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The blue light using flavin (BLUF) domain is one of nature’s smallest photoswitching protein domains, yet a 
cross-species photoactivation mechanism is lacking. Its photoactivation involves an intricate bidirectional 
proton-coupled electron transfer (PCET) reaction; however, the key reverse PCET route remains largely 
elusive, with its elementary steps undissected. Here, we resolved the light-state photoreaction cycles of the 
BLUF domains in 3 species, i.e., AppA from Rhodobacter sphaeroides, OaPAC from Oscillatoria acuminata, 
and SyPixD from Synechocystis sp. PCC6803, with a unified kinetic model. Using mutant design and 
femtosecond spectroscopy, we captured the spectroscopic snapshots of a key proton-relay intermediate 
in all species, revealing that the light-state photoreaction cycle consists of 4 elementary steps including 
a forward concerted electron-proton transfer (CEPT), a 2-step proton rocking, and a reverse CEPT. We 
emphasize that the last reverse CEPT step (1.5 to 3.7 ps) is shared by both the light-state and dark-state 
photocycles and is essential to the photoswitching functionality.

Introduction

Proton-coupled electron transfer (PCET) is a known trick 
played by many enzymes that couple the motions of protons 
and electrons to achieve efficient catalysis [1–4], inspiring 
organic chemists to design new synthetic routes for redox reac-
tions [5]. Besides enzymes, PCET reactions have been found 
in another group of protein machines, namely, photoreceptors 
[6,7], which arrest solar energy to regulate important biological 
processes including enzymatic catalysis, proton pumping, cir-
cadian rhythm entrainment, and others [8–13]. Among them, 
a bidirectional PCET reaction is key to the photoactivation 
of one photoreceptor named blue light using flavin (BLUF) 
domain (Fig. 1A) [6,14,15]. Exploring the photoswitching 
mechanisms within the BLUF domain reveals new opportuni-
ties for applying PCET theory to the de novo design of opto-
genetic tools, enabling the development of tailored responses 
in photoreceptors through controlled light-triggered PCET 
processes.

For certain BLUF domains such as SyPixD and OaPAC, a pho-
toactivation mechanism is proposed as shown in the dark-state 
photocycle in Fig. 1B. Upon blue-light excitation, the excited flavin 
mononucleotide (FMN) oxidizes a nearby Tyr to form charge-
separated (CS) state FMN˙−/Q/YOH˙+, which is coupled with a 
proton relay (PR) via the intervening Gln, giving rise to a transient 
PR state FMN˙−/QH+/YO˙ and subsequently a di-radical (DR) 
state FMNH˙/Q/YO˙, in the forward PCET (fPCET) half-cycle 

[6,14–16]. Gln presumably isomerizes and/or flips before or upon 
a much elusive reverse PCET (rPCET) half-cycle and lands 
in a so-called “light state” [17–20], wherein the hydrogen bond 
(H-bond) surrounding FMN is rearranged [6], driving down-
stream conformational changes. The light-state BLUF domain can 
also undergo a blue-light-initiated photoreaction cycle (Fig. 1C) 
[16,21–26], which is less attended as being thought of as func-
tionally irrelevant.

However, in other species including AppA and BlsA from 
Acinetobacter baumannii, no DR intermediates have been cap-
tured so far, questioning the generality of the mechanism above 
[27–29]. The central question in this field remains: Does a uni-
fied photoactivation mechanism exist across the species? In fact, 
the dark-state photocycle consists of at least 6 elementary steps 
(fET, fPT1, fPT2, rPT2, rPT2, and rET in Fig. 1B), of which 
the concertedness, temporal sequence, the rates, and the kinetic 
isotope effects (KIEs) remain largely unknown to date. With 
different combinations, those elementary steps constitute vari-
ous reaction motifs including PCET [30,31], PR [19,32–34], and 
proton rocking [35], which are ubiquitous in protein machines. 
Hence, our group takes an alternative strategy by searching for 
species within each route through theory-guided mutant design 
and successfully identified CS [36,37] and PR [37] intermedi-
ates. In particular, the PR intermediates refer to a crucial tran-
sient species completing one PT step right before the occurrence 
of the second PT, which have been overlooked in previous 
research.
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More recent work has enlightened us that the photoreaction 
cycles of the dark state and light state may share a similar 
rPCET route (Fig. 1B and C), involving the same set of donor-
bridge-acceptor configurations [16,19]. We also noted that 
the excited FMN state (FMN*) quenching of the light state is 
1 or 2 orders of magnitude faster than that of the dark state 
[6,14,23,25,26]. Kinetically, for a sequential reaction, the 
observable build-up of the PR intermediates will be more pro-
nounced when the initiating step is rapid and the decay of 
the PR intermediates is slow, showing a fast-rise and slow-
decay dynamics, as opposed to a slow-rise and fast-decay 
dynamics. Hence, in this work, we take a detour and dissect 
the elementary steps in the light-state photoreaction cycle in a 
cross-species manner by quantifying the congruous PR inter-
mediates, shedding light on the essential rPCET process of the 
dark-state photoactivation.

