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Abstract

Biliverdin is a bile pigment that has a very low fluorescence quantum yield in solution, but
serves as a chromophore in far-red fluorescent proteins being developed for bio-imaging. In
this work, excited-state dynamics of biliverdin dimethyl ether (BVE) in solvents were
investigated with femtosecond (fs) and picosecond (ps) time-resolved absorption and
fluorescence spectroscopy. This study is the first fs timescale investigation of BVE in
solvents, and therefore revealed numerous dynamics that were not resolved with previous,
200-ps time resolution measurements. Viscosity- and isotope-dependent experiments were
performed to identify the contributions of isomerization and proton transfer to the
excited-state dynamics. In aprotic solvents, a ~2 ps non-radiative decay accounts for 95% of
the excited-state population loss. In addition, a minor ~30 ps emissive decay pathway is
likely associated with an incomplete isomerization process around the C15=C16 double bond
that results in a flip of the D-ring. In protic solvents, the dynamics are more complex due to
hydrogen bond interaction between solute and solvent. In this case, the ~2 ps decay pathway
is a minor channel (15%), whereas ~70% of the excited-state population decays through an
800-fs emissive pathway. The ~30 ps timescale associated with isomerization is also
observed in protic solvents. The most significant difference in protic solvents is the presence
of a >300 ps timescale in which BVE can decay through an emissive state, in parallel with
excited-state proton transfer to solvent. Interestingly, a small fraction of a luminous species,

which we designate lumin-BVE (LBVE), is present in protic solvents.
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Introduction

Bilins, such as biliverdin (BV) and its dimethyl ester (BVE) derivatives (Figure 1, left) are
spiral linear tetrapyrrole molecules that exhibit weak emission near 720 nm in solvents, with
quantum yield (QY) of ~0.01%." When bound to proteins, the emission QY can be
substantially higher. Far-red fluorescent proteins (FPs) based on bilin chromophores are
being developed for bio-imaging with the aim of capitalizing on the deeper penetration of
their longer-wavelength excitation and emission through mammalian tissues.” 3 For example,
smURFP was evolved from a subunit of allophycocyanin, a cyanobacterial light-harvesting
biliprotein that covalently binds phycocyanobilin. smnURFP was engineered to bind BV and
achieve a relatively high fluorescence QY (18%).* A crystal structure of smURFP is not yet
available, except for that of an Y56R mutant, which has low fluorescence QY (Figure 1,
right). Another family of far-red FPs was engineered from bacteriophytochromes (BphPs). In
these signal transduction proteins, the covalently bound BV photoswitches between the
red-absorbing (~700 nm) and far-red—absorbing (~750 nm) ground state configurations.>’
This photoconversion occurs via isomerization around the C15=C16 double bond and a
subsequent proton transfer process across several amino acid side chains.® ° FPs were
generated by truncating the wild-type BphP, followed by several rounds of mutagenesis
including structure-guided engineering of the BV binding site to inhibit the photoconversion
and increase the fluorescence QY. The brightest FP of this family, miRFP670, has a
fluorescence QY of 14%. A key to producing moderately emissive FPs in both cases, whether
structural guidance is available or not, is to increase the excited-state lifetime by decreasing

loss through non-radiative pathways such as proton transfer and photo-isomerization. Study
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of the excited-state dynamics of BVE in solution would provide important insight for further
photophysical engineering of bilin-based FPs by revealing how the excited-state decays are
influenced by solvent properties such as viscosity or polarity or by chromophore-solvent

interactions such as hydrogen-bonding.

BV/BVE BV/BVE in smURFP Y56R

Figure 1. The proposed intramolecular hydrogen bond structures of BV/BVE (left) and its
binding site in smURFP Y56R (PDB: 6FZN, right).

The most extensive photochemical investigations of BV, BVE, and several variants in
solvents were reported by Braslavsky et al. who employed both steady-state and
time-resolved spectroscopy with 200 picosecond (ps) time resolution (full width at half
maximum of the instrument response function). They proposed a model of BVE
photo-isomerization coupled with excited state proton transfer based on C10=C11 bond
torsion.l> 1% 11 This mechanism contrasts with more recent surface-enhanced Raman and
infrared spectroscopy investigations as well as quantum chemistry calculations, which
support the idea that isomerization at the C15=C16 bond is more probable than at
C10=C11.'>15 Recently, a nuclear magnetic resonance study showed that a small amount of
deprotonated BV in solution forms a complex product with alcohols.!® Wang et al.

synthesized three BV analogues and showed that isomerization can take place under external
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influences of light and heat in different solution environments.® Although the literature
suggests that isomerization and proton transfer occur in bile pigments, many mechanistic
details of isomerization and proton transfer in solvents were unresolved by the insufficient
time resolution of the measurements.

