™"
for 1-3 in EtOH, in good agreement with our earlier study
of 1."® A probable source of radiationless decay in 1-3 is the
presence of a conical intersection along an excited state iso-
merisation coordinate, which has been well characterised for
the GFP chromophore.’*™® In the GFP chromophore, the
conical intersection is accessed along a barrierless (albeit
complex) pathway leading to ultrafast decay. The longer mean
lifetime and higher fluorescence yields for 1-3 suggest a barrier
in that coordinate. The measured activation energy contains
contributions from both the intrinsic barrier height along the
reaction coordinate and the activation energy for viscous flow
in the solvent. The latter arises because solvent friction opposes
large scale nuclear reorganisation, such as an excited state
isomerisation (as was established for 1)."® Solvent friction for
a given solvent will make the same contribution in the mea-
sured E, of 1-3, so the common overall E, observed suggests
that the intrinsic barrier to the conical intersection is not a
strong function of substituent.

As the glass transition temperature of the solvent is
approached, the increase in fluorescence intensity is accompa-
nied by the emergence of distinct, well resolved vibronic
structure in the emission spectra (Fig. 5b). Also, the fluores-
cence excitation spectra for the three variants in EtOH at T =
77 K revealed corresponding vibronic structures in the Sp « S;
transition, indicating the emergence of a mirror-image relation
between fluorescence and absorption at low temperature (ESL, ¥
Fig. S6). The manifestation of clear vibronic structures at low
temperature points to an inhomogeneous distribution of
solute-solvent structures around the equilibrium configuration
at room temperature, with this conformational distribution
being coupled to the transition energy, thus leading to the
broadened spectrum observed (Fig. 5a and b). As the tempera-
ture decreases, the thermal distribution narrows, suppressing
inhomogeneous broadening, in turn enabling the recovery of
vibronic structures in the emission spectra. The vibronic struc-
ture is largely reproduced using Franck-Condon-Herzberg-
Teller simulations (see Fig. S7, ESIt) and is consistent with
groups of transitions as well as combination bands involv-
ing stretching modes on the two terminal ring systems
(1600-1700 cm ™' depending on the functional group) and
in-plane rocking modes.
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3.3 Time-resolved spectroscopy

The three chromophores in EtOH and THF were further studied
by ultrafast spectroscopy. Time resolved fluorescence (TRF)
measurements were used to probe the decay kinetics of the
emissive states with ~75 fs time resolution, while transient
absorption (TA) with 120 fs resolution was used to probe
ground state recovery (and any non-emissive excited states).
The decay kinetics of 1 were studied earlier in several solvents
and were shown to exhibit an unusually broad distribution
of excited-state decay times.'® This was discussed in terms
of distributions of conformers with widths that differ in the
ground and excited states.

3.3.1. Ultrafast TRF. The three chromophores were excited
at 400 £ 5 nm, and the detection wavelength was initially set at
the respective emission maxima (Table 1) to minimise the effect
of time-dependent spectral shifts, which were modest but
present in 1, as these effects are more marked in the wing of
emission spectra; the data are shown in Fig. 5a and b and
Table 3. In both solvents, all three chromophores deviated
markedly from a single exponential decay and a sum of
exponentials function was required to obtain satisfactory fits.
In EtOH, three exponential components were required. In the
case of 1 and 2 the decay constants were similar, ranging from
less than 1 ps to a few tens of picoseconds, and yielding a
similar ‘amplitude average’ lifetime (z,,) of 7 £ 1 ps. This is
consistent with the comparable fluorescence quantum yields
for these two chromophores. In THF, a satisfactory kinetic fit
for 1 and 2 required an additional long component of low
weight on the order of a few hundred picoseconds suggesting
an even broader distribution of conformers than in EtOH, with
at least one conformer having a quite large barrier to the
conical intersection.

In both solvents, 3 is distinct from 1 and 2 in that a sub-
picosecond rising component was identified and the sub-
picosecond fluorescence decay time is absent; thus, the decay,
while still non-single exponential, could be fit with one fewer
decaying components than 1 and 2. The risetime was recorded
as a function of wavelength (ESLt Fig. S8 and Table S1), and
was found to occur principally on the red edge of the emission.
In many heteroaromatic systems a red edge risetime is indica-
tive of polar solvation dynamics, i.e. the time-dependent polar

Table 3 Fluorescence up-conversion lifetimes (z) with the associated pre-exponential factors (x) and percentage contributions (wt%) for the three
Kaede chromophores in EtOH and THF. (z,) corresponds to amplitude weighted average lifetime. Uncertainties in lifetimes are ~207%, but correlate with

transient absorption data given in the next section

Solvent Molecule oy (Wt%) 7,/ps ot (Wt%) T,/ps o3 (Wt%) 73/ps oy (Wt%) T4/PS (Tm)/ps
EtOH 1 55 (49.5) 0.40 40 (36) 3.0 16 (14.4) 32.2 — — 6