Results and Discussion

Capture of a key relay intermediate
In this work, we investigate the light-state photoreaction cycles 
of the BLUF domains in 3 species, namely, AppA, OaPAC, and 
SyPixD. Those 3 BLUF domains belong to 2 categories based 
on their dark-state photoreactions, where one for AppA, which 
has no intermediates being observed yet [14,27,28], and the 
other for OaPAC [14,15,38] and SyPixD [6,14,28,32,39,40] 
where the FMNH˙ and/or FMN˙− intermediates are evidently 
detected. We consistently followed the procedure of mutating 
the nearby Trp to an inert Phe to exclude the interference of 
Trp and thus focus on the central photoreaction [15,36,37], as 
its presence does not impede the formation of the red-shift 
light state (Fig. S1). More importantly, we will show next that 

the elimination of a branching ET pathway facilitates the accu-
mulation and quantification of a key PR intermediate in all 
3 species.

All BLUF domain samples were expressed and purified 
according to standard procedures [Supplementary Materials, 
“Methods”]. Femtosecond ultraviolet/visible (UV/Vis) tran-
sient absorption (TA) spectroscopic experiments were per-
formed with a pump wavelength of 480 nm. The samples are 
measured in a 2-mm static cell under continuous illumination 
of a blue-light laser, the power of which was adjusted to ensure 
a negligible percentage of dark-state molecules left (see Fig. S2 
for power-dependent results). The remaining minor signals that 
arise from the dark state are subtracted using the dark state TA 
data in the data analysis (see the Supplementary Materials, 
“Tutorial on the kinetic data analysis” for analysis tutorial). 
To ensure the sample conditions during the TA experiments, 
steady-state UV/Vis spectroscopy (Fig. S3) is used to monitor 
the condition of the sample, and fresh samples are exchanged 
once the sample is photodamaged. To acquire the KIE, TA mea-
surements were also conducted in D2O conditions after going 
through 3 rounds of hydrogen/deuterium (H/D) exchange.

The TA data of the 3 light-state BLUF domains in H2O are 
plotted as 2D TA data in Fig. 2 (D2O data in Fig. S4). As shown 
in Fig. 2A to C, all 3 species exhibit characteristic features of 
FMN* (see Fig. S5 for reference spectra) [36,39] as observed at 
early time delays. The FMN* spectral characteristics evolve into 
band features, which can be attributed to FMNH˙ in a few 
picoseconds for its broad absorption centered at ~550 nm, and 
a negative feature around 390 nm arises from the difference 
between the transient FMNH˙ and the ground state FMN (Fig. S5) 
[36,39]. Note that as TA probed as in ΔA = Apump-on − Apump-off, 
the ground state bleaching (GSB) of FMN centered at ~445 nm 

Fig. 1. Structure of the BLUF domain and proposed mechanism. (A) FMN-Q-Y triad in the BLUF domain from OaPAC (PDB ID: 4YUT). The proposed mechanisms for the photocycles 
of the dark state (B) and the light state (C) are shown. Electron transfer (ET) processes are indicated with red half-arrows, and proton transfer (PT) processes with blue full 
arrows. Solid arrows represent fPCET routes, whereas dashed arrows represent rPCET routes. The dashed frame implies that the dark-state and light-state photoreaction 
cycles may share a similar rPCET process. DR intermediates are labeled.
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is associated with all transient species. In order to reveal the 
underlying intermediate species masked by the overwhelming 
FMN* signals, the FMN* kinetic contribution is subtracted 
according to a methodology developed by Tahara and col-
leagues [16,22] and our groups [15] (see the Supplementary 
Materials, “Tutorial on the kinetic data analysis”). The FMN* 
contribution consists of the excited-state absorption (ESA), 
the simulated emission (SE), and the GSB. Remarkably, after 
removing the FMN* contribution, a new transient intermediate 
is observed to rise almost instantly and decay in a few picosec-
onds with the concurrent rise of FMNH˙ (Fig. 2D to F). This 
transient intermediate has characteristic absorptions at 330 to 
400 nm and ~510 nm, which are characteristic of FMN˙− (Fig. 
S5) [41]. The signals of FMN˙− are small, indicating that the 
rate of FMN˙− formation is slower than the overall rate of 
FMN˙− decay, causing the FMN˙− population unable to accu-
mulate. The positive absorption at ~410 nm may indicate 
the contribution from TyrO˙ overlapping with the signals of 
FMN˙− and FMNH˙ (Fig. 2D to F).

