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Blue light using flavin (BLUF) photoreceptor proteins are critical for
many light-activated biological processes and are promising can-
didates for optogenetics because of their modular nature and
long-range signaling capabilities. Although the photocycle of the
SIr1694 BLUF domain has been characterized experimentally, the
identity of the light-adapted state following photoexcitation of
the bound flavin remains elusive. Herein hybrid quantum mechan-
ical/molecular mechanical (QM/MM) molecular dynamics simula-
tions of this photocycle provide a nonequilibrium dynamical
picture of a possible mechanism for the formation of the light-
adapted state. Photoexcitation of the flavin induces a forward
proton-coupled electron transfer (PCET) process that leads to the
formation of an imidic acid tautomer of GIn50. The calculations
herein show that the subsequent rotation of GIn50 allows a re-
verse PCET process that retains this tautomeric form. In the result-
ing purported light-adapted state, the glutamine tautomer forms a
hydrogen bond with the flavin carbonyl group. Additional
ensemble-averaged QM/MM calculations of the dark-adapted
and purported light-adapted states demonstrate that the light-
adapted state with the imidic acid glutamine tautomer reproduces
the experimentally observed spectroscopic signatures. Specifically,
the calculations reproduce the red shifts in the flavin electronic
absorption and carbonyl stretch infrared spectra in the light-
adapted state. Further hydrogen-bonding analyses suggest the
formation of hydrogen-bonding interactions between the flavin
and Arg65 in the light-adapted state, providing a plausible expla-
nation for the experimental observation of faster photoinduced
PCET in this state. These characteristics of the light-adapted state
may also be essential for the long-range signaling capabilities of
this photoreceptor protein.
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lue light using flavin (BLUF) photoreceptor proteins play a

vital role in a wide range of biological light-regulated pro-
cesses (1-7). Due to their modular nature, they are also prom-
ising candidates for optogenetics, where light is used to
manipulate cells in living tissue, such as neurons (8). Moreover,
the photocycles of BLUF photoreceptors are thought to involve
photoinduced proton-coupled electron transfer (PCET), ren-
dering them prototypical model systems for studying photoin-
duced PCET in proteins. In particular, experimental and
theoretical work has implicated forward and reverse photoin-
duced PCET processes for the Slr1694 BLUF photoreceptor
domain (2, 3, 9-12). When SIr1694 BLUF is in its dark-adapted
state (Fig. 14), photoexcitation of the flavin induces the forward
PCET process, which entails electron transfer from Tyr8 to the
flavin and then double proton transfer from Tyr8 to the flavin
through the intervening GIn50. This forward PCET process,
which results in a diradical state (Fig. 1 B and C) (13-15), is
followed by a less well-defined reverse PCET process returning
the flavin and tyrosine to their original oxidation and proton-
ation states (Fig. 1D). These photoinduced PCET reactions
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trigger conformational changes, which are thought to involve
reorganization of the hydrogen bond network in the active site,
thereby yielding the light-adapted state required for biological
signaling.

Despite this level of understanding, the exact nature of the
light-adapted state remains unknown in the Slr1694 BLUF do-
main. The light-adapted state has been fairly well established to
arise from hydrogen bond rearrangement around the flavin
(1-3, 7, 16, 17) on the basis of the red-shifted flavin UV-visible
(UV-vis) absorption spectrum and the red-shifted flavin C4 = O
carbonyl infrared (IR) stretch in the light-adapted state (2, 18).
However, consensus on the details of these conformational
changes has not been reached. In particular, previous studies of
other BLUF domains have suggested that the light-adapted state
may involve a rotation of the glutamine amide group to form a
different hydrogen bond network (19-21). In contrast, other
studies have proposed that the light-adapted state involves the
formation of a glutamine imidic acid tautomer, either with (16,
22-26) (Fig. 1D) or without (27) rotation of the central gluta-
mine residue. These previous hypotheses have been suggested to
be consistent with the experimentally observed spectral shifts.

In this study, we use hybrid quantum mechanical/molecular
mechanical (QM/MM) methods to investigate the plausibility of
the GIn50 imidic acid tautomer shown in Fig. 1D as an essential
component of the light-adapted state in Slr1694. To this end, we
show how this purported light-adapted state can be formed. The
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Fig. 1.

