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Supplementary Information Text

Experimental

Plasmid Construction and Primers Design

The wild type OaPAC:-102 (referred to as OaPACsLur) protein expression gene sequence was obtained from
GenBank (AFY83176.1) and synthesized by Genewiz. The OaPACgLur plasmid was constructed by inserting
the protein expression fragment into a pET28a vector at the Ndel-Hindlll restriction sites, enabling
overexpression in E. coli with an amino terminus His tag. The reconstructed plasmid (hereafter referred to as
pETOaPACsgLur) was purchased from Genewiz and gene sequencing was conducted to ensure the expression

gene sequence is correct.

To investigate the photochemistry of OaPACgLur, Several mutants were designed including WO9O0F,
Y6F/WO0F, Q48A/W9I0F, Q48E/WI0F. The mutant plasmids were constructed using the QuickMutation
site-directed mutagenesis kit (D0206, Beyotime) and pETOaPACzgLur as a template. The primer sequences

used were listed as below and all plasmids constructed were verified by sequencing.

‘Mutant  Primer Sequences
WOOF 5-
(referredtoas GTCCAAGAAAGAATGTTTCCTGATTTCTCCATGCAAACGATTAACCTG
WT) G-3’
5-
CCAGGTTAATCGTTTGCATGGAGAAATCAGGAAACATTCTTTCTTGGA
c-3’
Y6F/W90F 5-GAAAAGACTCACCTTTATTAGTAAATTTTCCCGCCCCCTC-3’
5-GAGGGGGCGGGAAAATTTACTAATAAAGGTGAGTCTTTTC-3’
5-
GTCCAAGAAAGAATGTTTCCTGATTTCTCCATGCAAACGATTAACCTG
G-3°
5-
CCAGGTTAATCGTTTGCATGGAGAAATCAGGAAACATTCTTTCTTGGA
c-3’
Q48A/WI0F  5-GTCTGGACGGGATATTTTTTGCCATCCTCGAAGGCGAAGCGGAG-3’
(referredtoas  5-CTCCGCTTCGCCTTCGAGGATGGCAAAAAATATCCCGTCCAGAC-3’
Q48A) 5-
GTCCAAGAAAGAATGTTTCCTGATTTCTCCATGCAAACGATTAACCTG
G-3’
5-
CCAGGTTAATCGTTTGCATGGAGAAATCAGGAAACATTCTTTCTTGGA
c-3’
Q48E/W90F 5-CTGGACGGGATATTTTTTGAAATCCTCGAAGGCGAAGCG-3’
(referredtoas  5’-CGCTTCGCCTTCGAGGATTTCAAAAAATATCCCGTCCAG-3’
Q48E) 5-
GTCCAAGAAAGAATGTTTCCTGATTTCTCCATGCAAACGATTAACCTG
G-3’
5-
CCAGGTTAATCGTTTGCATGGAGAAATCAGGAAACATTCTTTCTTGGA
c-3’



Protein Expression and Purification

All of the OaPACgLur mutants including the native wild-type were expressed and purified with a standard
laboratory method. First, the expression plasmid was transformed into the BL21(DE3) strain of E. coli. The
transformed cells were grown in LB medium supplemented with kanamycin (50 ug/mL) at 30 °C to ODggo ~
0.7. Overexpression of the protein was induced by adding 0.7 mM isopropyl-p-D-thiogalactopyranoside
(IPTG) into the culture. The culture was further incubated at 18 °C for 15~17 hours under dark condition

before harvesting the cells for protein purification.

The following purification processes were conducted under red-light or dark condition. Sonication method
was employed to release the target protein from the harvested cell pellet. The sonication supernatant was
collected using centrifuge and incubated with FMN on ice for at least 45 min. The protein was purified with
column chromatography starting with loading the supernatant onto a Ni-NTA Agarose column for affinity
purification of His-tagged protein. The column was washed with 50 mM imidazole buffer and His-tagged
OaPACegLur was eluted with 250 mM imidazole buffer. The high salt containing imidazole elusion buffer
was then exchanged into storage buffer (50 mM Na;HPO./NaH,PO,4 pH 8.0, 100 mM NaCl, 2 mM DTT, 5%
Glycerol) using an SDG-25 gel-filtration chromatography column according to standard laboratory procedure.