Construction of a kinetic model
Next, we examine the kinetic transient selected from the 2D 
TA data (Fig. 2) at certain crucial wavelengths in order to con-
struct a kinetic model with physical meanings using OaPAC 
(Fig. 3), and the results for SyPixD and AppA can be found in 
Fig. S7. We first invoked a stretched function [15,42], f(t) = Ae−(t/τ)β,to 
fit the dynamics at 760 nm (Fig. 3A), which has a predomi-
nant contribution from FMN*, where β is the stretched param-
eter, τ is the lifetime, and A is the amplitude. This approach is 
employed to reflect ET coupled with solvent dynamics and/
or PT coupled with H-bond fluctuations. The FMN* decay 

has a robust KIE of 1.9 to 2.1 (Table) for all 3 species by 
comparing the rate constants between the H2O and D2O results 
(Fig. 1C). This finding is in contrast to cases where Trp is the 
electron donor and the kinetics at 760 nm would show negli-
gible KIE (Fig. S8), suggesting that the fET is concerted with 
the fPT1 here. Hence, the crucial intermediate FMN˙− we 
observed in the subtracted 2D TA data should be a PR inter-
mediate instead of a CS state formed when the proton is already 
transferred from the reduced TyrOH˙+ to the bridging Gln. 
The kinetics at 633 nm (Fig. 3B) is chosen to represent FMNH˙ 
dynamics since it has a minimal contribution from FMN* and 
FMN˙− (Fig. S5). Using an empirical sequential model, we 
acquired that FMNH˙ decays with 56 ps in H2O and 247 ps in 
D2O, resulting in a KIE of 4.4 (Table S1 and Fig. S9), suggesting 
that the reverse process is PT-driven, excluding the possibility 
of being the sequential rET/rPT mechanism. Furthermore, a 
direct hydrogen atom transfer (HAT) process is also excluded, 
as the reverse ET and PT acceptors are multi-site. In addition, 
QM/MM calculations [19,43] support the reverse process is 
sequential rPT2, rPT1, and rET, we have therefore excluded 
this model in our previous study [36]. From the FMN* subtrac-
tion analysis (Fig. 2D to F), we learn that 364 nm (Fig. 3D) 
contains contributions from FMN*, the crucial FMN˙−, and 
negligible FMNH˙ absorptions, so it can be used to obtain the 
kinetics of FMN˙−. The entire raw data fully recover, suggesting 
that almost all the transient species return to the ground state with-
out any other substantial branching pathway, such as intersystem 
crossing to a triplet state, which is represented by the 445-nm 
GSB kinetics (Fig. 3C). Together, we construct a kinetic model 
as shown in Fig. 4A to C. τ1 represents the concerted fET and fPT1 
step (Fig. 1C), which generates the PR intermediate. τ2 and τ3 

Fig. 2. 2D TA data of light-state BLUF domains obtained with pump wavelengths at 480 nm in H2O under continuous illumination of blue light. The raw TA matrices of AppA 
(A), OaPAC (B), and SyPixD (C) are plotted in the top row. The TA matrices with the FMN* contributions removed are plotted for AppA (D), OaPAC (E), and SyPixD (F). The 
characteristic absorption of FMN*, FMN˙− (with dashed frames), and FMNH˙ is also indicated. The raw data in pre-t0 region are illustrated in Fig. S6.
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describe the proton rocking from GlnH+ in the PR inter-
mediate to FMN˙− and back onto the Gln bridge to regener-
ate the PR intermediate. τ4 symbolizes an rPCET (rPT1 and 
rET in Fig. 1C) process, which fully repopulates the ground 
state.

