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Abstract

Cyanobacteriochromes (CBCRs) are an emerging class of photoreceptors that are distant relatives
of the phytochromes family. Unlike phytochromes, CBCRs have gained popularity in optogenetics
due to their highly diverse spectral properties spanning the UV to near-IR region and only needing
a single compact binding domain. AnPixJg2 is a CBCR that can reversibly photoswitch between
its red-absorbing (!32P;) and green-absorbing (!3tP,) forms of the phycocyanobilin (PCB) cofactor.
To reveal primary events of photoconversion, we implemented femtosecond transient absorption
spectroscopy with a homemade LED box and a miniature peristaltic pump flow cell to track
transient electronic responses of the photoexcited AnPixJg2 on molecular time scales. The 525 nm
laser-induced P,-to-P; reverse conversion exhibits a ~3 ps excited-state lifetime before reaching
the conical intersection (CI) and undergoing further relaxation on the 30 ps time scale to generate
a long-lived Lumi-G ground state intermediate en route to P,. The 650 nm laser-induced P,-to-P,
forward conversion is less efficient than reverse conversion, showing a longer-lived excited state
which requires two steps with ~13 and 217 ps time constants to enter the CI region. Furthermore,
using a tunable ps Raman pump with broadband Raman probe on both the Stokes and anti-Stokes
sides, we collected the pre-resonance ground-state femtosecond stimulated Raman spectroscopy
(GS-FSRS) data with mode assignments aided by quantum calculations. Key vibrational marker
bands at ~850, 1050, 1615, and 1649 cm'! of the P, conformer exhibit a notable blueshift to those
of the P, conformer inside AnPixJg2, reflecting the PCB chromophore terminal D (major) and A
(minor) ring twist along the primary photoswitching reaction coordinate. This integrated ultrafast
spectroscopy and computational platform has the potential to elucidate photochemistry and
photophysics of more CBCRs and photoactive proteins in general, providing the highly desirable

mechanistic insights to facilitate the rational design of functional molecular sensors and devices.



1. Introduction

Photosensing proteins allow living organisms to detect light and convert incident photons into
a biochemical response [1]. Almost all proteins can absorb light in the UV region due to the
presence of aromatic amino acids such as tyrosine, tryptophan, or phenylalanine, but the ability to
detect visible to near-IR light is desirable for bioimaging [2-4] and optogenetic applications [5-8].
Besides the photoreceptors found in the eyes of animals, phytochromes and cyanobacteriochromes
(CBCRs) are the best known visible light receptors [9-11]. Phytochromes share the conserved PAS
(Per/ARNT/Sim), GAF (cGMP-phosphodiesterase/adenylate cyclase/formate hydrogen lyase
transcription activator FhlA), and PHY (phytochrome-specific) domains, wherein the GAF domain
is responsible for covalently binding a linear tetrapyrrole (bilin) chromophore that is necessary for
light detection [1]. The PAS-GAF-PHY architecture is required for a functional photocycle in
canonical phytochromes. In contrast, CBCRs only require the GAF domain for proper
chromophore binding and photoconversion (e.g., regulating the phototaxis of cells), which allows
for a more desirable size for application purposes. Some of the most common bilin chromophores
are phycocyanobilin (PCB, found in algae and cyanobacteria), phytochromobilin (P®B, found in
plants), and biliverdin [Xa (BV, a mammalian-intrinsic chromophore) that allow this superfamily
to obtain a diverse spectral property from the UV to near-IR region. Upon photoexcitation, these
photosensors undergo a Z/E isomerization at the C15=C16 bond (by the D-ring) of the cofactor
chromophore (Fig. 1b) [9,12]. As these photosensors undergo the light-induced conversion, they
adopt a Lumi-intermediate state where the chromophore resides in a twisted conformational state
but the overall protein has not fully relaxed to establish the new chromophore environment.

In the phytochrome and CBCR family, many proteins share similar chromophores and GAF

domains, yet they are able to display different spectral properties and dynamics. Previous studies



of a popular cyanobacterial phytochrome, Cphl, have reported the ultrafast dynamics for P,/Py
(red/far-red) photoconversion [9,13,14]. Dasgupta et al. reported a major 3 ps time constant
responsible for the initial Z-to-E isomerization at the C15=C16 bond of the bilin prosthetic group
[9]. The isomerization leads to production of Lumi-R* (the asterisk indicates the electronic excited
state) population that decays to the Lumi-R ground state on the ~30 ps time scale. A closely related
CBCR, NpR6012g4, was studied by Kim et al. via ultrafast spectroscopy of both photoconversion
(Pg<>P,) processes [15,16], invoking heterogeneous ground-state populations that photoconvert on
different time scales. Overall, the forward (1P, to 'SEP,) photoconversion exhibits a longer
excited-state lifetime and reaches the conical intersection (CI) after ~75 ps to 1 ns. The reverse
(15EP, to 152P,) photoconversion shows a shorter excited-state lifetime and reaches the CI after ~2
ps. When comparing the photoconversion of P, to P, in CBCR with P, to Pg in Cphl, they share
the same cofactor 15Z-to-15E isomerization but differ in the hypso/bathochromic shift, quantum
yield (see Section 3.3 below), and change of LUMO energy. For the P,-to-P, transition, the LUMO
is destabilized whereas the P,-to-Py. photosensors show a stabilized LUMO [17].

In this work, we investigated one of the first described hypsochromic red/green CBCR GAF2
protein encoded from Anabaena sp. PCC7120 (AnPixJg2) [18,19]. Under ambient light, AnPixJg2
adopts a mix of red light-absorbing (!32P,) and green light-absorbing (!>(P,) species, with the
superscripts highlighting the photoinduced Z/E isomerization of a key double bond (C15=C16, Fig.
1b) adjacent to the most flexible D-ring of the chromophore (i.e., between the 15Z isomer at the
resting “red” state and the 15E isomer at the photoproduct “green” state). By exciting AnPixJg2
with red or green light, the protein photoconverts to the P, and P, states in a reversible manner.
Although AnPixJg2 has its size advantage over the bulkier phytochromes, AnPixJg2 utilizes PCB

as its chromophore which is biologically unavailable in mammalian cells. In addition, AnPixJg3



(GAF3) is photo-inactive whereas AnPixJg4 (GAF4) shows P,-to-P, photoconversion and rapid
P,-to-P, dark reversion [8,18]. Therefore, mechanistic insights into the structure and dynamics of
key residues, which play important roles for photoconversion, would enable protein engineers to
identify photoactive GAF domains through amino acid sequencing, site-specific mutagenesis, and
targeted evolution. Previous nanosecond studies on AnPixJ has provided information of four
intermediates formed on the nanosecond to millisecond time scales [20], but deeper insights into
the primary photodynamic events on even shorter time scales would allow for a fuller picture of
photoconversion that leads to function. To help remedy these shortcomings with fundamental
understanding, we have implemented a series of studies, first of which utilized femtosecond
transient absorption (fs-TA) and global analysis, followed by the wavelength-tunable ground-state
femtosecond stimulated Raman spectroscopy (GS-FSRS) and quantum calculations to delineate

the ultrafast dynamics of both photoswitching processes between P, and P, states of AnPixJg2.

