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have been paid for by the Royal Society
of Chemistry Because of their diverse uses in biological science and engineering, continued effort has been made to
expand the pool of photoswitchable protein systems. A recent study demonstrated that in monomeric
sarcosine oxidase (MSOX), photoexcitation of a charge-transfer (CT) complex formed by a flavin cofactor
and a nonreactive ligand (e.g., methylthioacetate) induces the ligand to reversibly change conformation,
with implications for the development of flavin-dependent fast photochromic proteins. However, the
factors that control the underlying switching mechanism and dynamics remain largely unexplored.
Herein, combining extensive protein mutagenesis, ultrafast laser spectroscopic measurements and
classical and quantum computational approaches, we assess those factors in a range of protein variants,
including those of MSOX and another flavoenzyme, N-methyltryptophan oxidase (MTOX), where we find
that a similar photoswitching cycle can occur. We demonstrate that (1) the kinetic behaviors of the
photoswitching cycle are protein- and ligand-dependent; (2) the photoswitching and backward thermal

recovery rates can be tuned by mutation of a specific active-site residue (Met245 and Thr239 in MSOX
Received 20th December 2024 d MTOX tively), with t . d ¢ itud d (3) dificati
Accepted 6th March 2025 an , respectively), with recovery rates spanning over an order of magnitude, an modifications

of the protein environment alter the conformational energy landscape of the ligand—flavin complex,

DOI-10.1039/d4sc08614g consequently regulating the photocycle. Taken together, these findings highlight the versatility of such
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Introduction

The reception and transmission of light signals by organisms
involve photoswitchable proteins or protein complexes, which,
through reversible photoinduced transitions between different
conformational, or light absorbing and emitting states,' can
regulate a wide variety of physiological light responses such as
visual perception,” phototropism and phototaxis,** as well as
responses to light-dark cycles such as the circadian rhythm and
other photoperiodism.>® Typically, the actions of such photo-
switchable proteins are derived from photoisomerization or
other types of photochemical reactions of a protein-bound
chromophore. These include retinal in rhodopsin and micro-
bial rhodopsins,”® tetrapyrrole derivatives in phytochrome®
and cyanobacteriochromes,'* chromophores composed of post-
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photoswitchable systems, providing a molecular basis for fine-tuning their photophysical properties.

translationally modified amino acids in the family of the green
fluorescent proteins,*** coenzyme B, in Bj,-dependent photo-
responsive bacterial transcriptional repressors,'*** as well as
flavin cofactors in several flavin-dependent photoreceptors,'®'”
namely blue-light-using-flavin (BLUF) domain,*° light-oxygen-
voltage (LOV) domain,*** and cryptochromes (CRYs).>*>¢
Furthermore, photoswitchable proteins have also led to the
design and development of various bioinspired photo-
switchable complexes, with applications ranging from high-
resolution microscopy'>*” to optogenetics.>*** The biotechno-
logical applicability of a photoswitchable protein is mainly
determined by its photophysical properties, such as absorption,
photoswitching quantum yield (QY), and thermal recovery rate.
For example, fast photochromic proteins with photoproducts
persisting on millisecond timescales can be used for biological
imaging, while actuators require long-lived bistable photo-
products. In practice, it is crucial to suppress competitive decay
pathways of the excited state(s) to improve the overall QY of the
photoswitching reaction and to increase the lifetime of the
desired photoproduct(s). Moreover, for optogenetic applica-
tions, it is preferable to have photoswitching reactions that can
be initiated by radiation of long wavelengths, e.g, in the near-
infrared (NIR) spectral region, so that better tissue penetra-
tion and lower phototoxicity can be achieved.** However,
despite the fast progress in this field, the currently available
photoswitchable protein systems are still limited, due to the
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limited number of natural-occurring photoswitchable protein-
bound chromophores, as well as the difficulty of fine-tuning
their photophysical properties. Therefore, further expanding
the number and variety of photoswitchable protein systems is
highly desirable.

The vast majority of currently known proteins do not
perform light-dependent physiological functions.**** For
instance, photoreceptors CRYs, BLUF and LOV domains, as well
as two photoenzymes DNA photolyase*>° and fatty acid pho-
todecarboxylase,*** are the only known photo-responsive
flavoproteins thus far. However, many cofactor-containing
proteins, including flavoproteins, while they do not directly
participate in functional photochemical reactions, have diverse
photophysical properties. Therefore, studying the photoin-
duced processes in proteins that are not utilized by nature can,
on the one hand, deepen our understanding of the photo-
physics of complex biomolecules, and on the other hand, pave
the way for harvesting such photochemical processes for new
applications, as is the case with the use of a nonphotocatalytic
flavoenzyme ‘ene’-reductase to catalyze unnatural organic
synthesis reactions.*»** In this context, a recent study has
demonstrated a novel type of reversibly photoswitchable
protein system, based on photoexcitation of a noncovalently
bound complex formed by a flavin adenine dinucleotide (FAD)
cofactor and a small-molecule ligand in monomeric sarcosine
oxidase (MSOX).*