(A-D) Schematic of the proposed mechanism for the photocycle in the BLUF SIr1694 photoreceptor, with (4) the dark-adapted state and (D) the

purported light-adapted state. Following photoexcitation of the flavin, Tyr8 reduces the flavin to produce a charge-separated state (orange arrow in A),
resulting in proton transfer from Tyr8 to the flavin via GIn50 (blue arrows in A) to produce the structure in B. After proton transfer, the GIn50 imidic acid
tautomer rotates to form a hydrogen bond with the flavin C4 = O carbonyl, as illustrated by the rotation of GIn50 from B to C. After charge recombination
corresponding to electron transfer from the flavin to Tyr8 (orange arrow in C), the proton transfers back from the flavin to Tyr8, again via GIn50 (blue arrows
in C) to produce the structure in D, which is the purported light-adapted state with a glutamine imidic acid tautomer. The forward PCET and GlIn rotation
were studied in ref. 12, and the current work elucidates the reverse PCET process and characterizes the resulting purported light-adapted state.

first part of the proposed mechanism is composed of forward
PCET to produce a GIn50 imidic acid tautomer, followed by
rotation of the imidic acid group, as shown in our previous work
(12). To complete the cycle, the simulations presented herein
illustrate the subsequent reverse PCET, yielding an active site
with the Gln imidic acid tautomer in conjunction with the tyro-
sine and flavin in their original oxidation and protonation states.
Following the formation and equilibration of this light-adapted
state, we perform time-dependent density functional theory
(TDDFT) (28) QM/MM calculations to show that the rotated
GIn50 imidic acid tautomer results in a red-shifted flavin UV-vis
absorption spectrum compared to the original GIn50 amide
state, reproducing the experimentally observed ~10-nm red shift
in the light-adapted state. We also show that this same light-
adapted state is consistent with the experimentally observed
red-shifted flavin C4 = O carbonyl IR stretch. Analysis of the
changes in the hydrogen bond network implicates the rotated
GIn50 imidic acid tautomer as primarily responsible for these
spectral changes and identifies this tautomer as a key charac-
teristic of the SIr1694 light-adapted state.

Results and Discussion

Formation of the GIn50 Imidic Acid Tautomer. Upon absorption of
blue light, the photoexcited flavin chromophore in the Slr1694
BLUF photoreceptor is reduced via electron transfer from Tyr§8
(4, 11, 13), yielding a charge-separated state consisting of the
positively charged tyrosine and the negatively charged flavin
(14). Double proton transfer through the intervening glutamine
residue, GIn50, neutralizes these species. Previously, we used a
hybrid QM/MM approach to simulate this forward PCET pro-
cess (12), which is illustrated in Fig. 1 4 and B. The QM region
used in this previous study, as well as the current study, included
Tyr8, GIn50, and the isoalloxazine ring of the flavin shown in
Fig. 1, with more specific details provided in SI Appendix, Fig. S1.
For the previous simulations, the system was prepared in the
ground state, and photoexcitation was modeled by instanta-
neously placing the system in the locally excited state of the
flavin. The nonequilibrium excited-state dynamics of forward
PCET, including electron transfer from Tyr8 to the flavin fol-
lowed by double proton transfer from Tyr8 to the flavin via
GIn50, was simulated using Tamm-Dancoff TDA-TDDFT (29)
for the QM region until formation of the singlet diradical ground
state. At that point, the trajectory was propagated on the singlet
diradical ground state using a spin-flip TDA-TDDFT approach
(30). In this previous study, we propagated nine independent
trajectories that exhibited forward PCET. Given the computa-
tional expense of these simulations, we were unable to propagate
a larger number of trajectories, and therefore, the results are not
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statistically meaningful but rather provide qualitative insights
into possible reaction pathways.