2. Experimental materials and methods
2.1. Protein sample preparation

Protein expression. The His-tagged AnPixJg2 (amino acid positions 221-397) and
AnPixJg2 BV4 inserted into pET28a vector (Novagen) have been constructed in the previous
studies [18,21]. These plasmids were transferred into the Escherichia coli strain C41 (Cosmo Bio)
harboring phycocyanobilin (PCB) synthetic system (pKT271-C0185) or biliverdin (BV) synthetic
system (pKT270) for protein expression [22,23]. The bacterial cells were grown on Lysogeny
Broth (LB) agar medium at 37 °C and selected by kanamycin and chloramphenicol (each final
concentration, 20 pg mL-"). The selected cells were cultured in 1 L LB medium at 37 °C until the

cell optical density at 600 nm was reached at 0.4-0.8. Subsequently, isopropyl B-D-1-



thiogalactopyranoside (final concentration, 0.1 mM) was added into the culture media and these
cells were cultured at 18 °C overnight to induce the protein expression.

Protein extraction and purification. After protein expression was induced, the culture broth
was centrifuged at 5,000 g for 15 min to collect cells and then frozen at —80 °C. The cells were
suspended in a lysis buffer (20 mM HEPES-NaOH pH=7.5, 0.1 M NaCl, and 10% (w/v) glycerol)
and disrupted by Emulsiflex C5 high-pressure homogenizer at 12,000 psi (Avestin, Inc.). The
mixtures were centrifuged at 165,000 g for 30 min to remove pellets. The collected solutions were
filtered through a 0.2 um cellulose acetate membrane. Followed by the addition of imidazole (final
concentration, 30 mM), the solution was loaded onto a nickel-affinity His-trap column (GE
Healthcare) using an AKTAprime plus (GE Healthcare). After washing the column with the lysis
buffer containing 30 to 100 mM imidazole, His-tagged proteins were purified using the lysis buffer
containing 100 to 400 mM imidazole with a linear gradient system (1 mL/min, total 15 min). The
purified proteins were incubated with 1 mM EDTA on ice for 1 h and then dialyzed against the

lysis buffer to remove imidazole and EDTA.

2.2. LED box design and flow cell methods

The homemade 3D-printed box measures 10 x 10 x 6 cm? (L x W x H) with a 5-mm-diameter
hole centered on each side [24]. The sample holder was printed at the box center, ~4 cm away from
the LEDs inserted through the holes on four sides. Four Broadcom Limited 5 mm through-hole
cyan LEDs centered at 505 nm were used to photoconvert P, to P, operated at 3.2 V and 20 mA
per LED. The P,-to-P, photoconversion used four VCC 5 mm though-hole red LEDs centered at
650 nm working at 2.1 V and 20 mA per LED. The measured irradiation power of the four 505 nm

and 650 nm LEDs at the sample holder is ~3.2 mW and 1.0 mW, respectively. The CBCR sample



was circulated from the LED box to a 1-mm-pathlength quartz flow cell using a Gikfun 12V DC
peristaltic pump. A 1 x 2 mm (ID x OD) uxcell silicone tubing was used to keep the total loop
volume of ~1.8 mL. AnPixJg2 was kept in its dominant P, or P, forms under constant illumination
of 505 or 650 nm LEDs, respectively. Fresh P, or P, sample solution was continuously flowed into
the laser beam path in the optical setup to observe the photoconversion process via time-resolved
electronic spectroscopy and collect the associated ground-state vibrational spectra (vide infra).
The flow rate was calculated by measuring the time (83 s) to flow 10 mL sample solution at
0.12 mL/s. Given the flow cell dimension 0of 0.8 x 0.1 x 4 cm3 (L x W x H) with a total volume of
0.3 mL (48-Q-1, Starna Cells), the top surface area is 0.08 cm?, so the distance that solution can
flow through the cell per second is 1.5 cm. The diameter of laser focal point at the sample was
measured to be ~150 um (0.015 cm), hence it takes ~10 ms to completely refresh the sample within
the entire laser spot. Since each spectral data point was collected in our experiments with 3,000
laser shots (see Section 2.4 below) at 1 kHz repetition rate, recording the signal consecutively in
the chopper on and off cycle, there are 5 laser pulses acting as the pump (with the corresponding
probe) before the sample solution becomes completely replenished, then repeated for 300 times to
increase the signal-to-noise ratio. Though the excited sample solution may have a very small
percentage of transient photoswitching products (e.g., Lumi-R or Lumi-G as detailed in Section 3
below) within each five-pump-pulse cycle, while the pump wavelength has a weak overlap with
the absorption of the intermediates (Lumi-G or Lumi-R) or final products (P, or P,, see Fig. 1a),
the reported ultrafast electronic spectra on the femtosecond to nanosecond time scales are not

affected and thus accurately reflect the chromophore dynamics under investigation.

2.3. Steady-state electronic spectroscopy



The steady-state absorption spectra of CBCR samples in buffer solution housed in a 1-mm-
pathlength quartz cuvette (Spectrosil 1-Q-1, Starna Cells) were collected by a Thermo Scientific
Evolution 201 UV/Visible spectrophotometer. The protein sample concentration was set at OD~1
per mm for the 648 nm absorption peak under ambient conditions (see Figs. 1a and S1). Meanwhile,
the steady-state emission spectra of the protein samples in buffer were examined using a Shimadzu
RF-6000 spectrofluorophotometer, wherein the arc lamp was also used for the excitation-
dependent absorbance measurements (Fig. S2). For each case, the excitation slit width was set to
5.0 nm and a mirror was placed on the back to allow for the excitation light to reflect back and
cover the full area of the sample quartz cuvette. Before each data collection, the sample was
exposed under ambient light for 5 min to fully convert back to the native state. The sample was
then photoexcited for 1 min before promptly collecting the absorption spectrum. All other ambient
lights in the lab were turned off to minimize any back photoconversion. All the experiments were
performed at room temperature and 1 atm pressure.

In the Narikawa lab, UV/Visible absorption spectra of the newly prepared proteins were
recorded with a Shimadzu UV-2600 spectrophotometer at room temperature. Monochromatic light
at various wavelengths for inducing photoconversion was generated by an Opto-Spectrum

Generator (Hamamatsu Photonics, Inc.): P, form, at 540 nm; P, form, at 650 nm (see Fig. S1).