The constructed model is coherent with 2 recent conceptual 
advances. First, the concept of proton rocking in the BLUF 
domain was first proposed by Batista and Malvankar groups 
[35] and was experimentally demonstrated by our group with 
the Y6W mutant [36] and wild type (WT) [15]. The determi-
nation of proton rocking is essential in that it unravels the 

sequence of the elementary steps, i.e., the bidirectional PR of 
the Y6W mutant [36] is sandwiched between the fET and the 
rET in time, in agreement with our FMNH˙ decay in this study 
having a KIE of 4.4 (Table S1). Second, the PR through the 
compact H-bond network in BLUF domain has long been 
perceived as concerted, known as the Grotthuss mechanism 
[44,45]. Recently, the Hammes–Schiffer group has predicted that 
the PR via an H-bonded chain such as in the benzimidazole-
phenol (BIP) constructs could be asynchronous on an ultrafast 
timescale [34], illuminating that the key to dissecting multiple 
PT steps is to seek for the PR intermediates. The first PR 

Fig. 3. UV/Vis TA kinetics from selective wavelengths. The kinetics selected at 760 nm (A), 633 nm (B), 445 nm (C), and 364 nm (D) are from the TA matrix of the OaPAC BLUF 
domain in H2O and D2O. Each respective kinetics is represented with color solid lines, and the raw data are represented with symbols for H2O (○) and D2O (∆). The decomposed 
kinetics for intermediate species, FMN*, FMN˙−, and FMNH˙ are illustrated with color dashed lines. The inserts are the corresponding kinetics scaled to 120 or 890 ps. It is 
important to note that the signals measured in our TA experiments represent the difference absorption of intermediates, thereby capturing absorption changes due to the 
formation or decay of these species relative to the ground state.
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intermediate was captured in an engineered BLUF mutant with 
the FMN-E-W motif [37] where fPT2 proceeds before fPT1, 
showing the spectral profile for FMNH˙/E-COO−/WH˙+. 
Here, we captured a congruous PR intermediate in the light-
state photoreactions of 3 species when fPT1 occurs ahead 
of fPT2, with the nature of FMN˙−/QH+/YO˙ instead. In fact, 
traces of FMN˙− have already been captured in the light-state 
photoreaction of SyPixD by the Tahara group [16], yet the 
importance is undermined since its nature as a PR intermediate 
was not realized.

Dynamics of the elementary steps
Our group has developed a methodology to obtain parameters 
for proposed kinetic models from the TA results [15,36,37]. 
Briefly, we fit the kinetics from the selected wavelengths (Fig. 3) 
using the proposed model with the application of a stretched 
function. Then, according to the fitted parameters, we decon-
volute the TA data into species-associated differential spectra 
(SADS) (Fig. 4G to I) and species-associated kinetic traces (Fig. 
4D to F). These fitting processes are repeated in an iterative way 
such that the fitting residue is minimized and the SADS 
obtained in both H2O and D2O agree with each other (detailed 
data analysis tutorial in the Supplementary Materials, “Tutorial 
on the kinetic data analysis”).

With the fitted parameters (Table), we acquire deconvoluted 
species-associated kinetic traces and the SADS (Fig. 4 for H2O 
and Fig. S11 for D2O). The SADS obtained from both H2O and 
D2O datasets are in good agreement with each other, indicating 
a successful target analysis. The red SADS have a typical trait 
of FMN* [36,39], and the green SADS are characteristic of 
FMNH˙ (Fig. S5) [36,39]. The comparison of the green SADS 
and a reported pure FMNH˙ spectrum reveals the key feature 

of TyrO˙ at ~410 nm [7,15,32] in all 3 species (Figs. S12 and 
S13). Importantly, the blue SADS represent the key PR inter-
mediate, which contains positive features at 350 to 400 nm and 
~510 nm characteristic of FMN˙− (Fig. S5) [41]. Intriguingly, 
the PR intermediate absorption for AppA and OaPAC has an 
evident TyrO˙ absorption at 410 nm and no absorption extend-
ing above 550 nm, likely implying that the proton is fully trans-
ferred onto Gln, whereas for SyPixD, the absorption at 410 nm 
is minimal and there is a tail extending above 550 nm that 
might be due to a more delocalized proton between Tyr and 
Gln [46]. Given the challenges of spectral overlap and congestion 
in the visible range, it is essential to conduct further ultrafast 
infrared spectroscopy experiments to obtain more definitive 
spectral evidence of the proton’s localization status.