We present the first femtosecond (fs) timescale experimental measurements on BVE in
solution, including fluorescence up-conversion, transient absorption (TA), along with ps
time-correlated single photon counting (TCSPC) results. The data reveal multiple
solvent-dependent excited-state depopulation pathways of BVE. In aprotic solvents, BVE
predominantly undergoes a non-radiative decay within a few picoseconds after excitation
though a minor emissive decay pathway, which is associated with ring twisting and is
reported here for the first time. In protic solvents, a sub-picosecond emissive decay channel
appears as well as a BVE-to-solvent excited state proton transfer process on a hundreds of
picosecond timescale. A minor population of a new luminous species with a nanosecond (ns)
excited-state lifetime was also observed in protic solvents. These results not only provide
valuable information for comprehensive understanding of the excited state relaxation
mechanism of BVE in solvents, but also may direct efforts for site-directed mutations to

improve its fluorescent brightness in protein environments.

Experimental Methods
Sample preparation
BVE (Frontier Scientific Inc.) was dissolved in solvents for spectroscopic experiments (30

uM). No vortex or ultrasound was used in order to avoid thermo-isomerization at room
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temperature (see detail below and Supplementary Information (SI) Figure S1). All solvents
(methanol, ethanol, n-propanol, deuterated methanol, acetonitrile, chloroform, acetone,
toluene) used in the experiment were purchased from Sigma-Aldrich. All mixed solution
experiments mentioned in this work were performed by first mixing the solvents then adding
BVE. When ultrasonication was employed for specific experiments, a KS-80D ultrasonic
oscillator (80 W, 40 kHz) was used.

Spectroscopy

A UV-Vis spectrophotometer (TU1901, Beijing Purkinje General Instrument Co. Ltd.) and
a FluoroMax-4 spectrofluorometer (Horiba, Jobin Yvon) were used to record steady-state
absorption spectra and fluorescence spectra, respectively. The amount of LBVE increases
continuously during the steady-state absorption, fluorescence emission measurement or even
without any treatment in dark when it is in protic solvents. A fresh sample was used for each
measurement.

TA spectra with spectral range from 430 to 750 nm were acquired on a transient absorption
spectrometer (Helios-EOS Fire, Ultrafast Systems) with a 1 kHz Ti:sapphire amplifier
(Astrella, Coherent Inc.). Samples were held in a 2 mm fused silica cuvette. The instrument
response function was determined to be ~120 fs by measuring solvent responses under the
same experimental conditions.!” All measurements were performed at room temperature.

Femtosecond time-resolved fluorescence spectra were reconstruct from single-wavelength
fluorescence decay kinetics (670-740 nm) collected by a home-built fluorescence
up-conversion setup which has been reported previously.'® In brief, the pump pulse is

generated by an optical parametric amplifier (OPerA Solo, Coherent Inc.) and spectrally
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filtered by a pair of UV fused-silica prisms. The gate pulse is a small portion of an 800 nm
fundamental beam. Fluorescence was collected by a pair of parabolic focus mirrors and then
focused into a 0.5 mm Beta-BaB,0, (BBO) crystal, which was used for sum frequency with
the 800 nm gate pulse. Up-conversion signals were collected by a monochromator
(Omnik500, Zolix) and detected by a photomultiplier tube (CR317, Hamamatsu). Time
resolution was determined to be ~400 fs. Time-resolved emission spectra (TRES) were
rebuilt from global fitting of fluorescence decay at different wavelengths using a home-built
MATLAB software. The specific procedure for data processing has been described in a
previous study.!’

A home-built TCSPC system was used to measure fluorescence lifetimes.?° The excitation
pulse was provided by a picosecond super-continuum fiber laser (SC400-pp-4, Fianium) with
a repetition rate of 20 MHz, and fluorescence was recorded by a TCSPC module (PicoHarp
300, PicoQuant) and a microchannel plate-PMT (R3809U-50, Hamamatsu). A
monochromator (7ISW151, Sofn Instruments) was used to select the emission wavelength.

