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ABSTRACT

We report high-level electronic structure calculations of electronic states in the miniSOG (for mini
Singlet Oxygen Generator) photoactive protein designed to produce singlet oxygen upon light
exposure. We consider a model system with a riboflavin (RF) chromophore. To better understand
the photosensitisation process, we compute relevant electronic states of the combined oxygen-
chromophore system and their couplings. The calculations suggest that singlet oxygen can be
produced both by intersystem crossing, via a triplet state of the RF(T1) x 0,(3 ) character as well
as by triplet excitation energy transfer via a singlet state of the same character. The calculations also
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suggest a pathway for the production of the triplet state of the chromophore via internal conversion
facilitated by oxygen. Our results provide concrete support to previously hypothesised scenarios.
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1. Introduction

Genetically encodable photoactive proteins are used
in a variety of applications [1,2]. Of particular inter-
est are photoactive systems that can generate reac-
tive oxygen species (ROS) upon exposure to light. The
interest in such systems stems from their uses in elec-
tronic microscopy [3], photodynamic therapy [4] and
chromophore-assisted laser cell inactivation [5]. One
such protein is miniSOG (for mini Singlet Oxygen Gen-
erator) — a small (106 amino acid residues) flavin-
containing protein capable of generating ROS when
stimulated by blue light [6]. miniSOG is the first flavin-
binding protein developed specifically as a genetically
encodable light-induced source of singlet oxygen.

The chromophore in miniSOG is flavin mononu-
cleotide (FMN), however, variants with a riboflavin (RF)

" oxygen %

cofactor have also been investigated [7,8]. Figure 1 shows
the miniSOG structure as well as structures of the FMN
and RF chromophores.

Interestingly, the quantum yield of singlet oxygen
production in miniSOG is much smaller than that in
free FMN - ie. 0.03 versus 0.51 (see, for example,
Ref. [7]), which has been attributed to the effective
quenching of the FMN’s triplet state by the protein via
electron transfer [7,9,10]. This undesirable quenching
by the protein has also been deemed responsible for
producing other types of ROS, such as peroxide [9],
which is undesirable for applications. Several studies
reported modifications of miniSOG aiming to increase
the quantum yield of singlet oxygen production [9,11].
For example, by mutating one residue forming a hydro-
gen bond with FMN, the quantum yield of O;(* A,) was
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Figure 1. miniSOG protein. Flavin mononucleotide (FMN) and riboflavin (RB) cofactors are shown in the inserts.

increased up to ~0.2 in SOPP (singlet oxygen producing
protein) [9,11].

It was also discovered that prolonged intense irra-
diation of miniSOG leads to an increase of sin-
glet oxygen production [12]. The mechanism for this
photoactivation involves photodegradation of FMN to
lumichrome (LC), which increases chromophore’s acces-
sibility to oxygen [7] thus making oxygen quenching
more effective than protein quenching of the triplet
chromophore. This mechanistic interpretation of the
structural data [7] is consistent with observations that
the yield of singlet oxygen increases in both min-
iSOG and SOPP at elevated temperatures [10] due
to protein’s breathing motions favourable for oxygen
diffusion.

The photodegradation phenomenon has been inves-
tigated in dozens of studies, which considered both free
flavins [13-24] and flavin-containing proteins [25,26],
however, the exact details of the mechanism have not
yet been fully elucidated. The mechanism of photo-
sensitisation in miniSOG is also not fully understood.
Detailed molecular-level understanding of these pro-
cesses is essential for the successful rational design of
future miniSOG and SOPP variants aiming to improve
the quantum yield of singlet oxygen production and the
spectral properties of the protein.

Questions about the mechanism involve identifica-
tion of electronic states involved in photosensitisation
and photoconversion [27-30]. This requires calculations
of singlet and triplet states as well as relevant electronic

couplings. In addition, characterisation of the effect of the
protein environment on these quantities is important, as
it is known that they strongly depend on the polarity of
the environment [31-33].

Many computational studies investigated spin-orbit
couplings (SOCs) in flavin proteins and flavin-like chro-
mophores. For example, SOC calculations have been car-
ried out to elucidate the reaction between FMN and
neighbouring cysteine in LOV domains [34], to esti-
mate the influence of the protein environment on the
excited states of flavin [35], to describe the reverse cycle
FADH2— FAD, connected with the reduction of O, to
H,0; in glucose oxidase [36], to design fluorinated
flavin derivatives with desired spectral properties [37],
and so on.

The production of singlet oxygen [38] by photosen-
sitisation, a transfer of electronic excitation from an
electronically excited donor to a ground-state acceptor,
occurs in many systems. This process is responsible for
the ability of oxygen to effectively quench both fluores-
cence (i.e. singlet excited states) and phosphorescence
(i.e. triplet excited states). Unlike Forster energy trans-
fer [39], which involves transfer of dipole-allowed exci-
tations and can happen between distant moieties, the
transfer of spin-forbidden electronic excitations (triplet
excitons via Dexter energy transfer) can only occur when
the donor and acceptor are in close proximity [40].
Hence, the accessibility of the chromophores to dissolved
oxygen is the key factor determining the efficiency of
singlet oxygen generation.



The nature of electronic couplings responsible for sin-
glet oxygen production and quenching of singlet and
triplet excited states by oxygen has been extensively
debated [38,41-43]. Despite the limited computational
power, earlier theoretical works have developed insight-
ful explanations of this process as well as related phe-
nomena (e.g. ignition of slow fluorescence, singlet—triplet
annihilation, collision-enhanced radiative transitions in
oxygen, etc.) [42-47], which we can now confirm by
high-level calculations. The two main scenarios of sin-
glet oxygen production include intersystem crossing
(ISC), facilitated by SOCs, and internal conversion (IC),
facilitated by non-adiabatic couplings (NACs) [42-47].
We note that the latter process is enabled by con-
figuration interactions with charge-transfer configura-
tions [44,46,47] and is similar to singlet fission [48,49],
a process of generating two triplet excitons from a single
singlet exciton.

