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Mechanism of Ultrafast Flavin Photoreduction in the Active Site of
Flavoenzyme LSD1 Histone Demethylase

Bo Zhuang, *? Rivo Ramodiharilafy,? Alexey Aleksandrov,*® Ursula Liebl,* and Marten H. Vos*®

Photoreduction of oxidized flavins has a functional role in photocatalytic and photoreceptor flavoproteins. In flavoproteins
without light-dependent physiological functions, ultrafast, reversible flavin photoreduction is supposedly photoprotective
by nature, and holds potential for nonnatural photocatalytic applications. In this work, we combine protein mutagenesis,
ultrafast spectroscopy, molecular dynamics simulations and quantum mechanics calculations to investigate the
nonfunctional flavin photoreduction in a flavoenzyme, lysine-specific demethylase 1 (LSD1) which is pivotal in DNA
transcription. LSD1 harbors an oxidized flavin adenine dinucleotide (FAD) cofactor and multiple electron-donating residues
in the active site. Upon photoexcitation, the FAD cofactor is photoreduced in < 200 fs by electron transfer (ET) from nearby
residue(s), and the charge pairs recombine in ca. 2 ps. Site-directed mutagenesis pinpoints a specific tryptophan residue,
W?751, as the primary electron donor, whereas a tyrosine residue, Y761, despite being located closer to the flavin ring, does
not effectively contribute to the process. Based on a hybrid quantum—classical computational approach, we characterize the
W751-FAD and Y761-FAD charge-transfer states (CTy7s; and CTyse, respectively), as well as the FAD locally excited state
(LErap), and demonstrate that the coupling between LEgsp and CTyys; is larger than those involving CTyzs; by an order of
magnitude, rationalizing the experimental observations. More generally, this work highlights the role of the intrinsic protein
environment and details of donor—acceptor molecular configurations on the dynamics of short-range ET involving a flavin

cofactor and amino acid residue(s).

Introduction

Flavins are arguably the most versatile cofactors in nature.
Proteins containing flavin cofactors, named flavoproteins, are
key components in a wide range of biological processes
essential to life,’> They have also emerged as promising tools
for biotechnological applications,36° including as
photobiocatalytic tools.1°16 Flavins can adopt multiple redox
and protonation states, with the oxidized form being the most
common resting state in flavoproteins.l” Oxidized flavins absorb
near-ultraviolet and blue light, and photoexcitation of
flavoproteins usually leads to photoreduction of protein-bound
flavins, a process that has a physiological function in some
photocatalytic and photoreceptor flavoproteins. For instance,
in fatty acid photodecarboxylase,'®'® cryptochrome 2021 and
blue light using flavin (BLUF) domain,?%23 photoreduction of a
flavin cofactor by electron transfer (ET) from substrates or
protein residues constitutes the primary step in their
photocycles.

Photoreduction of oxidized flavins is also ubiquitous among
flavoproteins that do not perform light-dependent physiological
functions. In these systems, absorption of a photon induces
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ultrafast ET from nearby residues, typically tryptophan and
tyrosine, to flavins, on a femtosecond-picosecond timescale,
followed by efficient recombination of the separated charges
on a picosecond timescale.?*#° Such an ultrafast, reversible
process may serve as natural photoprotective self-quenching to
dissipate the photon energy, preventing undesirable
photochemical reactions that may result in harmful radical
species.3%41 At the same time, this process will also impede any
potential photocatalytic applications of these enzymes, as
ultrafast flavin photoreduction by protein residues may
outcompete productive photoreaction with external substrates.
Identifying the key factors that regulate flavin photoreduction
by ET from internal protein residues, as well as finding the
balance between the photostability of the enzymes and their
photocatalytic ability toward external substrates, is therefore
crucial for the development of new oxidized-flavin-based
photobiocatalysts.3°

In this work, we focus on the non-functional photoinduced
ET processes in a flavin-dependent amine oxidase, human
lysine-specific demethylase 1 (LSD1, Fig. 1A), which has multiple
essential roles in mammalian biology. It harbors an oxidized
flavin adenine dinucleotide (FAD) cofactor, and specifically
demethylates histone lysine, thus being pivotal in regulating
DNA transcription.*?=#4 LSD1 is a promising molecular target for
cancer therapy,*>* and has been found to be relevant to
neurodegenerative diseases.*>4°,