After forward PCET, which produces a diradical state, we
observed rotation of the GIn50 imidic acid tautomer (Fig. 1 B
and C) and formation of a hydrogen bond between GIn50 and
the C4 = O carbonyl of the flavin (Fig. 1C) for four of the nine
trajectories, which will be the focus of this work (12). The other
five trajectories either reformed the dark-adapted state or were
otherwise unproductive, as described in SI Appendix. Experi-
mentally, this diradical state persists on the order of tens to
hundreds of picoseconds until charge recombination and proton
transfer return the flavin and the tyrosine to their original oxi-
dation and protonation states in the reverse PCET process
(Fig. 1 C and D) (3). Although direct simulation of charge re-
combination on this timescale is computationally unfeasible with
the QM/MM method used previously (12), we simulated the
qualitative mechanism of proton transfer after charge recombi-
nation by continuing the QM/MM trajectories with closed-shell
spin-restricted ground state DFT. This approach has the effect of
constraining the QM active site to a closed-shell singlet ground
state, thus enforcing charge recombination (31-33).

This procedure for simulating the reverse PCET process
(Fig. 1 C and D) was motivated by the experimental character-
ization of the light-adapted state (9, 20, 34), indicating that the
flavin and tyrosine are in their original oxidation and protonation
states. To simulate the formation of the light-adapted state, we
started with a conformation of the diradical state, constrained
the flavin and tyrosine to be in their original oxidation states, and
observed the subsequent proton transfer reactions that occurred
to return the flavin and tyrosine to their original protonation
states. This procedure assumes that the charge recombination
occurs prior to the proton transfer reactions and that no addi-
tional major conformational changes occur in the diradical state
on a longer timescale. As in our previous work, the QM region
was described at the LRC-oPBEh/6-31G* level of theory, and
the MM region was treated with the CHARMM36 force field
(35) in conjunction with the associated modified TIP3P water
model (36). The flavin force field parameters were obtained
from a previous study on LOV domains (37). All QM/MM cal-
culations in this work utilized the CHARMM/Q-Chem interface
(38-40). Additional computational details are provided in
SI Appendix.

The initial conditions for simulating the reverse PCET process
were obtained from the endpoints of the trajectories in our
previous simulations of the forward PCET process (12). The
structure of the active site in the diradical singlet ground state
prior to charge recombination is depicted in Fig. 1C. After
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enforcing the closed-shell singlet spin state, charge recombina-
tion results in a negatively charged Tyr8 and a positively charged
flavin. To restore charge neutrality, a proton is transferred from
the flavin to the intervening GIn50, which subsequently transfers
its proton to Tyr8, as depicted by the arrows in Fig. 1C. These
proton transfer reactions occurred within 250 fs of the enforced
charge recombination for the four trajectories studied, suggest-
ing that the mechanism could be effectively concerted. The
structure of the active site following this reverse PCET process is
depicted in Fig. 1D. In this structure, the GIn50 imidic acid
tautomer has been formed, and the flavin and Tyr8 are in the
same oxidation and protonation states as in the dark-adapted
state (Fig. 14). No other significant structural changes were
observed up to ~700 fs following reverse PCET in our QM/MM
simulations.

We emphasize that the initial proton transfer from Tyr8 to
GIn50 in the forward PCET process is only possible after pho-
toexcitation of the flavin and the subsequent electron transfer
from Tyr8 to the flavin. Oxidation of Tyr8 lowers its pK, by ~12
units, thereby enabling proton transfer from Tyr8 to GIn50.
Moreover, the Gln imidic acid tautomer is much higher in energy
than the original Gln amide form and is only generated in the
forward PCET process and retained in the reverse PCET process
because of the double proton transfer mechanisms shown in
Fig. 1. Typically, glutamine does not serve as a proton acceptor,
and the glutamine imidic acid tautomer is not often observed in
biological systems (41). Although the imidic acid tautomer is
typically much less stable than the amide form, the imidic acid
tautomer may be stabilized by the environment, particularly
through the hydrogen-bonding interaction with the C4 = O
carbonyl of the flavin, and may persist due to the lack of ener-
getically accessible pathways to regenerate the original amide
form. Alternatively, the imidic acid tautomer may be responsible
for the initial spectroscopic changes but may relax to the amide
form that would have presumably moved or rotated so that it
could form a hydrogen bond to the C4 = O carbonyl group of the
flavin. The current simulations are not long enough to distin-
guish between these two possibilities.