In this contribution, we report high-level electronic
structure calculations using QM/MM approach [50,51].
We consider protein-bound flavin chromophore, RE
with and without nearby oxygen molecule (about
4.1-4.2 A away from RF). Our calculations provide quan-
titative support to earlier mechanistic proposals [42-44]
put forward when computational power was not suffi-
cient to carry out accurate ab initio calculations on real-
istic systems. Our results provide complimentary details
to a large body of research on singlet oxygen generation
by flavin-based systems.

2. Computational details

Our model structure was prepared in an earlier study [52],
where it was constructed using crystal structure of
miniSOG with the RF cofactor (PDB ID 7QF4) [8].
Hydrogen atoms were added assuming the conven-
tional protonation states of the polar residues at neu-
tral pH: Arg and Lys were charged positively, Glu and
Asp were charged negatively and His85 was neutral.
Following notations from Ref. [52], we refer to this
model miniSOG[RF]. The initial structure was solvated
and neutralised following the standard protocols, and
ten dioxygen molecules were added to it at random
places. The structure was then equilibrated using molec-
ular dynamics with CHARMM36 forcefield topology and
parameters [53], TIP3P water, and RF parameters in the
oxidised form of flavin from Ref. [54]; for details, see
Ref. [52]. Selected snapshots from equilibrium trajecto-
ries were optimised using QM/MM with the PBE0-D3
functional [55,56] and the 6-31G= basis set, and using
the AMBER99 forcefield [57] for the MM part. Our
model structure corresponds to the snapshot with the
shortest oxygen-RF distance (about 4.1-4.2 A).
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The QM system included RE, O, sidechains of GIn77,
Asn72, and Asn82, and seven water molecules. This
structure — called model A - was also used to compute
electronic states and relevant couplings. The structure
is shown in Figure 2; the Cartesian coordinates were
deposited on Zenodo (see the SI for details).

We carried out excited-state calculations using sev-
eral structures derived from model A: (i) model A, (ii)
model A without oxygen molecule (model B) and (iii)
model B with oxygen molecule placed far away from the
chromophore (~6-8 A).

The excited states were computed using several
approaches: TD-DFT (time-dependent density func-
tional theory), RAS-CI (restricted active space configura-
tion interaction) [58], and extended multiconfigurational
quasi-degenerate perturbation theory of the second order
(XMCQDPT2) [59]. The XMCQDPT2 calculations for
model B were based on state-averaged CASSCF(10/8)/cc-
pVDZ wavefunctions (14 states were used in the aver-
aging). The XMCQDPT2 calculations for model A
were based on state-averaged CASSCF(12/10)/cc-pVDZ
wavefunctions (19 states were used in the averaging). We
used Intruder State Avoidance shift of 0.02 hartree. We
used default parameters for resolvent-fitting approxima-
tions. Active-space orbitals are shown in the SI. Because
in XMCQDPT?2 singlets and triplets are computed sepa-
rately, the relative total energies of different multiplicity
manifolds are not balanced. To correct for this mis-
match, we shift the singlet manifold of the combined
RF-O; system so that the excitation energy of the low-
est state in the singlet manifold, which corresponds to
the RF(Sp) x Oz(lAg) state, equals experimental [60]
excitation energy of the O, (> X )™ 02(*A,) transition
(0.97 V).

We carried out SOC calculations using RASCI and
TD-DFT. TD-DFT calculations are suitable for com-
puting singlet and triplet excited states of closed-
shell molecules, such as RF and FMN. However,
electronic degeneracies in oxygen impart open-shell
character [61] to the wave-functions of relevant
states. Such states can be tackled either by multi-
reference methods, such as CASSCEF, or by spin-flip
approaches [62,63]. As we explain below, the RF-O; sys-
tem can be described by a double spin-flip approach,
in the same fashion as was done before in the con-
text singlet fission [64-66]. The RAS-2SF calcula-
tions have employed quintet reference corresponding to
the high-spin RF(T1) x O2(*Z;) restricted open-shell
Hartree-Fock determinant.

The SOCs were computed as matrix elements of the
spin-orbit part of the Breit-Pauli Hamiltonian. Two-
electron contributions were computed using the mean-
field approach [67-70].
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Figure 2. QM cluster (model system A) used for QM/MM optimisation and excited-state calculations: RF, O,, sidechains of GIn77, Asn72,
Asn82, and seven water molecules. Oxygen is located about 4.1-4.2 A from RF.
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Figure 3. Electronic configurations of the 3 s, ! Agand L 2; states of molecular oxygen.

TD-DFT and RAS-CI calculations were carried out
using the Q-Chem electronic structure package [71,72].
XMCQDPT2 calculations were carried out using
Firefly [73].

3. Results and discussion

We begin by reviewing the basic energetics of the RF
chromophore and molecular oxygen. Molecular oxygen’s
ground stateis > £ ¢ - The next two states are singlets: dou-
bly degenerate ' A, and 12; states located at 0.97 and
1.63 eV, respectively [38,60]. The electronic configura-
tions of these four states can be described by distributing
two electrons in two degenerate 7 * orbitals — they are
shown in Figure 3. There are four determinants - two
of an open-shell type (in which the two z* orbitals are
singly occupied) and two of a closed-shell type (in which

one of the orbitals is doubly occupied and the second is
empty). According to El-Sayed’s rules [74], one can antic-
ipate small (or zero) SOCs between the determinants of
the same type and large SOCs between the closed-shell
and open-shell determinants - since these are related by a
transition between z; and 77 and thus involve an orbital
flip. To understand the SOCs between these states, recall
that each state is described by two determinants, so the
combined effect depends on the relative signs (a simi-
lar situation was described in Ref. [75]). By analysing
the configurations in Figure 3, one can see that the SOC
between the 3 ¢ and A4 is expected to be small (contri-
butions from the two determinants cancel out) whereas
the SOC between the 3% ¢ and 'y ; can be large (con-
tributions from open-shell-closed-shell transitions add
up). The calculation of SOCs confirms this — at the RAS-
SF/6-311G(d,p) level of theory, the respective SOCs are
0.00 and 173.36 cm™".



