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OaPAC is a photoactivated enzyme that forms a Hybrid QM/MM free energy calculation

homodimer. The two blue-light using flavin (BLUF) photoreceptor R e ~
domains are connected to the catalytic domains with long coiled- b N o sl sptmasien
coil C-terminal helices. Upon photoreception, reorganization of the ﬁ[ :En:f N @ 7
hydrogen bonding network between Tyr6, GIn48, and the N H /
chromophore in the BLUF domain and keto—enol tautomerization H H H H
of GIn48 are thought to occur. However, the quantitative o SN O N
energetics of the photoisomerization reaction and how the BLUF T
domain’s structural change propagates toward the catalytic domain 75 enee

are still unknown. We evaluate the free-energy differences among Light state

the dark-state and two different light-state structures by the free-

energy perturbation calculations combined with QM/MM free-energy optimizations. Furthermore, we performed long-time MD
simulations for the free-energetically optimized dark- and light-state structures to clarify the differences in protein dynamics upon
photoisomerization. The free-energy difference between the two optimized light-state structures was estimated at ~4.7 kcal/mol.
The free-energetically optimized light-state structure indicates that the chemically unstable enol tautomer of GIn48 in the light state
is stabilized by forming a strong hydrogen bonding network with the chromophore and Tyr6. In addition, the components of free-
energy difference between the dark- and light-state structures show that the energy upon photoreception is stored in the
environment rather than the internal photoreceived region, suggesting a mechanism to keep the photoactivated signaling state with
the chemically unstable enol tautomer of GIn48. In the light state, a fluctuation of Trp90 near the C-terminal helix becomes large,
which causes subsequent structural changes in the BLUF core and the C-terminal helix. We also identified residue pairs with
significant differences concerning residue-wise contact maps between the dark and light states.

GIn48 (enol + rotation)

BLUF protein, photoactivation, molecular simulation, hybrid quantum mechanics/molecular mechanics method,
free energy calculation

activity in the light than in the dark state.” Also, PAC from
Oscillatoria acuminata (OaPAC) has the lowest catalytic

Cyclic adenosine monophosphate (cAMP) is one of the
activity in the dark state among PACs, enabling fine control

second messengers for intracellular signal transduction. It is

involved in cellular processes such as the elongation and of cAMP production.'’ Mutant PACs with no dark activity
differentiation of axons in neurons.'" Membrane-integral rapidly increasing cAMP more than 1000 times upon light
adenylate cyclase synthesizes cCAMP from adenosine triphos- irradiation were developed."’

phate via its activation by GTP-binding protein,” whereas Recently, molecular structures of PAC were solved by X-ray
photoactivated adenylate cyclase (PAC) directly synthesizes crystallography at the atomic level, and the characteristic
cAMP by light activation.” This unique photoswitch function molecular shape was revealed.'”'>'* PAC is a homodimer
of PAC is currently utilized as a new optogenetics tool to protein, and each protomer consists of two domains: the

control the intracellular cAMP concentration noninvasively
and precisely in time and space instead of pharmacological
methods.”*™ The optogenetics technique with PAC helps
elucidate axonal morphogenesisl and may have a medical May 19, 2024 PHYSICAL "
application for understanding the mechanisms of diseases August 18, 2024 ‘
relating to it.” October 7, 2024
PACs have different catalytic reaction abilities and rising October 29, 2024
catalytic activity times after photoactivation.” "' For example,
PAC from Beggiatoa (bPAC) has ~100 times higher catalytic

photoreceptor domain called sensors of blue-light using flavin
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Figure 1. Structure of the BLUF-dimer and its molecular simulation system. (a) Crystallographic structure of OaPAC in the dark state (PDB ID:
4YUS). The protein backbone is drawn in ribbon representation. The monomers A and B are colored in red and blue, respectively. Heavy atoms of
the chromophore and the side chains of Tyr6 and GIn48 are depicted in stick representation. Carbon, oxygen, nitrogen, sulfur, and phosphorus
atoms are colored in cyan, red, blue, yellow, and gold, respectively. (b) QM/MM simulation system for the dark state in a periodic boundary
condition. Quantum mechanically treated molecules are depicted in van der Waals representation colored in yellow.

(BLUF) and the catalytic domain called AC (Figure 1a). The
BLUF domain includes the conserved core region (residues 1—
102 in Figure S1) and the chromophore flavin mono-
nucleotide (FMN), whose maximum absorption wavelength
is ~450 nm, and also the long C-terminal helix (residues 103—
126 in Figure S1) called a3, which connects the BLUF domain
to the AC domain (Figure 1a). The two a3 helices from each
protomer form a coiled-coil structure (Figure la). This
structure is in contrast to that of BlrP1, whose BLUF domains
are separated from each other.'* In PAC, the activation region
of the BLUF domain is 45 A from that of the AC domain. The
molecular mechanism of how light-absorption information in
the BLUF domain transmits to the AC domain and regulates
the catalytic reaction is still unknown.

The BLUF domain was found through studies of photo-
avoidance in Euglena gracilis’ and photosynthesis gene
expression in Rhodobacter sphaeroides.” 1t is experimentally
known that the maximum absorption wavelength of the BLUF
domain red shifts ~10 nm upon blue-light reception.'”"
However, the details of the photochemical reaction have not
yet been clarified. Moreover, since the structural difference of
X-ray crystallographic structures of OaPAC between the dark
state (PDB ID: 4YUS) ' and the light state (PDB ID: 5X4U)"”
is very small (C,-RMSD ~ 0.3 A), how the structural change
of the photoreceptor domain controls the catalytic activity of
the catalytic domain is not revealed yet.