Red-Shifted Flavin UV-Vis Absorption Spectrum. To elucidate the
structural changes that occur after equilibration of the purported
light-adapted state, we used classical molecular dynamics (MD)
to obtain 500 conformations over 100-ns isothermal-isobaric
ensemble (NPT, 300 K, 1 atm) trajectories following equilibra-
tion of the dark- and light-adapted states. To enable classical
MD involving the imidic acid tautomer of GIn50, a force field for
the glutamine imidic acid tautomer was parameterized according
to the previously reported protocol for the CHARMM force
field (42, 43). Details of the force field parameterization, as well
as the system preparation and equilibration, are provided in S/
Appendix. For comparison, an analogous MD trajectory was
propagated for the dark-adapted state to obtain 500 conforma-
tions for this state as well.

Experimentally, the flavin UV-vis absorption spectrum ex-
hibits a red shift of ~10 nm in the light-adapted state compared
to the dark-adapted state (2, 18). We used electrostatically em-
bedded TDDFT/MM calculations at the LRC-oPBEh/6-
314++G™** level of theory (31-33, 44) to compute the ensemble-
averaged flavin absorption spectrum. The electrostatic environ-
ment included the entire protein with explicit solvent. After
computing the 10 lowest excitation energies for each of the 500
conformations with the hybrid TDDFI/MM approach, an
ensemble-averaged spectrum was generated by fitting a Gaussian
function to each computed peak and summing over all of the
conformations. The Gaussian functions were normalized so that
each individual peak integrates to its computed oscillator
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strength. In order to obtain a smooth final spectrum, each in-
dividual Gaussian was chosen to have an empirically determined
full-width half-maximum of 10 nm. A 95% CI was constructed
for each spectrum by computing the SD from 500 bootstrap
resamples of the ensemble spectra (45).

The changes in the flavin absorption spectrum between the
dark-adapted and purported light-adapted states obtained from
our simulations and from experimental measurements are illus-
trated in Fig. 2. The peak positions in the simulated and ex-
perimental spectra are in qualitatively reasonable agreement.
According to the simulations, the light-adapted state corre-
sponding to the GIn50 imidic acid tautomer results in a red-
shifted absorption spectrum compared to the dark-adapted
state corresponding to the GIn50 amide state. This red shifting
is primarily due to differences in the hydrogen-bonding inter-
actions between the flavin and GIn50 in its amide versus imidic
acid tautomeric form (Fig. 14 versus Fig. 1D). To confirm that
the imidic acid tautomer is primarily responsible for the red-
shifted absorption spectrum, we also computed the ensemble-
averaged gas phase absorption spectra for the two tautomeric
states of GInS0 (SI Appendix, Fig. S3), using the same QM
conformations of the active site but removing the field of
external MM charges from the surrounding protein and solution.
Even in the absence of the protein electrostatic environment, the
imidic acid tautomer displays the red-shifted spectrum compared
to the amide tautomer, highlighting the role it plays in the for-
mation of the purported light-adapted state. Additional tests
using TDA-TDDFT (SI Appendix, Fig. S4) and another
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Fig. 2. Differences in the flavin absorption spectrum between the dark-
adapted and light-adapted states of the SIr1694 BLUF photoreceptor.
These calculations were performed at the TDDFT LRC-oPBEh/6-31++G**/MM
level of theory. (A) The computed ensemble spectra with the 95% Cl shaded
and (B) the experimental absorption spectra (adapted with permission from
ref. 18 [Copyright 2004, American Chemical Society]). In both the computed
and experimental spectra, the flavin S; peak at ~430 nm red shifts by ~10 nm
in the light-adapted state compared to the dark-adapted state.
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independently prepared ensemble (SI Appendix, Fig. SS5) also
reproduce the red-shifted absorption spectra in the light-
adapted state.

