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Abstract

Phytochromes constitute a family of photosensory proteins that are utilized by various organisms to reg-
ulate several physiological processes. Phytochromes bind a bilin pigment that switches its isomeric state
upon absorption of red or far-red photons, resulting in protein conformational changes that are sensed by
the organism. Previously, the ultrafast dynamics in bacterial phytochrome was resolved to atomic resolu-
tion by time-resolved serial femtosecond X-ray diffraction (TR-SFX), showing extensive changes in its
molecular conformation at 1 picosecond delay time. However, the large excitation fluence of mJ/mm2

used in TR-SFX questions the validity of the observed dynamics. In this work, we present an
excitation-dependent ultrafast transient absorption study to test the response of a related bacterial phy-
tochrome to excitation fluence. We observe excitation power-dependent sub-picosecond dynamics,
assigned to the population of high-lying excited state Sn through resonantly enhanced two-photon absorp-
tion, followed by rapid internal conversion to the low-lying S1 state. Inspection of the long-lived spectrum
under high fluence shows that in addition to the primary intermediate Lumi-R, spectroscopic signatures of
solvated electrons and ionized chromophore radicals are observed. Supported by numerical modelling,
we propose that under excitation fluences of tens of lJ/mm2 and higher, bacterial phytochrome partly
undergoes photoionization from the Sn state in competition with internal conversion to the S1 state in
300 fs. We suggest that the extensive structural changes of related, shorter bacterial phytochrome, lack-
ing the PHY domain, resolved from TR-SFX may have been affected by the ionized species. We propose
approaches to minimize the two-photon absorption process by tuning the excitation spectrum away from
the S1 absorption or using phytochromes exhibiting minimized or shifted S1 absorption.
� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-

mons.org/licenses/by/4.0/).
Introduction

Phytochromes comprise a family of photosensory
proteins utilized by bacteria, cyanobacteria, higher
plants, and even fungi to regulate the light-induced
responses, growth, reproduction and
photosynthesis.1–2 Phytochromes share the photo-
sensory core module comprised of PAS (Per/
(s). Published by Elsevier Ltd.This is an open ac
ARNT/Sim), GAF (cGMP phosphodiesterase/
adenylyl cyclase/FhlA) and PHY (phytochrome-
specific GAF related) domains. The photosensory
core module (PCM) is usually linked to an effector/
enzymatic domain. In bacterial phytochromes
(BphPs), this is usually a histidine kinase, part of
the two-component signaling pathways in bacteria.
The PCM covalently binds a bilin chromophore via
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a conserved cysteine residue in the PAS domain for
BphPs or GAF domain for plant phytochromes
(Phys) and cyanobacterial phytochromes (Cphs).
The bilin chromophore is an open-chain tetrapyrrole
molecule named biliverdin IXa (BV) in BphPs, phy-
tochromobilin (PUB) in Phys, and phycocyanobilin
(PCB) in Cphs. The bilin chromophore acts like a
photo-switch to activate the protein function via
photo-excitation.
In the dark, most phytochromes adapt the red-

absorbing state (Pr state), where the BV A-, B-,
and C- rings are stabilized through hydrogen
bonding with a pyrrole water molecule located at
the center of BV’s binding pocket, as well as a
carboxylic group of a conserved Asp. The
C15@C16 double bond of the BV chromophore
adapts a Z configuration in the Pr state (see
Figure 1). Upon red light absorption, the bilin
chromophore is excited and undergoes Z/E
isomerization around the C15@C16 double bond
resulting in the 15E pyrrole D-ring clockwise
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Figure 1. (a) Crystal structure of SaBphP2 at room tempe
6PTQ).22 The protein is dimeric with one monomeric unit co
colored in orange, green and purple, respectively. The BV c
are colored in grey, red and blue, respectively. (b) Steady-
overlaid with the excitation spectra used in the TA measure
form (right). The curved arrow indicates the isomerization of
the clockwise rotation of D-ring.
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rotation (see Figure 1). The isomerization of bilin
subsequently causes the cascaded conformational
changes throughout the protein scaffold and
eventually forms the far-red-absorbing state (Pfr
state) having the absorption spectrum shifted
towards longer wavelengths.2 The Pfr state is struc-
turally distinct from the Pr state by the refolding of
PHY ‘tongue’ from a b-hairpin into an a-helix, which
was observed experimentally in the latest cryo-EM
structure3, crystal structures4–6 as well as solubi-
lized protein.6–9 The Pr? Pfr photoconversion pro-
ceeds via at least two intermediates called Lumi-R,
which is formed directly by the bilin photoisomeriza-
tion at tens to hundreds of picosecond (ps) time-
scales, and Meta-R, which is formed in tens of
microsecond (ms) by thermal relaxation of Lumi-
R.10–11 Several studies have been conducted to
determine the detailed mechanism of the Pr ? Pfr
photoconversion dynamics. Comparing the Fourier
transform infrared (FTIR) spectra of cryo-trapped
intermediates (Lumi-R and Meta-R), Foerstendorf
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et al. determined that the pyrrole D-ring is isomer-
ized when Lumi-R is formed.12 The rotational
dynamics of D-ring was directly observed in Cph1
of Synechocystis PCC 6803 by Yang et al. using
polarization resolved visible pump – IR probe spec-
troscopy. The rotation of D-ring was resolved in the
electronic excited state with a time constant of
30 ps.13 Upon Lumi-R formation, a global restructur-
ing of bilin chromophore may occur, which in turn
downshifts several C@C vibrational modes as
reported by van Thor et al. using transient IR tech-
nique.14 Utilizing femtosecond transient absorption
(TA) spectroscopy and comparing different muta-
tions of BphPs from Rhodopseudomonas palustris,
Toh et al. proposed a detailed molecular mecha-
nism of Lumi-R formation via the twisted D-ring fol-
lowed by the rupture of hydrogen bonds connecting
the D-ring carbonyl with surrounding amino
acids.15–17 This picture was later reaffirmed by Iha-
lainen et al. using step-scan FTIR combined with
molecular dynamics (MD) simulation. The hydrogen
bond network around the D-ring was found to be
disordered in Lumi-R and lost in the Meta-R state.9