Table 1. Excitation energies (eV) for model system B (no oxygen).

State ®wB97M-V/aug-cc-pVTZ XMCQDPT2/cc-pVDZ?
S1 3.26(0.33) 2.93(0.42)

S2 3.84(0.02) 3.60(0.20)

T 2.16 2.48

T 2.82 2.96

T3 341 3.19

aXMCQDPT2 is based on SA14-CASSCF(10/8) wavefunctions. The XMCQDPT2
calculations were carried out for a model structure with oxygen molecule
~8A away from RF (see text for details).

Oscillator strengths for the transitions from RF(Sp) are given in parenthesis.

Table 1 lists energies of the RF chromophore in the
model miniSOG[RF] system; additional results are given
in the SI. The computed energetics is similar to other
flavin-based systems [37]: at the XMCQDPT?2 level, the
lowest triplet state is ~ 0.3 eV below S, and the second
triplet is slightly above S;. The S; state is ~ 0.7 eV above
S;. TD-DEFT slightly overestimates excitation energy of
the singlet and underestimates energies of the triplets
relative to XMCQDPT2, however, the overall picture is
similar. The RAS-SF singlet energies (shown in the SI)
are overestimated due to the insufficient treatment of
dynamical correlation).

Figure 4 shows NTOs for the Sy — T; and Sp — S;
transitions in RF (model system B). The shape of NTOs
is similar, consistent with the # — z* character of the
transitions. Because the two states have similar orbital
character, the §; — T SOC is expected to be small by
virtue of El-Sayed’s rules [74], as confirmed by the cal-
culations - e.g. at the TD-DFT level, the S; — T; SOC is
0.58 cm™! (see the SI).

Such small values of Sy — T; SOCs in flavin-based
systems have been reported by previous studies [34,37].
They might appear puzzling in view of a high quan-
tum efficiency of triplet-state yields [10,76] - as high as
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0.4-0.5. Such efficient ISC in flavins is facilitated by spin-
vibronic interactions, which entail contributions from
higher triplet states [37,77,78] as well as enhancement
of SOC upon bending motions of the chromophore. As
we illustrate below, the production of triplet RF can
be also enhanced by molecular oxygen via IC, as was
observed experimentally [38,41-43] and explained the-
oretically [46,47].

To investigate possible pathways of the singlet oxygen
production, we consider a model system that comprises
the RF chromophore and a nearby oxygen molecule,
embedded in the protein (model system A, see Compu-
tational Details). The low-lying electronic states of the
combined RF-O, system can be described as products
of ¥(RF) x ¥ (0O,), and their energies can be estimated
as a sum of the respective energies of the two moieties.
We note that electronic configurations of these compos-
ite states are derived by distributing four electrons in
the four orbitals — 7 and 7 * orbitals of RF and two 7 *
orbitals of oxygen, a situation suitable for double spin-
flip approach using a high-spin quintet reference (see
Figure 5) [63,79].

Figure 6 shows energy diagram for the singlet and
triplet manifolds obtained by combining energies of the
isolated O3 and RF (taken from model system B) using
experimental energies for O, and our best estimates for
the RF chromophore (XMCQDPT2 results). We note
that a similar energy diagram was invoked by Tsub-
omura and Mulliken in 1960 [42] and by Minaev in
1985 [44].

Table 2 shows the results of XMCQDPT?2 calculations
for system A - as one can see, the differences between
idealised estimates and the calculations are very small.
Overall, the presence of O has a negligible effect on the
states’ energies, as expected for this weakly interacting

Figure 4. NTOs for the two lowest transitions in RF cofactor in miniSOG[RF].
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Figure 5. RAS-2SF reference and target determinants. Singly occupied orbitals are flavin’s 7 and 7 * and oxygen’s 7/ and 77 LEand CT
denote local excitations and charge-transfer configurations, respectively.

complex; thus, the energy diagram in Figure 6 pro-
vides a good description of energy levels. The RAS-2SF
results are given in the SI. The RAS-2SF energies are
less accurate then XMCQDPT2 due to an insufficient
description of dynamic correlation. Inclusion of hip (hole-
particle) excitations improves the energies significantly,
but the changes in the wavefunctions and, consequently,
the properties are small.

As one can see, upon excitation to the S; state of
RE, several pathways for electronic relaxation are ener-
getically possible in the triplet and singlet manifolds.
The accessible states are: RF(T;) x O, (3 ) REF(Sg) x
02(1 2;) and RF(S()) X 02(1 Ag).

To further analyse these pathways, we consider rele-
vant electronic couplings - SOCs between the states of

Table 2. Excitation energies (eV) for model system A;
XMCQDPT2/cc-pVDZ2.

State Multiplicity Eex, €V
RF(So) x 02CG%;) triplet 0.0
RF(So) x 02(" Ag) singlet 0.97
RF(So) x 02("Ag) singlet 0.97
RF(So) x 02(' ;) singlet 1.64
RF(T1) x 0,CZ;) triplet 2.48
RF(S1) x 026G%)) triplet 2.92(0.422)
RF(T2) x 02G2)) triplet 2.98
RF(T3) x 02GZ;) triplet 3.16
RF(Sy) x 0, Dy triplet 3.59(0.204)
RF(T1) x 02(" Ag) triplet 3.60
RF(T1) x 02(" Ag) triplet 3.60
RF(S1) x 02("Ag) singlet 3.80
RF(S1) x 02("Ag) singlet 3.80

aXMCQDPT2 is based on SA19-CASSCF(12/10) wavefunctions (see text for
details).
Oscillator strengths for the transitions from RF(So) are given in parentheses.