The nature of proton rocking and coupled  
electron transfer
From the fitted parameters (Table), the nature of each indi-
vidual step in the photoreaction cycle can be unraveled. τ1 
values for step 1 (Fig. 4A to C) are on the same order of 
magnitude with the trend AppA > OaPAC > SyPixD, all exhib-
iting a highly stretched behavior (β = 0.50 to 0.69) (Fig. S14) 
and a notable H/D KIE (1.9 to 2.1). The stretched parameters 
of the 3 species have exceeded the typical range of 0.72 to 
1.0 for a pure ET reaction [47,48], wherein only the coupling 
of ET with solvation needs to be considered. For instance, 
FMN* in our previously reported FMN-Q-W mutant is quenched 
by a pure ET, where the dynamics exhibit almost no KIE 
and no stretch (KIE = 1.1, β = 1.0) [36], and a CS state is 
clearly observed. In sharp contrast, the small stretched param-
eter, a notable KIE, and the absence of a CS state in step 1 
of all light-state photoreaction cycles highly resemble that 

Table. Parameters obtained from the kinetic analysis of AppA, OaPAC, and SyPixD light-state photoreaction cycles in both H2O and D2O us-
ing the proposed model in Fig. 4A to C. τ1 to τ4 represent the 4 elementary processes, where a set of τ and β parameters is used to describe 
the kinetics.

H2O D2O

Parameters a τ (ps) β <τ> (ps) τ (ps) β <τ> (ps) KIE b

AppA τ1 4.9 0.69 6.3 9.7 0.64 13 2.1

τ2 2.0 0.85 2.2 3.0 0.85 3.3 1.5

τ3 8.7 0.70 11 63 0.70 80 7.3

τ4 1.5 0.97 1.5 2.3 1.0 2.3 1.5

OaPAC τ1 1.9 0.55 3.2 3.1 0.50 6.2 1.9

τ2 1.8 0.80 2.0 3.1 0.80 3.5 1.8

τ3 14 0.70 18 78 0.71 97 5.4

τ4 2.7 1.0 2.7 3.6 0.95 3.7 1.4

SyPixD τ1 0.7 0.50 1.4 1.4 0.51 2.7 1.9

τ2 2.7 0.70 3.4 5.3 0.70 6.7 2.0

τ3 24 0.70 30 128 0.70 162 5.4

τ4 3.6 0.96 3.7 4.1 0.95 4.2 1.1

aThe average lifetime 〈τ〉 reported in this work is calculated using ⟨�⟩ = �

�
Γ

�
1

�

�
, where the gamma function is Γ

(
1

�

)
= ∫+∞

0
t�

−1
−1e−tdt, β is the stretched 

parameter, and τ is the lifetime.
bkH/kD = 〈τ〉D/〈τ〉H is used to calculate the KIE.
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of the reported dark-state photocycle (KIE = 2.2, β = 0.5) 
[15], leading to the conclusion that step 1 in both the light-state 
and dark-state photocycles proceeds via a Tyr-based concerted 
electron-proton transfer (CEPT) mechanism, as reported 
in biomimetic systems [3,30]. CEPT is highly sensitive to 
H-bond distances d, causing 3 orders of magnitude change 
in rate constants when the difference in d is only ~0.2 Å−1 
[49,50]. Hence, the small β values we obtained here are a 
manifestation of a wide H-bond distance distribution that 
results from the dynamic H-bond network fluctuations [51,52] 
such as those induced by the rotation of the imidic Gln side 
chains.

Step 4 (τ4, Fig. 4A to C) involves the reverse PT (rPT) from 
the imidic Gln = NH2

+ to TyrO˙ and the charge recombination 
between FMN˙− and TyrOH˙+. This process exhibits a large β 
of 0.95 to 1.0 in both H2O and D2O, and KIE of 1.1 to 1.5 which 
is relatively small for the 3 light-state species. A proton-involved 
process may also exhibit a small KIE, especially when vibra-
tional excited states are involved. A similar observation has also 
been made in anthracene-phenol-pyridine triads previously 
reported where the reverse CEPT process has a KIE of 1.0 [31]. 
Together, steps 1 and 4 constitute the first proton rocking pro-
cess in the photoreaction cycle, coupled with charge separation 
and charge recombination, respectively.

Steps 2 (τ2) and 3 (τ3) (Fig. 4A to C) reveal a second proton 
rocking process between GlnH+ Nε2 atom and FMN˙− N5 (Fig. 
S15). Using ∆GPT =  − RT ·  ln (τrPT/τfPT), the PT driving forces, 
∆GPT of AppA, OaPAC, and SyPixD are calculated to be −41 
meV, −56 meV, and −55 meV in H2O (−81 meV, −84 meV, 
and −81 meV in D2O), respectively. This slightly downhill process 
ensures that the proton transfer is bidirectional and the pho-
toreaction will not linger on the DR state. The pKa gradient is 
calculated with Eq. 3 to be 0.7 to 1.0 in H2O (1.4 in D2O) across 
the 3 species using the reported time constants in Table [53]. 
Notably, such matching pKa between imidic Gln = NH2