The purified protein was stored at -80 °C after quick-frozen with liquid nitrogen.

All of the protein samples were diluted to 200~300 puM before transient absorption experiments. The storage
buffer was exchanged into NaoHPO4/NaH;PO4 pH = 8.0 buffer with SDG-25 column chromatography. Some
of the protein samples were prepared as dried powder by lyophilization. They were solubilized in pH = 8.0
H>0 buffer and filtered with a 0.45 um syringe filter before transient absorption (TA) experiment. For D20
experiments, the samples were prepared by exchanging the pH = 8.0 H,O buffer into pD = 8.5 D,0 buffer
by incubation (5 hrs) and lyophilization for three cycles, where the protein was incubated for at least 5 hours

in each exchange cycle to ensure complete H/D exchange.

Steady-State Spectroscopy

Steady-state UV/Vis spectra of OaPACgLur mutants were analyzed with a UV/Vis spectrometer (UV-2600,
Shimadzu, Japan) under dark condition. All samples were measured with in a 2-mm pathlength cuvette and
sample concentrations were controlled at 200~300 uM. Because the signaling state of OaPACgLur WT only
persists for seconds, preventing the recording of the red-shifted UV/Vis spectrum using a steady-state UV/Vis
spectrometer (UV-2600, Shimadzu, Japan), the static red-shifted UV/Vis spectrum of WT (400 uM) was
measured with the commercial TA spectrometer (Helios Fire, Ultrafast Systems, USA) after being exposed
to a 450-nm blue light continuously from laser diode (15 mW) as reported in our previous work (1). The
pump beam which was employed in the TA experiments was blocked as the time-dependent measurement

function is not required in steady-state spectroscopy.



Transient Absorption (TA) Spectroscopy

The TA system was based on a Titanium/Sapphire femtosecond laser system (Solstice ACE, Spectral Physics,
USA) with 1 kHz repetition rate and output of ~100-fs pulse centered at 800 nm. For the pump beam, part of
the 800-nm pulse was directed into an optical parametric amplifier (TOPAS-Prime, Spectra Physics, USA)
to generate 480-nm pump pulse. The pump pulse was attenuated to 0.1 mW before reaching the protein
sample cell. Part of the 800-nm pulse feeds a commercial transient absorption spectrometer (Helios Fire,
Ultrafast Systems, USA) which includes the white light continuum generation systems and a detector system.
The visible continuum generation stage with Sapphire crystal and UV continuum generation stage with CaF
crystal were both employed in this work to probe from the UV to visible region. The build-in delay line in
the TA spectrometer has a time window up to 7 ns. A half-waveplate was used to adjust the relative
polarization between pump pulse and probe pulse to magic angle (54.7°). Sample (200~300 uM) refreshing
was achieved with a stir-bar in the 2-mm pathlength cuvette. Because the signaling state of OaPACgLur W90F
only persists for 12 seconds (Figure S2), there is almost no light-state species accumulated during the
measurement, which is double-checked with a control experiment using a flow cell. Static UV/Vis absorption
measurements were taken during the laser experiment to monitor the sample condition, ensuring that the

samples were replaced if photo-damaged.

A Step-by-step Tutorial on Data Analysis

In order to obtain the rate constant for the branching pathway (zisc) of FMN" decay, an ET and PT inert
Y6F/W90F mutant was designed and its kinetic was analyzed by fitting the transient absorption data globally
using a sequential model describing the process of the excited oxidized flavin (FMN™) decaying into the FMN
triplet state ((FMN). The evolution associated difference spectra (EADS) are obtained and shown in Fig. S4.
Individual Kinetic at 760 nm was also fitted with the sequential model where the fitting results are shown in
Fig. S4C exhibiting the kinetic traces of the two species involved. From this analysis, 7isc is determined to

be 2.8 ns and will be fixed in the target analysis for the other three mutants.