different multiplicity and NACs between the states of
the same multiplicity. As a proxy for NAC, we consider
the norm of one-particle transition density matrix, ||y ||,
between the two states [64,80] (large ||y || signifies con-
siderable one-electron character of the transition, which
can develop due to the admixture of charge-transfer con-
figurations). Figure 7 shows the computed couplings.
First, we consider the initially excited state, RF(S;) x
0,32 ¢ ) (its multiplicity is triplet because of oxygen).
The value of SOC that couples this state to the singlet state
RE(T1) x 02(°%;) is small (0.07cm™), as expected
from the SOC value for the T; — S; coupling in RE The
value of SOC with the RF(Sp) x O2(* A ¢) states is larger
(0.16 cm™1). Thus, a single-step electronic transition pro-
ducing 0>(*Ay) is possible, but does not appear to be
very effective. We note that the values of SOCs can be
significantly enhanced when oxygen is closer to the chro-
mophore, as shown by Minaev and coworkers [46,47].
Hence, thermal fluctuations or structural relaxation of
the excited-state collision complex can increase the yield.
Importantly, the initially excited state shows a substan-
tial NAC with triplet RF(T1) x 0,2 ¢ )» suggesting that
this non-adiabatic transition may be fast and effective.
This means that the production of triplet RF can pro-
ceed both via ISC and via IC, when oxygen is present.
Such an oxygen-assisted pathway for the triplet produc-
tion has been put forward by Tsubomura and Mulliken in
1960 [42] to explain enhanced ISC - an increased yield
of triplet states in the presence of oxygen - first discussed
by Kasha in 1950 [81]. This enhancement was also docu-
mented by Minaev and co-workers, who provided a the-
oretical support using semi-empirical calculations on a
model system [44]. Tsubomura and Mulliken also posited
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Figure 6. Energy diagram of the low-lying manifold of singlet and triplet states derived from RF's Sg, S1, Sy, T1, T and T3 and oxygen'’s
>3, "Agand ' T . Excitation energies are in electron-volt relative to the ground state, RF(So) x 02 £;).

that sufficiently large coupling between these states can
develop via configuration interaction mixing of charge-
transfer configurations [42], which was later illustrated
by Minaev’s calculations [44,46,47]. We note that the
admixture of charge-transfer (or charge-resonance) con-
figurations is also responsible for couplings facilitat-
ing singlet fission [64] and triplet-triplet annihila-
tion [82,83].

We now consider possible transitions from the
RE(T}) x 0,32 ¢ ) states. The singlet state of this char-
acter can be produced by either non-adiabatic transition
described above or by a collision of oxygen molecule with
the RF(T) state formed by ISC. According to Figure
7, the singlet state of this character shows substantial
NACs with lower states in the singlet manifold and, there-
fore, can lead to the singlet oxygen generation via IC.
The triplet state of this character shows small but non-
zero SOCs with the RF(Sp) x O2('£;) and RF(So) x
0,(! Ag) (0.04and 0.01 cm™!). The reason why this state
has small SOCs with the lower states in the singlet man-
ifold is because the respective transitions would involve
changes of states of two electrons, which means that the
only coupling terms can come from the exchange inter-
action, as in the Dexter energy transfer [84] or from the
admixture of charge-transfer configurations. Again, both
processes can be enhanced when oxygen is closer to the

chromophore, so for a quantitative description, sampling
of the thermal motions and structural relaxation of the
initially excited state are important.

We also note that involvement of higher states can
both significantly increase the couplings and expand the
available pathways. For example, upon excitation to S,
T, and T3 become accessible. We also note that admix-
ture of the RE(T;) x O,(1 X ¢ ) state, which has large SOC
(100 cm™1) with RF(T1) x O,(? Eg_), can also contribute
to the enhancement.

We note that some pathways lead to the production of
0,(1x ; ). This other singlet oxygen has been observed
experimentally [76]. It relaxes to 0,(*A ¢) with unit effi-
ciency [76]. The computed value of the NAC for the
RE(So) x O2("Z) = RE(Sp) x O2(*Ag) transition is
large, consistent with the experimental observations [76].
This large value suggests very fast internal conversion,
which can outcompete ISC to the ground state of the
system, RF(Sp) x 0,(® Iy ), which features rather large
SOC (173cm™)).

Our results are consistent with previous mechanis-
tic discussions of the singlet oxygen production and
enhancement of radiative transitions due to collisions
with other species [38,44,46,47,76]. The value of our con-
tribution is that by providing concrete values of the elec-
tronic couplings it lands ab initio support to previously
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Figure 7. Couplings between the relevant states. SOC values (in cm™") are shown in black and ||y || values (dimensionless) are shown
in red. For the degenerate 1 A4 states, the combined values (sum of the SOCs/NACs for the two components) are shown.

hypothesised scenarios. We note that the pathway of sin-
glet oxygen production via a triplet state of the oxygen-RF
collision complex means that the kinetic models used to
describe singlet oxygen production in flavin-based sys-
tems (such as one in Ref. [10]) need to be amended to
account for different spin statistics.

4. Conclusion

We report high-level quantum chemistry calculations of
a model system representing miniSOG photoactive pro-
tein with the RF chromophore. Our calculations of rele-
vant electronic states and couplings between them clarify
the mechanism of singlet oxygen generation in this sys-
tem. In particular, our results indicate that singlet oxygen
generation can proceed both via the singlet and the triplet
RE(T;) x 023X ¢ ) state of the RF-O, complex. The
triplet RF(T;) x 023X ¢ ) state can be produced either
by IC of the initially excited S; state of RF bound to oxy-
gen or by the T state of RF (produced via ISC) forming
a collision complex with O,. The relaxation of the sin-
glet RE(T1) x O,(CZ ¢ ) state proceeds via IC or Dexter
energy transfer whereas the triplet RF(T;) x O;(CZ g)
state can decay via ISC facilitated by small but non-zero
SOCs. The couplings can be enhanced by sampling con-
figurations in which oxygen is closer to the chromophore.