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

spectroscopy (FSRS)

Time-resolved light-induced electronic responses of the CBCR cofactor were collected via a
fs-TA setup with ultrafast laser pulses from a Ti:sapphire-based regenerative laser amplifier

(Legend-Elite-USP-1K-HE, Coherent, Inc.) seeded by a Ti:sapphire-based oscillator (Mantis-5,



Coherent, Inc.). The fundamental output laser pulse train has a center wavelength of ~800 nm,
average power of ~3.70 W, and repetition rate of 1 kHz, which was split up to generate the tunable
fs actinic pump (ca. 480—720 nm) for photoexcitation, ps Raman pump (ca. 480-720 nm), and fs
supercontinuum white light (SCWL) probe [25,26]. In particular, we used a home-built two-stage
noncollinear optical parametric amplifier (NOPA) to generate the 525 and 650 nm actinic pump
with ~0.3 mW average power for fs-TA experiments, initiating the P,—P, and P,—P, processes,
respectively. Temporal compression of the actinic pump was achieved by a chirped mirror pair
(DCM-12, 400-700 nm, Laser Quantum, Inc.). The broadband probe beam was created by
focusing a small portion of the fundamental laser pulses on a 2-mm-thick quartz cuvette filled with
deionized water, followed by temporal compression via a chirped mirror pair (DCM-9, 450-950
nm, Laser Quantum, Inc.). The pump and probe beams were focused on the sample solution in a
I-mm-thick quartz flow cell (see Section 2.2), and the cross-correlation time between the incident
fs pump and probe pulses was measured to be ~120 fs in methanol housed in the 1-mm-thick quartz
cuvette. A motorized linear translation stage (NRT150, Thorlabs, Inc.) was used to precisely
control the time delay up to 900 ps for the preceding actinic pump (versus the probe fixed in time).

Using the aforementioned fs laser amplifier system, the light-induced vibrational responses of
the CBCR cofactor were collected via FSRS methodology in the electronic ground state (Sy). The
ps Raman pump was generated by a home-built three-stage NOPA system, which consists of one
fs-NOPA and spectral filter that produce the ps tunable seed pulse as well as a subsequent two-
stage ps-NOPA for intensity amplification, while the ps 400 nm pump pulses were generated by a
home-built second harmonic bandwidth compressor (SHBC) of the fs 800 nm fundamental laser
pulses [27]. Using a neutral density filter, we set the output ps Raman pump power to ~2 mW at

500, 596, 633, and 678 nm (specific wavelengths used in FSRS experiments). In addition, we



implemented the conventional FSRS setup with a ps, ~2 mW, 792 nm Raman pump to achieve a
pre-resonance condition while minimizing spectral overlap with the P, and P, absorption bands
(hence photoswitching behavior, see Figs. S1 and S2). All the laser pulses were parallel polarized.

In the fs-TA and FSRS setups, a phase-locked optical chopper (Newport 3501) was inserted in
the beam path of the actinic pump and Raman pump, respectively. Time zero was set when either
pump pulse is coincident with the SCWL probe pulse at the focusing point on the sample cell. The
transmitted probe was collimated and focused into an imaging spectrograph (IsoPlane SCT-320,
Princeton Instruments, Inc.) with a reflective grating (300 grooves/mm, 300 nm blaze wavelength
for TA; 1200 grooves/mm, 500 nm blaze wavelength for FSRS) for dispersed detection and an
integrated front-illuminated CCD array camera (PIXIS:100F, Princeton Instruments, Inc.) at the
exit plane. To improve the signal-to-noise ratio, we used 3,000 laser shots per point and six sets in
fs-TA (hence 9,000 spectra averaged at each time delay point), and 3,000 laser shots per point and
60 sets in FSRS (hence 90,000 spectra averaged for each ground-state Raman spectrum) [28]. To
overlay the GS-FSRS spectra collected on the Stokes and anti-Stokes sides for comparison, the

Raman intensity and Raman shift axes need to be multiplied by —1 for the latter case [28,29].

2.5. Quantum calculations

The vibrational normal mode frequencies of the PCB cofactor of AnPixJg2 in the electronic
ground state (Sy) were calculated in vacuo with density functional theory (DFT) at the RB3LYP
level using Gaussian 16 software [30]. The PCB chromophore in P, form was directly taken from
the reported crystal structure of AnPixJg2 (PDB ID:3W2Z) [19]. The two propionate (—
C,H4COO") groups on the B and C rings were removed and capped with methyl (—CHj3) groups to

avoid calculation complexation, while proper numbers of hydrogen atoms were added to the

10



chemical structure using GaussView 6. The total number of charges is +1 (i.e., a protonated
nitrogen site on the C ring). To mimic structural restraints from the PCB local environment in the
GAF2-binding pocket, two bridge-dihedral angles between the C and D rings were fixed to their
values in the reported crystal structure before optimization. The PCB structure was first optimized
with 3-21G basis sets, further optimized with 6-31G, then 6-31G(d,p) basis sets, followed by the
vibrational frequency calculation in the resting state (i.e., P;). Due to the lack of crystal structure
with PCB in the P, state of AnPixJg2, we adopted the P, crystal structure of SIr1393g3 (PDB ID:
5M82) [31], which is also a red/green CBCR [32] and in close relationship with AnPixJg2 [11].
The PCB chromophore structure therein shows both twisting of the D and A rings. Therefore, the
two dihedral angles between A and B rings were also fixed, in addition to the two dihedral angles
between C and D rings, before geometric optimization. The P, molecular structure was then
optimized and vibrational frequencies were calculated following the same steps as calculations for
the P, structure to provide an informative comparison between these two conformers. The Raman
spectra were exported with 10 cm! half width at half height (HWHH) and 9 cm! step size as well
as a frequency scaling factor of 0.97 [33,34] to juxtapose with the experimental FSRS spectra

collected in the electronic ground state of the respective PCB conformers in AnPixJg2 (vide infra).

3. Results and discussion
3.1. Steady-state and time-resolved electronic spectroscopy

In order to keep AnPixJg2 in the P, or P, conformers, a home-built LED box was made that
fits four 5 mm through-hole LEDs with a center wavelength of 505 or 650 nm. Approximately 2
mL of AnPixJg2 in buffer was kept at the center of the LED box with an OD of ~1/mm at the P,