In order to describe the multi-phasic kinetics observed in 760 nm of WOO0F (referred to as WT in the
manuscript), a stretched parameter g is used. And the expression for reaction rate, Ti in the rate equation is
A

substituted by f; %for further data analysis. (2, 3) The kinetics solved from differential equations below
were convoluted with the instrument response function (IRF, ~100 fs) during the fitting. All the target
analyses described in the following paragraphs were conducted using a script written in MATLAB. Kinetic
at 760 nm was chosen to analyze the decay of FMN" because the signals above 720 nm are contributed by
SFMN and FMNonly. Assuming that the total concentration of the excited oxidized flavin (FMN™) is no
initially after excitation, the 760 nm kinetics was fitted as a summation of FMN™ and ®FMN kinetics using
the equations [S1-2] below where 7i5c is fixed as 2.8 ns. As a result, we obtain the pure kinetic trace of FMN"

where 7; and f1 are determined to be 172 ps and 0.5, respectively.



LIRMN*(6)] = ~By - [FMN*(8)] — 2 [FMN*(0)] [1]

T1

L [FMN*(£)] [S2]

a3 -t
dt[ FMN(t)] = —
The TA data of WT was globally analyzed using the conventional sequential model (EADS) to obtain the
spectrum of FMN” which is referred as Spectrum1 (Fig. S18). Spectruml contains the typical characteristics
of FMN" TA absorption. Considering the decay of FMN" (<z> = 344 ps) is not in sub-picosecond time scale,

Spectruml is a sufficient approximation of a pure FMN" spectrum.

The FMN™ component was then subtracted from the raw WT TA data matrix using a method inspired by the
Tahara’s group (4, 5) where the FMN”™ component is treated as a matrix as shown in equation [S3].
[Spectrum1],,,,; is the spectrum of the pure FMN" and [Kin1], ., is the extracted FMN" decay kinetic trace
obtained as described above using equations [S1-2]. Al is the weight of the spectra and kinetic vector. The
FMN" component subtracted matrix is obtained by subtracting [FMN*],,,»,, from the raw WT TA matrix and
the result of this subtraction is shown in main text Fig. 2F. This is an important step providing key information
that the first step proceeds via PCET and forms FMNH'" as the intermediate species. This also indicates that
the 7; and p; obtained above describe the decay of FMN" via a forward PCET process. This FMN" subtracted
matrix also shows that the FMNH" decays and forms the red shifted state (FMNyeq).

[FMN*],nxn = Al - [Spectrum1] ;51 * [Kinl];yp, [S3]

In order to obtain 7, and S, to describe the reverse PCET for the FMNH" decay and the formation of FMN g,
kinetics at 500 nm and 550 nm were chosen to be fitted simultaneously along with 760 nm kinetics. Where
the 760 nm kinetics was fitted using equations [S1-2] as described above. The 550 nm kinetics was fitted
with equations [S1-2, 4] as it also has absorption from FMNH" in this wavelength. 500 nm was fitted with
equations [S1-2, 4-5] as FMNq has a larger absorption here. 71, £1, and zisc were fixed to be 172 ps, 0.5, and
2.8 ns, respectively during the global fitting of the selected kinetics at the three wavelengths. Note that the
amplitude of 3FMN component was fixed according to the EADS results of Y6F/W90F mutant.

tB2-1
‘[ZBZ

: th1—1 . :
2 [FMNH (D)) = 1 5 [FMN*(0)] = B, - [FMNH (¢)] [s4]

L [FNN,eq(6)] = B, - [FMINH (0)] [s5]



To deconvolute the SADS spectra of all involving species (FMN", FMNH', FMNreq, SFMN) in WT, 71, 1, 72,
P2, and 7isc obtained from above were fixed and the full WT matrix was analyzed using equations [S6-9]. The
A4 - [SADS4],,., describing 3FMN SADS was fixed according to Y6F/W90F EADS results. The resulting
pure species spectra are Ai - [SADSi],,«, and kinetic traces are [Kini],, where i denotes each species as
indicated in equations [S6-9]. The model described by equations [S1-2, 4-5] is shown in the main text Fig.
3F, the resulting pure species SADS spectra and kinetic traces are shown in the main text Fig. 4. The residual
matrix of this target analysis is shown in Fig. S19 demonstrating the goodness of this fit. The same procedures
described in this section were applied for the DO case and the resulting parameters are listed in Table 1 in

the main text.