In most photoreceptor proteins such as rhodopsin,
phytochrome, photoactive yellow protein, and LOV protein,
chromophore undergoes characteristic structural change upon
photoreception, inducing large conformational change.'® On
the other hand, in the BLUF domain, it was known that the
chromophore itself does not undergo characteristic structural
change upon Iphotoreception by ultraviolet—visible absorption
spectroscopy, ° and only the hydrogen bonding network with
amino acid residues near the chromophore changes.'” Up to
now, the photochemical reaction and the subsequent protein
structural change have been extensively studied structur-
ally,"*~** spectroscopically,”~** and computationally.**~**

In the BLUF domain, well-conserved Tyr6 and GIn48 near
the chromophore FMN are shown to be essential for
photoactivation by the mutational experi-
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18,24,25,29,31,32,40,42 .
ments. 77772 Infrared  spectroscopy  experiments

showed that the ~10 nm red shift of the absorption wavelength
corresponds to the downshift of the C4=O vibration of
FMN.*"** This indicates that the hydrogen bonds between
FMN and GIn48 become stronger in the light state. To date,
by a combination of the orientation and amide-iminol
tautomerization of the GIn48 side chain (hereafter, we call
this keto—enol tautomerization following refs 32—35, 38, 42,
46, 55, 59, and 62), various scenarios for chemical and
structural changes of GIn48 from the dark state to the light
state were proposed.zg_33’37’38’41’43’44

Using Fourier transform infrared (FTIR) spectroscopy,
isotope exchange method, and quantum mechanical/molecular
mechanical (QM/MM) calculation, Domracheva et al.
identified the dark-state structure of Tyr6-Gln48-FMN. They
proposed that the GIn48 side chain undergoes rotation and
keto—enol tautomerization in the light state.’” Later, using
FTIR spectroscopy and QM/MM calculation, Iwata et al.
comprehensively investigated the possible hydrogen bonding
patterns of Tyr6-Gln48-FMN from the dark state to the light
state.”® They concluded that the GIn48 side chain undergoes a
rotation and keto—enol tautomerization in the light state. A
recent study by Hontani et al. using Raman spectroscopy and
QM calculation also supports the simultaneous rotation and
tautomerization.”' On the other hand, the X-ray crystallo-
graphic structures of PAC solved for both dark and light states
do not show the rotation of the GIn48 side chain.'™'>"* As
Iwata et al. discussed,”” distinguishing the oxygen and nitrogen
atoms in X-ray crystallographic experiments is technically
challenging; there remained the possibility that two atoms were
assigned opposite elements.

In this study, we computationally investigate two light state
models: the one proposed from spectroscopic experiments””*'
and the other obtained from X-ray crystallographic struc-
tures;'>'® in other words, the enolized state with or without
rotation of the GIn48 side chain. To model the simulation
systems accurately, we compare both models quantitatively,
based on the calculation of the free energy difference. Then, we
clarify the structural difference between the dark- and light-
state models of the BLUF domain and discuss the photo-
activation mechanism.

https://doi.org/10.1021/acsphyschemau.4c00040
ACS Phys. Chem Au 2024, 4, 647—659
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Figure 2. Proposed scheme of the photoisomerization reaction of the chromophore, Tyr6, and GIn48 upon blue-light absorption. The side chain of
GIn48 takes the usual keto form in the dark state; it changes to the enolized form in the light state without/with rotation of the side chain (light 1/2

state) .
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Figure 3. Summary of this study. Simulation models of the dark, light 1, and light 2 states of the BLUF-dimer were prepared (note that only the
monomer A is treated as QM/MM; see Methods). First, the three state structures were free-energetically optimized by the QM/MM RWFE-SCF
method. Then, the free-energy differences among the optimized three state structures were evaluated. Finally, the functional analysis of long-time
MD simulation trajectories of the dark and light states was performed.

Since the enolized state is chemically unstable in general and
its electronic state is complex, describing the enolized state in
the classical molecular dynamics simulation with the molecular
force field is difficult. In this study, we employ a hybrid QM/
MM free-energy method called the QM/MM RWEFE-SCF
method, which enables a compatible description of a highly
accurate ab initio calculation for a reaction center, including
the chromophore and its interaction with statistically ample
conformational sampling of the MM protein environment as
well as solvent by long-time atomic-level molecular dynamics
simulations.”*** For the BLUF dimer with long C-terminal
coiled-coil helices characteristic of PAC, we evaluated the free-
energy difference between two modeled light states using free-
energy perturbation (FEP) calculations® and analyzed the
structural response of the protein upon photoactivation. We
verified the modeled structures by evaluating the absorption
wavelength based on the excited-state calculations. Through
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analysis of different contact maps between the dark and light
states, we found that residues that have the most significant
contact difference between the dark and light states are Trp90
and Met92, crucial for photoactivation shown by mutational
experiments,”>#32363940.6668 W 4150 assessed the subse-
quent residues with the significant contact difference.