absorption peak (~650 nm, see Fig. 1a). The sample was pumped into a flow cell so no LED light
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could be scattered into the optical setup for fs-TA and FSRS experiments, while allowing for new
fresh sample to be flown in (see Sections 2.2 and 2.3). In fs-TA setup, the photoconversion reaction
was initiated using the fs-actinic pump centered at 525 nm (Fig. 1a, green dashed) and 650 nm
(Fig. 1a, red dashed) for the P,—P, and P,—P, process, respectively. As a control, the sample was
placed in the actinic pump beam path before it was focused (to less than 150 um diameter at the
sample spot [35], see Section 2.2) and we observed a clear color change within seconds, indicating
that the fs actinic pump pulse train is capable of photoswitching AnPixJg2 between conformers.
Starting from time zero of photoexcitation, the P,—P, reaction shows three major features at
~690, 620, and 544 nm (Fig. 2a). The negative band around 544 nm is attributed to the ground-
state bleaching (GSB) of the photoexcited P, population that overlaps with the residual scattering
from the actinic pump (see Fig. S3a). A probe-dependent fit was taken at the bluer 504 nm (Fig.
2c¢, blue) to retrieve clearer GSB dynamics without significant influence from the pump scattering
at 525 nm and the rising excited-state absorption (ESA) band around 595 nm (tentatively assigned
here, see below for details). Since the GSB recovery was tracked on the blue edge with a reduced
signal-to-noise ratio (thus hindering an accurate assessment of the long-time recovery percentage
on the tens of ps to hundreds of ps time scales), only major dynamic components of ~100 fs and 5
ps were retrieved. The 5 ps time constant is consistent with other reported !SEP,-to-!2P,
conversions in similar CBCRs [16], which is longer than the ca. 1-3 ps observed for the PCB

cofactor in Cph1 phytochrome reverse and forward photoconversions [9,14].
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Fig. 1. Steady-state absorption profiles of the AnPixJg2 cofactor. (a) Ground-state electronic
absorption spectra of the AnPixJg2-PCB native (black), %P, (red), and '>EP, (green) species
normalized at 280 nm, obtained upon 1 min irradiation of ambient white light, 505 nm LEDs, and
650 nm LEDs, respectively. The P; form has a A;,,,=648 nm and a shoulder at 592 nm while the P,
form has a Ay, =544 nm. The actinic pump wavelengths in TA experiments are noted by dashed
lines. (b) Crystal structure of the PCB cofactor in the P, state (PDB ID: 3W2Z) and illustration of
the D-ring twist in the P, state inside the protein pocket (a model structure based on SIr1393g3,
PDB ID: 5M82; see Graphical Abstract for directly overlaid structures). The light-induced P,—P,
switching thus represents a primary photoreaction with Z-to-E isomerization of the chromophore
with twisting (black curved arrows, D-ring colored from red to green by ~90° for illustration)
around the C15=C16 bridge between the C/D rings. Carbon, nitrogen, and oxygen atoms are shown

as cyan, blue, and red spheres, respectively, while hydrogen atoms are omitted for simplicity.
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The dominant positive band around 692 nm corresponds to the P,* ESA (the asterisk denotes
the electronic excited state, e.g., the first singlet excited state S;) most likely from S; to S, because
the band reaches maximum intensity close to time zero and is located on the red edge (i.e., lower
energy side of the spectral detection window). Another P,* feature that starts from time zero is the
negative band at ~649 nm, which represents the downward stimulated emission (SE) transition
from S; to Sy. Both P,* bands (ESA and SE) decay within tens of ps in the TA contour plot (Fig.
2a) with ~3.5 and 2.8 ps time constants (Fig. 2b, red and Fig. 2c, green) that largely match the P,
GSB recovery component of ~5 ps, supporting a peaked CI that bifurcates into different species
[36,37]. This few-ps time scale likely involves local orientational relaxation of the chromophore
D-ring and its immediate vicinity. The longer 22 and 32 ps decay components of the P,* ESA and
SE bands are attributed to the relaxation of the photoconverted species after the CI, while the
additional ~1.6 ns decay of the P,* SE band probes the (weak) fluorescence lifetime back to P,.

The most interesting feature in the photoinduced P,—P; transition is the rise of a long-lived
absorption band around 595 nm. This transient band appears after several ps with the retrieved
time constants of ~120 fs (decay), 3.1 ps (rise), 19 ps (rise), and 1 us (decay) (Fig. 2b, black). The
sub-ps component overlaps with the above-mentioned GSB and SE bands, resulting in a gradual
signal rise from the negative to positive region. In contrast to the P,* ESA band at 692 nm that
diminishes after ~50 ps, the long-lived characteristic of the 595 nm positive band suggests that it
is more likely associated with a ground-state population of Lumi-G. The 1 us decay time constant
was used to estimate the Lumi-G lifetime that extends well beyond our detection time window (see
Section 2.4). For corroboration, Fukushima and coworkers identified two metastable ground-state
intermediates for the P,-to-P, photoconversion within ~50 ns and 190 ps [20]. The 3.1 ps rise

component corresponds to the P,* species moving into the CI, which closely matches the decay of
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both the P,* ESA (3.5 ps) and SE (2.8 ps) as well as the GSB recovery (5 ps). The slight 19 ps rise
component could represent further relaxation of Lumi-G that is evident by the noticeable blueshift
of the ~600 nm absorption band (Fig. 2a) [38], also in accord with the 22—-32 ps time constants

retrieved from the P,* decay dynamics (Fig. 2b,c).
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Fig. 2. Time-resolved electronic spectra during reversible photoswitching processes of AnPixJg2.
The fs-TA contour plot of (a) P,—P, and (d) P,—P, transition was collected using a 525 nm actinic
pump with 650 nm LEDs and 650 nm actinic pump with 505 nm LEDs, respectively. Colored
vertical lines correspond to the specific spectral region for the probe-dependent least-squares fits
(b, c, e, and f). The 592 nm data points and fit (f, blue) are scaled by a factor of 10 for better visual
comparison to the much stronger 664 nm data plot (f, green). In both photoswitching cases of the
PCB cofactor, scattering from the actinic pump (denoted by the asterisks in panels a and d) was
largely removed by subtracting the —2 ps TA trace from the subsequent time-resolved TA traces

(raw spectra shown in Fig. S3).
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For the P,—P, conversion, the fs-TA 2D contour plot (Fig. 2d) exhibits a longer P,* lifetime
(than the P,* lifetime in Fig. 2a) since the initial bands reaching maximum around time zero fully
decay away after hundreds of ps. In particular, the prominent P, * features include the 503 nm ESA
and 664 nm SE bands, which exhibit pure decay time constants of ~6.7, 38, and 361 ps (Fig. 2e,
red) and ~16 ps, 142 ps, and 2.3 ns (Fig. 2f, green). The 664 nm SE band mainly probes the
fluorescence pathway of P, * back to P, that was previously reported to be centered at 670 nm [20].
The much weaker, narrow, negative band at 592 nm could be assigned to GSB due to its proximity
to a shoulder peak within the P, ground-state absorption (GSA) band (Fig. 1a). Notably, in contrast
to the aforementioned 595 nm absorption band in Fig. 2a, we observed the distinct rise and decay
of a narrow 616 nm absorption band in Fig. 2d. The short-lived characteristic is indicative of an
excited-state species that we denote as a P.*’ intermediate via continuous structural evolution of
the PCB chromophore [39]. The strongly overlapped TA bands hinder a clearer identification of
the intermediate state. However, previous QM/MM studies of AnPixJg2 [40] as well as
spectroscopic studies on other CBCR and phytochrome systems [9,12,15] suggest that P,** could
have a deprotonated chromophore in an unrelaxed protein pocket (i.e., as a transient precursor to
the intermediate Lumi-R state with a deprotonated PCB chromophore [20]). Further excited-state
vibrational studies (e.g., tunable FSRS) are needed to track proton transfer dynamics [25,28] and
shed more light on P,*’ (e.g., whether a change of protonation state occurs on the ~10 ps time scale
as shown in Fig. 2e,f), though recent work has supported a fully protonated chromophore in both
equilibrium forms (i.e., after protein relaxation hosting the isomerized cofactor) [41-43].

