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Sample Preparations. Plasmid pET15b-LSD, carrying human LSD1 transcript variant 2, was a 

kind gift from Prof. Yang Shi (now Ludwig Cancer Research, Oxford, UK). Site-directed mutants 

W751F and Y761F LSD1 were synthesized by Genecust (Genecust Europe, Luxembourg) and 

verified by sequencing.  LSD1 proteins were expressed in E. coli BL21DE3, induced by 0.2 mM 

isopropyl β-D-1-thiogalactopyranoside and incubated at 16 ℃ overnight. The cell suspension was 

sonicated according to the manufacturer’s instructions. The His-tagged LSD1 proteins were 

purified on Protino Ni-TED columns (Macherey-Nagel), followed by imidazole removal on 

Econo-Pac 10DG columns (BioRad). The eluted yellow fraction was concentrated (Amicon ultra-

centrifugal filters), and glycerol was added to a final concentration of 10%. The sample was then 

flash frozen in liquid nitrogen and stored at −80 °C.

Time-Resolved Spectroscopic Measurements. The setup for time-resolved fluorescence 

employing a Kerr gate was described previously.1,2 Briefly, part of the 780 nm output from the 

Ti:sapphire laser/amplifier system (Quantronix Integra-C) operating at 500 Hz was passed through 

a BBO crystal, yielding an excitation pulse centered at 390 nm. The remaining 780 nm beam was 

directed through a motorized delay-line and focused into the Kerr medium where it spatially 

overlapped the fluorescence emitted by the sample. Kerr media with different time-

resolution/sensitivity compromises were used, i.e., suprasil (response time ca. 200 fs), and CS2 

(response time ca. 1 ps).

Multicolor time-resolved absorption spectra were recorded by the pump–probe technique on an 

instrument operating at 500 Hz, as described previously.3,4 Pump pulse centered at 390 nm were 

obtained by frequency-doubling the fundamental beam and continuum broadband pulses were used 

as the probe. Pump and probe beams were set at the magic angle (54.7°) to record the isotropic 

spectra. For all the time-resolved measurements, the excitation power was adapted such that each 

shot of the pump beam excited less than 10% of the sample, and all the measurements were carried 

out at 10 °C to prevent protein precipitation. Global analysis of the data was performed using the 

Glotaran program.5

Computer Simulations. For molecular dynamics (MD) simulations, the structure of WT LSD1 

from Homo sapiens was taken from the Protein Data Bank (PDB entry: 2DW4; resolution: 2.3 Å).6 

The CHARMM36m force field was used for the protein residues7 and the modified TIP3P model 

for water;8 the force field model from ref. 9 was used to describe the FAD cofactor. The 
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protonation states of all titratable residues were assigned based on an analysis PROPKA 3.1,10 and 

verified by ideal stereochemistry. For the simulations of the W751F LSD1 and Y761F LSD1 

variants, the initial conformations of the corresponding phenylalanine were predicted by the 

SCWRL4 program.11 The systems were set up using the CHARMM program (version 47b1),12 and 

the MD simulations were carried out using the NAMD programs (version 2.14).12 Protein residues 

within a 24 Å sphere centered at the isoalloxazine ring N5 atom of flavins were placed in a 75-Å 

cubic box of water. Non-hydrogen atoms between 20 and 24 Å from the sphere center were 

harmonically restrained to their experimentally determined positions in the crystal structure. 

Periodic boundary conditions were assumed with long-range electrostatic interactions computed 

using the particle mesh Ewald method,13 and an appropriate amount of potassium counter ions 

were included to render the system electrically neutral. The bond length between each hydrogen 

and the parent atom to which it is bonded was constrained using the SHAKE method14 for the 

integration time step of 2 fs. After energy minimization, the system was equilibrated first in an 

NVT ensemble for 50 ps, followed by a 500 ps simulation in the NPT ensemble, at 295 K and 1.0 

atm pressure. The Berendsen thermostat and barostat were employed, with a relaxation time of 

500 fs and four timesteps between position rescalings for constant pressure simulations.15 The 

production runs were then performed for 200 ns, collecting coordinates of the system every 100 

ps.

QM/MM calculations on LSD1 variants were performed with the ORCA package (version 5.0.3).16 

QM-MM electrostatic interaction were treated using the electrostatic embedding, and the QM–

MM boundary was described by a hydrogen-like link atom. The QM region, which was described 

by DFT, included the isoalloxazine ring moiety of FAD and the side chains of the residues Y761 

and W761, or F751/F761 in the corresponding variants. The remaining protein components and 

water molecules were included in the MM region and described with the same CHARMM36m 

force fields as in the MD simulations. 20 equally spaced snapshots along the stabilized MD 

trajectories of 200 ns were used as input for the QM/MM calculations, which were first subjected 

to geometry optimization at the B3LYP/ma-def2-SVP17 level (with the MM atoms fixed); 

excitation energies and oscillator strengths of 25 excited states were then estimated using time-

dependent DFT at the cam-B3LYP18/ma-def2-SVP level. The Multiwfn programs (version: 3.8)19 

was used to perform the hole–electron analysis to identify the nature of each excited state. 
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Visualization of the results were carried out with the aid of the VMD programs (version 

1.9.4a53).20 

The electronic coupling matrixes between the donor LE state and donor–acceptor CT states were 

estimated along the MD simulations using the two-state generalized Mulliken-Hush (GMH) 

approximation,21,22 based on the results of TDDFT calculations. For weak donor–acceptor 

interactions, the electronic coupling matrixes (Hab) between two adiabatic states A and B is given 

by

𝐻𝑎𝑏 =
𝜇𝑎𝑏∆𝐸𝑎𝑏

(𝜇𝑎𝑎 ‒ 𝜇𝑏𝑏)2 + 4(𝜇𝑎𝑏)2
                       (𝑒𝑞.  𝑠1)

where μab and ΔEab are the transition dipole moment and the energy gap between the states A and 

B, respectively. μaa and μbb are the permanent dipole moments of the two adiabatic states. The 

values of the involved dipole moments were calculated from the TDDFT wavefunctions using the 

Multiwfn programs.