MSOX is a nonphotocatalytic flavoprotein, which catalyzes
the oxidative demethylation of sarcosine.** Methoxyacetate
(MOA), methylthioacetate (MSA), methylselenoacetate (MSeA)
and methyltelluroacetate (MTeA), with the chemical structures
of CH3XCH,CO,™ (X = O, S, Se, and Te), are substrate analog
inhibitors of MSOX that can bind to its active site (Fig. 1A).
Among them, complexes formed by MSA, MSeA and MTeA with
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Fig.1 (A) Chemical structures of the flavin ring and the MXA ligands, as
indicated. (B) Steady-state absorption spectra of ligand-free MSOXy
and of ligand-bound complexes of MSOXwt and wild-type MTOX
(MTOXwr). The spectra of the complexes (normalized to correspond to
100% complex formation) are reproduced from published data.*?4* (C)
Active sites of MSOXyt from Bacillus sp. in complex with MSeA (PDB
entry: 1EL8), as well as that of MTOXwt from E. coli without the ligand
(PDB entry: 2UZZ), with both structures aligned on the flavin rings.
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FAD in wild-type MSOX (MSOXywr) give rise to intense absorp-
tion bands in the visible-NIR spectra region (Fig. 1B), suppos-
edly due to MXA-flavin (X = S, Se, and Te) charge-transfer (CT)
interactions.*” Previously, it has been shown that the MSA:FAD
and MSeA:FAD complexes in MSOX can undergo an unexpected
photoswitching reaction that occurs on the sub-picosecond
timescale (ca. 300 fs) with a high QY (ca. 0.8 for the MSA:FAD
complex), which has been proposed to correspond a photoin-
duced conformational change of the ligands in the protein
active site (Fig. 1C).** While the photophysical properties of
these systems are potentially useful for photocatalytic and
photoswitching applications, the underlying mechanisms and
the key determinants that regulate the photoswitching
dynamics remain largely unexplored.

In this work, we systematically investigated the photocycle
kinetics of such CT complexes in several flavoprotein systems,
including the structural homologue protein of MSOX, N-meth-
yltryptophan oxidase (MTOX), which can also bind MSeA to
form a CT complex (Fig. 1B)* and of which the photochemistry
has not been investigated before, as well as several MSOX and
MTOX mutants. Specifically, we applied femtosecond transient
absorption (TA) spectroscopy to examine the photoinduced
dynamics in these systems, and employed molecular dynamics
(MD) simulations and quantum mechanics/molecular
mechanics (QM/MM) calculations to investigate the ligand-
flavin interactions and evaluate the conformational distribution
and energy landscape of the ligand in the protein active site. We
demonstrated that the photocycle properties of MXA:FAD
complexes in MSOX and MTOX can be regulated by the protein
environment, in particular by a residue located at position 245
of MSOX and position 239 of MTOX in the protein active sites
(Fig. 1C), providing detailed insight into the photoswitching
mechanism and dynamics of such flavoprotein CT complexes.