The time resolution of this equipment is 0.2 ns.
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Results

Steady-state spectroscopy
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Figure 2. Steady-state absorption (a) and fluorescence emission spectra (b) of untreated BVE.

(c) Absorption (lines) and fluorescence emission spectra (color filled areas) of BVE in
CH3;0H under different treatments (for 15 min). (d) Absorption and fluorescence emission
spectra of BVE in CH3CN (red) and a CH;CN/H,O mixture (dashed blue, keep it under
fluorescence light for 15 min before measurement). (e) Fluorescence excitation spectra (lines)
and absorption spectra (color filled areas) of BVE in CH3;OH under two detection
wavelengths (red for 650 nm and blue for 740 nm). (f) Fluorescence excitation spectra
(detected at 650 nm) of BVE in CH3CN and a CH;CN/H,0 mixture (under fluorescence light
for 15 min).

Steady-state absorption and emission spectra of BVE in three different solvents are shown
in Figure 2a and b. The absorption band peak at ~660 nm is attributed to the Sy — S,

transition. Additionally, a sharper absorption band with a peak at 375 nm was observed and it
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is assigned to transition from S, to a S,.; state.?!">3 The absorption spectra in CH3;CN and
CHCl; are nearly identical, however, BVE in methanol shows a 182 cm™! (form 658 nm to
666 nm) absorption redshift (Figure 2a). Fluorescence emission spectra of BVE with 580 nm
excitation (Figure 2b) show a clear solvent dependence. In aprotic solvents (CH3;CN and
CHCl3), as the polarity of the solvent increases, BVE emission shows a 397 cm! redshift
(from 700 nm in CHCl; to 720 nm in CH3;CN). On the other hand, the main emission peak is
observed around 735 nm in CH;OH while a new emission peak centered at 650 nm appears.
It is unlikely that the new emission peak is due to the difference of solvent polarity. On the
other hand, the specific solvation effect, such as hydrogen bonding (H-bonding), preferential
solvation, acid—base chemistry or charge-transfer interactions between solute and solvent, is a
highly plausible explanation for this observation.”* A concentration-dependence experiment
was performed to exclude the effect of molecular aggregation. The absorption spectra are
shown in Figure S2a and no significant aggregate-characteristic absorption peak emerges
with the increase of BVE concentration from 2 to 110 pM (Figure S2a). The area-normalized
fluorescence emission spectra of the BVE-CH;OH solution treated with ultrasonication for
varying durations is shown in Figure S2b. An isoemissive point could be clearly seen at ~705
nm, indicating that there are two emissive species in the BVE-CH3;0H solution. Moreover,
the 650 nm emission peak was not observed for BVE in aprotic solvents where the molecule
is most likely internally hydrogen-bonded (H-bonded),>>-?” and ring D could keep a relatively
stable dihedral angle toward the entire molecule by the n-r stacking effect, when the internal
H-bond is intact (Figure 1, left). Thus, it likely belongs to a new emission species with an

extended, externally H-bonded form in the protic solvent, which we designate lumin-BVE
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(LBVE). Absorption and fluorescence spectra of BVE in other solvents are given in Figure
S3. While the absorption spectra of BVE show little difference, the 650 nm emission peak
appears again when the solvent is switched from aprotic (acetone and toluene) to protic
(ethanol and n-propanol).

Braslavsky et al. reported the presence of a 650 nm emission peak for BVE dissolved in
alcohols and ethyl acetate but ascribed it to a rigid stretched form of BVE, which would
shielded by the aggregation effect in a high concentration solution.?® However, our results
support a different interpretation. First, we did not observe a concentration dependence of the
absorption spectra over nearly the same range of concentrations. Second, the presence of an
isoemissive point indicates that LBVE formation from BVE is described with a simple
two-state model that is inconsistent with aggregation, in contrast to the previously recognized
at least three species of BVE in the electronic ground state.

The influence of solvent and factors such as heat and light on formation of LBVE was
examined. Figure 2c exhibits absorption and fluorescence emission spectra of BVE under
four different treatments. Although the absorption spectra do not significantly change in
shape, wavelength, or intensity, the increasing intensity of the 650 nm emission peak suggests
that LBVE can be induced by either heat (vortex or ultrasonic) or light (laser irradiation or
under fluorescence light) in CH30H solution. No LBVE was observed in pure CH;CN
solution, but LBVE emission was observed in CH;CN/H,0O mixtures (Figure 2d).