[FMN*],;,n = Al - [SADS1] 1 - [Kinl];xp [S6]
[FMNH ], = A2 - [SADS2],,,x1 * [Kin2];xn [S7]
[FMNcqlmxn = A3 - [SADS3],%1 * [Kin3];xn [S8]
[3FMN] i = A4 - [SADS4] 51 * [Kind] [S9]

The same analysis procedures described for WT were applied for Q48A/W9O0F (referred to as Q48A in the
manuscript). There are a few differences to note compared to the WT analysis, Q48A does not form FMN eq
and its target analysis model (main text, Fig. 3E) is described with equations [S10-12]. z; and g1 for forward
PCET process were obtained by fitting the 760 nm kinetic trace which is the same method as used in the
analysis of WT. The rPCET r and 8, were obtained from simultaneous fitting of 620 nm, 520 nm, 445 nm,
and 380 nm using equations [S10-12]. In Q48A, *FMN has a distinct kinetic trace profile and thus, the SFMN
amplitude in Q48A was not fixed during the target analysis. The resulting SADS and kinetic traces for Q48A

are shown in Fig. S9 whereas the residual matrix is shown in Fig. S19.

L [FMN'(0)] = =, S [FMN°(0)] — = [FMN* ()] [510]
% [3FMN(t)] = i [FMN*(t)] [S11]
L [FMNH (6)] = By S [FMN* (0] — B, S [FMNH ()] [512]

For Q48E/W9O0F (referred to as Q48E in the manuscript), the same analysis procedures described above for
WT were applied. There are a few differences to be noted in Q48E target analysis processes. The FMNH'
species formed in Q48E does not decay in our time window, thus its model as shown in main text Fig. 3D is

described with equations [S13-15] without the 7, and S, excluding a reverse PCET process. Similar to WT
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and Q48A, the forward PCET parameters (1 and 1) were obtained from fitting the 760 nm Kinetic using
equations [S13-14]. As the kinetic trace describing the formation of FMNH" (equation S15) is not easily
distinguished from the kinetic trace for the formation of 3FMN, the amplitude of 3FMN, A4 - [SADS4],,,.1,
in Q48E was fixed during the target analysis process using the EADS results of Y6F/Q48F which is similar
to the approach used in WT target analysis. The resulting SADS and kinetic traces for Q48E are shown in

Fig. S8 and its’ residual matrix is shown in Fig. S18.

L[FMN(0)] = =, S [FMN°(0)] — = [FMN* () [513]
2t PFMN(D] = —— [FMN"(0)] [S14]
L [FMNH (9] = , 57 [FMN° ()] [515]

Molecular Dynamics Simulations

The MD simulations were performed using Groningen Machine for Chemical Simulations (GROMACS)
software package. (6-8) Amber03 force field was employed during the simulations. The force field of the
FMN chromophore is generated by AmberTools21. The initial protein structure coordinates were obtained
from existing WT OaPAC crystal structure (PDB: 4YUT) where the mutations were constructed with the
PyMOL software for Q48E, Q48A and WT to generate the initial structure for the MD simulations. The water
mode was TIP3P. The Glu residues in all three proteins were deprotonated except for the Glu48 in Q48E
mutant according the transient infrared (TRIR) results of the Q63E mutant of AppA (9, 10). A cuboid box
was created and the distance between the box boundary and protein was set to be 1 nm. The protein was
solvated by water molecules in the box. System neutralization was conducted by adding Na* counterions.

Energy minimization (tolerance of 10 kJemol, maximum steps of 50000) was applied to ensure that the

system has no steric clashes or inappropriate geometry. System pre-equilibration was conducted to equilibrate
the solvent and ions under two phases, NVT ensemble (100 ps, 2 fs step size, 300 K) to stabilize the
temperature of the system and NPT ensemble (100 ps, 2 fs step size, 300 K, 1 bar) to stabilize the pressure
of the system. Finally, a 200-ns MD simulation trajectory (2-fs step size) was obtained after the pre-

equilibration processes at 300 K and 1 bar to mimic the experimental condition.