+ and 
FMN˙− is established right after step 1, and both the effect of 
the strong electric field induced by step 1 [54,55] as well as the 
following polarization of the protein medium [56] should be 
considered from the theoretical aspect. Most importantly, as 
shown in the model (Fig. 4A to C), with the initial step 1 arriv-
ing at the PR intermediates, steps 2 and 4 are parallel pathways 
for the decay of the relay intermediates. Hence, the light-state 
photoreaction cycle has 2 routes where one undergoes a com-
plete cycle of sequential steps 1-2-3-4, and the other shortcut 
proceeds with only steps 1-4, enlightening us that the second 
proton rocking (steps 2-3) is actually not compulsory for com-
pleting the light-state photoreaction cycle and can be viewed 
as a pluggable reaction motif.

Fig. 4. Kinetic models, species-associated kinetic traces, and SADS. Proposed kinetic models for the light-state photoreaction cycles of AppA (A), OaPAC (B), and SyPixD (C). 
The τ values given in the models are fitted averaged lifetimes (Table), where those for D2O are given in brackets. The species-associated kinetic traces (D to F) and SADS (G 
to I) deconvoluted from the TA matrices in H2O using the proposed model are shown for AppA, OaPAC, and SyPixD, respectively. The excited state (FMN*) is indicated with red, 
the PR intermediate (FMN˙−/QH+/YO˙) with blue, and the DR state (FMNH˙/Q/YO˙) with green. The residual matrices are illustrated in Fig. S10.
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Configuration of the Gln residue in the triad
It has been under debate in the light state whether Gln has a 
flipped imidic geometry [17–19,57] (Fig. 5B, upper left panel; 
model 1) proposed by Domratcheva et al. or a normal imidic 
geometry [16,58,59] (Fig. 5B, upper right panel; model 2). In 
order to deduce the light-state Gln configuration, we compare 
our resolved light-state results above with 2 designed OaPAC 
BLUF mutants. While the FMN-H-Y mutant (Q48H/W90F; 
Fig. 5B, lower left panel) mimics model 1 where the proton 
relays via a sp2 nitrogen moiety, FMN-H2O-Y (Q48A/W90F; 
Fig. 5B, lower right panel) mimics model 2 where the proton 
relays via the oxygen moiety of the structural water as reported 
[15]. As shown in Fig. 5A and Table S2, the FMN* decay rep-
resented by the 760-nm kinetics is 20 ps (β = 0.58) for FMN-
H-Y and 105 ps (β = 0.63) [15] for FMN-H2O-Y.

The driving force of CEPT has ET and PT contributions (Eq. 1) 
[53] where the former can be estimated using Eq. 2 [53], in which 
Eo(TyrOH+/0) is the redox potential of the electron donor Tyr and 
Eo(FMN∗0/−) is the redox potential of the electron acceptor FMN*, 
and is speculated to be similar in various mutants due to similar 
environments. The PT driving force [ΔGo(PT)] can be estimated 
using Eq. 3 [53], which is proportional to the pKa gradient (ΔpKa) 
between the TyrOH˙+ proton donor and the bridge proton accep-
tor. For FMN-H-Y, ΔpKa is ~8 since pKa(TyrOH˙+) ~−2 [53] and 
pKa(HisH˙+) = 6.0 [60], while in the case of FMN-H2O-Y, the ΔpKa 
between TyrOH˙+ and proton acceptor moiety [pKa(-OH2

+) ~−2] 
[61] is ~0. A more favorable CEPT driving force in FMN-H-Y leads 
to a 5.25-fold larger rate constant (Fig. 5A and Table S2) compared 
to FMN-H2O-Y, suggesting that the reaction is in the Marcus nor-
mal region. In fact, the case of Marcus inverted region in PCET is 
very rare due to the involvement of excited vibrational states [31,62]. 
If the light state adopts the configuration of model 1 (Fig. 5B), the 
forward CEPT (fCEPT) between TyrOH˙+ and a flipped-imidic 

Gln [pKa(=NH2
+) ~7.5] [63] with a large ΔpKa ~9.5 is expected to 

proceed more rapidly than that of FMN-H-Y. In contrast, if the 
light state has the model 2 (Fig. 5B) configuration, the ΔpKa 
between TyrOH˙+ and the normal-imidic Gln [pKa(-OH2

+) ~−2] 
[61] is around 0, presumably resulting in a kinetics behavior similar 
to FMN-H2O-Y. Evidently, as shown in Table and Fig. 5A, the light-
state OaPAC BLUF domain has the fastest decay time of 3.2 ps 
(β = 0.55), demonstrating that the configuration of model 1 is more 
likely to be adapted from a PCET perspective.