The fluorescence excitation spectra of BVE in CH3;0H are shown in Figure 2e. It is clear
that the excitation spectra of BVE match with the absorption spectra for the position of both

high (380 nm) and low (700 nm) energy bands while more obvious vibronic peaks were seen

10
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at 590, 635 and 700 nm when the detection wavelength is 740 nm (blue line in Figure 2e).
There is only a small increase of the 635 nm peak after the sample is exposed to light (blue
dash line in Figure 2e). The vibronic peaks at 590 nm and 635 nm reflect the contribution of
LBVE, as the intensity varies after light irradiation. However, when the detection wavelength
was set to 650 nm (red line in Figure 2e), the excitation spectrum shows a change in shape
relative to BVE (blue line in Figure 2¢). The low energy band shows a 1462 cm™! (from 700
nm to 635 nm) blue-shift and the high energy band shows a 2670 cm™! (from 380 nm to 345
nm) shift. Moreover, a small but distinct new peak appears near 420 nm. The intensity of the
whole spectrum increases after sample is exposed to light, indicating that the main
contributor of fluorescence at 650 nm is LBVE. Furthermore, the excitation spectra (Figure
21) clearly show the appearance of LBVE when H,O was added to CH3CN after the solution
is exposed to light. A violation of the Kasha rule is evident from the fluorescence excitation
spectra of BVE when excited in the high-energy band at 375 nm, which suggests that there
are other decay channels than the S, to S; internal conversion in the higher excited states.
Actually, photo-induced Z—E isomerization has been reported in bilirubin (which has very
similar structure with BVE) when higher excited states were populated by two-photon

excitation.?®

Picosecond fluorescence dynamics of BVE in CH;0H

TCSPC experiments were carried out on untreated and ultrasonic-treated BVE—methanol
solutions in order to show the dramatic difference in the fluorescence lifetimes of BVE and
LBVE. Fluorescence decay kinetics are given in Figure 3 and corresponding fitting data are

listed in Table SI1. Four fluorescence lifetimes were determined. The fastest,
11
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instrument-limited decay has the highest amplitude, indicating that the major excited state
deactivation in CH;OH takes place faster than the 0.2 ns time resolution of the TCSPC
instrument. The second lifetime, t,, was found to be ~0.5 ns and we discuss its origin in
detail below. Experiments in which the detection wavelength is close to the 650 nm emission
band of LBVE lead to the unique 13 and t4. The lifetimes were determined to be ~1 ns and 4.5
ns, respectively. The amplitude of both t3and 14 increased in the BVE solution after
ultrasonic treatment. Although t3 and 14 both owns a small proportion of the total amplitude,
the fluorescence intensity of LBVE is comparable to that of the main emission peak (Figure
2b and c). LBVE therefore has approximately an order of magnitude higher fluorescence QY
than BVE, as expected from the observed much longer excited state lifetime (see details

below).

12
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Figure 3. Time-resolved fluorescence decays of BVE in CH;0H.

Fluorescence up-conversion spectroscopy

Femtosecond time-resolved fluorescence up-conversion kinetics of BVE in CH;0H are
displayed in Figure 4a. Decay-associated spectra (DAS) were extracted from global fitting of
these kinetics and the TRES was also reconstructed (Figure 4b-c). Figure 4d depicts the
intensity-normalized TRES and it shows that the maximum emission peak shifts continuously
in the first 8 ps after excitation. Femtosecond time-resolved fluorescence up-conversion

measurements were also carried out in CHCl; solutions. The representative kinetics at 720
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nm is shown in Figure S5 to compare with that in CH;OH. It is clear that the ultrafast and the

hundreds of picosecond components were missing when BVE is in CHCl;.
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Figure 4. (a) Fluorescence up-conversion data for of BVE in CHCl; (630 nm excitation).
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Femtosecond transient absorption spectroscopy
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Figure 5. Broadband transient absorption spectra of BVE in (a) CHCl; and (b) CH30H. (c)
and (d) represent corresponding evolution-associated difference spectra (EADS) from global
fitting.

The results of TA measurements are shown in Figure 5. In both CHCl; and CH;0H
solutions, there are two contributions to the TA signals. The first one is an excited state
absorption (ESA) band ranging from 430 to 600 nm and the other is a ground state bleach
(GSB) centered around 660 nm. No obvious stimulated emission signal was found in the TA
data, possibly due to spectral overlap with the more intense GSB and ESA signals. In CHCl;,
no shift was observed in the ESA or the GSB signal, and both signals decay to the baseline
~10 ps after excitation. The TA spectra of BVE in CH;0H are quite different. First of all,
there is an obvious ~730 cm! redshift (Figure S6) of the ESA band from 0.2 ps to 2 ps while
the GSB signal remains at 660 nm. Secondly, the excited state lifetime is much longer in
CH;0H, and the TA spectra take several hundreds of picoseconds to return to baseline.