Results and discussion
Characterization of MXA-FAD interactions

As evident from the steady-state absorption spectra of the
MXA:FAD complexes (Fig. 1B), the electronic properties of the
FAD cofactor are substantially perturbed due to strong non-
covalent interactions between the flavin (isoalloxazine) ring of
FAD and the X atom of the MXA ligand when X = S, Se, and Te.
As the X atom gets heavier, the new absorption band arising
from ligand binding shifts to a longer wavelength and becomes
broader (Table S11). To characterize the nature of MXA-FAD
interactions from a theoretical standpoint, we employed a QM/
MM approach to optimize the geometries of the MXA:FAD
complexes in the active site of MSOXyr by taking into account
the effect of the protein environment, based on the reported
high-resolution MXA-bound structures of MSOXyr.*> Specifi-
cally, the QM part, which was described at a density functional
theory (DFT) level, included the flavin ring of FAD, the MXA
ligand, as well as the side chain of a close-lying methionine
residue, Met245 (Fig. 1C), while the remaining part of the
protein and water molecules were described by classical force
fields.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Geometry optimizations were based on the experimental
crystal structures of MSOXyw complexed with MSeA (PDB entry:
1ELS8), where MSeA binds to MSOXwr in two discrete confor-
mations (Conf 1 and Conf 2).*> As shown in Fig. 1C, in Conf 1
the Se atom is located close to the flavin ring (3.3 A to the flavin
C4 atom), whereas in Conf 2 the Se atom rotates away from the
flavin (4.8 A to the flavin C4 atom), allowing it to interact with
Met245 in the protein active site, with the positions of
remaining ligand atoms essentially unchanged. We first opti-
mized the geometries of the MXA:FAD (X = O, S, Se, and Te)
complexes in Conf 1. As shown in Fig. 2, the obtained atomic
charges (AC) of the interacting atoms of the flavin ring and
ligands demonstrate that as the X atom becomes heavier, the
negative charge on the X atom decreases, whereas those on the
N5 atom of the flavin ring increase. For example, the O atom in
MOA is the most negatively charged compared to the X atoms in
the other ligands, and the corresponding flavin N5 atom is the
least negatively charged, consistent with the fact that MOA
binding only slightly perturbs the absorption spectrum of FAD,
instead of forming a distinct CT band.*”” When X = Se, there is
barely any negative charge located on the X atom (ACges =
—0.048), and it becomes essentially positively charged when X =
Te (ACre3 = 0.042). This clearly reveals the CT nature of the
MXA-FAD interactions as previously suggested,*>** and
confirms that a heavier X atom would lead to a stronger CT
interaction. By contrast, as indicated in Fig. S1a,} when MSA is
in Conf 2, the amount of negative charge localized on the N5
atom of the flavin is decreased compared to that in Conf 1 (i.e.,
ACys = —0.214 and —0.139 for Conf 1 and Conf 2, respectively).
The intermolecular interactions between MSA (MSeA), FAD and
Met245 visualized by the independent gradient model based on
Hirshfeld partition (IGMH)* are shown in Fig. S2,} which
confirms a lack of MXA-FAD interaction involving the X atom
and flavin ring in Conf 2.
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Fig. 2 Atomic charges of the MOA:FAD (A), MSA:FAD (B), MSeA:FAD
(C), and MTeA:FAD (D) complexes in Conf 1 in MSOXyt, computed at
their QM/MM-optimized ground-state electronic structures. For
clarity, the corresponding hydrogen atoms are not shown.
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Next, we computed the absorption spectra of the CT
complexes in MSOXwr based on a QM/MM approach coupled
with time-dependent DFT (TDDFT) calculations. As shown in
Fig. 3A, despite a systematic offset originating from the limi-
tations of TDDFT,* the calculated spectra of these complexes
reasonably match the general features of the experimental
spectra, including the characteristic flavin absorption bands in
the near-ultraviolet/visible range and those additional bands at
longer wavelengths upon complex formation. In addition, the
relative positions of the new bands obtained with different
ligands not only agree with the experimental observations
(Fig. 1B), i.e., with a heavier X atom the absorption maximum
shifts to a longer wavelength, but also follow the trend of the
degree of CT interaction of the complex (i.e., MTeA > MSeA >
MSA; Fig. 2). Furthermore, the CT nature of the long-wavelength
absorption band of MXA:FAD complexes in MSOX is further
confirmed by a hole-electron analysis*®* of the corresponding
electronic transition. Specifically, as illustrated in Fig. 3B and
S3,T in the excited electronic state of a MXA:FAD complex, the
electron and hole are located separately on the flavin ring and
the X atom of the ligand, respectively, indicating a well-defined
CT from MXA to FAD upon photoexcitation.*” The calculated
spectrum also demonstrates that when MSA or MSeA is bound
in Conf 2, the CT excitation exhibits a much smaller oscillator
strength (Fig. 3A), consistent with a diminished CT interaction
due to the increased distance between the S or Se atom and the
flavin ring in Conf 2 (Fig. 1C, S2b and d¥). It should be noted
that the relative amplitudes of the CT bands involving MSA,
MSeA and MTeA in the experimentally measured (Fig. 1B) and
calculated (Fig. 3A) spectra are reversed (Table S17). This may be
due to an overestimation of the calculated oscillator strengths,
arising from the limitations of TDDFT calculations and, in
particular, in the treatment of a heavy atom like Se and Te. More
importantly, as mentioned above, the crystallography study
suggested that parts of MSeA and MTeA populations were
present in Conf 2 in the protein; there were also indications that
MTeA was not stable and might gradually degrade in the protein
active site.”> These fractions of protein-bound ligand molecules
do not effectively contribute to the CT band (Fig. 3A). As
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Fig. 3 (A) TDDFT-calculated absorption spectra of the CT complexes
in the active site of MSOXyt based on the QM/MM method described
in the text. (B) Hole—electron distributions of the lowest excited
electronic state of the MSeA:FAD complex in MSOXy~ (isovalue:
0.004).
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estimating the experimental extinction coefficients requires
extrapolating the ligand binding curves to obtain the absorption
spectra corresponding to 100% complex formation,*” with
partial ineffective ligand populations the obtained extinction
coefficients would be smaller than the theoretically calculated
values specific to Conf 1.

As shown in Fig. 1B, the CT absorption band of the MSeA:-
FAD complex in MTOXywr is less intense and is situated at
a shorter wavelength compared to that of the MSeA:FAD
complex in MSOXywr. This suggests that the MSeA-FAD inter-
action in MTOXy,y is weaker than that in MSOXy. This also
aligns with the fact that the binding of MSA to MTOXw does
not lead to a distinct CT band.* As there is no experimental
crystal structure of MTOXyyr complexed with MXA available, the
geometry of the MXA:FAD complex in the active site of MTOXyyr
is subjected to further investigation by MD simulations (vide

infra).