The last rPCET step is crucial for photoactivation
The elucidation on the cross-species light-state photoreaction 
cycles sheds light on a possible conserved mechanism on the 
dark-state photocycle (Fig. 6). Notably, the fCEPT lifetime 
(3.2 ps) for light-state OaPAC is about 100-fold faster than that 
for the dark state (344 ps) [15]. The proton acceptor is Gln 
(imidic) Nε2 (pKa ~7.5) [63] for the light state and Gln(keto) 
Oε1 (pKa ~−2) [61] for the dark state (Fig. S15), where an sp2 
N atom is a much better proton acceptor than a sp2 O atom for 
being more electron-rich [64], resulting to a pKa gradient 
(ΔpKa) of ~9.5 for the light state and ~0 for the dark state. 
Hence, the fast FMN* quenching in the light state can be attrib-
uted to the reaction being more exoergic, supporting a CEPT 
reaction in the Marcus normal region. This is also consistent 

(1)ΔGo = ΔGo(ET) + ΔGo(PT)

(2)

ΔGo(ET)=−FEo=

−
(

23.06 kcal mol−1 V−1
)

×
[

E
o
(

TyrOH+∕0
)

−E
o
(

FMN∗0∕−
)

]

(3)

Fig. 5. Designed mutants to determine the configuration of the bridging Gln in the light state from a PCET perspective. (A) The 760-nm kinetics representing the decay of 
FMN* for the OaPAC BLUF domain light state (red), FMN-H-Y (blue), and FMN-H2O-Y (green) mutants. (B) Possibility of light-state Gln configuration in a flipped imidic form 
in model 1 (upper left) and in a normal imidic form in model 2 (upper right). The relevant OaPAC mutants, Q48H/W90F (FMN-H-Y; lower left) and Q48A/W90F (FMN-H2O-Y; 
lower right), designed to verify the geometry of light-state Gln are shown.
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with the H-bond of Tyr phenolic proton with Gln becoming 
stronger in the light state, as demonstrated by previous Fourier-
transform infrared spectroscopy (FTIR) and nuclear magnetic 
resonance (NMR) studies [65,66]. Besides, the subtle difference 
in the H-bond distance between Tyr and light-state sp2 N versus 
dark-state carbonyl O of Gln may also contribute to the dis-
crepancy in the CEPT rates.

Previously, in the OaPAC BLUF domain, we have deter-
mined that the entire rPCET route happens in 31 ps in the 
dark-state photocycle [15], yet we are unable to resolve the 
stepwise PT due to the absence of observable PR intermedi-
ates. In this work, the rPCET route in the light-state pho-
toreaction cycle has been dissected into 2 steps (rPT2 and 
rPCET). Interestingly, fitting the current data using an alter-
native kinetic model with the light-state rPCET route undis-
sected results (rPT2 + rPT1 + rET) in an overall decay lifetime 
of 38 ps (Fig. S16), close to the 31 ps acquired for the dark 
state. This similarity on the timescales suggested that the 
reverse process from the DR state back to the ground state is 
indeed shared by the light state and the dark state (Fig. 6). 
Although the undissected reverse processes do not reflect the 
real physical picture of the light-state BLUF domain, it can 
conveniently allow us to calculate an overall rate for the undis-
sected reverse process to compare with the reported dark-
state BLUF domain.

As implied in Fig. 6, the fPCET and rPCET steps could con-
stitute a minimal functional photoactivation cycle, whereas the 
second rocking process (fPT2/rPT2) is not essential for “photo-
switching” and might be discarded in some BLUF species. Thus, 
attention should be shifted from the DR state to the PR inter-
mediate, since the latter is the real key to the configuration 
switch. Efforts in incorporating non-natural amino acids [6,40] 
to facilitate the rate of fPCET in the dark-light photoreaction 
cycle would increase the odds to accumulate sufficient PR inter-
mediates to be detected.