Our results provide robust theoretical support to pre-
viously hypothesised scenarios. We hope that a better
understanding the function of miniSOG will aid fur-
ther development of effective genetically encoded pho-
toactive proteins. Future work will focus on quantitative
calculations of rates of the relevant processes and mecha-
nisms of photodegradation and production of other types
of ROS - such as peroxide — in these systems.

Acknowledgments

AIXK. thanks Professor Boris Minaev from the Cherkasy
National University for his valuable feedback on the manuscript.

Data availability statement

The data that support the findings of this study are available
within the article and the associated SI.

Disclosure statement

The authors declare the following competing financial inter-
est(s): A.LK. is the president and a part-owner of Q-Chem,
Inc.

Funding

We acknowledge support from the National Science Foun-
dation (grant No. CHE-2154482 to A.ILK.) and resources of
USC Advanced Research Computing (CARC) facilities. The
Moscow team was supported by the Russian Science Foun-
dation (project 22-13-00012). The research in Moscow was
carried out using the equipment of the shared research facilities
of HPC computing resources at the Lomonosov Moscow State
University and supercomputer resources of the Joint Super-
computer Center of the Russian Academy of Sciences.

ORCID

Goran Giudetti ‘© http://orcid.org/0000-0003-3851-670X
Bella L. Grigorenko ‘® http://orcid.org/0000-0003-1372-4692
Anna I. Krylov © http://orcid.org/0000-0001-6788-5016

References

[1] D.M. Chudakov, M.V. Matz, S. Lukyanov and K.A.
Lukyanov, Physiol. Rev. 90, 1103 (2010). doi:10.1152/phys
rev.00038.2009


http://orcid.org/0000-0003-3851-670X
http://orcid.org/0000-0003-1372-4692
http://orcid.org/0000-0001-6788-5016
https://doi.org/10.1152/physrev.00038.2009

2]

(10]

(11]

(12]

(13]

(14]
(15]
(16]

(17]

(18]

(19]

(20]
(21]

(22]

A. Acharya, A M. Bogdanov, K.B. Bravaya, B.L. Grig-
orenko, A.V. Nemukhin, K.A. Lukyanov and A.L Krylov,
Chem. Rev. 117, 758 (2017). doi:10.1021/acs.chemrev.6b
00238

C. Smith, Nature 492, 293 (2012). doi:10.1038/492293a
D.L. Sai, ]. Lee, D.L. Nguyen and Y.-P. Kim, Exp. Mol. Med.
53,495 (2021). doi:10.1038/s12276-021-00599-7

M.A. McLean, Z. Rajfur, Z. Chen, D. Humphrey, B. Yang,
S.G. Sligar and K. Jacobson, Anal. Chem.81, 1755-1761
(2001). doi:10.1021/ac801663y

X. Shu, V. Lev-Ram, T.J. Deerinck, Y. Qi, E.B. Ramko,
M.W. Davidson, Y. Jin, M.H. Ellisman and R.Y. Tsien,
PLos Biol. 9, €1001041 (2011). doi:10.1371/journal.pbio.
1001041

J. Torra, C. Lafaye, L. Signor, S. Aumonier, C. Flors, X. Shu,
S. Nonell, G. Gotthard and A. Royant, Sci. Rep. 9, 2428
(2019). d0i:10.1038/s41598-019-38955-3

C. Lafaye, S. Aumonier, J. Torra, L. Signor, D. von Stet-
ten, M. Noirclerc-Savoye, X. Shu, R. Ruiz-Gonzilez, G.
Gotthard, A. Royant and S. Nonell, Photochem. Pho-
tobiol. Sci. 21, 1545 (2022). doi:10.1007/s43630-021-
00156-1

M. Westberg, L. Holmegaard, EM. Pimenta, M. Etze-
rodt and PR. Ogilby, J. Am. Chem. Soc. 137, 1632-1642
(2015). doi:10.1021/ja511940j

M. Westberg, M. Bregnhgj, M. Etzerodt and P.R. Ogilby, J.
Phys. Chem. B 121, 2561 (2017). doi:10.1021/acs.jpcb.7b
00561

M. Westberg, M. Bregnhgj, M. Etzerodt and P.R. Ogilby, J.
Phys. Chem. B 121, 9366 (2017). doi:10.1021/acs.jpcb.7b
07831

R. Ruiz-Gonzalez, A.L. Cortajarena, S.H. Mejias, M. Agut,
S. Nonell and C. Flors, J. Am. Chem. Soc. 135, 9564
(2013). doi:10.1021/ja4020524

W. Holzer, J. Shirdel, P. Zirak, A. Penzkofer, P. Hegemann,
R. Deutzmann and E. Hochmuth, Chem. Phys. 308, 69
(2005). doi:10.1016/j.chemphys.2004.08.006

G. Strauss and W.J. Nickerson, J. Am. Chem. Soc. 83, 3187
(1961). doi:10.1021/ja01476a005

P.E. Heelis, Chem. Soc. Rev. 11, 15 (1982). doi:10.1039/cs
9821100015

M. Insinska-Rak, A. Golczak and M. Sikorski, J. Phys.
Chem. A 116, 1199 (2012). doi:10.1021/jp2094593

W.M. Moore, J.T. Spence, FA. Raymond and S.D. Colson,
J. Am. Chem. Soc. 85, 3367 (1963). doi:10.1021/ja00904
a013

M. Halwer, J. Am. Chem. Soc. 73, 4870 (1951). do0i:10.10
21/ja01154al18

M. Insinska-Rak, E. Sikorska, J.L. Bourdelande, L.V.
Khmelinskii, W. Prukata, K. Dobek, J. Karolczak, L.F.
Machado, L.EV. Ferreira, E. Dulewicz, A. Komasa, D.R.
Worrall, M. Kubicki and M. Sikorski, J. Photochem. Pho-
tobiol. A 186, 14 (2007). doi:10.1016/j.jphotochem.2006.
07.005