In addition, using resonant Raman and FTIR spec-
troscopies, Kraskov et al. further supported the
twisted D-ring followed by rupture of hydrogen
bonds in BphP2 from Stigmatella aurantiaca
(SaBphP2) and mutant variant lacking the con-
served histidine that forms hydrogen bonds with
the D-ring in the Pr state18. Interestingly, in the Pfr
state of SaBphP2 the protonation of the ring C pro-
pionate is observed, which is common among bathy
phytochromes but so far has not been reported in
prototypical phytochromes.18 High-level QM/MM-
MD calculation was performed on the BphP from
Deinococcus radiodurans by Salvadori et al. and
the atomistic detail picture of D-ring rotation via a
hula twist was proposed. The hydrogen bond
between D-ring carbonyl and a conserved histidine
in the GAF domain was broken followed by a rota-
tion of D-ring around C15@C16 double bond and
the isomerized product was stabilized by a newly
formed hydrogen bond between the NAH proton
of D-ring and a nearby tyrosine residue.19

Recent developments in X-ray free-electron laser
(XFEL) methods provide direct observation of the
structural dynamics at atomistic details happening
in the protein crystals within several ps after
excitation and has been applied to study several
biological complexes.20–29 A time-resolved serial
fs X-ray diffraction (TR-SFX) study of the
chromophore-binding domain (CBD) consisting of
PAS and GAF domains of BphP from D. radiodu-
rans (DrBphPCBD) provided a near-atomistic picture
of the BV chromophore undergoing molecular rear-
rangement at 1 and 10 ps after excitation.23 The dif-
ference density map revealed a rotation of the D-
ring (40–70�) together with extensive structural
changes around the binding pocket including the
photoejection of the pyrrole water, which subse-
quently lead to the partial detachment of the BV
3

chromophore from the protein scaffold. All the
observed structural changes happened when the
BV molecule was still in the electronic excited state
(based on the excited-state lifetime of tens to hun-
dreds ps resolved by spectroscopic studies.17,30 A
more recent TR-SFX study of intact PCM from the
myxobacterium Stigmatella aurantiaca (SaBphP2)
was performed with longer delay times of 5 ns and
33 ms to capture the intermediates (likely Lumi-R
and Meta-R, respectively).31 The difference density
map of SaBphP2 at 5 ns also revealed the photoe-
jection of pyrrole water, as well as the notable dis-
placement of the whole BV chromophore.
However, the TR-SFX study on SaBphP2 observed
a clockwise rotation of D-ring31 instead of the coun-
terclockwise rotation observed in DrBphPCBD.

23

Despite the details of structural kinetic information
obtained from the TR-SFX experiments, the excita-
tion fluence on the scale of mJ/mm2 used in such
experiment has been a concern since the early days
of XFEL development. The weighted average of the
observed structural information between undam-
aged (native) and damaged (e.g. ionized) crystals
has to be calculated carefully as discussed in a pre-
vious study.32 In bacteriorhodopsin, high femtosec-
ond laser fluences were shown to result in nonlinear
photoexcitation of a tryptophan flanking the retinal
Schiff base chromophore.25 A recent TR-SFX study
on rhodopsin acknowledged potential multi-photon
excitation under their experimental laser fluences,28

which was required for a sufficiently high occupancy
of the structural intermediates.
In this study, we present a series of excitation

fluence-dependent TA spectroscopic experiments
conducted on the solubilized BphP PAS-GAF-
PHY wild-type construct from S. aurantiaca
(SaBphP2), with a crystal structure at room
temperature shown in Figure 1(a). To date, the
crystal structure of this wild-type PCM is
determined at the highest resolution at cryogenic
temperature of any other BphPs.22 The steady-
state absorption spectrum of SaBphP2 in Figure 1
(b) shows characteristic features of the Pr state with
a strong absorption band (Q band) that peaks at
700 nm and a vibronic shoulder at 640 nm. These
features are consistent with previous studies.5,22

The fluorescence spectrum mirror images the
absorption Q band with a 10-nm Stokes shift. This
small Stokes shift corresponds to �100 cm�1 of
reorganization energy in the electronic excited
state. The main scope of this study is to verify the
sensitivity of BphPs to excitation fluences and to
determine the photoexcited dynamics of BphPs
under a medium-to-high excitation regime.
Results and Discussion