Red-Shifted Flavin C4 = O IR Stretch. Experimentally, the flavin
C4 = O carbonyl IR stretch red shifts ~20 cm™ in the light-
adapted state compared to the dark-adapted state. If the light-
adapted state involves the rotated imidic acid tautomer of GIn50,
this red shift can be rationalized because an additional hydrogen
bond is formed to the C4 = O (Fig. 1D) (46). To test if the GIn50
imidic acid tautomer reproduces this vibrational red shift, we
used the Fourier grid Hamiltonian (FGH) method (47) to
compute the ensemble-averaged C4 = O carbonyl stretch fre-
quencies for the dark- and light-adapted states. These calcula-
tions were performed on 50 conformations obtained from 5-ns
NPT (300 K, 1 atm) trajectories following equilibration of both
the light- and dark-adapted states. Starting from a gas-phase
optimized flavin isoalloxazine ring, we generated a potential
energy curve corresponding to the C4 = O stretch in normal
mode coordinates, sampling the CO distance along a grid in the
approximate region between 0.9 and 1.8 A. These flavin geom-
etries were inserted into the electrostatic environment of each of
the 50 solvated protein conformations for each state by mini-
mizing the rmsd between the two flavin rings, and the energy of
the full system was calculated for each geometry. Given the
relative rigidity of the flavin isoalloxazene ring, this insertion
procedure corresponds to moving the flavin carbon, oxygen, and
neighboring atoms within the sampled protein conformation
along the relevant mode to produce a potential energy curve that
allows the calculation of the C = O vibrational frequency without
invoking the harmonic approximation. The FGH procedure in-
herently includes anharmonicity through the numerical solution
of the one-dimensional Schrodinger equation associated with
this potential energy curve.

The electrostatically embedded single-point energies com-
puted at the DFT/LRC-wPBEh/6-31++G**/MM level of theory
were used to generate a potential energy curve along the C4 = O
stretch for each protein conformation. The FGH method was
used to solve the one-dimensional Schrodinger equation for the
potential energy curve associated with each conformation using
the reduced mass of the normal mode, and the C4 = O vibra-
tional frequency was obtained as the energy difference between
the lowest two eigenvalues associated with the vibrational energy
levels. This procedure resulted in an ensemble of 50 values for
the C4 = O vibrational frequency in different protein environ-
ments for both the dark- and light-adapted states.

The simulated and experimental vibrational spectra associated
with the C4 = O stretch are depicted in Fig. 3. The kernel density
estimates (KDEs) of the computed frequencies (black and red
curves for the dark- and light-adapted states, respectively) as well
as the rug plot of the raw frequencies (black and red sticks) are
depicted in Fig. 34. The KDEs, which provide a continuous
representation of the histogram, were generated by fitting a
Gaussian function to each computed vibrational frequency and
taking the normalized sum of the resulting functions. The dif-
ference between the KDEs for the light- and dark-adapted states
yields a difference density (Fig. 3B), which is analogous to the
FTIR difference spectra (Fig. 3C). As illustrated by the data, the
light-adapted state corresponding to the GIn50 imidic acid tau-
tomer reproduces the experimentally observed red shift in the
light-adapted state. Quantitatively, the peaks in the difference
density in Fig. 3B produce a red shift of 20 cm™, whereas the
experimental counterpart in Fig. 3C produces a red shift of
19 cm™'. Thus, the additional hydrogen bond between the GIn350
imidic acid tautomer and the C4 = O of the flavin is sufficient to
produce the red shift of the flavin C4 = O carbonyl stretch.

Active-Site Hydrogen Bond Analysis. In order to understand the
changes in the active site upon formation of the light-adapted
state, we carried out a hydrogen bond analysis of the flavin. For
this purpose, we analyzed the hydrogen-bonding partners with
the isoalloxazine ring along the 100-ns NPT (300 K, 1 atm)
trajectories that were propagated for both the dark- and light-
adapted states. These were the same trajectories used to com-
pute the simulated flavin UV-vis absorption spectra in Fig. 2 and
were sampled every 25 ps to produce 4,000 conformations for
each state. A summary of the main hydrogen-bonding partners
(e.g., hydrogen-bonding pairs with >5% occupancy) and their
relative occupancies during the 100-ns trajectories is given in
Table 1. The hydrogen bond occupancy refers to the percentage
of the trajectory that a hydrogen bond is formed between a given
donor and acceptor. Representative hydrogen-bonding networks
for these ensembles are depicted in Fig. 4.