D.E. Metzler and W.L. Cairns, J. Am. Chem. Soc. 93, 2772
(1971). doi:10.1021/ja00740a031

I. Ahmad and H.D.C. Rapson, J. Pharm. Biomed. Anal. 8,
217 (1990). doi:10.1016/0731-7085(90)80029-O

M. Insinska-Rak, D. Prukata, A. Golczak, E. Fornal and
M. Sikorski, J. Photochem. Photobiol. A403, 112837
(2020). doi:10.1016/j.jphotochem.2020.112837

(23]

(24]

(25]

(26]
(27]
(28]
(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]
(39]
(40]
(41]
(42]
(43]
(44]

(45]

(46]

MOLECULAR PHYSICS e 9

M.A. Sheraz, S.H. Kazi, S. Ahmed, Z. Anwar and L
Ahmad, Beilstein J. Org. Chem. 10, 1999-2012 (2014).
doi:10.3762/bjoc.10.208

W.M. Moore and C. Baylor Jr., ]. Am. Chem. Soc. 91, 7170
(1969). doi:10.1021/ja010532048

W. Holzer, A. Penzkofer, T. Susdorf, M. Alvarez, Sh. D.M.
Islam and P. Hegemann, Chem. Phys.302, 105 (2004).
doi:10.1016/j.chemphys.2004.03.017

W. Holzer, A. Penzkofer and P. Hegemann, Chem. Phys.
308, 79 (2004). doi:10.1016/j.chemphys.2004.08.007
G.K. Radda and M. Calvin, Biochemistry 3, 384-393
(1964). doi:10.1021/bi00891a014

B. Holmstrom, Bull. Soc. Chim. Belges 71, 869 (1962).
do0i:10.1002/bscb.v71:11/12

P.-S. Song and D.E. Metzler, Photochem. Photobiol. 6, 691
(1967). doi:10.1111/php.1967.6.issue-10

1. Ahmad, Q. Fasihullah, A. Noor, I.A. Ansari and Q.N.M.
Alj, Int. J. Pharm. 280, 199 (2004). doi:10.1016/j.ijpharm.
2004.05.020

S. Salzmann, J. Tatchen and C.M. Marian, J. Photochem.
Photobiol. A 198, 221 (2008). doi:10.1016/j.jphotochem.
2008.03.015

M.P. Kabir, Y. Orozco-Gonzalez and S. Gozem, Phys.
Chem. Chem. Phys. 21, 16526 (2019). doi:10.1039/C9CP
02230A

M.P. Kabir, D. Ouedraogo, Y. Orozco-Gonzalez, G. Gadda
and S. Gozem, ]. Phys. Chem. B 127, 1301 (2023).
doi:10.1021/acs.jpcb.2c06475

K. Zenichowski, M. Gothe and P. Saalfrank, J. Photochem.
Photobiol. A 190, 290 (2007). doi:10.1016/j.jphotochem.
2007.02.007

S. Salzmann, M.R. Silva-Junior, W. Thiel and C.M. Mar-
ian, J. Phys. Chem. B 113, 15610 (2009). doi:10.1021/jp
905599k

B.E Minaev, H. Argen and V.O. Minaeva, in Spin-Orbit
Coupling in Enzymatic Reactions and the Role of Spin
in Biochemistry, edited by J. Leszczynski (Springer, Dor-
drecht, 2016). pp. 1-31.

M. Bracker, M.K. Kubitz, C. Czekelius, C.M. Marian
and M. Kleinschmidt, ChemPhotoChem 6, 202200040
(2022). doi:10.1002/cptc.v6.7

PR. Ogilby, Chem. Soc. Rev. 39, 3181 (2010). doi:10.1039/
b926014p

T. Foerster, Ann. Phys. 2, 55 (1948). doi:10.1002/andp.v4
37:1/2

D.L. Dexter, J. Chem. Phys. 21, 836 (1953). doi:10.1063/
1.1699044

H. Kautsky, Trans. Faraday Soc. 35, 216 (1938). doi:10.10
39/tf9393500216

H. Tsubomura and R.S. Mulliken, J. Am. Chem. Soc. 82,
5966 (1960). doi:10.1021/ja01508a002

K. Kawaoka, A.U. Khan and D.R. Kearns, J. Chem. Phys.
46, 1842 (1967). doi:10.1063/1.1840943

B.E Minaev, Zh. Prikl. Spektrosk. 42, 766 (1985).
doi:10.1007/BF00661398.

B.E. Minaev, V.V. Bryukhanov, G.A. Ketsle, V. Ch. Lauri-
nas, Z.M. Muldakhmetov, Zh. K. Smagulovand K.E Regir,
Zh. Prikl. Spektrosk. 50, 291 (1989). doi:10.1007/BF0065
9989.

B.F. Minaev, S. Lunell and G.I. Kobzev, Int. J. Quant.
Chem. 50, 279 (1994). d0i:10.1002/qua.v50:4