Figure 2(a–c) shows the representative TA
spectra of SaBphP2 excited with 680-nm pulses
and recorded under three fluences of 2, 5, and
21 nmol photons/cm2, corresponding to 3.6,
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Figure 2. (a–c) Representative TA spectra of SaBphP2 excited at 680 nm with three excitation conditions of 2, 5,
and 21 nmol photons/cm2, corresponding to 3.6, 9.0, and 37 mJ/mm2 excitation density, respectively. (d–f) Global
lifetime analysis results using 5-component sequential kinetic scheme performed using Glotaran software.33 (g–i)
Selected kinetic traces of the data in (a–c) integrated at the indicated wavelength ±2 nm. Squares are the
experimental results and curves are the fit obtained from the global lifetime analysis. The delay time axis is linear from
�1 to 1 ps and logarithmic afterwards.
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9.0, and 37 mJ/mm2 excitation density,
respectively. These, henceforth, will be referred
to as low, medium, and high excitation fluence,
respectively. The corresponding excitation pulse
energies used in the low, medium, and high
excitation fluence are 290, 720, and 3000 nJ/
pulse yielding the average excitations of 0.46,
1.1, and 4.8 per molecule. Three datasets are
qualitatively similar, showing a major negative
signal between 700–800 nm originated from the
ground-state bleach (GSB) and stimulated
emission (SE), a broad positive excited-state
absorption (ESA) extending from 600 nm
towards the shorter wavelengths, a dip at
630 nm which is likely due to the GSB of the
vibronic transition of the Q band, and another
ESA signal between 650–700 nm. Despite the
4

similarities, there are noticeable differences
when the excitation fluence increases. The ESA
feature between 650–700 nm, which appeared
almost instantaneously under the low excitation,
is delayed and becomes weaker (relative to the
major GSB and SE signals) in the high-
excitation data. This observation suggests that
this ESA is compensated by some additional
negative signals appearing at higher excitation.
To gain more insights about the dynamics, we

perform the global lifetime analysis (GLA) with a
sequential kinetic scheme to extract the main
dynamic information. GLA was performed using
Glotaran software33 and the instrument response
function (IRF) wasmodelled by a Gaussian function
having full-width at half-maximum (FWHM) of
�120–150 fs. The FWHM of the IRF is effectively
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the time-resolution of our experiments. The results
from GLA are the evolution-associated difference
spectra (EADS) showing the characteristic spec-
trum decaying with the associated time-constant
concomitantly with the rise of the subsequent
EADS, i.e., in Figure 1(c), the blue EADS decays
with the rate of 1/0.3 ps�1 and the orange EADS
rises with the same rate. Subsequently, the orange
EADS decays at 4.7 ps timescale with the concomi-
tant rise of the yellow EADS and so on. The dynam-
ics of SaBphP2 can be adequately described with a
5-component sequential model as consistent with
previous studies.16–17,34

The first (�300 fs) and the second (3–5 ps)
timescales were previously ascribed as the
molecular rearrangement of the BV chromophore
in the first excited state (S1) after fs-excitation.16

This assignment is due to the almost-constant
GSB signal at 720 nm, which does not decay until
tens of ps and this major decay is resolved as the
third timescale in the GLA (�35 ps). This 35-ps
EADS exhibits almost identical spectral features in
all of the excitation fluences used in this study as
can be seen in Figure 2(d–f). Hence, we assigned
this as the bona fide isomerization dynamics of
the BV chromophore taking place from the S1 state.
In a previous study, comparing this bona fide decay
between different mutations and between H2O and
D2O solvents, Toh et al. determined that the isomer-
ization begins with a twist of pyrrole D-ring, followed
by either hydrogen bond ruptures to form Lumi-R or
excited state proton transfer and/or BV mobility to
relax back to Pr ground state.16–17,35 The �200-ps
component is assigned to the minor slower decay
pathway and the final EADS having a lifetime of
much longer than our experimental temporal win-
dow (4 ns) is assigned to be the spectrum of the pri-
mary intermediate Lumi-R. The multiple excited-
state relaxation pathways observed in GLA is in
agreement with other phytochromes systems,
including PAS-GAF17 and PAS-GAF-PHY16 con-
structs of BphP from R. palustris and S. auranti-
aca,34 Cph1 from Synechocystis,36 or single-
domain phytochrome All2699g1.37

Comparing the 300-fs EADS in Figure 2(d–f),
there is a strong excitation dependence,
specifically in the 650–700 nm region. Hence, this
process cannot be simply described as the
molecular rearrangement of the excited BV
chromophore. Instead, with increasing excitation
fluence, the 300-fs EADS amplitude becomes
more negative in the spectral range of 600–
700 nm. At the highest excitation fluence, this
power-dependent negative signal is strong enough
to overwhelm the positive ESA at 650–690 nm
and it even affects the subsequent 4-ps EADS.
This trend can be observed more clearly by taking
the kinetic traces of the data as shown in Figure 2
(g–i). The 680-nm trace of the low fluence is
already positive after the initial rise at zero delay
time and stays roughly constant until the 35-ps
5

decay takes place, concomitantly with the 710-
and 740-nm traces. In contrast, in the high
excitation regime, the 680-nm trace is even
negative at the early times and gradually turns
back to positive before it decays with the 35-ps
dynamics.
The 710- and 740-nm kinetic traces in Figure 2(g),

which represent GSB and SE signals, respectively,
are almost parallel (after the initial rise), indicating
that they likely belong to the same excited
population under the low fluence. However, at
higher fluences, these two kinetic traces start to
deviate especially at the sub-ps timescale. In
Figure 2(i), the 740-nm trace has a significant
increase in amplitude at sub-ps delay times before
following the 35-ps dynamics. Together with the
fact that the power-dependent negative signal is
observed mostly between 600 and 700 nm,
coinciding with the ESA feature at 680 nm, which
is in turn resonant with the excitation spectrum,
we assign the additional signal appearing at the
high excitation fluences as due to resonantly
enhanced two-photon excitation. Two-photon
excitation is resonantly enhanced due to the
matching of 680-nm excitation and the ESA, i.e.,
the absorption of the S1 state, and sends the BV
chromophore into a higher excited state (Sn). At
the high-lying state Sn, the chromophore exhibits
different spectral signatures, which seems to lack
(or minimize) the positive ESA signal at 650–
700 nm as compared to the S1 state. Hence, the
more populated Sn state is, the more negative TA
can be observed between 650–700 nm, which
originates from the negative GSB signal. The Sn

population subsequently relaxes back to the S1

state at a timescale of around 300 fs. This 300-fs
Sn ? S1 internal conversion explains the sub-ps
rise of the 740-nm kinetic trace in Figure 2(i),
which belongs to the SE signal of the S1 state, as
well as the gradual recovery of the positive ESA of
S1 at 680 nm. Similar resonantly enhanced two-
photon absorption processes were previously
observed in another photosensory protein – photo-
active yellow protein (PYP).38–40