To estimate the effects of molecular configurations on coupling between the LE and CT states, a 

model system composed of only the flavin ring (lumiflavin) and sidechain of tyrosine (p-

methylphenol), adopting either a stacking or non-stacking configuration at a separation of ca. 4 Å, 

was subjected to TDDFT calculations at the cam-B3LYP/ma-def2-TZVP level. A conductor-like 

polarizable continuum model (CPCM) with an ε value of 6 was used to mimic the weak dielectric 

field of a protein environment.23,24 The coupling matrixes were then evaluated for the two 

configurations after identifying the relevant LE and CT states.
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Fig. S1 Dynamics of distances between FAD and close-by tyrosine and tryptophan residues in 

200-ns MD simulations in WT (a), W751F (b), and Y761F (c) LSD1.
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Fig. S2 Distributions of the angles between the ring planes of the isoalloxazine moiety of FAD 

and the indole or phenol moiety of Y761 (a) or W751 (b) during the MD simulations of WT, 

W751F and Y761F LSD1, as indicated.
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Fig. S3 EAS obtained from global analysis of transient absorption data of WT (a), W751F (b) and 

Y761F (c) LSD1.



S8

Fig. S4 EAS obtained from global analysis of transient absorption data of WT, Y50W and Y50G 

BsFNR, reproduced from ref. 4. In addition to the GSB of FAD, the spectrum of WT BsFNR 

comprises the induced absorption of Y•+/FAD•− radical pair, the spectrum of Y50W BsFNR 

comprises the induced absorption of W•+/FAD•− radical pair, and the spectrum of Y50G BsFNR 

involves the absorption of FAD* and SE.

Fig. S5 Comparison of the 6 ps EAS of W751F LSD1 (Fig. S3b) with a model TA spectrum that 

comprises 30% FAD* (including both induced absorption and SE) and 70% W•+/FAD•− radical 

pair, constructed based on the TA spectra of Y50G and Y50W BsFNR (Fig. S4), respectively. 
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Fig. S6 Hole–electron distributions of LEFAD (a) and CTY761 (b) in Y751F LSD1, and those of 

LEFAD (c) and CTW751 (d) in Y761F LSD1. Red and blue regions denote the hole and electron 

distributions, respectively (isovalue = 0.004). Hydrogen atoms are not shown for clarity.
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Fig. S7 Energy levels of LEFAD and CTY761 in W751F LSD1 (a) and those of LEFAD and CTW751 in 

Y761F LSD1 along the MD trajectories.
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Fig. S8 Electronic couplings between the LE and CT states in W751F and Y761F LSD1 along the 

MD trajectories.
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Fig. S9 Two-dimensional heatmap of the electronic couplings between LEFAD and CTY761 (a) and 

those between LEFAD and CTW751 (b) in WT LSD1, along the MD trajectories, plotted against the 

distance and angles between the aromatic residues and the flavin ring (after QM/MM geometry 

optimization).
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Fig. S10 Three-dimensional bar chart of the electronic couplings between LEFAD and CTY761 and 

those between LEFAD and CTW751, as indicated, along the MD trajectories of WT LSD1, plotted 

against the distance and angles between the aromatic residues and the flavin ring (after QM/MM 

geometry optimization). 
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Table S1. Time constants from the global fits of time-resolved fluorescence decays of LSD1 

variants.a

Protein τ1 / ps τ2 / ps τ3 / ps
WT 0.18 (0.89) 5 (0.11)

W751F 0.27 (0.86) 7 (0.07) > 1000 (0.07)
Y761F 9 (0.76) 200 (0.24)

aThe pre-exponential factor of each component is given in parentheses.

Table S2. Averaged excitation energy (Eex), oscillator strength (fosc) of  LEFAD, CTY761 and CTW751, 
as well as the electronic coupling (Hab) between the CT and LE states, in LSD1 variants along the 
MD trajectories.a N/A, not applicable.

Protein State Eex / eV fosc Hab / meV

LEFAD 3.08 (0.04) 0.19 (0.03) N/A
CTY761 2.02 (0.19) 0.00 (0.00) 0.46 (0.39)WT
CTW751 2.25 (0.23) 0.00 (0.00) 6.42 (1.21)

LEFAD 3.10 (0.05) 0.18 (0.03) N/AW751F CTY761 1.94 (0.26) 0.00 (0.00) 0.37 (0.31)

LEFAD 3.11 (0.06) 0.18 (0.02) N/AY761F CTW751 2.14 (0.34) 0.00 (0.00) 5.92 (1.47)

aStatistical uncertainty in parentheses estimated as the standard deviation.
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