Global analysis was performed on the TA spectra of BVE in solvents, and spectral

15
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evolution was visualized by determining both the decay-associated spectra (Figure S7) and
evolution-associated difference spectra (EADS). Single-wavelength kinetics at representative
wavelengths are shown in Figure S8. In CHCl;, two components were required with lifetimes
of 1.6 ps and ~25 ps (Table S3). The corresponding EADS are shown in Figure 5c. The first
EADS (red) at 1.6 ps shows an ESA band around 430 nm and a GSB band around 660 nm. It
converts into the second EADS (green) and decays back to the baseline with a lifetime of ~25
ps. Since the EADS of the 1.6 ps component shows an obvious loss of GSB amplitude during
evolution, it most likely represents the major excited state depopulation channel. On the other
hand, the ~25 ps component, which closely corresponds to time constants in the
up-conversion experiment, is the emissive deactivation channel.

In CH;0H, four time constants were determined. The first EADS (pink) with an 840 fs
lifetime has an ESA band around 460 nm and a GSB band around 660 nm. It turns into the
second EADS (red) with a redshift of the ESA band to 470 nm as well as an obvious loss of
ESA and GSB signal amplitudes. The second EADS changes into the third one (green) with a
lifetime of 1.9 ps. There is a further ~5 nm redshift of the ESA band along with a slight loss
of ESA and GSB amplitude. The third EADS (green) decays with a lifetime of 38 ps and the
fourth EADS (cyan) shows an excited state decay with a lifetime of 420 ps.

Viscosity-dependent TA experiments were conducted on BVE solutions. By adding
tetraethylene glycol dimethyl ether into CHClj, the viscosity was tuned from 0.532 n/(mPa s)
to 2.040 n/(mPa s). Kinetics at 490 nm is displayed in Figure 6a and the global fitting results
are listed in Table S5. The value of 1, increases from 25 ps to 102 ps with | while 1, remains

unchanged.

16

Page 16 of 33



Page 17 of 33

Physical Chemistry Chemical Physics

As early as the 1980s, Velsko and Fleming has shown that solution temperature and
viscosity is closely related to molecular photochemical isomerism (in which twisting process

must occur).?® And, the viscosity (1) dependence of the relaxation lifetime (t) for various

2 2
cyanine dyes in different solvents is reported to be close to either n° or n'. Case of T = Cn?

were reported by Taylor et al.3! and seen as a confirmation of the validity of the Forster and
Hoffman (FH) theory. In 1981, Sundstrom et al. explored the relationship between the
viscosity of radiationless relaxation and conclude that the relationship between t and 1 can be
described by Eq. 1 if it is related with torsion motion.3?

l=Cn@ Eq. 1

T
Here C is a constant depends on different situation and o is a parameter which can be used
to characterize the viscosity dependence of the radiationless relaxation rate. A similar method
was applied to BVE, and the plot of log t versus log n (Figure S9) was fitted with a straight
line with an R? value of 0.99 and a slope of 1.04 + 0.04.
Wavelength-dependent TA experiments at four different excitation wavelengths were
performed on BVE in CH3CN (Figure S10). The kinetics at 460 nm are shown in Figure 6b.

The amplitude of the ~25 ps component at 460 nm decreases from 20% to less than 1% as the

excitation wavelength is tuned to the low frequency region.
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Figure 6. Kinetics of BVE (pumped at 700 nm and probed at 460 nm) in (a) a CHCl; mixture
(insert shows increasing lifetime vs viscosity). (b) BVE in CH;CN at the indicated pump
wavelength (data are shown logarithmically after 100 ps). (c) BVE in CH3CN and a
CH;CN/H,0 mixture (data are shown logarithmically after 2 ps). (d) BVE in CH;0H and
CDs0D (data are shown logarithmically after 4 ps and insert shows the difference at longer
time delay).