First, simulation models of dark, light 1, and light 2 states were
prepared (Figures 1 and 2). Then, the three state structures were free-
energetically optimized by the QM/MM RWFE-SCF method.***
Next, the free-energy dlﬁ'erence among the optimized three-state
structures was evaluated by FEP.®® Finally, functional analysis of long-
time MD simulation trajectories in the dark and light states was
performed. The schematic overview of this study is summarized in
Figure 3.

https://doi.org/10.1021/acsphyschemau.4c00040
ACS Phys. Chem Au 2024, 4, 647—659
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The initial structure was constructed with a crystallographic protein
structure of the BLUF domain dimer of OaPAC in the dark state
(PDB ID: 4YUS)'"° (Figures la and S1). Missing hydrogen atoms
were added to the protein and FMN with the LEaP module of
AMBER18.%” Standard protonation states for the titratable groups of
the protein were set. Protonation of histidine residues (His70 and
His119) was put on the epsilon and delta nitrogen atoms,
respectively, by examining the surrounding environment. The
phosphoric acid of FMN was assumed to be deprotonated. The C-
terminal residue (Thr126) was capped with NME. The protein with
FMN was immersed in a periodic boundary box (100.9 X 100.7 X
101.0 A®) filled with TIP3P water molecules’® (Figure 1b), and 88
Na" ions and 76 Cl~ ions were added to neutralize the systems and
mimic the intracellular environment (~150 mM NaCl). The number
of atoms in the box was 88,085 in total. The force field parameter set
of AMBER ff14SB”" and that reported in ref 72 were employed for
the force fields of the protein and Na* and CI™ ions, respectively.
Effective atomic charges of FMN for force field calculations were
quantum chemically determined by the restrained -electrostatic
potential fitting method for the electron densities obtained by DFT
calculations with the B3LYP-D3 functional>’* and the 6-31G** basis
set (for around the phosphoric acid, the 6-31+G** basis set was used)
in a polarized continuum medium water solvent model’”® after
geometry optimization. The quantum chemical calculations were
performed with the GAMESS2014 program package.”® Other force
field parameters of FMN were taken from GAFF2.

GPU modules of the AMBERI8 program package®”’” were
employed. Before the MD simulation was started, the coordinates
of added hydrogen atoms, missing in the crystal structure, were
energetically minimized under harmonic restraints to heavy atoms of
the protein and FMN with a force constant of 3.0 kcal/(mol-A?). The
structure was further energetically minimized under harmonic
restraints to the C, atoms of the protein and heavy atoms of FMN
with a force constant of 3.0 kcal/(mol-A?). Next, the system was
heated from 0 to 300 K for 300 ps in NVT conditions under harmonic
restraints of C, atoms of the protein and heavy atoms of FMN with a
force constant of 3.0 kcal/(mol-A%). After the heating, the system was
gradually relaxed in NPT conditions with decreasing harmonic
restraints to C, atoms of the protein and heavy atoms of FMN with a
force constant of 3.0, 1.0, 0.5, 0.2, and 0.1 kcal/(mol-A?) for every 1
ns. Then, an MD simulation at 300 K for 1 s in NPT conditions was
performed to make the system equilibrated. In the MD simulation,
lengths of bonds, including hydrogen atoms, were constrained by the
SHAKE/RATTLE method.”®”” The time step for integration was set
to 2 fs. Long-range electrostatic interactions were calculated using the
particle mesh Ewald method.** Short-range nonbonded interactions
were cut off at 10 A. Temperature and pressure were controlled with
Langevin bath (collision frequency is 2 ps™') and Berendsen’s
methods.®"

To obtain free-energetically optimized structures of the dark-state and
two light-state structures, we performed QM/MM RWEFE-SCF
geometry optimizations. The computational scheme of the QM/
MM RWEFE-SCF geometry optimization includes iteration of a cycle
of two calculations called sequential sampling, i.e., an MD simulation
of the MM region for conformational sampling of the MM region to
construct a free-energy surface of the QM region and a QM/MM
geometry optimization on the free-energy surface, until simultaneous
convergences of the MM statistical sampling and the QM/MM
geometry optimization.”>** An MD simulation for the MM region
under NVT conditions for 10 ns was carried out in each iteration
cycle. The free-energy surface was constructed with the 50,000
conformational samples obtained from the last S ns of the MD
trajectory. A QM/MM geometry optimization for the QM region on
the free-energy surface, updating the geometry and the effective
atomic charges of the QM region, was then performed.
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The QM region consists of 53 atoms of the isoalloxazine ring of
FMN and the side chains of Tyr6 and GIn48 in BLUF monomer A
(Figure S2a). The bonding QM-MM boundaries were capped with
hydrogen atoms. The DFT B3LYP-D3 functional>”* was used. The
6-31G** basis functions were employed, except for the boundary
atoms, hydrogen atoms bonding to the boundary atoms, and cap
hydrogen atoms, for which the 6-31G basis functions were used.
Restraint garameters of the restrained electrostatic potential charge
operators"” were set to 0.04, except for those for the boundary atoms
and the hydrogen atoms bonding to the boundary atoms, which were
set to 0.4. The gradient criterion of 5.0 X 10~* hartree/bohr was used
as a criterion of the convergence of the QM/MM geometry
optimization. The QM/MM RWEE-SCF calculations were performed
with GAMESS20147° and the QM/MM interface.*>**

To obtain the initial geometry and effective atomic charges of the
QM region for the QM/MM RWEFE-SCF geometry optimization for
the dark state, a cooling MD simulation from the end of the
equilibrium-MD simulation at 300 to 0 K for 300 ps in NVT
conditions was first carried out. QM/MM potential energy geometry
optimizations were performed with fixed MM coordinates. The MM
region was then heated to 300 K for 300 ps in NVT conditions with
the coordinates and the effective atomic charges of the QM region
fixed at the optimized one, and the iteration cycle of the QM/MM
RWPEFE-SCF free-energy geometry optimization consisting of the MD
sampling and the QM/MM geometry optimization was initiated.