By comparing the TA dynamics that emerge from initial photoexcitation, the hundreds of fs
time constants (100—229 fs) can only be extracted from the GSB recovery at 592 nm (Fig. 2f, blue)

and initial decay at the neighboring still-negative 616 nm band (Fig. 2e, black). The other retrieved
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time constants from the highly overlapped bands show a weighted average that could involve
multiple steps of P.* relaxation on the ps-to-ns time scales. The P, *-to-P,*’ transition occurs on
the 6.7-16 ps time scales as these time constants can be correlated with the P,*’ rise component
(4.1 ps, Fig. 2e, black). Furthermore, the 361 ps decay component (from the 503 nm ESA band of
P.*, Fig. 2e, red) and 300 ps decay component (from the 616 nm ESA band of P,*’, Fig. 2e, black)
represent the excited-state populations that enter the CI for photoconversion. This assignment is
supported by previous TA experiments on a similar red/green CBCR, NpR6012g4, where Kim and
coworkers found 55 and 345 ps lifetimes that generate the photoproduct Lumi-R state [15]. The
GSB recovery dynamics at 592 nm (Fig. 2f, blue) largely match the main GSB decay time
constants at 648 nm of ~100 fs, 11 ps, 91 ps, and 1.5 ns. On the red side of the 648 nm GSB band
is the 664 nm SE band that overlaps with a weak fluorescence band of P, (see Fig. S3). Even after
subtracting the actinic pump scattering, the 648 nm GSB and 664 nm SE signal (Fig. 2d, dark blue
region) was ~10 times larger than other spectral features, therefore the color scale was fixed to
better resolve the weaker TA bands. Temporal evolution of these strong negative features in the
ca. 625-700 nm region can be better viewed in the raw time-stacked TA spectra (Fig. S3).

To further dissect the overlapped TA spectra and elucidate the underlying reaction species,
global analysis can fit the data to a postulated multi-population model to obtain the respective
concentration and time constants [44,45]. A series of linear differential equations is used on a
target model to be numerically solved and yield the best results. The evolution-associated
difference spectra (EADS) implement multiple sequential states to extract time constants from
spectral evolution during a reaction; however, it does not directly give the species-specific rate
constants that describe the evolution of populations from one to another [44,46]. Decay-associated

difference spectra (DADS) describe the data in a parallel model with each species decaying with
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a distinct lifetime [47,48]. Using both schemes for the fs-TA spectra of AnPixJg2, the singular
value decomposition suggested a four-component model (Fig. 3) that was validated by having
more components that only fit the early-time coherent artifacts or fewer components that lead to
averaged longer time constants. In general, the sequential reaction model should work well here

as a stepwise isomerization mechanism was proposed in related red/green CBCR systems [12,20].
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Fig. 3. Global analysis of fs-TA spectra during reversible photoswitching processes of AnPixJg2.
The probe window for P,—P; transition (a, ¢) was truncated on the blue side (~545 to 735 nm) to
remove the residual pump scattering (525 nm) that interferes with analysis. The spectra are ordered
from fastest to slowest time constants in black, red, blue, to green with the corresponding lifetimes
listed in the inset. For the P,—P, transition (b, d), the full probe window from ~490 to 735 nm was
considered due to the pronounced 664 nm SE band at the red side of the residual pump scattering
(650 nm). The EADS (a, b) and DADS (c, d) yield complementary information about the
underlying species and reaction kinetics that manifest key spectral changes of the photoexcited

PCB cofactor.
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Reminiscent of the probe-dependent fits in Fig. 2a-c, the P,-to-P, global analysis yields similar
time constants of ~70 fs, 2.7 ps, 30 ps, and 3.6 ns (Fig. 3a,c). As the black trace evolves to red, the
P,* ESA, SE, and GSB features become more refined as the wave packet moves out of the Franck-
Condon region. The red-to-blue evolution exhibits a pronounced decrease in the initial P,* species
and rise of the ground-state Lumi-G, mainly evinced by the dramatic TA signal sign change below
~650 nm. The rise of the Lumi-G species and recovery of the GSB band corroborate the assignment
of the 2.7 ps time constant to the P,* species moving through a CI (Fig. 4a). The blue-to-green
transition with a 30 ps lifetime shows a complete decay of the P,* ESA band above 650 nm with
a slight rise of the Lumi-G absorption band, as well as further recovery of the GSB band below
570 nm. This dynamic component indicates that both the photoreactant P, and the photoproduct
Lumi-G populations are accumulating on a similar time scale after the CI crossing of the P,*
species, again supporting a peaked CI [9,36]. The DADS spectra with less spectral overlap from
concurrent species show a cleaner blue trace with no positive band below 650 nm, substantiating
the 30 ps relaxation of nascent ground-state species. The longest 3.6 ns time constant is associated
with the decay of Lumi-G and a near complete recovery of the GSB, likely involving the
chromophore subpopulations that undergo other radiative and nonradiative relaxation pathways
[49]. Because our time window is currently limited to 900 ps (see Section 2.4 above), longer time
constants are less reliable and are usually averaged in the fs-TA spectral analysis.

As expected, the P;-to-P, conversion also exhibits the Franck-Condon relaxation from black to
red traces in Fig. 3b,d, involving a notable redshift of the SE band. The red-to-blue transition with
a 13 ps lifetime shows further redshift of the P,* SE band at ~664 nm and blueshift of the ESA
band at ~503 nm, suggesting that blue trace remains in the electronic excited state. Accordingly,

the intermediate P,*’ band rises (see the blue trace positive band around 620 nm) but decays away
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with the 217 ps time constant (Fig. 4b) that likely involves local solvation and surrounding protein
residue side chains dynamics [39,41,50,51], while the cofactor accessibility to aqueous phase was
demonstrated using the FTIR difference spectrum in H,O or D,O medium [20] and the change of
solvent accessibility to the cofactor pocket was shown during ns-to-us molecular dynamics (MD)
simulations [41,50]. This short-lived feature substantiates the excited-state population as an
intermediate before the CI. The last 5.4 ns component (green trace) shows the residual GSB and
fluorescence lifetime (SE decay), while we observed a small positive band around 680 nm (also
visible in Fig. 2d above 675 nm at later time points) that is redder than GSB at 648 nm. Therefore,
this stage likely has contributions from Lumi-R photoproduct species on the electronic ground
state after the C15=C16 bond isomerization (see Fig. 4b), reminiscent of the aforementioned Lumi-
G species, albeit with much less transition oscillator strength in the red region [12,20]. Since some
of the initial chromophore populations were photoconverted to a new conformer state in our
spectroscopic measurements, a long-lived GSB signal is expected for both conversion processes

as full recovery occurs on the much longer time scales of microseconds to milliseconds [9,20].