The active site of LSD1 is characterized by remarkable
conformational flexibility and versatile substrate- and inhibitor-
binding  properties, including for large compounds
encompassing multiple aromatic groups.*>47>0 This versatility
in the accommodation of peptides and other large molecules
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Fig. 1 (A) X-ray crystallographic structure of WT LSD1 (PDB entry: 2DW4).5! (B) Electron-donating residues in the active site of WT LSD1 in the
crystal structure (distances given in A). (C) Steady-state absorption spectra of WT, W751F and Y761F LSD1. (D) Distributions of the edge-to-
edge distances between FAD and close-by tyrosine and tryptophan residues in 200-ns MD simulations. (E) Dynamics of the angles between
the ring planes of the isoalloxazine moiety of FAD and the indole or phenol moiety of Y761 or W751, during the MD simulations of WT, W751F

and Y761F LSD1, as indicated.

may make the enzyme a suitable template for engineering other
biocatalysts, including photobiocatalysts given the presence of
flavin in the active site. Yet, multiple tryptophan and tyrosine
residues reside in the vicinity (< 8 A) of the FAD cofactor, among
which W751 and Y761 are located within van der Waals contact
of FAD (Fig. 1B). As mentioned above, photoinduced ET from
these residues can potentially compete with photocatalytic
reactions involving external molecules in the active site.

In this context, based on femtosecond time-resolved
fluorescence and transient absorption measurements on wild-
type and genetically modified proteins, the present work
unravels the photoinduced ET dynamics and identifies the
transiently formed radical intermediates upon photoexcitation
of LSD1. This approach allows us to pinpoint W751 as the
primary electron donor, despite a greater donor—acceptor
separation distance compared to Y761. Employing molecular
dynamics (MD) simulations and  hybrid quantum
mechanics/molecular mechanics (QM/MM) calculations, we
explore the active-site conformational dynamics of LSD1 and
characterize the flavin locally excited (LE) state and the charge-
transfer (CT) states involving W751 and Y761, to obtain detailed
insights into the mechanism of ultrafast photoreduction of the
protein-bound flavin. The implications for possible
photobiocatalytic applications will be discussed.

2| J. Name., 2012, 00, 1-3

Results and discussion

We prepared wild-type (WT) LSD1, as well as its W751F and
Y761F variants, where W751 or Y761 was genetically modified
to redox-inactive phenylalanine (F). The mutations slightly
perturb the absorption spectrum of FAD (Fig. 1C), reflecting the
changes in the electrostatic environment around FAD.>? To
investigate the configurations of FAD and nearby electron-
donating residues in detail, we performed MD simulations for
the LSD1 proteins. In the simulations, although the edge-to-
edge distance (the shortest distance between any non-
hydrogen atoms from two aromatic rings) from residues Y571
and W695 to FAD displays broader distributions in the mutated
proteins, the distances from W751 and Y761 to FAD in W751F
and Y761F LSD1 remain similar to those of WT LSD1, with
average distances of 3.4 and 4.5 A, respectively (Fig. 1D and Fig.
S1). The orientations of W751 or Y761 are largely unaffected by
the mutations as well (Fig. 1E), although modest increases in the
angles between the ring planes were observed (Fig. S2). These
results indicate that, although the mutations introduce changes
in the protein active site, W751 and Y761 remain in close
interaction with FAD in the corresponding variants. Notably,
Y761 exhibits higher flexibility than W751, which can be

This journal is © The Royal Society of Chemistry 20xx
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associated with the functional role of Y761 in the
accommodation of substrates.>3
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Fig. 2 Decay associated spectra (DAS) from the global analysis of
fluorescence decays (left) and kinetic traces at selected wavelengths
(right) of WT (A), W751F (B, linear-logarithmic time scale), and Y761F
(C, linear-logarithmic time scale; inset shows a zoom of the time
range of a few picoseconds) LSD1, with 390-nm excitation.

To examine the excited-state dynamics, we performed time-
resolved fluorescence measurements with femtosecond time
resolution on the LSD1 proteins. As shown in Fig. 2, the
characteristic emission spectra of FAD centered at ca. 525 nm
were clearly resolved. In WT and Y761F LSD1, the fluorescence
decays predominantly in ca. 180 and 270 fs, respectively (Fig.
2A, C, and Table S1). Such short lifetimes of the singlet excited
state of FAD (FAD", i.e., the LE state of FAD) are indicative of

This journal is © The Royal Society of Chemistry 20xx
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quenching by ultrafast ET from nearby residue(s). Qn theother
hand, an overall much slower, biexpdH&htfalOSARIEESEERER
decay was detected in W751F LSD1, with time constants of 9 ps
and 200 ps (Fig. 2B), an order of magnitude slower than WT and
Y761F LSD1.
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Fig. 3 Transient absorption spectra of LSD1 variants measured at 3 ps
after excitation (A), and normalized kinetic traces at 460 nm (B), with
390-nm excitation.