The QM/MM RWEFE-SCF geometry optimizations for the two
light-state structures were also initiated using the abovementioned
procedure. The system at 0 K was obtained by cooling simulation
from the last snapshot of the QM/MM RWEFE-SCF geometry
optimization for the dark state. The initial geometry and charges of
the QM region in the two light states, which undergo the formation of
the enol form of the GIn48 residue accompanied by a proton transfer
(Figures 2 and S2b), were then each obtained by QM/MM potential
energy geometry optimizations with the van der Waals and
intramolecular parameters of the QM/MM boundary determined by
the AMBER ff14SB parameter set’" and GAFF? for the atoms related
to the keto—enol tautomerization. Then, the QM/MM RWFE-SCF
free-energy geometry optimizations were started for each. Note that
we used only a dark-state crystal structure (PDB ID: 4YUS)'
throughout this study to avoid the initial structure dependence.

To energetically characterize the dark state and two light states, free-
energy differences between those states were evaluated by FEP
calculations as described previously.” The free-energy differences
between two states, X and Y, are given as

(1)

where the former is the difference between the expectation values of
the QM Hamiltonian and the latter is the free-energy difference
originating from QM—MM interactions and MM interactions in the
MM region. The latter was evaluated using the FEP method with a
Bennett acceptance ratio (BAR).**7% The former consists of two
terms, which is

AY—XFQM/MM = AY—XEQM + AY—XFQM—MM,MM

)

where the first term was directly obtained by the QM/MM RWFE-
SCF free-energy optimization, while the second term represents the
vibrational contribution from the QM region, which can be evaluated
by Hessian matrices of the free-energy surfaces obtained by QM/MM
RWFE-SCF calculations.*>** Ay_xEqmhess = Ay yE,, + Ay _xEy,
where the first and second terms represent zero point energy and
energy from vibrational entropy, respectively. For the calculation of
the Hessian matrices, we used a common vibrational scaling factor for
the DFT calculation at the B3LYP/6-31G** level of theory, 0.961.5°

For the calculation of FEP, the geometry and the effective atomic
charges of the QM region were changed with linearly divided, discrete
points as

AY—XFQM = AY—XEQM,opt + AY—XFQM,hess

https://doi.org/10.1021/acsphyschemau.4c00040
ACS Phys. Chem Au 2024, 4, 647—659
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Figure 4. Hydrogen bonding interactions around the FMN. (a) Dark state. (b) Light 1 state. (c) Light 2 state. The free-energy optimized structures
(top) and hydrogen bond list (bottom) are shown (unit: A). A hydrogen bond is defined as satisfying both conditions: a donor—acceptor distance
within 3.2 A and a donor—hydrogen—acceptor angle between 135° and 180°. The isoalloxazine ring of FMN and the side chains of Tyr6 and GIn48
are depicted in stick representation, and the side chain of Asn30 is depicted in ball and stick representation.

R(i) = ARy + (1 — A)Ry

q(i) = Aq, + (1 = A)q
i

A= ,
N-1

i

N-1

0,1..,
©)
where Ry/y and gyy are the coordinates and the effective atomic
charges of the QM region in the X/Y state. The Lennard-Jones and
intramolecular interactions at the QM—MM boundaries were
evaluated with the MM force fields.”* The geometry and the
effective atomic charges of the QM region were changed with linearly
divided, discrete 20 points (40 points for FEP calculation between the
dark and light 1 states). The MD simulation at each point was started
from the last snapshot of the MD trajectory calculation at the previous
point. Conformational samples of the MM region at each point were
obtained by an MD trajectory calculation for 50 ns, and 50,000
samples taken from the trajectory of the last 25 ns were employed to
evaluate the free-energy difference between the neighboring two
points. Both forward and backward calculations were performed to
assess the statistical convergence. The total length of the MD
trajectory calculation was 1 us each (2 us each for FEP calculation
between the dark and light 1 states).

We performed long MD simulations after the free-energy geometry
optimizations to observe slower protein conformational changes,
which were not observed in the free-energy geometry optimizations.
Five free MD simulations were carried out for S us each, with the
geometries and effective atomic charges of the QM region fixed at the
optimized ones for the dark and free-energetically chosen light state.
These five MD simulations for the dark and light states were
performed from the same free-energetically optimized structure only
with changing velocity, ie., different random numbers. The total
sampling MD trajectories of the dark and light states are 25 us each
and used for structural analysis shown in the Results section. Residue-
wise contact-map analysis was performed by MDTraj."” We defined
contacts if any heavy atoms of the residue pair are within 4.5 A. The
error in residue-wise contact-map was calculated using five
independent MD runs. Residue-wise root-mean-square fluctuation
(RMSF) analysis, secondary structure calculations, and calculations of
angles between two helices were performed by CPPTRAJ.*

The absorption wavelength was evaluated by using the calculation of
vertical excitation energies. The vertical excitation energies were
calculated with second-order extended multiconfigurational quasi-
degenerated perturbation theory®”® (XMCQDPT2) at the free-
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energetically optimized structures with the MM mean field electro-
static potentials generated from long-time MD simulation for 5 ps.
We employed the same QM system and basis functions as those used
for free-energy geometry optimization. The XMCQDPT2 method can
explicitly deal with multiconfigurational and dynamic electron
correlation. Complete active space (CAS) for XMCQDPT2
calculations consists of 10 electrons in 10 valence 7 orbitals of
FMN. Three-state-averaged CASSCF wave functions were refined by
XMCQDPT?2 calculations.