A Pg to P, a)

*
Pg\'i?o s 3ps

3

525 nm

Pg
Prto P
A e b)
P*\~200 s 13 217 ps
ps
&;\\J/\w/\v/
SE P E 3 pred
E ngxﬁm 664 nm '
2ns “g(y
Lumi-R
2

(CI: conical intersection)

a >

20



Fig. 4. Potential energy surface for the (a) P, to P; and (b) P, to P, photoconversion of AnPixJg2.
The photoexcitation, ESA, SE, and GSA transitions are represented by vertical arrows with
characteristic center wavelengths listed from fs-TA spectra. The arrow length is illustrative and
does not exactly scale to the energy gap. Average time constants from the probe-dependent and
global analysis are denoted by the curved or tilted arrows connecting reaction species. The nuclear
coordinate Q along the D-ring isomerization coordinate is part of a multidimensional landscape

that likely involves continuous solvation dynamics and polar residue side-chain motions [39].

Based on TA spectral analysis, we sketch the potential energy surface of the AnPixJg2 PCB
cofactor in Fig. 4a and b for the P,-to-P, and P,-to-P, transitions, respectively. As P, is excited to
P,* by the 525 nm actinic pump, the initially relaxed P,* efficiently crosses a small barrier toward
the S;/Sy CI on the ~3 ps time scale. At the CI, the P,* population can continue twisting to produce
a long-lived Lumi-G species wherein the chromophore resembles P,, or twist back to repopulate
the P, ground state on a similar time scale of ~30 ps (Figs. 2b,c and 3a,c). On the other hand, the
P.-to-P, photoconversion exhibits a notably longer excited-state lifetime due to higher transition
barriers and the production of a P,*’ intermediate with ~13 ps time constant (Figs. 2e,f and 3b,d).
From P, *’, there remains a large barrier to cross before reaching the S,/S, CI to partially produce
the Lumi-R species. The P.* population is shown to be more fluorescent than P,* (see the larger
and longer-lived SE band in Fig. 3b,d than that in Fig. 3a,c) as it was the only species to show
some fluorescence before quickly converting to P, in our spectroscopic experiments. To increase
the fluorescence quantum yield for bioimaging applications, an enhancement of the H-bonding
network around the D-ring or steric hindrance may help [49] (see Fig. S4 for the chromophore
local environment), although it could also decrease the reversible photoswitching quantum yield

that may well benefit super-resolution imaging [24,52,53].
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3.2. Resonance-enhanced ground-state stimulated Raman spectroscopy

To shed more light on the atomic structures of PCB conformers before and after
photoconversion (see Fig. S5 for illustration), we performed GS-FSRS experiments to obtain
vibrational signatures of the P, and P, species. Given the recent elucidation of local relaxations
caused by side chain motions and solvation rather than the structural heterogeneity in a related
bacteriophytochrome and CBCR [39,54], we consider FSRS a suitable method to distinguish the
solvation dynamics (from excited-state FSRS that tracks the non-equilibrium vibrational
dynamics) and structural heterogeneity (from ground-state FSRS that records the equilibrium
vibrational features) [28,55,56]. Herein, various Raman pump wavelengths and accompanying
broadband Raman probe on the Stokes and anti-Stokes sides were implemented to explore the
resonance Raman enhancement effects on the converting species of AnPixJg2 (see Figs. S6 and
S7). Overall, the P, vibrational peaks exhibit a frequency blueshift as compared to the P, species
mainly above 1200 cm™!, in accordance with a more twisted conformation (hence less electronic
conjugation across the PCB tetrapyrrole-ring system) in the green-absorbing P, state [41,43]. To
visualize the associated vibrational motions, the density functional theory (DFT)-based Gaussian
calculations were performed at B3LYP level with a 6-31G(d,p) basis set (Section 2.5). The
calculated Raman spectra show a similar trend to the GS-FSRS data with P, peaks blue-shifted
from P, peaks (see Fig. 5) mainly in the high-frequency region, with Raman modes above 1600
cm! tracking the C-D ring and A-B ring methine bridge C=C stretching motions (Table S1) [9,20].

In particular, strong Raman modes at ~1615 and 1649 cm™! in P, shift to 1630 and 1665 cm™!
in Py, demonstrating the blueshift of 15 and 16 cm, respectively. The 1649 and 1665 cm™! modes
were assigned to the A-B methine bridge C=C stretch and C-H rocking with A-ring N-H rocking

motions (Table S1). The blueshift of this mode from P, to P, is due to the A-ring twist (see Fig. S5
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and Table S2) that disrupts its H-bonding interactions with the nearby Asp291 and Trp289 (Fig.
S4). The main 1615 and 1630 cm™ modes for P, and P, species, respectively, involve the C-D
methine bridge C=C stretch and C-H rocking with D-ring N-H rocking and C=C stretch. As the
D-ring twists more significantly (by ~155°), it most likely breaks the H-bond with Tyr352 and =n-

n stacking with Trp289, causing the mode frequency blueshift from the ground-state P, to P,.
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Fig. 5. GS-FSRS of the P, (red) and P, (green) conformers of AnPixJg2. The P, measurement used
505 nm LEDs, 596 nm Raman pump, and Raman probe on the Stokes side. The P, measurement
used 650 nm LEDs, 678 nm Raman pump, and Raman probe on the anti-Stokes side. For the anti-

Stokes FSRS spectrum of P,, the Raman shift and peak intensity axes were multiplied by —1 for
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direct comparison with the Stokes FSRS of P,. Vertical dotted lines depict peak frequency shifts

from the experimental to DFT-calculated (frequency scaling factor of 0.97 applied) Raman spectra.

Velazquez Escobar and coworkers previously conducted resonance Raman (RR) of AnPixJg2
using a 1064 nm continuous-wave Raman pump and cooling the sample to —140°C [41] while the
red-light-induced photoconversion of AnPixJg2 occurs above —80°C. Raman pump was off-
resonance from the P, and P, ground-state absorption, and their spectra closely match our
calculated Raman spectra (Fig. 5b). The RR spectra also showed a blueshift of the 1630 cm™! mode
that was assigned to the C-D methine bridge C=C stretch, with the higher-frequency shoulder
assigned to the A-B methine bridge C=C stretch. One of the main differences between the RR at
low temperature and GS-FSRS spectra at room temperature lies in two strong bands at ~850 and
1050 cm! in Fig. 5a, which are also essentially absent in the calculated off-resonance Raman
spectra (Fig. 5b). The specific Raman pump used in FSRS could resonantly enhance these specific
modes that are vibronically coupled to the electronic transition [29,49,57], since the ~850 and 1050
cm' modes involve the C-D bridge-H out-of-plane (HOOP) motion [9,13] and D-ring
deformations (Table S1), they display significant Huang-Rhys factors and nuclear displacement
from the ground to excited state [13,49] and have been observed in previous FSRS measurements
of the excited PCB chromophore in Cphl. In particular, the HOOP mode was proposed to be an
integral component of the excited-state reaction coordinate toward a C15=C16 isomerized state on
the ~3 ps time scale [9], reminiscent of Fig. 4a.