To quantify the power dependence of two-photon
excited population, we perform a lifetime density
analysis (LDA) using custom home-written
MATLAB programs. LDA is analogous to the GLA
with a parallel kinetic scheme as described in
detail elsewhere,41–42 but instead of decomposing
the time-resolved spectroscopic dataset into the
finite set of lifetimes and associated spectra, LDA
transforms the dataset into a semi-continuous set
of lifetimes with the associated spectra indicating
the spectral changes. LDA is effectively the numer-
ical inverse Laplace transform of the spectroscopic
data.43 Further details are presented in the Supple-
mentary Information. The resultant two-dimensional
plot of wavelength vs. lifetime is called the lifetime
density map as shown in Figure 3. In this work,
LDA is performed with 200 lifetimes, spanning loga-



Figure 3. Lifetime density maps obtained from the lifetime density analysis of the three TA datasets presented in
Figure 2. The amplitudes of the maps are normalized to the corresponding bona fide negative signals at 30–40 ps.

T.N. Do, D. Menendez, D. Bizhga, et al. Journal of Molecular Biology 436 (2024) 168357
rithmically from 100 fs to 10 ns covering all resolv-
able dynamics of the experiments. The sign con-
vention of LDA is as follows: the negative signals
indicate the ‘decrease of negativity’, i.e., the
decay/rise of negative/positive TA signal, and
opposingly, the positive signals represent the ‘de-
crease of positivity’ or the rise/decay of negative/-
positive TA signal.
Figure 3(a) shows the lifetime density map under

the low excitation fluence. The map shows the
strongest signal between the lifetimes of 20–
100 ps, with the main negative feature at 710–
800 nm and two positive features at 650–700 nm
and below 600 nm. These are all consistent with
the 35-ps EADS in Figure 2(d) showing the bona
fide decay of the BV excited population in the S1

state. The feature at the largest lifetime is
essentially the non-decaying component, having a
positive peak at 710–750 nm and two smaller
negative peaks at 630 and 680 nm matching the
final EADS in Figure 2(d). Some ringing effects
are observed between the lifetimes of 300 ps to
10 ns due to an artefact that occurs when
performing LDA on a non-decaying spectral
shape. This effect is similar to the sinc function
obtained when performing the Fourier transform
on a non-decaying function. In the GLA results,
beside the major decay at 35-ps lifetime, there is
an additional minor decay pathway with a
timescale of �200 ps. This dynamic is located
right at the boundary between the major decay
feature (20–100 ps) and the ringing effects of the
non-decaying signal. Hence, it is not well-resolved
in the lifetime density maps.
In the shorter-lifetime region, the features are

more subtle, which is not unexpected. According
to the GLA results, under low excitation
conditions, the TA spectra do not change
significantly between 600–750 nm before tens of
ps. However, we still can see a small negative-
positive pair in Figure 3(a) in the sub-ps timescale
representing a sub-ps decay of 670–700 nm
signal and a rise of 720–750 nm region. In
addition, a decay of ESA signal between 450–
6

600 nm is also observed in the lifetime density
map. These observations can be explained as a
minor molecular rearrangement of the BV. After
the Franck-Condon excitation, the excited
chromophore rearranges its nuclear coordinates
and relaxes to the equilibrium of the S1 potential
energy surface, yielding a small red-shift of SE
(Stokes shift) as well as the changes of ESA.
However, if that is the case, this sub-ps feature
must remain subtle relative to the bona fide 35-ps
feature under all excitation conditions. In contrast,
when the excitation fluence increases, the sub-ps
feature also increases in amplitude and in
Figure 3(c), it becomes as significant as the 35-ps
decay. Therefore, as discussed above, this sub-ps
process must be (partially) contributed by the
multi-photon process and we assign this as the
resonantly enhanced two-photon excitation from
the ground state to the high-lying state Sn via the
first-excited state S1, as discussed in detail above.
In addition, there is another power-dependent

feature that can be observed in the several-ps
region in the LDMs. This feature matches the 4-ps
component obtained from the GLA results. At the
lowest fluence, this 4-ps component exhibits
almost no spectral changes in 650–750 nm
region, and only a very small decay of ESA signal
between 450–550 nm. This can be assigned as
the molecular rearrangement of the BV
chromophore happening in the S1 state at several
ps timescale.16 However, when the excitation flu-
ence increases, the Q-band region exhibits a signif-
icant power-dependent spectral evolution. The
lifetime of several ps is too slow for any internal con-
version from the high-lying Sn state. Hence, the
power dependency of this 4-ps dynamics can be
explained by noting that after the sub-ps Sn ? S1

internal conversion occurs, the BV chromophore
relaxes back to the S1 state but the relaxed mole-
cules drop on different positions of the S1 potential
energy surface. Therefore, an additional spectral
evolution happens at 4 ps corresponding to the
rearrangement of the BV chromophores having
several different configurations (due to the
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Sn ? S1 relaxation) to reach the final equilibrium
before the bona fide 35-ps isomerization takes
place.
Interestingly, when comparing the long-lived