2 138 (57.5) 0.40 69 (28.7) 3.7 33 (13.7) 52.3 — — 8

3 —0.2 (0.10)° 0.08 118 (57.0) 4.6 89 (42.9) 19.0 — — 10
THF 1 30 (36.5) 0.30 24 (29.2) 5.0 12 (14.6) 311 16 (19.5) 320 68

2 30 (36.5) 0.15 34 (41.4) 3.0 8 (9.0) 30.2 10 (12) 500 65

3 —0.05 (0.07)* 0.12 36 (52.1) 1.7 13 (18.8) 29.8 20 (28.9) 450 137

“ 3 required a small risetime component to suitably fit the data (as assessed by fitting residuals), with a component weighting of ~x0.1%.
Interpretations for these risetime components are described later in the text.
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solvent stabilisation of a permanent dipole moment that
changes on electronic excitation. In such a case, the risetime
observed is principally a function of the solvent dynamics (i.e. a
function of the dielectric relaxation time).>® Solvation times for
EtOH and THF are different to one another, being several
picoseconds for EtOH and sub-picosecond for THF. These
solvent dynamics data contrast with the data in Table 3, where
the risetimes are ca. 100 fs and similar in both solvents.
Considering these data, along with the observed weak solvato-
chromism in the steady-state measurements, and the absence
of a risetime for 1 and 2, we conclude that the risetime in 3
reflects intramolecular nuclear relaxation and not solvent
dynamics. Thus, uniquely, 3 has a risetime but lacks the sub-
picosecond decay of 1 and 2. This suggests that some confor-
mers in the excited state of 1 and 2 can rapidly (<1 ps) access a
conical intersection with the ground state, leading to the sub-
picosecond decay time. In contrast, for 3, a blue-emitting state
relaxes rapidly on the excited state surface to populate red-
emitting conformers rather than the ground state (Fig. 7).

A second distinctive feature of 3 is the remarkable narrowing
of the distribution of excited-state decay times in EtOH com-
pared to both 1 and 2, and also 3 in THF. This is evident in
Fig. 6b and Table 3, where the distribution is seen to be a few to
tens of picoseconds, rather than sub-picosecond to hundreds of
picoseconds seen in the other solutes and solvent. This result is
ascribed to a narrower distribution of conformers being popu-
lated in the excited state upon electronic excitation, which
may arise from a narrower initial ground state distribution
(see Fig. 7) by virtue of only two conformers (compared with
four conformers for 1 and 2, see above) coupled with role of
hydrogen-bonding in EtOH stabilising the nitro group com-
pared with in THF.

3.3.2. Ultrafast TA. TA data were measured for 1-3 in EtOH
and THF. The TA data for 2 and 3 are shown in Fig. 8 and
Table 4; data for 1 were shown previously'® and are therefore
reported in the (Fig. S9, ESIt). The TA for 2 (Fig. 8a and c)
comprise positive and negative components ascribed to excited

100
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Time (ps)

View Article Online

Paper

state absorption (ESA) and ground state bleach (GSB)/stimu-
lated emission (SE), respectively. The GSB/SE corresponds with
the steady state spectra (also shown in Fig. 8), although
the expected SE at longer wavelengths is overwhelmed by the
ESA. Both components decay monotonically but there is some
evolution in the spectral profile (most obviously in the ESA in
THF, Fig. 8c). For 3, a similar positive — negative profile is
observed but the evolution is more complex (Fig. 8b and d). The
ESA is broader, reaching to nearly 800 nm (the limit of the
present measurement) with distinct components at ca. 670 and
770 nm. The longer wavelength component decays rapidly and
monotonically in both solvents, while the shorter wavelength
component decays more slowly and, overall, the ESA shifts to
shorter wavelength with time. Correlating these data with the
complex TRF kinetics leads to the conclusion that the different
conformers populated in the excited state (Fig. 7) have different
ESA. The GSB and SE are also resolved as two peaks at ca. 480
and 580 nm; both decay monotonically but the SE also shifts
(although this is not easily separated from the evolution of the
overlapping ESA).