Meanwhile, although the Raman pump wavelength was tuned across the P, and P, absorption
bands that are separated by over 100 nm, the Raman pump could still photoconvert the sample to

a mixed state (Fig. S2) while the LEDs’ power was not sufficient for a full conversion to pure
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starting species (Fig. 1a). Though an exact match is not expected between the low-temperature oft-
resonance RR and room-temperature pre-resonance FSRS spectra, we have identified key
vibrational signatures of P, and P, that support both the D- and A-ring twist after photoconversion
(see Fig. S5 for PCB twisting geometries), and resonance conditions that can be further optimized
with a strategic combination of tunable Raman pump and probe pulses (Figs. S6 and S7).
Notably, the calculated Raman intensities do not match the experimental values mainly due to
the mode-dependent change of resonance conditions using tunable FSRS [29,49,58] and limitation
of DFT calculations only focusing on the PCB chromophore here (Fig. S5) without explicit
treatment of the protein pocket. In our experiments, various Raman pump wavelengths were used
in order to obtain Raman spectrum of a pure P, or P, population (e.g., see Fig. S6 for P,).
Surprisingly, each Raman pump resulted in a similar Raman spectrum despite the use of 505 or
650 nm LEDs to generate P, or P, species (Fig. S7). To find the cause of this dilemma, the sample
was inserted in the actinic pump and Raman pump beam path to see if any photoconversion occurs.
Both pumps were able to convert the sample as evinced by a clear color change upon the passage
of light. To further investigate the photoconversion of AnPixJg2, we used a fluorimeter arc lamp
and a UV/Visible spectrophotometer to excite the sample at different wavelengths and collect the
absorption spectra therein (Fig. S2). The finding confirmed that Raman pump overlapping with
any ground-state absorption features of AnPixJg2 can induce photoswitching to various extents
and cause a mixed population of P, and P,. As a result, the 678 nm Raman pump anti-Stokes FSRS
with 650 nm LEDs (Fig. 5, green) and 596 nm Raman pump Stokes FSRS with 505 nm LEDs (Fig.
5, red) represent a mixed population with predominant P, and P, conformers, respectively. For this
reason, AnPixJg2 represents a rather special case that a pre-resonance enhancement condition

cannot be directly used to increase the signal-to-noise ratio of a target species [56], because another
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species would be readily generated that absorbs more than 100 nm away (see Figs. 1 and S2).
Therefore, though the calculations of GS-FSRS spectrum under pre-resonance conditions [59-61]
could be helpful to identify key Franck-Condon active modes and yield a better prediction of
Raman peak intensities over a broad spectral window (e.g., from low- to high-frequency modes in
Fig. 5b), the applicability of such calculations for the P, and P, characterization in AnPixJg2 with
swift photoswitching remains limited due to key experimental challenges (Figs. S2 and S7) in
obtaining the accurate pre-resonance spectrum of pure P, and P, species for a rigorous comparison.

Like AnPixJg2, SIr1393g3 is a red/green-photoswitching CBCR with its P, crystal structure
reported (5M82, see Section 2.5) [31], while both CBCRs share the same PCB chromophore with
conserved residues around the chromophore (Fig. S4) [19]. The illustrative D and A ring twist
between the P, and P, conformers may shed some light on the photoswitching process with the D-
ring likely twisting on the excited state and A-ring twist on the ground state. This could be due to
the change of single- and double-bond character in the excited versus ground state [62,63]. As a
conjugated molecule undergoes a n-n* electronic excitation, a double bond typically adopts more
single-bond character, thus allowing it to twist more freely when compared to the ground state. In
consequence, after AnPixJg?2 is excited, the D-ring twist along the C15=C16 bond constitutes the
main reaction coordinate for the cofactor crossing a CI into the ground Lumi state, wherein the A-
ring twist along the C5—C6 bond further relaxes the protein on longer time scales with a large-
scale conformational change of the surrounding protein pocket and H-bonding network. This
reaction stage well beyond the aforementioned ultrafast time scales achieves localization of the 7t-
orbital on PCB in an equilibrated nonplanar conformation of the tetrapyrrole ring system [20] and
completes the photoconversion from one absorbing state to another (P, to P,, or P, to P;). Such a

reaction process is also corroborated by local environment of the cofactor chromophore as crystal
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structures for phytochromes and CBCRs show less tight packing around the D-ring, so there could
be more conformational freedom about the C15 methine bridge than about the C5 or C10 methine

bridges (see Figs. 1b and S5 for the atomic numbering of PCB cofactor) [10,11].

3.3. Ground-state heterogeneity and photoconversion quantum yield

The heterogeneity of the ground-state population of CBCRs and phytochromes has brought a
vast amount of spectroscopic techniques [12,13,15,64,65] and simulations [40,66] to determine
how many subpopulations each species has as well as how their dynamics differ. The heterogeneity
in phytochromes and CBCRs points toward a common feature that could be linked to a functional
role in nature or evolution advantage. As for AnPixJg2 in solution, Scarbath-Evers et al.
implemented MD simulations on a 1 ps time scale in correlation with experimental 3C cross-
polarization magic-angle spinning NMR spectroscopy that uncovered two sub-states in P, where
the D-ring adopts two different isomers [50]. This finding is also in line with Kim et al. reporting
their TA and global analysis data on a similar red/green CBCR, NpR6012g4, tracking two 3P,
subpopulations that photoconvert to "ELumi-R species on separate time scales of ~75 ps and 1 ns
[15]. On the other hand, Rao and coworkers recently published QM/MM calculations on AnPixJg2
where the D-ring heterogeneity could be mainly governed by the protonation states of histidine
residues around the chromophore [40]. Therefore, we surmise that the highly overlapped TA
spectra observed during the P,-to-P, photoconversion of AnPixJg2 (Fig. 2d) are likely due to a
heterogeneous ground-state population that produces Lumi-R on the hundreds of ps to few ns time
scales (Figs. 2f and 3b). Different subpopulations in P, could also be the cause of the ground-state
shoulder peak at ~592 nm (Fig. 1a) and the resulting GSB band (Fig. 2d), as well as the mismatch

between the apparent time constants and the retrieved time constants from global analysis on the
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basis of a homogeneous model for dominant species (Fig. 4b). Based on the current GS-FSRS data
of the P, and P, species of AnPixJg2 with a series of Raman pump, Raman probe, and LED
wavelengths (Fig. S7), the Raman peak widths are similar across a spectral window over ~1100
cm! for both P, and P, species, which suggests that the structural heterogeneity remain largely
unchanged before and after the reversible photoswitching events.