EADS obtained from the GLA, which is usually
assigned as the TA spectrum of Lumi-R
intermediate, there is also a noticeable power
dependence as shown in Figure 4(a). In Figure 4
(a), all non-decaying EADS are normalized to the
corresponding amplitude of the bona fide 35-ps
EADS. This normalization can eliminate the linear
dependence of TA signals vs. excitation fluence
and bring the non-decaying EADS to the same
amplitude scale for the ease of spectral features
comparison. With the increase of excitation
fluence, a broad positive feature between 500–
680 nm gradually rises. To visualize the power-
dependent trend more clearly, the higher fluence
EADS in Figure 4(a) are subtracted with the
7

lowest fluence EADS (2 nmol photons/cm2) to
give the double-difference DEADS shown in
Figure 4(b). Note that the DEADS can only be
resolved at sufficient signal-to-noise ratios with the
excitation fluences of 10 nmol photons/cm2 and
higher. This is not due to the intrinsic signal-to-
noise limitations of the measurements, instead it is
due to the fact that the DEADS will vanish at low-
fluences as the two-photon absorption will not
happen to a significant extent and hence, the
photoionized species’ populations are not high
enough to be properly resolved in the DEADS.
The DEADS in Figure 4(b) are comprised of two

components: a broad, positive spectrum overlaid
with a negative component, which is highly similar
to the steady-state absorption spectrum of
SaBphP2. The positive spectrum is almost
featureless, extending between 500 and 800 nm
and peaks at around 600–650 nm. These
properties qualitatively match with the spectrum of
solvated electrons as observed in PYP under
similar excitation conditions.39–40,44 Together with
the rise of the solvated electron spectrum with the
increased excitation density, there is a rise of a neg-
ative spectral component strongly resembling the
SaBphP2 steady-state absorption spectrum (see
Figure 1). There is a clear isosbestic point at
670 nm in Figure 4(b) indicating that the solvated
electron spectrum and the negative feature are
formed simultaneously. Hence, we assign the neg-
ative spectral component as the spectral signature
of the ionized BV2+ species created together with
the solvated electron as a radical pair (in pH 8, the
BV chromophore exists as protonated BV+ form).
The appearances of spectral signatures of solvated
electron as well as ionized BV2+ radical provide evi-
dence that once excited to the Sn state due to reso-
nantly enhanced two-photon excitation, the BV
chromophore can undergo photoionization to form
the solvated electron – BV2+ radical pair. The pho-
toionization and the Sn ? S1 internal conversion
are two competing pathways depopulating the
excited population of the Sn state. The photoionized
species also indicate that the moderate excitation
fluences (the highest value is �70 mJ/mm2) used
in this study are sufficiently strong to ionize the
SaBphP2 to a significant extent.
To quantify the excitation-dependence of two-

photon absorption as well as obtain more insights
about photoionization dynamics, we analyze in
detail two decay dynamics (sub-ps and 35-ps)
resolved in the lifetime density maps and compare
the results with numerical simulations performed
with the kinetic scheme summarized in Figure 5
(a). The system is comprised of three electronic
levels denoted as S0, S1, and Sn, for the ground,
first, and higher excited state, respectively. Three
levels are coupled by the transition rates activated
within the excitation pulse duration denoted in
Figure 5(a) with red arrows. The population of the
Sn state is depleted by two competing pathways of
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ionization and internal conversion [curvy black
arrows in Figure 5(a)]. We note that the proposed
picture of two competing pathways between
photoionization and internal conversion implies
that the ionization happens via a quantum
tunneling mechanism, i.e., a Marcus-like electron
transfer process. If the two-photon excitation
would exceed the ionization potential of the BV
chromophore, the ionization would happen
instantaneously (or more precise, at attosecond
timescale)45 yielding an almost complete depletion
of S1 and Sn populations, which was not observed
in our experiments. Secondly, although there is no
available literature on the ionization threshold of
BV or other linear tetrapyrroles, there are some esti-
mations for cyclic tetrapyrroles giving an ionization
potential of around 5–6 eV,46 which exceeds the
energy of two 680-nm photons (�29,000 cm�1 or
3.6 eV).
The sub-ps decay of 600–700 nm in the lifetime

density map has been interpreted above as the
relaxation of Sn population back to S1 state,
creating the rise of SE signal in the 720–800 nm
8

region. We integrate the negative amplitudes of
the lifetime density map between 600–700 nm and
within 0.1–1 ps lifetime to represent the Sn

population relaxation. On the other hand, the
integration between 10–100 ps lifetime of negative
feature at 710–800 nm represents the population
of S1 state before the isomerization dynamics take
place to form Lumi-R. This population includes the
directly excited population by the optical pulse as
well as the non-ionized portion of Sn that has
relaxed. The ratio of these two integrated
amplitudes (sub-ps/35-ps) is henceforth called Sn/
S1 ratio and is plotted in Figure 5(b). We note that
some approximations were made. Firstly, the
600–700 nm integrated amplitude may also have
contributions from an intrinsic red-shift of the SE
signal due to the molecular rearrangement of
BV.16 Hence, the power-dependent Sn/S1 curves
are off-set by a small constant and do not trend
towards zero at the zero fluence in Figure 5(b). Sec-
ondly, as the spectral window for integration is cho-
sen manually, some uncertainties arise due to the
differences in transition dipole moments and spec-
tral lineshapes. Hence, the obtained Sn/S1 ratios
need multiplication with a scaling factor, which
was determined after an iterative fit (see below) to
account for the uncertainties of spectral properties.
The scaling step does not affect the power-
dependent curvature of the Sn/S1 curve, hence,
our interpretation remains valid.
To extract the rate of ionization (or charge