The free-energy optimization of the dark, light 1, and light 2
state structures required 100, 144, and 118 cycles of the
sequential sampling (MD simulations for 1.00, 1.44, and 1.18
us in total) until convergence, respectively. Our vibrational
calculations showed no imaginary frequencies for the
optimized structures of the dark, light 1, and light 2 states,
indicating that the optimized structures were in a stable
stationary state. The free-energy-optimized structures show
different hydrogen interaction patterns (Figure 4). Although
the hydrogen interaction between the OH atom of Tyr6 and
the OE1/NE2 atom of GIn48 was kept in the three states,
there are some differences (~0.1 A) among these states.
Conversely, the hydrogen between GIn48 and FMN was
significantly changed. In the dark state, two hydrogen
interactions exist between the NE2 atom of GIn48 and the
NS and —0O4 atoms of FMN (Figure 4a). In the light 1 state,
however, the hydrogen bond between the NE2 atom of GIn48
and the NS atom of FMN vanished, and only one relatively
strong hydrogen bond between the OEl atom of GIn48 and
the NS atom of FMN (2.88 A) was formed upon keto—enol
tautomerization of GIn48 (Figure 4b). In the light 2 state,
upon keto—enol tautomerization and rotation of the side chain
of GIn48, there are two hydrogen interactions between the
NE2/OE1 atom of GIn48 and the N5/0O4 atom of FMN; the
former is relatively weak (3.13 A), while the latter is
significantly strong (2.71 A) (Figure 4c). Asn30 has two
hydrogen bonds with FMN in the dark and light 1 states;
however, there is only one hydrogen bond in the light 2 state
(Figure 4b,c). The remarkably strong hydrogen bond between
the OE1 atom of GIn48 and the O4 atom of FMN is thought
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to be consistent with the vanishment of the hydrogen bond
between the ND2 atom of Asn30 and the N3 atom of FMN.

Free-energy differences between the light 1 and light 2 states
(L1 and L2), optimized by the QM/MM RWFE-SCF methods
described above, were evaluated by MD simulations of FEP
calculations with the BAR method (see Methods). The free-
energy difference was computed as 4.7 kcal/mol (Figure S and

light 1 state

A A

4.7
light 2 state X

+

0.2

16.2+0.4
11.8 0.1

A/ y

dark state

Figure 5. Summary of the free-energy differences among the dark,
light 1, and light 2 states.

Table 1), indicating that the light 2 state is energetically more
stable than the light 1 state. FEP calculation of 1 ps in the
forward and backward directions provided suflicient statistical
convergence for both directions, represented by a slight
difference of 0.2 kcal/mol between the two directions (Table
1).

The free-energy difference originates from two contributions
of the QM energy, the QM—MM interaction energy and the
MM energy, as shown in eq 1. Ap;_;,Eqy gave a significant,
positive contribution of 8.6 kcal/mol, indicating that the QM
energy in the light 2 state was considerably lower than that in
the light 1 state (Table 1). The large energy differences are
mainly due to the interaction between the ring of FMN and

the side chain of GIn48 because the internal energy of FMN
and the interaction between Tyr6 and GIn48 are nearly equal
between the light 1 and 2 states.

The isoalloxazine ring of FMN, therefore, energetically
favors interaction with the rotated and enolized form of Gln48
in the light 2 state over the enolized form of GIn48 in the light
1 state. In contrast, the other contribution of
Ari_ppFom-mmpmm of —3.9 keal/mol was negative and under-
compensated A;;_;,Eqy of 8.6 kcal/mol, resulting in a positive
Api_12F o of 4.7 keal/mol (Table 1).

The free-energy difference between the dark and light 2
states was also evaluated. The free-energy difference was
assessed as 11.8 kcal/mol (Figure S and Table 1). Interestingly,
Ars_ pFom-mipav of 8.3 keal/mol is more than two times as
large as Ap,_pEqy of 3.5 kcal/mol, suggesting that energy
upon blue light absorption is stored in the environment rather
than inside the photoreceived region. The difference in QM
energy between the enol and keto forms of the glutamine in
the gas phase was evaluated as 14.3 kcal/mol (Table S1). The
energy stored in the environment of the BLUF domain may
realize the photoactivated signaling state with a chemically
unstable enolized form of GIn48 that lasts for milliseconds to
seconds.

The free-energy difference between the dark and light 1
states was also evaluated to check consistency. The difference
was 16.2 kcal/mol (Figure S and Table 1). The discrepancy
was within the sum of each error satisfying the thermodynamic
consistency of free energy; i.e., free energy does not depend on
any path between two states (Figure 5). From now on, we treat
the light 2 state as the light state.

We used the trajectory of long-time MD simulation for the
dark and light states after the free-energy optimizations (see
Methods).