To verify the origin of the longer-lived (> 300 ps) component, water was added to CH;CN
(V:V = 1:9) to introduce H-bonds acceptor in the solvent mixture, which compete with the
intramolecular H-bond in BVE after photo excitation. Figure 6¢ shows kinetics for BVE in
CH;CN and a CH3;CN/H,0 mixture. Full TA data and the corresponding EADS are given in
Figure S11. Fitting results are listed in Table S3. Compared with BVE in CH;CN, a fast
decay component with T, = 0.81 + 0.1 ps and a new longer-lived component (350 £ 30 ps)
were observed in CH3;CN/H,O mixtures. TCSPC measurements also confirmed the
luminescent properties of this longer-lived component (Figure S12 and Table S1). Four

lifetime components were observed in CH3;CN/H,O mixtures. Time constant t;, which is
18
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smaller than the instrument response function (0.2 ns), accounts for the highest amplitude.
Time constants 1, and 13 were observed only when the detection wavelength is close to the
main fluorescence emission peak (~725 nm for BVE in the CH;CN/H,O mixture) and the
newly emerged fluorescence emission peak at 650 nm, respectively. Time constant 1,4 is an ns
timescale component similar to the one observed in LBVE. A series of lifetimes very close to
those in BVE CH;OH solution were observed when a small percentage of water was added to
BVE CH;CN solution, indicating that similar excited state relaxation pathways appeared,
which are directly regulated by the H-bonding environment of BVE, although BVE has no

significant interaction with water molecules in the ground state.

Discussion

BV is often described as a linear tetrapyrrole molecule, however, the conformation is more
typically helical, whether in solution or on a metal surface.?’- 33 34 The double bonds between
the B and C rings of BVE give rise to a flatter molecular structure and produce a more
delocalized m-electronic cloud than bilirubin, which has a main absorption peak at ~450 nm.
Bilirubin has a tetrahedral carbon in the methylene bridge, which allows for the free rotation
of each half of the molecule.3* At the same time, intramolecular H-bonds also play an
important role in the conformation stability of these two bile pigments. Bilirubin relies on
H-bond interactions between the carboxylic acid side chain and the imino on the pyrrole ring
to form a stable “ridge tile” comformation'; whereas BVE utilizes unsaturated nitrogen on the
pyrrole ring to form internal H-bonds between the amino groups, so as to increase overall

molecular planarity.®> When these H-bonds change, the configuration of bilirubin and the

19
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way it dissipates excited-state energy are greatly affected accordingly.?®- 3% 37 Therefore, it is
reasonable to expect that excited-state dynamics of BVE are related to its molecular

configuration, which can be altered by the external environment.

Solvent dependence of excited-state dynamics of BVE

As shown above, the excited-state dynamics of BVE in aprotic solvents such as chloroform
and anhydrous acetonitrile are much simpler than in a protic environment. The absence of
new emission peaks (Figure 2b and Figure S3) or spectral shift of the ESA band in TA
spectra (Figure 5a and Figure S1la) suggests that intramolecular H-bond changes do not
occur. For BVE in CHCIs, a major loss of the GSB signal (>95% amplitude) takes place on a
1.6 ps timescale (Figure 5c and Table S3). The mirror-image ESA and GSB decay kinetics
(Figure S8) indicate that depopulation of the excited state leads to direct repopulation of the
ground state. This process is a “dark” channel since it is not observed in the fluorescence
up-conversion experiment. Due to the low fluorescence QY (< 0.01%)*® and intersystem
crossing yield (< 0.004)3° of BVE, internal conversion has to be the dominant excited-state
deactivation channel. Internal conversion through conical intersections (Cls) is an effective
pathway of excited-state population loss in many biomolecules such as DNA nucleobases*
and p-hydroxybenzylidene-2,3-dimethylimidazolinone in GFP.*-** Previous studies have
proposed ultrafast internal conversion through Cls in bilirubin in solvents and in the protein
environment.*>37 Furthermore, ring deformation and N-H stretching have also been shown to
lead to CIs between the excited and ground state in one single pyrrole ring.*#® Thus, it is not
surprising that decay through CIs could occur in BVE since it has high structural similarity to
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bilirubin.