Photocycle kinetics of protein-bound MXA:FAD CT complexes

We first performed TA measurements on the MSeA:FAD
complexes in MSOXyr and MTOXyr, respectively, and results
obtained for MSOXy are similar to those reported in the
previous study.** As shown in Fig. S4a,T in the TA spectra, the
ground-state bleaching (GSB) signal of the complex appears in
the 430-700 nm range, as expected, whereas the initial excited-
state absorption (ESA) spectrum is composed of an intense
absorption band at ca. 400 nm and a broad band extending to
the NIR region. As it is known that the spectral feature of FAD" ™~
in MSOXyr is characterized by a sharp absorption peak at ca.
400 nm,*>* this TA result therefore confirms the CT nature of
the underlying electronic transition as suggested by the excited-
state hole-electron analysis (Fig. 3B). As time evolves, while the
GSB signals persist, the ESA spectrum gradually adopts a shape
that resembles that of uncomplexed FAD, and the entire TA
spectrum is almost identical to the difference between the
absorption spectra of uncomplexed FAD and the MSeA:FAD
complex (Fig. 4A; the MSeA ligand does not absorb in the visible
region). Furthermore, the room-temperature kinetic traces at
ca. 590 nm in the region where the ESA and GSB signals are
overlapped can be reasonably well fit with a biexponential
function, with time constants of ca. 600 fs and 5.5 ns, respec-
tively (Fig. 4C and Table S2t). Given the more pronounced
coherent artifacts on the ultrafast timescale (i.e., <400 fs) in the
wavelength range of <500 nm, we chose to analyze the decay
kinetics using TA signals at a single wavelength measured in the
range of >500 nm (Table S27), which were relatively less affected
by those artifacts. The thus obtained time constant of the
ultrafast component (600 fs) is somewhat larger than the
previously reported value (ca. 300 fs). The discrepancy may be
attributed to differences in the pump-probe setups, the sources
of the protein sample, and the data analysis methods used,
where the accurate determination of ultrafast lifetimes was
complicated by the artifacts presented in the TA kinetics in both
studies.**

Taken together, the TA results of MSeA:FAD in MSOXwyr
support a reaction scheme shown in Fig. 4D, which consists of

6082 | Chem. Sci., 2025, 16, 6079-6088

View Article Online

Edge Article
(A)1 2 —— TA spectrum (25 ps) (B) ——TA spectrum (20 ps)
’ - £(FAD) -  (FAD:MSeA) | ® 0.16 |-~ - £(FAD) - s (FAD:MSeA) {4
0.6 4 008t [+ 2
2 1 &
3a Vil 3
0 20 0.00 0=
o E %
g g
L 0081 {27
{4
-0.16 {a
1-8
. . . 0.24 -6
400 500 600 700 800 400 500 600 700 800
Wavelength / nm Wavelength / nm
(Coo (D)
[MSeA:FAD]*
a (State A)
O -03f
2
k-l
8 k,
S o6} FAD + MSeA
5 hy Ky (State B)
z
09} —— MSOXy,; (590 nm) /
—— MTOX,; (570 nm) 3
0 2710100 1000 MSeA:FAD
Time / ps
Fig.4 (A and B) TA spectra of the MSeA:FAD complexes in MSOXw (A)

and MTOXwr (B) recorded at selected time delays, as indicated, with
550 nm excitation. In each case, the steady-state difference spectrum
that corresponds to the dissociation of the FAD:MSeA complex is
shown as a dashed line for comparison. (C) Corresponding TA kinetics
at representative probing wavelengths, as indicated. (D) Proposed
photocycle upon photoexcitation of the protein-bound MXA:FAD
complexes.

an internal conversion process (k;), a photoswitching process
(k), and a back recovery process (k3), with (k; + k,) " = 600 fs
and (k;) ! = 5.5 ns. On the picosecond-nanosecond timescales,
the TA spectra are dominated by contribution from the photo-
product state (i.e., state B; eqn (S9)1). Therefore, the absolute
QY, which equals to k,/(k; + k), was estimated to be 0.6 by using
[Ru(bpy)s]*" as a reference (see Section 4 of ESIf for more
details), which is lower than that of the MSA:FAD complex in the
same protein (ca. 0.8; Table S2+).** As (k; + k,) " = 600 fs, the
values of k; and k, can be further estimated to be ca. (1.5 ps) ™"
and (1.0 ps) ", respectively.

As shown in Fig. S4bt and 4B, the TA results obtained with
the MSeA:FAD complex in MTOXy are similar to those in
MSOXwr, suggesting that photoexcitation induces a similar
photoswitching reaction in this system. Specifically, as observed
in MSOXwr, the early-time ESA signal is characterized by an
intense absorption band at ca. 400 nm (Fig. S4bt), which decays
in ca. 800 fs to yield a spectrum resembling that of the FAD
minus MSeA:FAD difference spectrum (Fig. 4B). The timescale
of the fast decay component is comparable to that in MSOXyyr
(ca. 600 fs), while the slow component is significantly faster
than that in MSOXyr. Specifically, at least three decay compo-
nents, with time constants of 0.8, 37, and 690 ps, respectively,
are required to satisfactorily fit the TA kinetics of MSeA:FAD in
MTOXwr at 570 nm (Fig. 4C), with the 0.8 ps component being
dominant (ca. 77%, Table S2%). This indicates that, in
comparison to MSOXyr, MTOXwr provides a less favorable

© 2025 The Author(s). Published by the Royal Society of Chemistry
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environment for the MSeA:FAD CT complex to dissociate upon
photoexcitation. In addition, the more complex decay kinetics
of the TA signals likely manifest conformational heterogeneity
of MSeA in the active site of MTOXyyr, which will be further
discussed below.