In the dark state, Met92 forms a weak hydrogen bond with
GIn48."* In the light state, GIn48 of the enol form makes

Table 1. Free Energy Differences of the Dark State and Two Light States”

L1-L2
ALI—LZEQM,opt Ap 1 2Equpess Ap_2Equm Ap i Fom-mvvm A Fowmm
ALl—LZEze:ro ALI—LZEvﬂJ
102 0.2 -18 8.6 forward” -37 4.9
backward® —4.1 4.5
average” -39 4.7
L1-D
AL]—DEQM,opt Ap1_pEquphess Api_pEqm Api_pFom-mvmm A _pFom/mm
ALlfDEzero ALlfDEvib
13.9 -12 -0.7 12.0 forward” 4.6 16.6
backward® 3.8 15.8
averaged 4.2 16.2
L2-D
AL2—DEQM,opt Ay pEqupess Aps_pEqum Ay pFom-mvpvm A pFommm
ALZ—DEzero AL?.—DEvib
37 -14 12 3.5 forward” 8.4 11.9
backward® 8.2 11.7
averaged 8.3 11.8

“AL.,FQM/MM, A, ,FQM/MM, A, ;FQM/MM, and their energy components, in kcal/mol (D, L1, and L2 represent the dark, light 1, and
light 2 states, respectively). bEnergy differences by forward sampling. “Energy differences by backward sampling. 9Averages of energy differences

were calculated by forward and backward samplings.
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Figure 6. Conformational changes of Met92 and Trp90. (a) Important residues are shown in stick representation. (b) Temporal change of distance
between the Cz atom of GIn48 and the S; atom of Met92 and the distribution of the distance are shown. (c) Distance between the center of mass of
six carbon atoms in the benzyl part of the indole ring of Trp90 and the center of mass of five atom rings of Pro107(B) and the distribution of the
distance are shown. The inset shows the distribution statistics from (b,c); average (ave.) and standard deviation (s.d.) values are given in A.
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Figure 7. RMSF of BLUF-dimer. (a) Structure of BLUF-dimer is shown. In this study, only monomer A is modeled by QM/MM, while monomer
B is treated at the MM level. (b) Residue-wise RMSFs of the dark and light states are shown. The vertical dotted line is a partition between the

monomers A and B.

strong hydrogen bonds to the FMN (Figure 4c) but not with
Met92, resulting in the dissociation of Met92 from GIn48
(Figure 6a,b)."> The average distance between the C; atom of
GlIn48 and the Sz atom of Met92 in the light state (4.8 = 0.4
A) was larger than that of the dark state (4.4 + 0.3 A) (Figure
6b). Trp90 near Met92 was observed to dissociate from the
a3-helix of monomer B in the light state more frequently than
in the dark state (Figure 6a,c). Although there are several peaks
in the distance distribution between the center of mass of six
carbon atoms in the benzyl moiety of the indole ring of Trp90
and the center of mass of five atoms in the ring of Pro107(B),
the average of the distance of the light state (9.9 + 3.7 A)
becomes larger compared with that of the dark state (7.6 +2.7
A), indicating conformational change at the interface between
the BLUF core of monomer A and the @3-helix of monomer B

(Figure 6¢).
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Next, we investigated residue-wise RMSF (Figure 7). Note
that in the simulation only monomer A was in the light state
and treated as QM/MM. In contrast, monomer B was kept in
the dark state and treated as MM in this study. In the light
state, the RMSF of monomer A increased except for the a3-
helix (from Phel03 to Thel26), in which it decreased (Figure
7b). Especially, the RMSF of the f4-sheet, one-upstreaming
from the f5-sheet in which Met92 is located, further increases
for the light state. In monomer B, the RMSF is almost the
same regardless of monomer A state.

We also evaluated the residue-wise difference contact map
between the dark and light states. First, we assessed the
residue-wise difference contact map for intramonomer contacts
in each monomer. We found that the ten most contacting
residue pairs are located in the intracore region of monomer A.
In monomer B, we did not observe the significant difference
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Figure 8. Analysis of residue-wise contacts within monomer A (a) Difference in the contact ratio of the dark and light states. The five most
contacted residue pairs in the dark state are listed. Underlined residues appeared twice in the list. Standard error (SE) was calculated from five
independent MD runs. (b) Dark-state structure closest to the averaged one over 25 ys trajectories with respect to the backbone atoms. The protein
backbone is drawn in ribbon representation. Heavy atoms of the residues listed in (a) are depicted using space-filling model. (c) Light-state
structure closest to the averaged one with respect to the backbone atoms.
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Figure 9. Analysis of residue-wise contacts between monomers A and B. (a) Difference in the contact ratio of the dark and light states. The five
most contacted residue pairs in the dark state are listed. Standard error (SE) was calculated from five independent MD runs. (b) Dark-state
structure closest to the averaged one over 25 us trajectories with respect to the backbone atoms. The protein backbone is drawn in ribbon
representation. Heavy atoms of the residues listed in (a) are depicted using space-filling model. (c) Light-state structure most closest to the
averaged one with respect to the backbone atoms.