Although its amplitude is less than 5% in TA spectra, the second EADS component of
BVE in CHCI; is the main luminous state, which was confirmed by the fluorescence
up-conversion experiment (32 ps, 83% amplitude). A similar lifetime was reported for
bacteriophytochrome and it was attributed to twisting of ring D in the excited state.?
However, there was no direct evidence of molecular twisting in the previous study. In this
work, we have shown that the lifetime of the second EADS component (t,) is affected by
solvent viscosity (Figure S9). Good linearity between log 71, and log m indicates that
molecular torsion dominates the non-radiative transition and that other non-radiative
transition processes are negligible.3!> 4% 30 Therefore, t, (~30 ps lifetime in CHCI;) is a decay
process directly associated with BVE molecular twisting in the excited state even though it is
a minor decay channel (<5%). It is difficult to determine the specific site of the twisting in
BVE with only our current TA data. As mentioned above, it has been reported that the
C15=C16 bond in BVE is the most likely twist site in the protein environment.!> Molecular
dynamics simulations and quantum/molecular mechanics calculations also suggest that Pr/Pfr
photoswitching of BV-based FPs is most likely associated with a change in the protonation
state on the D ring.’! Similarly, we suggest that the excited-state timescale associated with
torsional dynamics reflects energy dissipation through torsion of the D ring.

The excited-state dynamics of BVE in protic solvents is more complex. A faster decay
component, with a 0.84 ps lifetime (58%), appears and it corresponds with loss of the
majority of the GSB signal (Figure 5). It also corresponds with the 0.74 ps time constant in
our fluorescence up-conversion result (Figure 4), suggesting that this is a bright excited-state
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deactivation channel, which does not exist in aprotic solvents. The second EADS, with a 1.9
ps lifetime, can be assigned to the same decay channel found in CHCI;, which leads to a loss
of the GSB signal but does not appear in the up-conversion data. Moreover, while the 38 ps
component still presents, an additional ~0.4 ns time constant was determined in both TA and
up-conversion experiments. It has been reported that protonation states of BV and its analogs
can change and they can form a complex with solvent molecules when they are in alcohols. !¢
Thus, we propose that the disturbance of intramolecular H-bonds and the H-bond interaction
between solvent and BVE are the key reasons for the appearance of the 0.84 ps and ~0.4 ns
excited-state relaxation pathways. For the 0.84 ps component, it should be assigned to a new
ultrafast decay pathway induced by the perturbation of the BVE intramolecular H-bonds as
well as the ultrafast solvation process of BVE in CH30H. It is reasonable that there are more
vibrational modes enabled due to the loss of intramolecular H-bonds in BVE. Therefore,
intramolecular vibrational energy redistribution from Franck—Condon active modes to
fluorescence emissive modes could occur readily and lead to this ultrafast, bright decay
channel.’?> For the ~0.4 ns decay component, an isosbestic point appeared at 585 nm in the
EADS spectra (Figure S6) and the ESA signal increased (570-620 nm) as the third EADS
(green) evolved to the fourth EADS (cyan). This result suggests that the 38 ps component is
an intermediate state to the longer-lived state. We have also conducted TA experiments on
BVE in deuterated CH;0H (Figure 6d) and found that only the 0.4 ns component was
affected. The kinetic isotope effect value was determined to be 1.6 (Table S3), indicating that

this component is related to excited state proton transfer, as discussed below.
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The emissive species LBVE

With the addition of protic solvent, a new emission peak appears in the steady state
fluorescence spectra. As shown in Figure 2b, ¢ and d, the intensity of the 650 nm emission
component increases with vortexing, ultrasound and light illumination, while the absorption
remained almost unchanged. Area normalized fluorescence emission spectra (Figure S2b)
demonstrate the two-state conversion of BVE to LBVE, which has an 1462 c¢cm’! nm
blueshifted absorption spectrum (Figure 2¢). The Stokes shift of BVE is 579 cm’!, while it is
363 cm!' for LBVE, which is consistent with a more rigid structure for the latter. The
fluorescence decay timescales of LBVE (1.2 and 4.6 ns) are much longer and are consistent
with its 37-fold higher fluorescence QY, which is estimated in the SI by considering the
amount of BVE converted to LBVE and the resulting increase of the fluorescence intensity
(Figure S13). Interestingly, the 0.37% fluorescence QY of LBVE in CH;0H is still 3-fold
smaller than the 1% fluorescence QY of smURFP Y56R, although its Stokes shift is smaller
(468 cm! in the latter). Taking into account that the Stokes shift is 650 cm'! in smURFP,
which has an 18% QY, it appears that a smaller Stokes shift does not correlate with a higher
fluorescence yield in this chromophore. This trend is the opposite of the more common
observation that a smaller Stokes shift is a metric for rigidity, which in turn is correlated with
higher fluorescence QY of many chromophores.”> However, the Stokes shift may be
insufficient for characterizing the rigidity of tetrapyrrole chromophores due to the structural
heterogeneity associated with its highly flexible structure and the presence of multiple forms
(see below). In addition to structral information, a level of description which in some way

quantifies the flexibility of each structural form within the inhomogeneous ensemble would
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be more appropriate for defining the relationship between structural dynamics and
fluorescence yield.