https://doi.org/10.1021/acs.chemrev.6b00238
https://doi.org/10.1038/492293a
https://doi.org/10.1038/s12276-021-00599-7
https://doi.org/10.1021/ac801663y
https://doi.org/10.1371/journal.pbio.1001041
https://doi.org/10.1038/s41598-019-38955-3
https://doi.org/10.1007/s43630-021-00156-1
https://doi.org/10.1021/ja511940j
https://doi.org/10.1021/acs.jpcb.7b00561
https://doi.org/10.1021/acs.jpcb.7b07831
https://doi.org/10.1021/ja4020524
https://doi.org/10.1016/j.chemphys.2004.08.006
https://doi.org/10.1021/ja01476a005
https://doi.org/10.1039/cs9821100015
https://doi.org/10.1021/jp2094593
https://doi.org/10.1021/ja00904a013
https://doi.org/10.1021/ja01154a118
https://doi.org/10.1016/j.jphotochem.2006.07.005
https://doi.org/10.1021/ja00740a031
https://doi.org/10.1016/0731-7085(90)80029-O
https://doi.org/10.1016/j.jphotochem.2020.112837
https://doi.org/10.3762/bjoc.10.208
https://doi.org/10.1021/ja01053a048
https://doi.org/10.1016/j.chemphys.2004.03.017
https://doi.org/10.1016/j.chemphys.2004.08.007
https://doi.org/10.1021/bi00891a014
https://doi.org/10.1002/bscb.v71:11/12
https://doi.org/10.1111/php.1967.6.issue-10
https://doi.org/10.1016/j.ijpharm.2004.05.020
https://doi.org/10.1016/j.jphotochem.2008.03.015
https://doi.org/10.1039/C9CP02230A
https://doi.org/10.1021/acs.jpcb.2c06475
https://doi.org/10.1016/j.jphotochem.2007.02.007
https://doi.org/10.1021/jp905599k
https://doi.org/10.1002/cptc.v6.7
https://doi.org/10.1039/b926014p
https://doi.org/10.1002/andp.v437:1/2
https://doi.org/10.1063/1.1699044
https://doi.org/10.1039/tf9393500216
https://doi.org/10.1021/ja01508a002
https://doi.org/10.1063/1.1840943
https://doi.org/10.1007/BF00661398
https://doi.org/10.1007/BF00659989
https://doi.org/10.1002/qua.v50:4

10 G. GIUDETTI ET AL.

[47]

(48]
(49]
(50]
(51]
(52]

(53]

(54]
(55]
(56]
(57]
(58]
(59]

(60]

(61]

(62]
(63]
(64]
(65]
(6]
(67]
(68]
(69]

(70]

(71]

(72]

B.F. Minaev, V.V. Kukueva and H. Argen, J. Chem. Soc.,
Faraday Trans. 90, 1479 (1994). doi:10.1039/FT'9949001
479

M.B. Smith and J. Michl, Annu. Rev. Phys. Chem. 64, 361
(2013). doi:10.1146/physchem.2013.64.issue-1

D. Casanova, Chem. Rev. 118, 7164 (2018). doi:10.1021/
acs.chemrev.7b00601

A. Warshel and M. Levitt, J. Mol. Biol. 103, 227 (1976).
doi:10.1016/0022-2836(76)90311-9

H.M. Senn and W. Thiel, Angew. Chem. Int. Ed. 48, 1198
(2009). doi:10.1002/anie.v48:7

I. Polyakov, A. Kulakova and A.V. Nemukhin, Biophysica
3, 252 (2023). doi:10.3390/biophysica3020016

R.B. Best, X. Zhu, J. Shim, PE.M. Lopes, J. Mittal, M. Feig
and A.D. MacKerell, J. Chem. Theory Comput. 8, 3257
(2012). doi:10.1021/ct300400x

A. Alexandrov, J. Comput. Chem. 40, 2834 (2019).
doi:10.1002/jcc.v40.32

J.P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.
77, 3865 (1996). doi:10.1103/PhysRevLett.77.3865

S. Grimme, J. Antony, S. Ehrlich and H. Krieg, J. Chem.
Phys. 132, 154104 (2010). doi:10.1063/1.3382344

J.W. Ponder and D.A. Case, Adv. Prot. Chem. 66, 27
(2003).

D. Casanova and M. Head-Gordon, Phys. Chem. Chem.
Phys. 11, 9779 (2009). doi:10.1039/b911513g

A.A. Granovsky, J. Chem. Phys. 134, 214113 (2011).
doi:10.1063/1.3596699

G. Herzberg, Molecular Spectra and Molecular Structure:
I. Spectra of Diatomic Molecules, Vol. I (van Nostrand
Reinhold, New York, 1950).

Al Krylov, in Reviews in Computational Chemistry,
edited by A.L. Parrill and K.B. Lipkowitz (Wiley, Hobo-
ken, 2017), Vol. 30, pp. 151-224.

A1 Krylov, Chem. Phys. Lett. 338, 375 (2001). doi:10.10
16/50009-2614(01)00287-1

D. Casanova and A.L. Krylov, Phys. Chem. Chem. Phys.
22,4326 (2020). d0i:10.1039/C9CP06507E

X.Feng, A.V. Luzanovand A I Krylov, J. Phys. Chem. Lett.
4, 3845 (2013). doi:10.1021/jz402122m

X. Feng and A.I Krylov, Phys. Chem. Chem. Phys. 18,
7751 (2016). doi:10.1039/C6CP00177G

X. Feng, D. Casanova and A.IL Krylov, J. Phys. Chem. C
120, 19070 (2016). doi:10.1021/acs.jpcc.6b07666

B.A. Hess, C.M. Marian, U. Wahlgren and O. Gropen,
Chem. Phys. Lett. 251, 365 (1996). doi:10.1016/0009-26
14(96)00119-4

C.M. Marian, WIREs: Comput. Mol. Sci. 2, 187 (2012).
P. Pokhilko, E. Epifanovsky and A.I. Krylov, J. Chem. Phys.
151, 034106 (2019). doi:10.1063/1.5108762

A. Carreras, H. Jiang, P. Pokhilko, A.I. Krylov, PM. Zim-
merman and D. Casanova, J. Chem. Phys.153, 214107
(2020). doi:10.1063/5.0029146

A1 Krylovand PM.W. Gill, WIREs: Comput. Mol. Sci. 3,
317 (2013).