To characterize the formation of photoproducts and the
subsequent charge recombination processes, we further
performed transient absorption (TA) measurements on the
LSD1 proteins. Fig. 3A shows the TA spectra of WT, W751F, and
Y761F LSD1 recorded 3 ps after excitation. The evolution-
associated spectra (EAS), obtained from global analysis of the
TA data assuming linear reaction schemes, are given in Fig. S3.
These results can be compared with the reference TA spectra of
the transient species involved in photochemical processes of
FAD obtained in FNR proteins from Bacillus subtilis (BsFNR; Fig.
S4).27

In all three LSD1 proteins, the negative bands at ca. 450 nm
are dominated by the ground-state bleaching of FAD (cf. Fig.
1B). The TA spectra of WT LSD1 and Y761F LSD1 are further
characterized by induced absorption bands peaking at ca. 600
nm, which correspond well to the spectrum of transient W**
species in an unrelaxed protein environment, and the spectral
features of FAD" are clearly absent (Fig. S4).27 Additionally, the
TA spectrum of WT LSD1 does not contain apparent
contributions of Y**.27.38 Altogether, this demonstrates the
ultrafast flavin photoreduction and the formation of a
W**/FAD"" radical pair as the photoproduct. The TA spectrum of
W751F LSD1, by contrast, is characterized by a marked dip at ca.
570 nm, which resembles a stimulated emission (SE) feature,
but is superimposed on a broad induced absorption band.
Further spectral analysis suggests that a mixture of FAD" and a
W**/FAD"" radical pair can best reproduce the observed spectral
features. (Fig. S5). The persistence of FAD" for up to hundreds
of picoseconds upon the excitation of W751F LSD1 is consistent
with the time-resolved fluorescence measurement (Fig. 2B).

The TA kinetic traces probed at 460 nm (Fig. 3B) represent
the recovery of ground-state FAD through charge
recombination. In WT and Y761F LSD1, the separated charges

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 (A, B and C) Hole—electron distributions of the FAD LE state (A), the lowest-lying CT states involving Y761 (B) and W751 (C). Red and
blue regions denote the hole and electron distributions, respectively (isovalue = 0.004). Hydrogen atoms are not shown for clarity. (D, and E)

The energy levels of these states (D), with respect to the electronic ground state, as well as the electronic couplings between the LE and CT
states in WT LSD1 (E), along the MD trajectories. (F and G) Calculated electronic coupling between flavin LE state and tyrosine—flavin CT state
in non-stacked (F) and stacked (G) donor—acceptor configurations but with similar separation distance (ca. 4 A). Hydrogen atoms are not

shown for clarity.

mainly recombine in ca. 2 ps, with additional minor slower
components (Fig. 3B and Fig. Sla, c¢), which may be due to
protein heterogeneity or the presence of a small fraction of
unbound FAD, but were too small to be reliably analyzed (< 1%
of the initial bleaching signals). In W751F LSD1, the GSB signal
displays a slow, multiphasic recovery, with fitted lifetimes of 6
and 250 ps (similar to those found in the fluorescence decay),
as well as a long-lived component that was most likely due to
the FAD triplet state (Fig. S3b).

Taken together, our spectroscopic data point to W751 as a
more effective electron donor than Y761, for the following
reasons. First, in W751F LSD1, in the absence of W751, FAD"
decays on a much longer, picosecond timescale compared to
WT LSD1, and a more distant tryptophan, most likely W695 (Fig.
1B, D and Fig. S5) is involved in the quenching process. Second,
in Y761F LSD1, W751 quenches FAD" predominantly in 270 fs,
close to the main fluorescence decay of WT LSD1 (Fig. 2A, C, and
Table S1), and in both systems, the W**/FAD"~ radical pair
accumulates as the photoproduct (Fig. 3A). Additionally, In WT
and Y761F, sequential ET beyond W751 is unlikely to occur, as
other tryptophan and tyrosine residues (including Y761) are all
located too far away (> 8 A) from W751 to allow further ET that

4| J. Name., 2012, 00, 1-3

can outcompete the picosecond charge recombination process
(Fig. 3B).