between the dark and the light states. Looking into monomer neighboring residues, such as Ile49 and Met92, are strongly
A in the dark and light states, the contact patterns were involved in the interactions, consistent with the fact that
significantly different between the two states. The ten muost Met92 is a key residue for photoactivation pointed out in
contacted residue pairs in the dark state are shown (Figure S3). previous experimental studies™”**” (Figures 8, S3, and S4).
The residue pairs are primarily seen between the $3-sheet and Overall, interactions of Met92 and the N-terminal side residues
PBS-sheet (1le49-Met92 and LeuS0-Met92), between the f3- change in the light state. These residue pairs are localized at
sheet and f-hairpin (between the f4-sheet and fS-sheet) the boundary between monomers A and B, the core part of
(GluS1-Met86 and GluS1-Glu84), and between the f1-sheet monomer A, and the a3-helix of monomer B (Figures 8, S1,
and f4-sheet (ThrS-Lys77, Leu4-Lys77, Lys2-Ser78, and Lys2- S3, and S4).
Glu79) (Figures 8, S1, S3, and S4). Especially, Met92, Ser78, Second, we evaluated the residue-wise difference contact
Lys77, GluS1, and Lys2 appeared twice, indicating the map between monomers A and B (Figure SS). The ten most
importance of these residues for photoactivation. It is contacted residue pairs in the dark state are shown (Figure SS).
noteworthy that GIn48 does not appear in the list, while its The residue pairs are observed between the f5-sheet and the
654 https://doi.org/10.1021/acsphyschemau.4c00040
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N-terminus of the a3-helix in monomer B (1le95-Pro107(B),
GIn93-Phe103(B), and GIn93-Pro107(B)) and between the f-
hairpin (between the f4-sheet and fS-sheet) and the middle
and C-terminus side of the a3-helix in monomer B (Trp90-
Arg106(B), Phe87-Val110(B), Asp89-Argl06(B), and Phe87-
Argl06(B)) (Figures 9, S1, SS, and S6). Especially, Phe87,
GlIn93, Argl06(B), and Pro107(B) appeared more than once,
indicating the importance of these residues for photoactivation.
In addition, the interaction between two @3-helices, Ile105-
Leul04(B), was observed. Notably, Trp90, pointed out as
important for photoactivation previously,*”*>3¢3%40:06-68
appeared at the top of the list (Figures 9, SS, and S6). Overall,
ten top contacting residue pairs are between the core region of
monomer A and the a3-helix of monomer B, except for the
ninth ranked, Ile105-Leul04(B), which is the interaction
between two a3-helices as we mentioned above. No contacting
residue pairs appeared between the a3-helix of monomer A
and the core region of monomer B. Main interaction
differences are localized residue pairs between the core region
of monomer A and the a3-helix of monomer B, especially
between residues of the f#5-sheet of monomer A and the N-
terminus of the a3-helix of monomer B (Figures 9, S1, SS, and
S6).

Next, we investigated changes in secondary structure
(Figures S7 and S8). We did not see a change for monomer
B, which was treated as the MM region in both dark and light
models. For monomer A, a part of the #4-sheet was lost in the
light state. This partial collapse of the strand was consistent
with the decrease of the contact ratio of residues between the
B1- and p4-sheets (especially Ser78 and Lys77) shown above.

Finally, we compared the angle changes against the a3 helix
between the dark and light states (Figure S9). Although the
angles between a3(A) and al(A), between a3(B) and al(A),
and between a3(A) and a3(B) were roughly similar between
the dark and light states, some differences in the two former
angles were detected, suggesting an orientational change of the
a3 helices to the core region of monomer A.

We calculated the absorption wavelengths of the dark and light
states based on the structures obtained by free-energy
optimizations (Table 2). The results of the XMCQDPT2

Table 2. Comparison of the Absorption Wavelength Shift
between Our Calculation and Experiment'” (in nm)

wavelength shift

CASSCF dark-state 362.3 9.8
light-state 372.1

XMCQDPT2 dark-state 430.6 12.7
light-state 4433

experiment dark-state 443.5 9.6
light-state 453.1

calculations agree well with the experimental values in the
absolute absorption wavelength itself and in the difference of
the absorption wavelengths,'® indicating that the obtained
structural models are reasonable.

As mentioned in the Introduction, there is inconsistency in the
GIn48 side chain structures in the light state between the
studies based on FTIR experiments’ "' and the crystallo-
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graphic structures.' "> Our computational study supports that

the GIn48 side chain adopts an enolized and rotated
conformation in the light state. Moreover, our QM calculations
of the enol- and keto-form of Gln in the gas phase clarified that
the enol-form is 14.3 kcal/mol more unstable than the keto-
form (Table $1).”" However, the chemically unstable enolized
Gln in the protein is stabilized by the hydrogen bonding
network of Tyr6 and the chromophore FMN (Figure 4c).
Component analysis of the free-energy difference between the
dark and light states indicates that only a small part of the total
energy gain upon blue light reception is stored in the
photoactivated region (QM region, Ap, pEqy = 3.5 keal/
mol) (Table 1). Instead, the energy is primarily stored as the
ligand—protein/solvent, solvent—protein, and intraprotein
energies, i.e., QM-MM and MM energies, Ap,_pFom-mmmm
= 8.3 kcal/mol (hereafter referred to as environment according
to ref 91). This suggests that the protein structure is essential
to maintaining a chemically unstable enolized GIn48 in
milliseconds to seconds during the photoactive signaling
state. A similar exploitation of the environment has been
reported in the case of the Mn cluster of photosystem II, where
the protein and solvent environment significantly reduces the
reactive free energy of the oxidization state and electron
transfer reaction.”” Additionally, our calculations indicate that
the light state has 11.8 kcal/mol more energy than the dark
state (A, _pFon/as Table 1). Considering that the free-

energy difference evaluated in this study corresponds to that
between ground states, the energy of 11.8 kcal/mol is
sufficiently smaller than the energy from the absorption of
450 nm blue light of 63.6 kcal/mol. Thus, the energy mostly
contributes to the photoexcitation process. Meanwhile, the
energy of the light state is also sufficiently high not to be
achieved just within the thermal fluctuations, demonstrating
the consistency of the present result.