separation rate), we solve the following coupled
ordinary differential equations (ODEs)

d½S0�
dt

¼ �ke10 S0½ �IðtÞ þ ke01½S1�IðtÞ ð1Þ

d½S1�
dt

¼ ke10 S0½ �IðtÞ � ke01 S1½ �IðtÞ � ken1 S1½ �IðtÞ
þ ke1n Sn½ �IðtÞ þ k ic ½Sn � ð2Þ

d½Sn �
dt

¼ ken1 S1½ �I tð Þ � ke1n Sn½ �I tð Þ � k i þ k icð Þ½Sn � ð3Þ

d½e�
dt

¼ k i ½Sn � ð4Þ

The S0½ �, S1½ �, Sn½ � and ½e� terms are the
population of the ground state, S1, Sn and the
ionized species. Three electronic levels are
coupled via the electric field with the transition
rates of ke10 ¼ ke01 ¼ 4000 cm2mmol-1ps�1 and
ken1 ¼ ke1n ¼ 1.5 ke10. The transition rate kenm is
proportional to the absorption coefficient
connecting the population of the m th to the n th
electronic level and the numerical values are
determined by iteratively solving the ODEs. The
ratio between the first and the second transition
rates are estimated based on the amplitudes of
GSB and ESA signals contributed into the TA
spectra (see Supplementary Information). The
Sn ? S1 internal conversion rate k ic is set at
(300 fs)-1 based on the GLA results. I tð Þ
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represents the electromagnetic fields described by
a Gaussian function having 150-fs full-width at
half-maximum (FWHM). The coupled ODEs are
solved with the 4th-order Runge-Kutta integration
method47–48 with 1-fs timesteps integrated from
�1 to 5 ps. The bona fide 35-ps dynamics of S1 is
neglected in the model as it is very slow compared
to the sub-ps dynamics of interest.
The power-dependent Sn/S1 ratio obtained from

the lifetime density maps [data points in Figure 5
(b)] can be compared with the ratio between the
calculated non-ionized population of Sn and the
calculated S1 population at 5 ps. The non-ionized
portion of Sn population is calculated by
subtracting the maximum Sn population during the
time frame to the population of ionized species
formed at 5 ps (end of the integration time frame).
The S1 population is calculated at 5 ps as the
equilibrium population of S1 before the 35-ps
decay happens. This ratio can be directly
compared to the experimental data points
determined from the lifetime density maps and the
calculated curves are overlaid in Figure 5(b). The
calculated power-dependent trend is offset with a
constant baseline to correct for the amplitude off-
set at the zero fluence. This constant off-set can
be due to some sub-ps spectral
diffusion/molecular rearrangement dynamics of
the excited BV chromophore that does not involve
the Sn state, yields a small red-shift of SE signal,
and stays excitation-independent.16 The calculated
curves are then scaled bymultiplying with a factor of
1.2. This scaling factor does not change the curva-
ture of the power-dependent curve. Instead, this
acts as a correction factor to adjust for the uncer-
tainty of the chosen integrated spectral range when
estimating the experimental Sn/S1 ratios from the
lifetime density maps.
We note that the electric field-coupled transition

rates kenm mainly determine the power-dependent
curvature of the curves and the small variation of
ionization rate k i does not strongly influence the
curvature. Opposingly, the degree of ionization
mainly depends on the ratio k i /k ic and is quite
insensitive to the value of the transition rates (keij ).
Therefore, we can determine the ionization rate k i

independently from the negative feature of BV2+

radical in Figure 4(b). Using the highest fluence
data of 41 nmol photons/cm2, the amplitude of
BV2+ feature is estimated to be ca. �2 mOD. This
represents the amount of excited population that
has been lost due to ionization. The
corresponding GSB signal is obtained as �38
mOD from the spectral decomposition of the bona
fide 35-ps EADS (see details in Supplementary
Information). The degree of ionization can be
calculated as 2/38 = 0.053 or 5.3 %. This means
that around 5 % of excited BV chromophore is
photoionized under the excitation fluence of
41 nmol photons/cm2 (or 72 mJ/mm2) with 680-nm
excitation.
9

The ODEs are solved iteratively with ionization
rate k i and the excitation coefficients ke10 varied.
A good agreement with experimental power-
dependent curvature is obtained with the value of
ke10 ¼ ke01 ¼ 4000 cm2mmol-1ps�1 as mentioned
above. The value of k i = 0.25 ps�1 corresponding
to the time constant of 4 ps is determined to
match the degree of ionization of �5 %, which
was estimated from the non-decaying EADS as
discussed above. As discussed before, in our
proposed model, the high-lying state Sn is
depopulated via two competing pathways:
photoionization and internal conversion back to
S1, with the intrinsic (microscopic) rates k i and k ic ,
respectively. Hence, the solvated electron – BV2+

radical pair is formed with the rate of
ðk i þ k icÞ � k ic (�1/300 fs�1) and the radical pair
is long-lived until several ns or beyond as the
spectral signatures of ionized species are resolved
in the non-decaying EADS. This observation is
consistent with the slow geminate recombination
rate of several ns observed in the similar radical
pair of PYP.40