Despite being a less effective quencher, Y761 is located
closer to the flavin ring of FAD than W751 in LSD1 (ca. 3.5 A
versus 4.5 A; Fig. 1B, D). Reportedly in other flavoprotein
systems, such as BsFNR?’ and flavodoxin from Helicobacter
pylori (HpFd),37 a tyrosine residue located at a similar distance
(ca. 3.5 A) from the flavin cofactor quenches the flavin excited
state in ca. 200 fs, comparable to those in WT and Y761F LSD1.
It is intriguing to note that Y761 does not effectively participate
in the quenching process in competition with W751. To obtain
a rationale behind this observation, we adopted a QM/MM
approach to investigate the photoinduced ET in LSD1, by
estimating the energy levels of and the coupling between
relevant electronic states, i.e., the FAD LE state and CT states
involving W751 and Y761.

Specifically, the QM region, which was described at a
density functional theory (DFT) level, included the flavin
(isoalloxazine) ring of FAD, as well as the side chains of W751
and Y761, while the remaining part of the protein and water
molecules were described by classical force fields. As the
dynamics of photoinduced short-range ET in proteins are

This journal is © The Royal Society of Chemistry 20xx
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assumed to be faster than the local relaxation, the protein
environment can be considered ‘frozen’ during the ET process,
with a heterogeneous distribution of electrostatics that can
reasonably be sampled from ground-state MD
simulations.?’3>5% Therefore, we carried out time-dependent
DFT (TDDFT) calculations along the ground-state MD
trajectories after DFT geometry optimizations of the QM
regions. Hole—electron analysis was further performed to reveal
the underlying characteristics of the excited state, which
described the changes in electron density upon the
corresponding electronic excitation;® in a typical LE state, the
hole and electron are both localized on the flavin ring of FAD,
and in a well-defined CT state the transferred electron is
localized on the flavin ring, and the hole is localized on the
donor (i.e., W751 or Y761 in LSD1).

As shown in Figure 4A—C, two excited states with distinct CT
characters and energy levels lower than that of the FAD LE state
(corresponding to the S, = S; transition of FAD; hereafter
referred to as LEgap) were identified. CTy;g; involves ET from
Y761 to FAD and CTyys: involves ET from W751 to FAD, as
evident from the corresponding hole—electron distributions.
The oscillator strengths of LEgap have values of ca. 0.19 (Table
S2), indicating that they can be populated directly by
photoexcitation. By contrast, the CT states cannot be accessed
directly, as the oscillator strengths of these transitions are
virtually zero. These findings are consistent with the ultrafast
experiments in which photoinduced charge separation in LSD1
is achieved following the decay of FAD" (Fig. 2 and 3). Notably,
the energy levels of the CTy;¢; are slightly lower than CTyy;s (Fig.
4D; with averaged values of 2.02 and 2.25 eV respectively),
contradicting the general assumption that ET from tryptophan
is energetically favorable compared to tyrosine in
flavoproteins.>® As the CT states are close in energy, the ET
dynamics should be predominantly determined by the
electronic coupling matrix (H,,) between the LE and CT states,
which depends on the overlap of the wave functions of relevant
electronic states, and is sensitive to the relative molecular

configuration and distance of the donor and acceptor molecules.

Specifically, we estimated H,, with the two-state generalized
Mulliken-Hush (GMH) approximation (eq. s1).>4#°77>° As shown
in Fig. 4E and Table S2, the H,, between LEgpp and CTys; are an
order of magnitude larger than those between LEgpp and CTyye1.
As larger coupling leads to a higher ET rate (which
approximately scales with |Hgpl|?), this rationalizes our
experimental finding that W751 is a more effective electron
donor in ultrafast flavin photoreduction in WT LSD1 than Y761.
Additionally, in the simulations of W751F and Y761F LSD1, LE¢pp,
CTwys1 and CTyg; states with hole—electron distributions similar
to those in WT LSD1 were identified (Fig. S6). It is worth noting
that in Y761F, on average a slightly smaller H,, between LEgpp
and CTyys1 was observed compared to that in WT LSD (5.92 and
6.42 meV, respectively). This finding is fully in line with the
slightly faster quenching of FAD" observed in WT LSD1
compared to Y761F LSD1 (Fig. 2A, C, and Table S1).