Table S1. Multiexponential fit of 760 nm kinetics of the three mutants in H,O and DO using y(t) =
Z Aie_t/f + Aoffset-

A1 (%) 71 (pS) Az (%) 72 (ps) As (%) 73 (pS) Aotrset (%0)

WT (H20) 16.6 297 38.4 72 41.3 456 3.7

WT (D20) 21.8 2.44 27.8 62 43 537 7.4
Q48A (H20) 32.9 14 59.5 110 7.6 841 0
Q48A (D20) 11 6.9 48 62 38.5 370 2.5
Q48E (H20) 35.0 44 62.5 273 2.5
Q48E (D20) 46.3 129 475 688 6.2




Trpout Trpin NI"Iin Trpin NHout ‘
PDB: 4YUT PDB: 1YRX PDB: 2HFN D

Fig. S1. Structures of the BLUF domain illustrating the (A) Trpou: (PDB entry: 4YUT), (B) Trpin-NHin
(PDB entry: 1YRX) and (C) Trpin-NHou: (PDB entry: 2HFN) conformations.
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Normalized AOD

100

Time (s)
Fig. S2. Dark state recovery kinetics of WT. The kinetic trace was obtained by monitoring the absorbance

change at 510 nm. The dark state recovery lifetime was determined by fitting the curve with a single
exponential function.
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Fig. S3. The UV/Vis difference static absorption spectra of FMN" (A), FMN~ (B), FMNH" (C) and FMN/eq
(D), with respect to FMNox. The FMN™ is obtained from OaPACsLur YB6W/W9OF target analysis results. (1)
The difference absorption spectra of FMN'~ and FMNH" are obtained from the references.(11, 12) The
difference absorption spectrum of FMNq is obtained by measuring the dark and red-shifted UV/Vis spectra

of WT. This will be quite useful in interpretation of the TA spectra by showing the relevant species’
characteristic absorptions.

12



=

1000

Time Delay (ps)
- S
o o

-

400

—17.7 ps
B —281ns
Inf

“r /m

~

()

AA (mOD)

8 760 nm

L ra
500 600
Wavelength (nm)

f
700

PRI NS  T ST S S S N
400 500 600
Wavelength (nm)

ol
700

0 1000 2000 3000 4000 5000 6000 7000
Time Delay (ps)

Fig. S4. (A) The original transient absorption 2D spectra of Y6F/W90F in H,O. (B) The EADS spectra
extracted from the global fitting results where the line in yellow shows the spectra feature of 3FMN. (C) The
kinetics decomposition of the dynamics at 760 nm for Y6F/W90F in H0.
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Fig. S5. Illustration of the difference of the intermediate species’ population in a normal kinetics (A) versus
a inverted kinetics (B) model. Species A, B and C represent the reactant, the intermediate and the product,
respectively. Note that in the inverted kinetics model, the decay of B matches with 71 and the rise 7. The
profile of B in the inverted Kinetics is the same as that in the normal kinetics, only with the feature of a much
smaller population, which is the case in WT in our work.
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Fig. S6. (A-C) Original transient absorption 2D spectra of Q48E, Q48A and WT in D20O. (D-F) The
corresponding transient absorption 2D spectra of Q48E, Q48A and WT after subtracting the contribution of
FMN" from the original data in D2O. The transient species of FMN", FMNH", 3FMN and FMNq are denoted
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Fig. S7. (A-C) Transient absorption kinetics traces of Q48E, Q48A and WT, respectively in DO cut from
the 2D contour map at selected wavelengths (760 nm, 628 nm and 390 nm), with the decomposed dynamics
of the reactant (FMN™), the intermediate (FMNH"), and the products (FMNrqg and 3FMN). Raw data are
represented with symbols and the fitted kinetics are represented with straight lines. The kinetics of the given
species are shown in colored dash lines.
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Fig. S9. SADS of Q48A in H20 (A) and D20 (C) condition. The corresponding Kinetic trace diagrams are
shown in B and D. The population evolutions of FMN*, FMNH" and 3FMN are represented by the red, blue
and yellow solid lines. The 3FMN SADS is not fixed as it has distinguishable kinetic trace from those of