As shown in Fig. 5A and B, as previously observed for the
MSA:FAD complex in MSOXwr,*" for the MSeA:FAD complex in
MSOXwr, although the rate (ie., k; + k) of the fast decay
component does not show appreciable temperature depen-
dence (Fig. S57), the decay rate (i.e., k;) of the photoproduct
state markedly decreases with increasing temperature. The
latter indicates that recovery of the ground-state CT complex
from the dissociated state (i.e., state B in Fig. 4D) encounters an
energetic barrier. This observation, in conjunction with struc-
tural studies of various MXA:MSOXyr complexes,**** suggests
that the photoswitching process of the MXA:FAD complex
involves a conformational change of the MXA ligand in the
protein active site, most likely from Conf 1 to Conf 2, as this
conformational transition would lead the X atom to rotate away
from the flavin ring (Fig. 1C), consequently breaking up the CT
interaction.** This assessment is supported by the aforemen-
tioned spectral calculation (Fig. 3A), which demonstrates that
switching of the ligand from Conf 1 to Conf 2 results in the
diminishment of the CT band.

Moreover, it is noticeable that in both cases the GSB signal
peaks at a wavelength that is blue-shifted from the respective CT
band observed in the steady-state absorption spectrum of the
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Fig. 5 Temperature dependence of the TA results of the MSeA:FAD
complex in MSOXy (A and B) and MTOXy (C and D), probed at 590
and 570 nm, respectively, with 550 nm excitation. (A and C) TA kinetics
measured at different temperatures, as indicated. For MSOXyt, only
those in the ps—ns timescales are shown for clarity, and the smooth
lines represent the best fits of the data. (B and D) Temperature
dependence of the time constants obtained from multiexponential fits
of the TA kinetic traces. Errors are +2¢ estimated from multiple
measurements.
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complex (Fig. 4A and B), suggesting that a positive ESA band is
present in this spectral region. This provides further evidence
supporting the notion that the photoproduct (state B) corre-
sponds to Conf 2 (Fig. 2A), as the theoretically calculated
spectrum of this configuration (Fig. 3A) indicates that it gives
rise to a small but noticeable (residual) CT absorption band.

Finally, as shown in Fig. 5C and D, all the time constants
obtained from the TA kinetics of the MSeA:FAD in MTOXy do
not exhibit any measurable temperature dependence, suggest-
ing that in this case the back recovery reaction is virtually
a barrierless process. For comparison, we further investigated
the excited-state dynamics of the CT complex formed by FAD
and a rigid aromatic ligand, pyrrole-2-carboxylate (PCA, Fig.-
S6at). As illustrated in Fig. S6b,T in addition to the GSB of the
CT band, photoexcitation of this complex at 640 nm leads to the
formation of an ESA band at <520 nm that appears to well
correspond to a positive contribution of FAD'~ absorption,*>*°
indicating the CT nature of the excited state, similar to what has
been suggested for a CT complex formed by o-aminobenzoate
and FAD in p-amino acid oxidase.*® However, the TA signals of
this PCA:FAD complex disappear within ca. 1 ps, of which the
kinetics can be fit with a monoexponential function (Fig. S6b¥),
indicating that the CT excited state directly decays back to the
ground state by charge recombination on an ultrafast timescale,
without the involvement of a photoswitched state, as observed
for the MXA:FAD complexes in MSOXyr and MTOXy. This
finding indicates that for a rigid aromatic ligand like PCA,
photoexcitation can only result in a redistribution of electron
density and that a certain degree of conformational flexibility is
required for the photoswitching process to occur.

Regulating the photocycle dynamics via protein engineering

As a close homologue of MSOX, the active-site structure of
MTOXwr highly resembles that of MSOXyr.>* Therefore, it is
intriguing that the photocycle dynamics of the MSeA:FAD
complex in MTOXyyr significantly differs from that in MSOXwyr.
However, a close inspection of their active-site environment
indicates that a methionine residue, Met245, in MSOXy,, which
can interact with the MSeA ligand in Conf 2 (Fig. S2d¥), is
replaced by a threonine (Thr239) in MTOXwr, which is located
farther away from the ligand (Fig. 1C). Based on this observa-
tion, we hypothesized that the residue at position 245 of MSOX
or at position 239 of MTOX plays a key role in determining the
kinetic properties of these photoswitching systems, particularly
the back recovery rate. To verify this hypothesis, we further
studied the photoinduced conformational dynamics of the
MSeA:FAD complex in the M245T and M245K variants of MSOX
and in the T239M and T239K variants of MTOX (hereafter
referred to as MSOXmoast, MSOXniask MTOXrazom, and
MTOX,30k, respectively). In MSOXyp45r and MTOXrppzon, We
exchanged the two residues in question in the wild-type
proteins with each other. In MSOXyp45x and MTOXra30x, WE
introduced the lysine mutations for the following reasons: (1)
methionine and lysine share a certain degree of structural
similarity, and can behave similarly in molecular recognition®
and (2) unlike methionine that is neutral, lysine is positively
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charged, which may allow a stronger interaction with the
carboxyl group of the ligand, hence affecting the binding
modes.