The TA data were globally analysed using GloTarAn*° in
terms of the minimum number of exponential components,
three for EtOH and four for THF (quality of fit data are
presented in the ESIt for key wavelengths, Fig. S10). The
additional component for THF is consistent with the observa-
tions of more complex fluorescence decay observed in that
solvent (see Section 3.3.1). Previously, the TA spectra of 1 were
analysed with only two decaying components,'® but the signal-
to-noise has been improved here permitting this more detailed
analysis of all three chromophores. Analysis in terms of decay-
associated difference spectra (DADS, i.e. under the assumption
of a parallel decay model, which is consistent with the TRF
data) are shown in Fig. 9 with the corresponding decay con-
stants in Table 4. The complete TA data and full analyses
(including the evolution ADS (EADS) that result from a sequen-
tial kinetic model) are presented in the ESIT (Fig. S11 and S12).
Overall, there is qualitative agreement between the TA time

100 1003
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Fig. 6 Ultrafast fluorescence up-conversion of 1-3 excited at ~400 nm in (a) EtOH and (b) THF. Time-resolved emission decays were recorded at the
wavelength maximum of the respective emission spectrum at T = 298 K. The emission counts are presented on a log scale after background subtraction
to emphasise the multi-exponential nature of the decays. Insets show a magnified view of the sub-picosecond decay and rising components. The grey

curve in the insets show the instrument response function.
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(a) (b)

Fig. 7 Excitation of a broad ground state conformer distribution populates an excited state PES characterised by multiple minima with low energy
barriers which are populated within 100 fs. These conformers then relax to the ground state, each emitting fluorescence with distinct spectra transition
moments and lifetimes. For 3, the excited state PES is modified (b) compared to 1 and 2 (a). Initially the blue-emitting state rapidly relaxes over a low
barrier to populate a red-emitting state with large transition moment within 1 ps giving the risetime observed.
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Fig. 8 Transient absorption spectra plotted as a function of different delays after the pump pulse for (a) 2 and (b) 3 in EtOH, and (c) 2, and (d) 3 in THF at
T = 298 K. Steady-state absorption and emission spectra are shown for comparison of GSB and SE.

constants from DADS and time constants from TRF (compare wavelength dependent'®). However, the ~100 fs risetime for 3
Tables 3 and 4), considering that the TRF were recorded at a was not clearly resolved in TA, which may be associated with
single wavelength (when the data are known to be somewhat the lower time resolution in our measurements.
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Table 4 Summary of transient absorption time constants from DADS
analysis of chromophores 1-3 in EtOH and THF solvents

Solvent 1 2 3
Ethanol T,/fs 326 143 687
T5/ps 3 1.6 8
5/ps 50 45 31
THF 74/fs 333 265 288
T,/ps 8 2.5 3
T5/ps 58 20 40
T4/PS 497 904 293
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For 1 in EtOH, the EADS (ESIt Fig. S11) and DADS (Fig. 9a
and d) are similar, with the fastest resolved component
showing a single broad ESA and major contributions to the
SE. The biphasic contribution to the ESA appears in the
longer-lived components, and both ESA and SE shift to shorter
wavelength. In THF, the sub-picosecond SE remains promi-
nent. The relative prominence of the SE in the shortest-lived
DADS can arise either because the shorter-lived conformers
have the largest weight or the largest absorption cross section.
The latter explanation (larger cross section) is favoured
since SE is weaker in subsequent DADS but the ESA is not
greatly reduced. The DADS resolve the red and blue shifted

(b)
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Fig. 9 Decay associated difference spectra (DADS) for (a) 1, (b) 2 and (c) 3 in ethanol, and (d) 1, (e) 2 and (f) 3 in THF. The DADS were obtained from global

fits of the kinetic traces to the transient absorption spectra.
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contributions of the ESA into picosecond (red shifted) and
tens of picosecond (blue shifted) contributions. The EADS
shows a similar picture of faster decay of the red shifted ESA
(Fig. S12c and d, ESIt). Thus, the conformers with different
lifetimes also have distinct ESA, pointing to differences in
their electronic structure. Chromophore 2 shows qualitatively
similar behaviour to 1 (Fig. 9b and e), but the two components
in the ESA (ESIT Fig. S11) are less well resolved. Once again, 3
shows qualitatively different behaviour to 1 and 2. In both
EtOH and THF, the maximum SE appears in the second
(picosecond time constant) DADS, recalling the sub-
picosecond risetime and absence of sub-picosecond decay in
the TRF. Evidently, in 3, the fast relaxation populated the
conformer with the largest SE cross section. The ESA is again
resolved into two components, as for 1, except the shorter-
lived component is more strongly red shifted, to wavelengths
longer than 750 nm.