The differences in residue-wise contact maps between the
dark and light states show a significant change in Met92 and
Trp90, which has been known to be essential for signal
transduction,>»>#3>3%394060=68 " up results show that the
Ile49-Met92 pair within monomer A and the Trp90(A)-
Argl06(B) pair between monomers A and B are crucial, which
can explain the importance of these residues (Figures 8, 9, S3,
and S5). In fact, mutations of these residues lead to loss of the
signal transduction.”>>*3>3¢3%40.66=%% e showed that con-
tacts with residue pairs between the 3 and f3S sheets, the 3
sheet and 4,5 hairpin, and the 1 and 4 sheets significantly
changed between the dark and light states. Among these,
Arg77, the third and fifth most significant changes in the
intramonomer A contact map, and Thr114, ranked at fourth in
the contact map between monomers A and B, are also reported
to be important for photoactivation."” In addition, a cryotrap
experiment detected the structural changes of #4 and S sheets
and $34,5 hairpin at five seconds after blue light irradiation.”
Consistently, the contact map differs significantly between the
dark and light states in our simulation, suggesting that residue
pairs identified as being important for signal transduction by
the cryotrap experiment are detected in our study. The
cryotrap experiment also clarified the structural differences
from Pro88 to Phel03, especially the region from Pro88 to
GIn93, which takes an S-shaped form in the dark state and
extends to the light state. Still, this was not observed in our
simulation.

We found that a part of the 4 sheet region in the dark state
was lost in the light state (Figures S7 and S8). The
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conformational change of Met92 (located at 3S sheet) near
GIn48 in the light state might be associated with the
perturbation of the sheet (Figure 6), and the extension of
the 4 sheet locating the N-terminal side of the 5 sheet is
induced, although the structure of the C-terminal side, which is
considered as important for signal transduction, did not change
in the dark and light states. We observed small orientational
changes between the BLUF core and the C-terminal helix
(Figure S9b,c).

Crystal structure analyses have revealed two distinct
conformations of the BLUF domain: Trg900ut/
Met92,, 1271418202123 4nq Trpg0, /Met92,,.'"*>* In the
case of OaPAC, the cryotrap experiment mentioned above
clarified that the Trp90,,,/Met92;, conformation corresponds
to the dark-state structure, and the Trp90;,/Met92,,
conformation corresponds to the light-state structure,
respectively.”” In the cryotrap experiment, the structural
transition from the former to the latter conformation occurs
within S s of light irradiation. Similarly, a recent absorption
experiment showed that structural changes of a3 helices,
thought to follow the dark-to-light structural transition, occur
in the milliseconds order.”” These structural transitions were
not observed in our simulation study, presumably because of
the short timescale of simulation (second or millisecond order
in experiments vs microsecond order in our simulation).
Meanwhile, our study detected Trp90 and Met92 as residues,
with the most significant difference in the contact maps. Their
fluctuations increased at the light state (Figures 6—8). These
changes will eventually lead to a structural transition on a
longer timescale. However, the crystallographic structures of
OaPAC and bPAC keep the Trp90,,/Met92; conformation
after several tens of seconds after blue-light irradiation,""”
indicating that crystal packing may prevent structural changes.

Recently, the deactivation of two BLUF proteins, BlrB and
AppA, was studied with a hybrid QM/MM simulation to
understand the wide span of dark-state recovery times.”* In
that study, the intermediate states between the light and dark
states were explicitly considered using a path-constrained MD,
indicating that the conformation of Trp and GIn near FAD is
important in modulating the recovery time. Our study focused
on the conformational differences between the dark and light
states using the free-energy optimized BLUF structures rather
than focusing on the transition states. Our approach, although
limited to dealing with the end structures of the dark and light
states without addressing the intermediate states, clarified
significant changes in residue-wise contacts between intrachain
residues and those between interchain residues (Figures 8 and
9), indicating the importance of the residues. In addition, we
showed that the light-absorption energy is more distributed to
the surrounding residues around FAD than stored in Tyr-Gln-
FAD. These results will help us to understand the signal
transition from the BLUF domain to the AC domain of
OaPAC.

Nakasone et al. showed by the transient grating method that
the structural change of the dimer consisting of two light-state
monomers was more than double what was expected from the
dimer consisting of one dark and one light monomers,
suggesting a nonlinear increase of structural change as dimer
upon blue light reception.”® Also, they proposed that a relative
orientational change between the BLUF domain and the AC
domain via the a3 helices is necessary for signal transduction.
Currently, we are working on molecular simulations of full-
length OaPAC to get insights into how photoactivation of the

BLUF domain regulates the catalytic activity in the AC
domain, which will be reported elsewhere. Moreover, the
rational design of mutant proteins with a desired wavelength
shifting from the wild type would be possible by a systematic
physicochemical analysis using the QM/MM free-energy
method, which was used for one of the model structure
validations in the present study.

Coordinate data of the free energetically optimized structures
of the QM region for all the states obtained in the present
study are included in Supporting Information. See Methods for
detailed descriptions of the software along with workflows and
parameter setting of the simulations. The codes for the QM/
MM RWEE-SCF calculation used in the present study are
available through the developed group®* upon request.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00040.

An amino acid sequence of the BLUF domain used in
this study, quantum mechanically treated regions in the
QM/MM RWEE-SCF calculations, energy difference
between the keto and enol structures of Gln in the gas
phase, analysis of residue-wise different contact map
between the dark and light states, analysis of secondary
structure changes for the dark and light states, analysis of
orientational changes of the long C-terminal helices for
the dark and light states, and absolute energy values of
QM components (PDF)

Coordinate data of the optimized structure in the dark,
light 1, and light 2 states (ZIP)
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