We found that all these mutant proteins can still bind MSeA
to form CT complexes (Fig. S8%), although MTOXr300 and
MSOXy457 €xhibit a decrease in binding affinity (with K4 values
estimated to be larger than 120 mM, compared to the 32.3 and
2.1 mM in MTOXw and MSOXyr, respectively®>*?). As indicated
in Fig. S9,t TA measurements further confirm that the afore-
mentioned photoswitching reaction can occur in these protein
variants and as shown in Fig. 6, their respective TA kinetics in
the range of 560-570 nm can be fit by either a biexponential or
a triexponential function. For all the protein variants, the
timescales of the initial excited-state decay component fall in
the range of 0.6 to 0.9 ps, whereas the kinetics of the slow decay
components differ significantly. Specifically, we found that the
TA kinetics of MSOXp2451 and MTOXr,30m €an be reasonably
described by a biexponential function (Table S27), with the slow
kinetic component being temperature dependent (Fig. S10 and
S117f). In comparison, in MTOXry30ym, the rate of the back
recovery reaction (ca. (2.8 ns) ") is considerably slower than that
in MTOXywr. This indicates that replacing Thr239 with methi-
onine can indeed render MTOX ‘MSOX-like’ in terms of the
overall photocycle kinetics. For the MSOXyp4st variant,
although the photoproduct has a shorter lifetime (t, = 4.0 ns)
compared to that in MSOXwr (1, = 5.5 ns), it is still much more
long-lived than that in MTOXyyr. This indicates that the corre-
sponding methionine-to-threonine mutation does not signifi-
cantly alter the lifetime of the photoswitched state. By contrast,
the MSeA:FAD complex in MSOXy245x, as well as in MTOX 30k,
displays kinetic behaviors that resemble those of MTOXyyr.
Here, three decay components are required to obtain a satis-
factory fit of the TA kinetics (Fig. 6A and Table S2+t). Similar to
MTOXywr, these kinetics were also found to be virtually
temperature independent (Fig. S121), although the slower decay
components have a longer time constant in comparison (Table
S21).

As shown in Fig. 6B, for the MSeA:FAD complexes in
MSOXwt, MSOXp2451, and MTOXry300, the logarithm of &; (ie.,

(A)oo (B) MSA:MSOXyyr
75F MSeA:MTOX 30m
e
S -03p = ao
E 0.6} <
g MSOXyz457 £ 85p
0ol MSOXya45x
MTOXr239m 9.0F° MSeA:MSOXyesr
MTOX 230 * MSeA:MSOXy
12 ; P ° r ]
0 2 10 100 1000 00034  0.0035  0.0036
Time / ps 1000/T / K
Fig. 6 (A) TA kinetics of the MSeA:FAD complex in the MSOX and

MTOX variants, as indicated, in the GSB region. (B) Arrhenius plots of
the recovery rate constants (kz) obtained for different ligands and
proteins, as indicated. Error bars are estimated from multiple
measurements.
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(1) ") exhibits a linear dependence on the reciprocal of the
absolute temperature, allowing us to determine the activation
energy (E,) of the back recovery reaction in each case. As shown
in Table S2,f the E, values thus obtained indicate that the
energetic barrier for this reaction is dependent on the protein,
but not on the ligand, whereas the intrinsic electronic proper-
ties of the MXA:FAD complexes appear to mainly affect the pre-
exponential factor of the reaction. This highlights the impor-
tance of the protein environment in controlling the underlying
back-recovery dynamics.

Ligand conformational distribution

To gain further microscopic insight into the effect of protein
active sites on ligand conformations, we performed all-atom
MD simulations on various protein systems complexed with
an MSA ligand (Fig. S131). MSA was used as a representative
ligand instead of MSeA, as classical additive force fields are
usually unable to model molecules that contain heavy atoms
such as Se (and Te) accurately.” Specifically, we examined the
distribution of the minimal distance between the S3 atom of
MSA and any non-hydrogen atom of the flavin ring (dss_fiavin)- AS
shown in Fig. 7A, in MTOXyr and MSOXy,45k, the ligand was
found to sample a broad conformational distribution, with two
dominant conformations of comparable populations (ds3-fiavin
of ca. 3.6 and 4.8 A in MTOXwr, and of ca. 3.6 and 5.0 A in
MSOXp45x, respectively), which qualitatively correspond to
Conf 1 and Conf 2. In MSOXwrt, MSOXyp451 and MTOXo30mMm,
however, the ligand predominantly samples a narrow confor-
mational distribution with dss_favin = 3.6 A, indicating that the
active sites of these proteins enable a tighter packing (ie.,
a stronger interaction) between the ligand and FAD. Although
the ligand in MTOXry30x also appears to sample only one
conformational ensemble, the conformational distribution is
nevertheless broader than those in MSOXyr, MSOXy245r and
MTOXr,30m. Taken together, these findings indicate a higher
degree of active-site heterogeneity in MTOXy, MSOXp045x and
MTOXr230k-

As shown in Fig. 7B, the distribution plots of the distance
between the flavin ring and the amino acid residue at position
245 of MSOX or position 239 of MTOX (dfiavin-aazas/230) Obtained

(A)300f — msoX,, |(B) — MSOXy;
— MTOXy; 1501 — MTOXy;
MSOXM245T MSOXM2457
200 MSOXM245K MSOXMZ‘SK
= \ MTOX 239w + 100 MTOX1530m
3 \ MTOXrp50¢ | 3 \ MTOXq239¢
o o A "'A'L
100} /
| A s0f \‘
/\A ‘¥“"/ \\ i\,
/ R\ \
gk o S-NSUREN R YA
3 4 5 6 6 8 10 12
dSS—ﬂavin / A dﬂavin-aazdslz:se ! A