We also found that subtle changes in the donor—acceptor
configurations (Fig. 1D, E) can lead to considerable differences
in H,, (Fig. 4E, and Fig. S8). Specifically, we found that for Y761

This journal is © The Royal Society of Chemistry 20xx
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in WT LSD1, shorter distances and smaller angles cqrrelateswell
with larger H,, values (Fig. S9a and S10)PPbiO0IBIDHEWeREE
while there appears to be a similar trend, the correlation is less
evident (Fig. S9b and S10). This may be due to the fact that
W?751 is located farther away from the flavin ring (Fig. 1B), and
considerably less flexible than Y761 (Fig. 1D, E and Fig. S1 and
S2), with the distances and angles fluctuating in relatively small
ranges (Fig. S10), possibly in a regime where the effects of
distances and angles, as well as the contributions from
surrounding protein environment, are coupled in a complex
manner. The fluctuations in H,, explain the multiphasic
fluorescence decay kinetics (Fig. 2). Moreover, the results for
Tyr761 (Fig. S9a and S10) suggest that a smaller angle between
the ring planes corresponds to a larger H,, value, in line with the
observation that, in BsFNR and HpFd, the sub-picosecond
quenching events involve tyrosine residues that are stacked
with the flavin rings.?”37 It has been demonstrated in various
systems that a cofacial arrangement of an aromatic donor—
acceptor pair can enhance the coupling and consequently
expedite ET,%0%2 Here, we applied TDDFT calculations on a
simplified tyrosine—flavin model system (Fig. 4F, G) to further
examine such an assessment. The result demonstrates that
when a tyrosine residue is present in a stacking configuration,
H,, is greater than that obtained for a non-stacking
configuration by more than an order of magnitude (1.4 versus
34.5 meV), confirming that a stacking donor—acceptor
configuration is more favorable for short-range ET between a
flavin and a tyrosine residue.

Finally, our findings have implications for potential use of
modified LSD1 as a photobiocatalyst. Flavoprotein-based
photocatalysts often (but not always) are active in the fully
reduced state of the protein. They can be brought into this
quasi-stable state by flavin photoreduction in the presence of
sacrificial electron donors.?® The very efficient (ca. 180 fs),
reversible intra-protein ET between W751 and the flavin
competes with such a reaction in WT LSD1. This competing
flavin photoreduction reaction is slowed down by almost two
orders of magnitude upon replacement of W751 with
phenylalanine. At this point, quasi-stable photoreduction by
external electron donors, which has been reported to be able to
occur as fast as ca. 1 ps when accommodated in the active site
of flavoproteins,® is likely to become sizeable. Interestingly,
and a priori unexpectedly, the Y761 residue, also a potential
electron donor to excited flavin, does not significantly
contribute to the intra-protein photoinduced ET despite its
closeness. As this residue plays an important role in
accommodation of the peptidic substrate,*? its photochemical
inertness may be favorable for peptide photobiocatalysis.
Future work will explore these issues experimentally.

Conclusions

Combining comprehensive experimental and computational
approaches, we delved into the dynamics and mechanism of the
ultrafast flavin photoreduction in LSD1. Based on ultrafast
spectroscopic measurements on wild-type and genetically
modified proteins, we demonstrated that FAD" in WT LSD1 was

J. Name., 2013, 00, 1-3 | 5
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quenched in < 200 fs by short-range ET from nearby residues,
where W751 emerged as the dominant electron donor despite
a greater donor—acceptor separation distance than that of a
tyrosine residue, Y761, located closer to the flavin ring.
Calculations based on a QM/MM approach allowed us to
characterize the LE and CT states of the FAD/W/Y system in the
protein active sites, where we found that the electronic
coupling between the FAD LE state and the CT state involving
W751 is greater than that involving Y761 by an order of
magnitude, corroborating our experimental findings. By
examining the effects of donor—acceptor configurations on the
electronic coupling between the LE and CT states, we further
showed that a stacking configuration of the tyrosine-flavin pair
was required for short-range photoinduced ET to efficiently
occur. Taken together, our results provide detailed insights into
the ultrafast flavin photoreduction in an intricate protein
environment, which helps understand similar features in many
other flavoprotein systems and may guide potential
photobiocatalytic applications.
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