Looking forward, an actinic-pump-dependent TA and FSRS experiment with tunable Raman
pump wavelengths would help to uncover the number of ground-state subpopulations and their
photoconversion dynamics [13,39]. Moreover, the time-resolved excited-state FSRS will be
implemented in future studies on the PCB cofactor along with a newly engineered AnPixJg2 BV4
with just four mutated residues in the protein pocket (e.g., Fig. S4 that plays a critical role on the
ultrafast photochemistry and function of the photosensory unit) which can bind the BV cofactor
(see Section 2.1) for mammalian cell applications [21]. Preliminary TA results of AnPixJg2 BV4
(PCB) in our lab showed altered time constants on the ps-to-ns time scales and a more
homogeneous population in the P, state due to a less restrictive and more flexible chromophore
pocket (versus AnPixJg2), which will be reported in a subsequent publication. In particular, similar
pre-resonance and off-resonance conditions (as in Figs. S6 and S7) will be implemented for
AnPixJg2 BV4 (PCB) to directly compare with AnPixJg2 (PCB) to gain further insights into the
correlation between structural heterogeneity and Raman peak width, aided by the excited-state
dynamics of Raman peaks that could report on local relaxation at the active site as well as
subpopulations of the chromophore (hence enabling an evaluation of the dominant factor) [24,56].

The photoconversion quantum yield for AnPixJg2 has yet to be reported, but based on the
phylogenetically related NpR6012g4, the P,-to-P, photoconversion should be close to 40% [15],

consistent with the CI-branching and generation of various ground-state intermediates depicted in
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Fig. 4b. The rather efficient photoconversion (more than canonical phytochromes at <15% [9,12])
was observed upon irradiating the sample with multiple types of light (vide supra). Previous TA
work on a four-ring molecular photoswitch (1,2-dithienyl-1,2-dicyanoethene, 4TCE) showed that
the GSB recovery dynamics on the 40 ps time scale could be used to obtain the trans-to-cis
isomerization yield [67]. However, this approach is much less applicable for AnPixJg2 due to a
significant overlap between transient GSB and GSA bands (Fig. 2a) or GSB and ESA bands (Fig.
2d), the significantly larger isomerization time constant (Fig. 4b), as well as the lack of direct
observation of the final photoproducts P, and P, beyond Lumi-G and Lumi-R in Fig. 4a and b,
respectively, within our experimental time window of 600-900 ps (Fig. 2). Furthermore, the ps
narrowband Raman pump pulse can cause the sample to photoconvert, making it rather challenging
to find an optimal resonance condition that would enhance the P, and P, species separately (see
Fig. S7). All excitations, even at 800 nm center wavelength, can convert AnPixJg2 from the native
state to a different mixed population state (Fig. S2), thus prompting us to further select a suitable
combination of LEDs, Raman pump, and Raman probe to collect reliable GS-FSRS spectrum of a
specific conformer (e.g., P, in Fig. S6, and P, in Fig. 5) with key vibrational signatures.
Comparing the ultrafast photoconversion processes revealed in this work to previously studied
phytochromes and CBCRs [9,15,16], a common trend emerges where the forward reaction exhibits
a longer-lived excited state as it moves from a stable conformer to a meta-stable conformer. In
particular, both the ground- and excited-state energetics need to be considered to map out the
potential energy landscape for photoconversion. The longer-lived excited state naturally
corresponds to more complex relaxation pathways before it produces the photointermediate or
Lumi-R state (e.g., Fig. 4b). With the reverse photoconversion, moving away from a meta-stable

conformer with less chromophore tetrapyrrole-ring m-conjugation [43] helps the system to relax
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across a smaller barrier en route to the Lumi intermediate. The TA-uncovered major lifetimes of
~3 and 30 ps for P,* species (Fig. 4a) and ~13 and 217 ps for P,* species (Fig. 4b) are congruent
with the primary decay time constants of fluorescence at 42 ps and 200 ps for APgs43* (same as
P,*, emission peak at 610 nm) and APress* (same as P.*, emission peak at 670 nm), respectively
[20]. In both cases, the excited-state reaction barriers naturally involve the D-ring flipping motions,
concomitant with ultrafast motions of the surrounding solvent molecules and residue side chains

that underlie the chromophore-protein interactions in real time [54,56].

4. Conclusions

In summary, we have performed the wavelength-tunable fs-TA and GS-FSRS studies of both
the forward (152P; to '3EP,) and reverse (!°EP, to 152P;) photoconversion of a CBCR AnPixJg2 in
buffer solution at room temperature, essentially tracking the protein-chromophore interactions on
intrinsic molecular time scales. The forward reaction exhibits a longer-lived excited state and
requires two distinct steps with ~13 and 217 ps time constants before reaching the CI to form the
photoproduct (Lumi-R). Conversely, the reverse reaction exhibits a much faster excited-state
decay and takes a dominant ~3 ps step to cross a small barrier to reach the CI, allowing us to
resolve the Lumi-G accumulation on the 30 ps time scale within our detection time window. The
primary photochemical reaction coordinate has been attributed to a facile C15=C16 bond
isomerization that occurs on ultrafast time scales inside a tightly packed yet highly dynamic
chromophore pocket, which supports photoconversion via S;/Sy Cls.

Besides gaining fundamental insights into the reversible photoswitching processes of PCB
cofactor in AnPixJg2 upon electronic excitation, we have also provided vibrational signatures of
the red-absorbing ground state versus green-absorbing photoproduct via resonance Raman

enhancement across the visible to near-IR region. A strategic combination of the continuous-wave
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LEDs, ps Raman pump wavelengths, and fs Raman probe on the Stokes or anti-Stokes side allows
us to reveal a common blueshift of the high-frequency Raman modes from the P, to P, species,
corroborated by quantum chemistry calculations of the respective ground-state chromophore
structure involving a major D-ring twist and minor A-ring twist between the P, and P, conformers.
We envision that the deciphered mechanistic information at molecular level with correlated
electronic and vibrational signatures on ultrafast time scales can enable the targeted design of
photosensory units in protein matrix from the bottom up, achieving desirable properties in imaging
and optogenetic applications from color tuning, brightness, stability, to photoswitching efficiency,

reversibility, and signal contrast in more realistic environments.
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Highlights

* Cyanobacteriochromes display effective and efficient red/green photoswitching behavior
*  Femtosecond transient absorption spectroscopy revealed distinct intermediates

* Forward (red-to-green) is slower than reverse (green-to-red) reaction of AnPixJg2

* Tunable femtosecond stimulated Raman spectroscopy (FSRS) tracks protein color change

* Excited PCB cofactor undergoes ultrafast internal conversion to the ground state
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