Fig. 7 Distribution plots of the distance between the MSA ligand and
the flavin ring (A) and that between the residue at position 245 (239) of
the MSOX (MTOX) variants and the flavin ring (B), obtained from a 300
ns MD production run of different protein systems, as indicated.
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from these systems also support this notion. These results
demonstrate that, although methionine, threonine and lysine
differ in bulkiness, their effects on ligand conformations cannot
simply be explained by steric hindrance; their interactions with
other surrounding residues, as well as the overall scaffold of the
protein, also need to be taken into consideration. The differ-
ences in ligand conformational distributions also correspond
well with the steady-state absorption spectra of the protein-
bound MSeA:FAD complexes, where in MSOXywrt, MSOXm245T)
and MTOXr,390 the complexes exhibit a more distinct, red-
shifted CT band compared to those in MTOXywr, MSOXp245K
and MTOX,30k (Fig. 1B and S8b¥). Moreover, these MD simu-
lation results indicate that a more heterogeneous active-site
configuration is correlated with a faster and near-barrierless
back recovery process following the photoswitching reaction,
as observed for MTOXyyr, MSOXp 1245k and MTOXrp30k-

As classical MD simulations lack the ability to accurately
describe noncovalent interactions of non-electrostatic origin, to
further evaluate the ground-state and excited-state potential
energy surfaces (PESs), we performed QM/MM potential energy
scans for the MSeA:FAD complex in the active sites of MSOXyyr
and MTOXwr, with the flavin ring of FAD, the MSeA ligand, as
well as the side chain of Met245 (MSOXyr) or Thr239 (MTOXyy)
included in the QM treatment. For these relaxed scans, the
reaction coordinate was set to be the distance between the Se3
atom of the ligand and the C4 atom of the flavin ring (dses-c4)-
As shown in Fig. 8 and S14,t in both MSOXy,+ and MTOX -, tWo
energy minima that are separated by an energy barrier can be
identified when MSeA:FAD is in its ground electronic state (S,).
More specifically, in MSOXwr, the minimum corresponding to
Conf 1 (I, dsez-ca = 3.5 f&) is considerably more stable than the
other minimum where the S atom is located farther away from
the flavin (III, dsez-ca = 4.1 A). This suggests that at room
temperature the MSeA ligand in MSOXy is likely to assume the
Conf 1 configuration (Fig. 8A). As the energy required for the
conformer III to reach the transition state II is relatively small, it
can be assumed that the conversion from III to I can easily
occur. On the other hand, in MTOXy,, the two minima, VII and

1.8 241
(A) (B)*' ==,
——S$,
v
2 15F 218
> v >
2 ] Vi 1 g
c [ T c15f
) @ X
£ 03} =0l Vil 1
s s
(<] 1} (<]
00} L o 0of X
’ ——S, ’ Vil
30 36 42 48 54 30 36 42 48 54
dC4*SE3 / A dC4’Se3 / A

Fig. 8 QM/MM potential energy scans of the MSeA:FAD complex in
MSOXw (A) and MTOXwr (B) in the electronic ground state (Sp) and the
lowest excited state (Sy), with the distances between the C4 atom of
FAD and the Se3 atom of MSeA (indicated in Fig. 2) as the reaction
coordinate. Energy values are given relative to that of the global
minimum of Sg. Molecular geometries of the indicated minima and
transition states are given in Fig. S14.1
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IX, with dges-cs = 3.3 and 4.9 A, respectively, are distinctly
separated from each other by a sizable energy barrier (Fig. 8B).
These findings are in general agreement with the MD simula-
tion results (Fig. 7A).

As indicated in Fig. 8, the excited-state (S;) PES of the
MSeA:FAD complex in both proteins is different from the
respective ground-state PES. For MSOXwr, two distinctly sepa-
rated minima, IV and VI were identified along the scanned S;
PES, with dse;_cs = 3.4 and 4.5 A, respectively (Fig. 8A and S141),
whereas for MTOXywr, essentially only one minimum (X), was
identified, with dge;_cs = 3.6 A (Fig. 8B). Although we did not
directly identify the geometry points where the S, and S; PESs
intersect in both cases, possibly due to the involvement of other
reaction coordinates, as well as the presence of non-negligible
effects from other surrounding residues that were not
included in the QM region, the profiles of these energy surfaces
can nevertheless provide a qualitative explanation for the
differences between the decay pathways of the excited state of
MSeA:FAD in MSOXwr and MTOXyr (Fig. 4C). Specifically, the
result demonstrates that the S; and S, minima (X and VII,
respectively) have similar molecular geometries (Fig. S147), and
the S; PES of MSeA:FAD in MTOXr is likely to intersect with
the Sy PES at a geometry point located before the transition state
(VIII) of the S, PES (Fig. 8B). Therefore, excited-state decays of
MSeA:FAD in MTOXwr are likely to be dominated by an ultrafast
internal conversion process (X — VII). Moreover, due to the
relatively shallow PESs, MSeA:FAD may adopt multiple confor-
mations that are not well separated by energy barriers (cf.
Fig. 7A, where the ligand assumes a broad conformational
distribution in MTOXwr). As a result, a part of the excited-state
populations can undergo additional deactivation processes
involving changes in nuclear configurations, leading to rela-
tively longer-lived photoswitched states, which may exhibit
different back recovery dynamics depending on initial config-
urations. Taken together, for MSeA:FAD in MTOXyr, upon
photoexcitation, full relaxation to the S, minimum (i.e., refor-
mation of the ground-state CT complex) does not require
overcoming any energy barrier. These results support the
ultrafast, multiphasic, and essentially temperature-
independent TA kinetics as experimentally observed (Fig. 4C
and Table S2+).