4 Discussion

The extension of the GFP chromophore by an additional double
bond and imidazole ring in kaede had a dramatic effect on the
chromophore photophysics, not only in shifting the spectrum
markedly to the red but also increasing the quantum yield of
fluorescence and making the decay kinetics markedly more
complex, as described elsewhere."® We speculated that kaede
photophysics might also be sensitive to the nature of the group
extending the conjugation. In fact, the effect of modifying the
nature of the histidine ring is shown here to be much more
modest. A detailed investigation of steady state and time
resolved photophysics showed that exchanging the imidazole
in 1 for a pyridine in 2 does not lead to a large perturbation in
either spectra or dynamics, neither does it change the effect of
solvent polarity. In neither case was significant solvatochro-
mism observed, consistent with the absence of a large con-
tribution of charge transfer configurations in the excited state.
This result was in good agreement with quantum chemical
calculations. When the ring substituent in 1 was replaced with
a strong electron withdrawing nitrobenzene group (3) the
substituent effect was greater than for 2, leading to a significant
red shift in absorption and emission. Furthermore, the emis-
sion is broader and did not show the weak vibronic structure
seen for 1 and 2. However, despite the electron withdrawing
character of the NO, substituent, 3 also does not show signi-
ficant solvatochromism (consistent with the electronic structure
calculations).

While the emission of 1-3 is much stronger than for the GFP
chromophore, it remains below 1% at room temperature. The
fluorescence yield is enhanced at low temperature, showing
that the radiationless pathway that dominates excited state
decay at room temperature is thermally activated, and, at least
in EtOH, all three derivatives have very similar activation
energies for radiationless decay. In all three cases, vibronic struc-
ture is resolved at low temperature, consistent with thermally
populated distribution of conformers at higher temperature.
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Further analysis revealed the Franck-Condon active vibrational
modes as ring stretching and rocking modes.

TRF and TA data showed that the excited state decay kinetics
departed dramatically from a single exponential model, but
that the data could be understood based on a broad ground
state distribution of conformers that, upon electronic excita-
tion, rapidly populate distinct minima on the excited state
surface. These excited state conformers were shown to have
distinct emission lifetimes, transition moments and transient
absorption spectra. The most significant substituent effect was
on the conformer distribution. While 1 and 2 have very similar
dynamics, the electron withdrawing substituent on 3 gave a
narrower distribution with longer lifetimes.

In the context of the behaviour of the chromophore in the
protein matrix, there are only two ultrafast studies of the red
form of kaede, the protein in which 1 is the chromophore.*"*?
In the protein at physiological pH, 1 exists in both neutral and
anion forms. The dominant photophysical process observed is
Forster resonance energy transfer (FRET) from the neutral to
the red-shifted anion form on a 10-20 ps timescale. Inter-
protein FRET is possible because kaede exists as a tetramer,
placing donor and acceptor in close proximity. The picosecond
timescale FRET is of course only possible because of the much
greater mean lifetime of 1 in kaede compared to in solution,
which is reported as several nanoseconds.*” This is consistent
with the enhanced fluorescence quantum yield in the protein
(0.3 compared to 0.005).

A key question is the mechanism of fluorescence enhance-
ment in the protein, and whether the substituent effects
revealed here suggest a route to further improving the overall
brightness of the optical highlighter FPs. The most striking
feature of the photophysics of 1-3 is the complex multi-
exponential decay kinetics. This was assigned to multiple
excited state conformers, and the comparison for TRF and
TA data suggests each conformer has a distinct transition
moment and radiationless decay rate. For optimum bright-
ness, it is necessary to optimise for large transition moment
and small radiationless decay. Unfortunately, the present data
show that these two scales together (Fig. 8), so that relation-
ship must be overcome in the protein. The observation that
the electron withdrawing nitrobenzene ring modifies the
conformer distribution suggests a route forward, using un-
natural amino acid substitution to modify the histidine side
group to be more electron withdrawing. For FPs derived from
avGFP, the enhancement is >10* and the mechanism has
been the topic of much research. The most recent work
suggests that the twisting reaction, which dominates excited
state dynamics in solution, is suppressed in the protein by
means of electrostatic interaction with the surrounding matrix
of amino acid residues.***® Thus, modifying the electrostatic
environment of the chromophore may be a route to improving
brightness in kaede. Although, neither experiment nor calcu-
lation pointed to large changes in electrostatic interaction
for 1-3, comparison of THF and ethanol suggested that
suppression of hydrogen-bonding interactions may improve
fluorescence yield.
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5. Conclusions

The photophysics of the red form chromophore of the optical
highlighter FP kaede have been studied by steady state and
ultrafast spectroscopy, and quantum chemical calculations. It
was known that the addition of a group extending the conjuga-
tion of the GFP chromophore had a dramatic effect on the
chromophore photophysics. Here, we probed whether the
nature of the extending moiety had a similarly dramatic effect.
To this end 1-3 were compared, and in general changes in the
nature of the group had only a modest effect. The photophysics
are complex, which is assigned to the existence of multiple
excited-state conformers. The principal substituent effect was a
change in the distributions of conformers. Possible ways in
which these results might inform the design of brighter optical
highlighter proteins was discussed, including genetic modifi-
cation of the chromophore and its electrostatic environment.
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