Conclusion
In summary, we have captured the PR intermediate, which 
is key to resolving the light-state photoreaction cycle in a 
cross-species manner (AppA, OaPAC, and SyPixD). After 
photoexcitation, the light-state FMN* proceeds with fCEPT 
(1.4 to 6.3 ps) and forms the PR intermediate, followed by 
the proton rocking processes of fPT2 (2.0 to 3.4 ps) and rPT2 
(11 to 30 ps) back to the PR intermediate. Finally, the PR 
intermediate undergoes an ultrafast rPCET process (1.5 to 
3.7 ps) to regenerate the ground light state. By conducting 
KIE and energetics analysis, we have revealed the nature of 
all the elementary steps and suggest that the proton rocking 
reaction motif (fPT2 and rPT2) can be viewed as a plugin in 

Fig. 6. Proposed light-state and dark-state photoreaction cycles of the BLUF domain. The red arrows represent pathways for the light state and the blue arrows for the dark 
state, whereas the shared steps 2 to 4 are indicated with bicolor arrows. The time constants obtained from our cross-species analysis in this work are indicated, and the fPCET 
time constant 344 ps for the dark-state photocycle is from previously reported OaPAC BLUF domain [15]. The proton rocking between the bridge Gln and FMN (steps 2 and 3) is 
illustrated outside the circle, highlighting that step 1 and the ultrafast step 4 would constitute a minimal functional photoreaction cycle. The states of the FMN-Q-Y triad in the 
photoreaction cycle are specified below each chemical structure, where Q is used to describe a keto Gln, and Q′ a flipped imidic Gln. PR intermediates and DR states are labeled.
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a photocycle and is not compulsory for the functionality. We 
emphasize that the functional dark-state photocycle may 
share a similar rPCET route as dissected in the light-state 
photoreaction cycle in this work.

Materials and Methods

Mutant construction, protein expression,  
and purification
The site-specific mutagenesis for BLUF domain mutants, the 
protein expression, and protein purification in this study were 
conducted using a previously reported procedure [36]. The 
WT OaPAC1–102 expression plasmid construction was intro-
duced in the previous study [36]. The expression plasmid of 
WT AppA1–124 protein was constructed by incorporating the 
protein expression sequence of AppA1–124 into a pET28a vec-
tor at the NdeI–SacI restriction site, and the expression plas-
mid of WT SyPixD1–150 was constructed by incorporating its 
protein expression sequence into the NdeI–BamHI restriction 
site of a pET28a vector. Both of the plasmids constructed for 
AppA1–124 and SyPixD1–150 expression were purchased from 
Genewiz. In this study, the Trp residues close to the FMN-Q-Y 
triad in all 3 species (AppA1–124, OaPAC1–102, and SyPixD1–150) 
were mutated to inert Phe. For OaPAC1–102 and SyPixD1–150, 
which only have one Trp, W90F and W91F mutations were 
designed, respectively. For AppA1–124, which has 2 Trp resi-
dues, W64F/W104F mutant was designed to terminate any alter-
native FMN* quenching pathway. The mutants designed along 
with the primer sequences for the mutations are listed in Table 
S3. The mutants used in this study were expressed and purified 
using standard methods as reported in the Supplementary 
Materials, “Methods”.

Ultrafast TA spectroscopy
We have reported the detailed setup description of the ultrafast 
TA spectroscopy in our previous publication [15,36] and the 
Supplementary Materials, “Methods”. Improvements to the 
setup were installed to perform the light-state TA measurement 
where a continuous laser with its emission center at 450 nm 
was directed to overlap with the pump and probe beam on the 
sample to maintain the samples of the 3 species being in the 
light state. The power of the continuous laser was attenuated 
to 80 mW using a neutral density (ND) filter before arriving at 
the sample cell as shown in Fig. S17. The lower power of the 
continuous laser was also tested, and Fig. S2 shows that lower 
laser power (20 and 35 mW) results in more dark-state sample 
mixing with the light-state sample and 80 mW results in a more 
homogeneous light-state population. Kinetics at 445 nm was 
chosen to monitor the mixing of the dark-state kinetics as 445 nm 
because any mixing of the excited dark-state molecules will 
result in an offset within the time window denoting the genera-
tion of the meta-stable signaling state that lasts for seconds.

Kinetic analysis
Detailed kinetic data analysis is provided in the Supplementary 
Materials, “Tutorial on the kinetic data analysis”. Briefly, the 
evolution-associated difference spectra (EADS) analysis was 
performed to obtain first insights regarding the photocycle, 
although it is unable to represent the actual mechanism. To reveal 
any underlying intermediate signals, FMN* contributions were 
subtracted from the TA data. Based on the information obtained 

from the EADS analysis and the FMN* subtraction analysis, a 
physically relevant model can be built to describe the light-state 
kinetics. Kinetics from several wavelengths were fitted using the 
model simultaneously to obtain the kinetic parameters (τ and 
β). Finally, the obtained parameters were employed to decom-
pose the light-state matrices into SADS and species-associated 
kinetic traces.
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