To reduce the two-photon-induced
photoionization processes, one possibility is
shifting the excitation wavelength out of the two-
photon resonance. This can be performed by
investigating the absorption spectrum of the S1

state. Via spectral decomposition of the bona fide
35-ps EADS (details in Supplementary
Information), the S1 absorption spectrum can be
estimated with a strong peak at 700 nm with �50-
nm FWHM. The extinction coefficient of S1 at
700 nm is estimated to be approx.
110,000 M�1 cm�1 based on the extinction
coefficient of S0 at 640 nm reported as
27,700 M�1 cm�1.23 The S1 absorption spectrum
extends towards the shorter wavelengths with a
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minimum at around 550 nm before rising again
below 500 nm. Therefore, to minimize the two-
photon absorption and ionization processes, the
excitation wavelength should be shifted to
550 nm. Unfortunately, there is no ground-state
absorption of SaBphP2 in that region (see Figure 6).
Hence, a trade-off must be made when shifting the
excitation out of 700 nm but still within the absorp-
tion window of the complex. In the TR-SFX experi-
ment,23 the DrBphPCBD was excited with 640 nm.
To make a reasonable comparison, we repeat TA
measurements with 640-nm excitation and the
results are plotted together in Figure 5(b). The cal-
culations are repeated with ke10 ¼ ke01 ¼ ken1 ¼
ke1n ¼ 2000 cm2/mmol (estimate from the absorp-
tion at 640 nm relative to 680 nm), the Sn excited
manifold is still populated with a significant portion
(Sn/S1 ratio � 0.5) and �3.8 % of excited BV chro-
mophore are photoionized under 40 nmol photons/
cm2 excitation fluence (corresponding to 76 lJ/
mm2). Therefore, it can be concluded that the solu-
bilized BphPs are likely to undergo two-photon
induced photoionization when excited at the Q band
with the excitation fluences in the scale of tens of mJ/
mm2 or higher.
Applying the calculation with 640-nm excitation

and 1 mJ/mm2 fluence (corresponding to
�700 nmol photons/cm2), which is a similar
excitation condition used in the TR-SFX
experiment of DrBphPCBD,

23 the degree of ioniza-
tion is calculated to be 7 %, which follows from the
ratio of the rate of ionization k i versus the
Sn ? S1 internal conversion rate k ic . We note that
this 7 % degree of ionization may be underesti-
mated as our model only include two excited elec-
tronic levels, while under the regime of mJ/mm2

excitation, the BV chromophore may undergo
multi-photon absorption and access additional ion-
ization pathways.
In the TR-SFX study of DrBphPCBD, the excitation

fluence was estimated to be decreased by two
orders of magnitude due to scattering in the
grease medium mixed with crystal solubilization
buffer.23 This would imply that the effective excita-
tion fluence was around 10 lJ/mm2, which is in
the same range of our present study. If this were
the case, the present results indicate that even in
such a moderate excitation regime, photoionization
competes efficiently with Lumi-R formation. Yet, the
question remains whether the scattered pump
beam photons leave the greasematrix without inter-
acting with the crystals. In essence, the actual exci-
tation fluence in the TR-SFX experiments remains
unknown and needs to be characterized more thor-
oughly to confidently assign the observed transient
structural changes to native photoinduced dynam-
ics of bacterial phytochrome.
We note that the observations in TR-SFX on

DrBphPCBD are not consistent with spectroscopic
evidence. Comparing the steady-state absorption
and fluorescence spectra shown in Figure 1(a),
10
the 10-nm Stokes shift between absorption and
emission maxima corresponds to around
100 cm�1 of reorganization energy. In combination
with the mirror symmetry of absorption and
fluorescence spectra as can be seen in Figure 1
(b), this observation indicates that the positions of
the nuclei in the absorbing and emitting states do
not vary appreciably. In contrast, according to the
difference density map at 1 ps after excitation, the
BV chromophore of DrBphPCBD was observed to
undergo a detachment from the binding pocket,
with two salt bridges connecting the propionate
side chains broken.23 In addition, the critical pyrrole
water that stabilizes BV chromophore was ejected
from the CBD pocket. The photoejection of the pyr-
role water persists even at the lowest excitation flu-
ence reported in that study (0.2 mJ/mm2), hence,
was considered to be genuinely native. All these
extensive structural changes were attributed to the
charge redistribution of the excited BV chro-
mophore. However, from an energetic point of view,
to eject the pyrrole water from the CBD pocket of
DrBphPCBD, four hydrogen bonds need to be bro-
ken together with two salt bridges. The required
energy for breaking all these non-covalent bonds
is not consistent with a reorganization energy of
the excited state of 100 cm�1. With average energy
of a salt bridge in protein that varies between 3 and
5 kcal/mol (1000–1700 cm�1)49 and the weakest
hydrogen bond energy is around 10 kJ/mol
(836 cm�1),50 the total free energy required to break
two salt bridges and four hydrogen bonds should be
at least 5000 cm�1, which differs by more than an
order of magnitude as compared to the free energy
deduced from the Stokes shift.
The above argument together with our results

suggest that the extensive structural changes of
the BV chromophore observed in the TR-SFX
study may not result from only the native
isomerization dynamics. Instead, the observed
dynamics may also be related to the ionized BV2+

radical formed via resonantly enhanced two-
photon excitation, which is observed under tens of
lJ/mm2 fluence in our study. Moreover, at the
excitation scale of mJ/mm2, even higher-order
nonlinear processes (like multi-photon excitation)
may also contribute to the observed structural
changes in the TR-SFX experiment.
Conclusion