In MSOXwr, on the other hand, it is more reasonable to
assume that upon photoexcitation, the system can first relax
toward the S; minimum (VI) that has a geometry resembling
that of Conf 2 (Fig. S1471), then decays to the S, state via a conical
intersection, and eventually fully relaxes to the S, minimum (I)
by overcoming an energy barrier. Therefore, the full photo-
chemical pathways of MSeA:FAD in MSOXywr are likely to
comprise the following processes: (1) internal conversion (IV —
I), (2) isomerization from Conf 1 to Conf 2 on the S; PES (IV —
VI), (3) excited-state deactivation via conical intersection (VI —
I11), and (4) back isomerization from Conf 2 to Conf 1 on the S,
PES (III — I). Taken together, this mechanism indicates that
the photoswitching yield is governed by processes (1) and (2).
Additionally, the present result also reveals a barrier separating
the two energy minima on the S; PES of MSeA:FAD in MSOXyr,
seemingly at odds with the barrierless decay of the initial
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excited state observed in the TA measurements. However, it is
possible that photoexcitation is able to directly promote the
system to a point close to the transition state (V) on the S; PES,
allowing the geometry to relax to the more stable S; minimum
(VI) in a barrierless fashion.

Taken together, these results confirm that the residue at
position 245 of MSOX or at position 239 of MTOX plays a key
role in positioning an MXA ligand in the protein active site, as
well as in regulating its conformational energy landscape. As
the molecular structures of the MXA ligands resemble that of
sarcosine, a substrate of MSOX and MTOX, it is reasonable to
infer that the residue at position 245 of MSOX or at position 239
of MTOX can also affect the catalytic properties of these
enzymes. This is indeed the case for MTOXr,390, Which exhibits
a 20-fold increase in the catalytic activity toward sarcosine with
respect to MTOXwr, but is still seven times lower than that of
MSOXwr.”" Interestingly, this appears to corroborate our find-
ings that MTOXr,30y €xhibits an elongated lifetime of the
photoswitched state compared to MTOXwr, which, however, is
still shorter than that of MSOXy (vide supra).

Conclusions

In this work, we combined comprehensive experimental and
computational studies to assess the dynamics and mechanism
of a recently demonstrated photoswitching reaction that
involves a protein-bound complex formed by a FAD cofactor and
an MXA ligand (where MXA represents CH;XCH,CO,~ with X =
S, Se, or Te). In particular, we investigated how the protein
environment affects the interactions and photophysics of this
type of complex and found that:

(1) MXA and FAD form a CT complex in the protein binding
site, giving rise to an intense CT absorption band in the red-to-
NIR spectral region, whose maximum wavelength depends on
the identity of the X atom.

(2) Photoexcitation of an MXA:FAD complex through its CT
band initiates a photocycle that is composed of a photo-
switching process, leading to the formation of a quasi-
dissociated intermediate state (or photoswitched state)
wherein the ligand most likely adopts a different conformation,
and a back recovery process, reforming the initial complexed
state.

(3) For the same ligand, the kinetics of the photocycle are
protein-dependent. For instance, in MSOXywr, the back recovery
process is thermally activated and occurs in a few nanoseconds
near room temperature, whereas in MTOXyry, a structural
homologue of MSOX, the kinetics of the back recovery is
considerably faster (in tens to hundreds of picoseconds), and is
virtually temperature-independent.

(4) For the same protein, the switching kinetics can be
regulated through site-specific mutations. For example, in
MTOX a T239M mutation elongates the lifetime of the photo-
switched state, from hundreds of picoseconds in MTOXyy to
a few nanoseconds in MTOXr,39n. On the other hand, the
reverse regulation, i.e., accelerating the back recovery process,
can be achieved in MSOX through a M245K mutation.
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(5) Modifications of the active-site environment allow the
proteins to stabilize different conformers of the ligand by
altering the conformational energy landscape of the MXA:FAD
complex in the electronic ground and excited states, which
consequently affects the energetics and dynamics of the
switching processes.

In summary, our study demonstrated that the MXA:FAD
complexes in MSOX and MTOX possess photophysical proper-
ties that are desirable for reversible molecular photoswitches, as
their absorption spectra and photoswitching kinetics can be
tuned by using different ligands or by modifying the ligand
binding site via protein engineering. Moreover, the CT
complexes are intrinsically nonfluorescent, but photoexcitation
of these complexes generates uncomplexed FAD that can act as
a fluorescent photoproduct, provided that there are no other
quenchers, e.g., tyrosine or tryptophan residues, positioned
close to the flavin ring in the protein.**** Therefore, one
potential application of this type of photoswitching reaction is
to engineer red-absorbing flavin-dependent fluorescence pho-
toswitches, wherein the fluorescence can be selectively turned
on by excitation of the corresponding CT complexes.
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