others.
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Fig. S10. (A-C) The normalized SADS of FMNH /YO" (red line) in mutant Q48E, Q48A and WT. The
normalized SADS of FMNH /W' (blue line) extracted from the global fitting results of Y6W/W90F.(1) (D-
F) The difference between the corresponding FMNH/YO" of mutant Q48E, Q48A and WT to the
FMNH /W' of Y6W/W9OF. The red arrows in the figure denote the signal of YO and the blue arrows the
signal of W,

19



W

Fig. S11. The representative snapshot for the minor population in Fig. 5 where the bound water molecules in
Q48A form H-bond bridges between TyrO and the C4=0 of FMN.
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Fig. S12. (A) 200 nanosecond snapshots of MD simulation on Q48A, Q48E and WT. The total water
molecules at a distance of <5 A to the N5 of FMN (red) and < 10 A to the isoalloxazine (ISO) ring of FMN
(blue). (B) The corresponding distribution of the water molecules numbers surround the N5 (< 5 A) and
isoalloxazine ring (< 10 A) of FMN. The water molecules within 5 A are mostly structural water in the cavity.
The dynamics water molecules within 10 A are mostly around the charged phosphate group of FMN. (C) The
representative snapshot for the water molucules surround the N5 and isoalloxazine ring of FMN in Q48A,
Q48E and WT. The water molecules are displayed in red color (< 5 A, structural water) and green color (<
10 A, dynamics water molecules) for comparision.
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Fig. S13. (A) The reported SADS spectra of Y6W/W90F mutant in H,O. (B) The reported kinetic model of
Y6W/WIOF. (1)
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Fig. S14. The EADS spectra of Q48L/W90F extracted from the global fitting results where the line in
yellow shows the spectra feature of 3FMN. The 13.3 ps denotes the solvation time and the 2.5 ns is the

timescale for intersystem crossing.
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Fig. S15. The transient absorption 2D contour map of W90F (WT in the manuscript) (A) and the native WT
(B) after subtracting the contribution of FMN”. The red square dash denotes the signal of FMN"~ (see Fig.
S3B) and WH'* observed in native WT but is absent in WT. (C-D) The corresponding EADS. The arrow
denotes the transient signal of FMN"-, WH"* and FMNH" in the EADS.
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Fig. S16. (A) The time evolution of simulated distance between the O of Tyr6 to N5 of FMN in WT and N
of Trp6 to N5 of FMN in Y6W/W90F. (B) Distribution of the simulated distances between two atoms
calculated with MD simulation in 200 ns.
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Fig. S17. (A) Proposed reverse PCET mechanism by the Park group (13) for WT. (B) Proposed reverse PCET
mechanism for Q48A in this work. Note the similarity of the pathways in the two cases. Flows of the electrons
and protons are denoted by the red and green arrows, respectively.

26



(A) 30 (B) 3o Q48A ~ 0epe
— 117 ps
= . 20 —— 858 ps
8 8 10 — Inf
E E
0.0 = =)
3 g
-1.0
20 HQO
1 1 1 1
3.0 —— 106 ps
—— 746 ps
2.0 —— 383 ps
- = ——20ns
3 8 10 Inf
E E A A
< g 0.0 ~ = J\- - FmE =
-1.0
-20 D,O
\ L L L | L f L N L L
400 500 600 400 500 600 700 400 500 600 700

Wavelength (nm)

‘Wavelength (nm)

Wavelength (nm)

Fig. S18. The evolution associated spectra (EADS) of Q48E (A), Q48A (B) and WT (C) in H;O and DO

conditions.
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Fig. S19. (A-C) The SADS residual matrices of Q48E, Q48A and WT in H,O condition. (D-F) The

corresponding residual matrices in D2O condition. R is the correlation coefficient of the data and fitting

results.
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