Both the dark- and light-adapted states exhibit two hydrogen
bonds between Asn32 and FMN with high occupancies (>85%).
As expected, the differences between the tautomeric states of
GIn50 change the hydrogen-bonding interactions between GIn50
and the flavin. The dark-adapted amide form exhibits hydrogen
bonding between the GIn50:NE2 and the FMN:N5 (43% occu-
pancy), with an occasional hydrogen bond formed between the
GIn50:NE2 and the FMN:O4 (14% occupancy). For the light-
adapted imidic acid form, the hydrogen bond between the
GIn50:0E1 and the FMN:04 has a high occupancy (79%), as
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Fig. 3. Differences in the flavin C4 = O carbonyl stretch IR spectra between the dark- and light-adapted states of the SIr1694 BLUF photoreceptor. (A) The
computed vibrational frequencies for the C4 = O stretch obtained using the FGH method for ensembles of the dark- and light-adapted states (black and red
sticks, respectively). The curves denote a KDE of the underlying histogram. (B) The difference between the KDEs for the dark- and light-adapted states,
showing a 20 cm ™" red shift between the dark- and light-adapted states. (C) The experimental difference FTIR spectra, showing a 19 cm™" red shift between
the dark- and light-adapted states (adapted with permission from ref. 18 [Copyright 2004, American Chemical Society]).
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Table 1. Hydrogen bond occupancy involving the flavin (FMN)
in the dark- and light-adapted states of SIr1694 BLUF

Dark-adapted (GIn50 amide) Light-adapted (GIn50 imidic acid)

Donor Acceptor Occupancy*  Donor Acceptor Occupancy*
FMN:N3  Asn32:0D1 94% FMN:N3  Asn32:0D1 93%
Asn32:ND2 FMN:04 89% Asn32:ND2 FMN:04 85%
Asn31:ND2 FMN:02 86% Asn31:ND2 FMN:02 27%
GIn50:NE2 FMN:N5 43% GIn50:NE2 FMN:N5 32%
GIn50:NE2 FMN:04 14% GIn50:0E1  FMN:04 79%
Arg65:NH2 FMN:02 63%
Arg65:NH1 FMN:02 50%

*Percent of time the hydrogen bond was formed for conformations sampled
every 25 ps during a 100-ns trajectory. Occupancies less than 5% are not
given. A hydrogen bond is defined as having a donor-acceptor distance
within 3.2 A and a donor-hydrogen-acceptor angle between 135° and 180°.

expected given the changes observed in both the electronic and
vibrational red-shifted absorption spectra. Additionally, another
less prevalent hydrogen-bonding interaction is observed between
the GIn50:NE2 and the FMN:N5 (32%) in the light-adapted state.

One surprising difference between the dark- and light-adapted
states pertains to hydrogen-bonding interactions on the other
side of the isoalloxazine flavin ring. The occupancy of the
hydrogen-bonding interaction between the Asn31:ND2 and the
FMN:02 is lower for the light-adapted state (27%) compared to
the dark-adapted state (86%). In the light-adapted state, we
observed that the primary hydrogen bond donor to the FMN:02
is Arg65 (63 and 50% for Arg65:NH1 and Arg65:NH2, respec-
tively). These percentages suggest that Arg65 can potentially
donate two hydrogen bonds to the FMN:O2. This hydrogen-
bonding interaction with Arg65 (Fig. 4B) may arise from the
additional hydrogen bond to the flavin from the GIn50:0E1 of
the imidic acid tautomer, which may pull more strongly on the
flavin, disrupting the Asn31:ND2 hydrogen bond, which is
replaced by the Arg65 hydrogen bond(s). Although the X-ray
crystal structure (PDB 2HFN) (48) used as the starting point
for our simulations indicates a hydrogen bond between Arg65
and the C2 = O carbonyl of the flavin in the dark-adapted state,
our simulations of the dark-adapted state do not indicate the
prevalence of such a hydrogen-bonding interaction (Table 1) and
show that Argb65 is a relatively flexible residue. This discrepancy
could be due to either limitations of the force field or
crystallization effects.