We next consider the structure of LBVE. We find that LBVE is formed when water was
added to acetonitrile solutions of BVE, which is nearly insoluble in water due to its strong
intramolecular H-bonds in its ground state. Thus, we propose that breaking of an
intramolecular H-bond and deprotonation of BVE are the two key steps for LBVE generation.
In the photo-excited state, BVE can lose a proton through excited state proton transfer to the
protic solvent, but a majority of the population regenerates the original species through back
proton transfer in the ground state. However, a small fraction of BVE molecules lose a proton

irreversibly and form LBVE which has 37-fold higher fluorescence QY than that of BVE.

Model for excited-state dynamics of BVE

In 1983, Braslavsky et al. proposed a complex scheme incorporating four configurations of
BVE with interconversion paths involving proton transfer between the B/C rings, rotation
around the C9-C10 bond in the electronic ground state, and E<Z isomerization of the
C10=C11 bond in the excited state.! Their theory was mainly based on the four-component
time-resolved fluorescence spectrum of BVE in solution, suggesting multiple ground state
conformations. They proposed intramolecular proton transfer between the B and C pyrrole
rings based on observations in closely-related dipyrrole molecules, but their deuterium
isotope labeling suggested that it is a minor non-radiative decay pathway. They also observed
a temperature dependence of the 70 ps lifetime component in EtOH, which they assigned to
C9-C10 single bond torsion.
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In the current study, we did not observe timescales beyond tens of ps in aprotic solvents. A
70 ps component was not observed, however, temperature-dependent measurements were not
available. We also performed viscosity-dependent measurements to more closely examine the
proposed bond torsion and our results indicate that the 30 ps component is directly associated
with bond torsion. Given these differences in experimental methodology, it seems reasonable
to conclude the studies are in qualitative agreement. However, the site of bond torsion cannot
be determined only from the spectroscopy data and we prefer to assign it to the torsion of

C15=C16 bond according to recent spectroscopy and calculation studies.!?13

e 4

et LBVE
W\

Scheme 1. Proposed excited-state relaxation mechanism for BVE in aprotic (left) and protic

(right) solvents.

We propose a new model for excited-state dynamics of BVE (Scheme 1). In this model,
BVE in aprotic solvent only has intramolecular H-bonding and 95% of the excited-state
population returns to the ground state through a non-radiative internal conversion pathway.
An excited state relaxation process to achieve a luminous state (~30 ps) which is associated
with ring twisting. These decay processes exist in all solvents, although they might differ

slightly in proportion and lifetimes. For BVE in protic solvent, the intramolecular H-bonds
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are disturbed due to the unexpected H-bonding interactions with solvents and the proportion
of the excited-state population returning to the ground state through the 1.9 ps internal
conversion pathway decreases. All these changes result with a more efficient 0.8 ps emissive
decay channel. On the other hand, after the ~30 ps ring-twisting process, the remaining
excited-state population could reach a luminous state with a lifetime of more than 400 ps,
accompanied by excited state proton transfer to the solvent. Back proton transfer could occur
in the ground state, leading most of the deprotonated BVE to return to its original state.

However, a small proportion could lose a proton irreversibly to generate LBVE.

Conclusions

Steady-state and transient spectroscopy were used to analyze the excited-state dynamics of
BVE in solution from hundreds of femtoseconds to nanosecond timescales. The key factor in
the excited state dynamics are changes of the intramolecular H-bonding environment in BVE,
which is disrupted by protic solvent but stays intact in an aprotic solution, and the propensity
of the D ring to lose a proton in the excited state. In protic solvents, these dynamics also lead
to the emergence of LBVE, a de-protonated BVE structure with D-ring extension and a
fluorescence QY much higher than that of BVE. This excited-state behavior facilitated by
ring twist and proton transfer is manifested to different degrees in solutions and most
fluorescent proteins with linear tetrapyrrole chromophore, and it often plays a key role in
producing functional FPs such as ‘light switching’. Our results provide new insights for
understanding excited-state dynamics of BVE in solvents and for exploring its properties in
bilin-containing FPs.
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