In this study, we performed a power-dependent
series of transient absorption measurements on
the solubilized SaBphP2 with excitation fluence
varied on the scale of tens of mJ/mm2. The TA
spectra reveal strong excitation-dependent
dynamics, even at moderate excitation powers.
On the sub-ps timescale, a strong negative signal
appears at medium to high excitation fluences and
increases non-linearly relative to the native
isomerization dynamics, which was resolved at
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�35 ps. The non-linearity of the power dependency
is a signature of multi-photon processes. Based on
the fact that the power-dependent sub-ps spectral
feature coincides with the ESA signal at 680 nm,
which was resonant with the excitation pulse, we
assign the power-dependent sub-ps dynamics to
resonantly enhanced two-photon absorption of the
BV chromophore. Under sufficiently high excitation
fluences, the BV chromophore can (partially)
undergo two-photon absorption to the higher
excited state Sn, from where a 300-fs internal
conversion takes place and brings the BV
chromophore back to the first excited state S1

before the native isomerization to form
photoproduct Lumi-R happens at 35 ps timescale.
Strikingly, by inspecting the long-lived spectra of

the photoproduct at various excitation fluences, in
addition to the native Lumi-R photoproduct
signature, the spectra of solvated electrons
together with ionized BV2+ radical are observed
at high excitation densities and they all persist
until several ns timescale. Most likely, such
ionization takes place from the transiently
populated Sn state in competition with Sn ? S1

internal conversion. Numerical modelling with a
kinetic model involving two competing ionization
and Sn ? S1 internal conversion pathways can
extract the ionization rate of 4 ps and about 5 %
of excited BV population is ionized under 680-nm
and 41 nmol photons/cm2 (or 72 mJ/mm2)
excitation fluence. The dynamics of SaBphP2
observed in this study are summarized in
300 fs

3-5 ps

35 ps

Lumi-R

Ionization

4 ps

S0

S1

Sn

Figure 7. Summary of the dynamics in SaBphP2
observed in this study. The thick red arrows represent
the Franck-Condon optical excitations. The blue arrows
show the kinetic pathways together with the correspond-
ing time-constants.
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Figure 7. In conclusion, the excitation fluences of
tens of mJ/mm2 and higher likely result in the
formation of non-native ionic BV species in the
BphPs. The ionized species may influence the
observation of structural changes in TR-SFX
experiments. In addition, given that the onset of
ionization already occurs at rather moderate
excitation densities, care should be taken to
avoid such effects in spectroscopic experiments
on phytochromes where signal to noise is limited,
such as transient (2D) IR and femtosecond
stimulated Raman spectroscopy.
The negative impact of two-photon absorption

can be minimized by either shifting the excitation
wavelength away from the resonant peak of S1

absorption or vice versa (shifting the S1 absorption
spectrum away from the excitation wavelength by
using a suitable protein). Both approaches require
a priori knowledge about the S1 absorption
spectrum of the protein of interest to be
considered when choosing the excitation condition
for TR-SFX experiments. With a suitable protein
having an ESA appropriately tuned away from the
excitation pulse, it should be expected that
excitation fluences of mJ/mm2 may be employed
with a lower probability of ionizing the
chromophore. In that regard, it is interesting to
note that ESA maxima and intensity can vary
considerably among phytochromes: in RpBphP3,
the ESA appears to be red-shifted with respect to
the ground-state absorption band, peaking at
740 nm,16–17 while in engineered fluorescent phy-
tochrome iRFP702, which derives from RpBphP6,
it peaks at 730 nm.35
Materials and Methods

TheSaBphP2 PAS-GAF-PHYwild-type construct
was prepared as described previously.51 The pro-
teins were kept frozen at�80 �C and thawed before
using. Sample was diluted with 20 mM Tris.HCl,
50 mM NaCl, pH 8 buffer until the optical density
of the Q band maximum reached 0.2 mm�1.
Femtosecond transient absorption (TA)

spectroscopy setup was described elsewhere in
details.52 In brief, the 1-kHz, 800-nm output from a
Ti:sapphire regenerative amplifier (Libra, Coherent)
was used to pump an optical parametric amplifier
(OPerA Solo) to generate the excitation pulses cen-
tering at the desired wavelengths. A small fraction
of 800-nm beamwas focused on a 4-mmYAG crys-
tal to generate a supercontinuum spanning 450–
850 nm and was used as the probe pulse. The
pump pulse is focused by a UV-fused silica lens
before attenuated by a neutral density filter to obtain
the desired excitation fluence at the sample position
with the spot size of �300 mm (1/e2 diameter). The
probe beamwas focused by a concave mirror to the
spot size of 60–80 mm at the overlap. The polariza-
tion of the pump is set to be ‘magic angle’ 54.7� with
respect to the probe’s to eliminate the reorientation
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dynamics. Delay time was scanned linearly
between �3.5 to 1 ps for dispersion correction
and logarithmically thereafter until 3.8 ns. The probe
beamwas then spectrally dispersed on a CCDarray
using a prism spectrometer (Entwicklungsbüro
Stresing).
The sample was circulated through a 2-mm

quartz cuvette by a peristatic pump with the flow
rate of ca. 50 mL/min. The sample reservoir was
kept under constant illumination of 780-nm LED
(Thorlabs M780L3) to convert all Pfr photoproduct
back to the Pr form.
CRediT authorship contribution
statement

Thanh Nhut Do: Methodology, Software,
Validation, Formal analysis, Investigation, Data
curation, Writing – original draft, Writing – review
& editing, Visualization. David Menendez:
Investigation. Dorina Bizhga: Investigation.
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totaler Differentialgleichungen. Teubner.

49. Kumar, S., Nussinov, R., (1999). Salt bridge stability in

monomeric proteins. J. Mol. Biol. 293, 1241–1255.

50. Desiraju, G., Steiner, T., (2001). The Weak Hydrogen

Bond. Oxford University Press.
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