Arg65 does not appear to play a major role in the formation of
the red-shifted flavin absorption spectrum, as the red shift is
reproduced in gas-phase calculations (SI Appendix, Fig. S3), and

GIn50
(amide)

is not expected to contribute to the red-shifted C4 = O carbonyl
stretch, as it does not donate any hydrogen bonds to the
FMN:0O4. However, Arg65 could potentially play a role in later
changes required for biological signaling through rearrangement
of the flavin binding pocket, although further investigation is
required. Moreover, the hydrogen bond between Arg65 and the
flavin may be partially responsible for the ultrafast (~1 ps)
concerted PCET observed in the light-adapted state through
transient pump/probe spectroscopy (21), as Arg65 has previously
been shown computationally to stabilize the charge transfer state
resulting from electron transfer from Tyr§ to the flavin (10),
thereby facilitating the forward PCET process.

Conclusion

Herein we simulated the mechanism for the formation of a po-
tential Slr1694 BLUF light-adapted state involving a rotated
GIn50 imidic acid tautomer and showed that the resulting state
displays the experimentally observed spectroscopic signatures.
The combination of our QM/MM MD simulations presented in
ref. 12 and herein illustrates that photoexcitation of the flavin
induces a forward PCET process that leads to the formation of
the GIn50 imidic acid tautomer, as well as the tyrosyl and FMNH
radicals, followed by rotation of GIn50 and a reverse PCET
process that retains the GIn50 imidic acid tautomer while
returning the tyrosine and flavin to their original oxidation and
protonation states. The resulting light-adapted state, which
contains the rotated GIn50 imidic acid tautomer, was further
characterized and compared to the dark-adapted state, which
contains the original GIn50 amide state. Classical MD trajecto-
ries initiated after the reverse PCET process allowed sampling of
conformations in the purported light-adapted state. We per-
formed ensemble-averaged TDDFT/MM calculations to com-
pute the electronic absorption spectra of the flavin chromophore
in the solvated BLUF protein environment, reproducing the
experimentally observed ~10-nm red shift in the flavin absorp-
tion spectrum of the light-adapted state. Similarly, we used the
FGH method in conjunction with electrostatic embedding to
compute the flavin C4 = O carbonyl stretch frequency, repro-
ducing the experimentally observed ~20 cm™ red shift in the
carbonyl stretch frequency of the light-adapted state.

The red shifts in the flavin UV-vis and C4 = O IR spectra were
explained in terms of the new hydrogen bond formed between
the flavin and the GIn50 imidic acid tautomer. Hydrogen-bonding
analyses of MD trajectories with GIn50 in the amide and imidic
acid forms confirmed that the imidic acid tautomer enables a
strong, persistent hydrogen bond between the GIn50 hydroxyl
group and the C4 = O carbonyl of the flavin. Moreover, these
analyses suggested that this new hydrogen-bonding interaction may
induce further changes in the hydrogen-bonding network, namely,

N

GIn50
(imidic acid)

Fig. 4. Hydrogen-bonding interactions around the flavin binding pocket for (A) the dark-adapted state, corresponding to the GIn50 amide tautomer, and (B)
the purported light-adapted state, corresponding to the GIn50 imidic acid tautomer. Only the isoalloxazine ring of the flavin (gray) is shown for clarity. In our
simulations, Arg65 hydrogen bonds to the flavin in the purported light-adapted state but not in the dark-adapted state.
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the formation of hydrogen-bonding interactions between the flavin
and Arg65, facilitating electron transfer from Tyr8 to the flavin.
This characteristic of the purported light-adapted state provides a
plausible explanation for the faster photoinduced PCET reaction
observed experimentally in the light-adapted state than in the dark-
adapted state. In addition, these changes in the hydrogen-bonding
interactions may be essential for the long-range signaling that oc-
curs in the light-adapted state.

Based on the observation of the formation of the rotated
GIn50 imidic acid tautomer during QM/MM dynamics, as well as
the changes in the flavin UV-vis and IR absorption spectra, we
have demonstrated strong computational support for assigning
the rotated GIn50 imidic acid tautomer as the dominant struc-
tural change in the formation of the light-adapted state. How-
ever, we cannot rule out the possibility that the imidic acid
tautomer eventually relaxes to the amide form that has reor-
iented to enable hydrogen bonding to the C4 = O carbonyl of the
flavin. Although these results are consistent with the experi-
mentally observed spectral changes occurring upon formation of
the light-adapted state, additional studies are required to understand
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Computational Methods

Details of the computational methodology used in this article are provided in
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