E. Epifanovsky, A.T.B. Gilbert, X. Feng, J. Lee, Y. Mao, N.
Mardirossian, P. Pokhilko, A.F. White, M.P. Coons, A.L.
Dempwolff, Z. Gan, D. Hait, PR. Horn, L.D. Jacobson, L
Kaliman, J. Kussmann, A.W. Lange, K.U. Lao, D.S. Levine,
J. Liu, S.C. McKenzie, A.F. Morrison, K.D. Nanda, F
Plasser, D.R. Rehn, M.L. Vidal, Z.-Q. You, Y. Zhu, B. Alam,
B.J. Albrecht, A. Aldossary, E. Alguire, ].H. Andersen, V.

(73]
(74]

(75]

(76]

(77]

(78]

(79]

Athavale, D. Barton, K. Begam, A. Behn, N. Bellonzi, Y.A.
Bernard, E.J. Berquist, H.G.A. Burton, A. Carreras, K.
Carter-Fenk, R. Chakraborty, A.D. Chien, K.D. Closser,
V. Cofer-Shabica, S. Dasgupta, M. de Wergifosse, J. Deng,
M. Diedenhofen, H. Do, S. Ehlert, P.-T. Fang, S. Fatehi,
Q. Feng, T. Friedhoff, J. Gayvert, Q. Ge, G. Gidofalvi, M.
Goldey, J. Gomes, C.E. Gonzalez-Espinoza, S. Gulania,
A.O. Gunina, M.W.D. Hanson-Heine, PH.P. Harbach, A.
Hauser, M.E. Herbst, M. Herndndez Vera, M. Hodecker,
Z.C. Holden, S. Houck, X. Huang, K. Hui, B.C. Huynbh,
M. Ivanov, A. Jasz, H. Ji, H. Jiang, B. Kaduk, S. Kahler,
K. Khistyaev, J. Kim, G. Kis, P. Klunzinger, Z. Koczor-
Benda, J.H. Koh, D. Kosenkov, L. Koulias, T. Kowalczyk,
C.M. Krauter, K. Kue, A. Kunitsa, T. Kus, I. Ladjan-
szki, A. Landau, K.V. Lawler, D. Lefrancois, S. Lehtola,
R.R. Li, Y.-P. Li, J. Liang, M. Liebenthal, H.-H. Lin, Y.-
S. Lin, E Liu, K.-Y. Liu, M. Loipersberger, A. Luenser,
A. Manjanath, P. Manohar, E. Mansoor, S.F. Manzer,
S.-P. Mao, A.V. Marenich, T. Markovich, S. Mason, S.A.
Maurer, PE. McLaughlin, M.ES.]. Menger, J.-M. Mewes,
S.A. Mewes, P. Morgante, J.W. Mullinax, K.J. Ooster-
baan, G. Paran, A.C. Paul, S.K. Paul, F. Pavosevi¢, Z.
Pei, S. Prager, E.I. Proynov, A. Rak, E. Ramos-Cordoba,
B. Rana, A.E. Rask, A. Rettig, R.M. Richard, F. Rob, E.
Rossomme, T. Scheele, M. Scheurer, M. Schneider, N.
Sergueev, S.M. Sharada, W. Skomorowski, D.W. Small,
C.]J. Stein, Y.-C. Su, E.J. Sundstrom, Z. Tao, J. Thirman,
G.]. Tornai, T. Tsuchimochi, N.M. Tubman, S.P. Veccham,
O. Vydrov, J. Wenzel, J. Witte, A. Yamada, K. Yao, S.
Yeganeh, S.R. Yost, A. Zech, 1.Y. Zhang, X. Zhang, Y.
Zhang, D. Zuev, A. Aspuru-Guzik, A.T. Bell, N.A. Besley,
K.B. Bravaya, B.R. Brooks, D. Casanova, J.-D. Chai, S.
Coriani, C.J. Cramer, G. Cserey, A.E. DePrince, R.A. DiS-
tasio, A. Dreuw, B.D. Dunietz, T.R. Furlani, W.A. God-
dard, S. Hammes-Schiffer, T. Head-Gordon, W.J. Hehre,
C.-P. Hsu, T.-C. Jagau, Y. Jung, A. Klamt, J. Kong, D.S.
Lambrecht, W. Liang, N.J. Mayhall, C.W. McCurdy, J.B.
Neaton, C. Ochsenfeld, J.A. Parkhill, R. Peverati, V.A. Ras-
solov, Y. Shao, L.V. Slipchenko, T. Stauch, R.P. Steele, J.E.
Subotnik, A.J.W. Thom, A. Tkatchenko, D.G. Truhlar, T.
Van Voorhis, T.A. Wesolowski, K.B. Whaley, H.L. Wood-
cock, PM. Zimmerman, S. Faraji, PM.W. Gill, M. Head-
Gordon, .M. Herbert and A.I. Krylov, J. Chem. Phys. 155,
084801 (2021). doi:10.1063/5.0055522

A.A. Granovsky, XMCQDPT2, http://classic.chem.msu.su
(accessed Dec. 18, 2009).

M.A. El-Sayed, Acc. Chem. Res. 1, 8 (1968). doi:10.1021/
ar50001a002

M. Alessio, S. Kotaru, G. Giudetti and A.IL Krylov, J. Phys.
Chem. C 127, 3647 (2023). doi:10.1021/acs.jpcc.2c05
940

M. Weldon, T.D. Poulsen, K.V. Mikkelsen and P.R. Ogilby,
Photochem. Photobiol. 70, 369 (1999). doi:10.1111/
j.1751-1097.1999.tb08238.x

T.J. Penfold, E. Gindensperger, C. Daniel and C.M. Mar-
ian, Chem. Rev. 118, 6975 (2018). doi:10.1021/acs.chemr
ev.7b00617

C. Marian, Annu. Rev. Phys. Chem. 72, 617 (2021).
doi:10.1146/physchem.2021.72.issue-1

D. Casanova, L.V. Slipchenko, AL Krylov and M.
Head-Gordon, J. Chem. Phys. 130, 044103 (2009).
doi:10.1063/1.3066652


https://doi.org/10.1039/FT9949001479
https://doi.org/10.1146/physchem.2013.64.issue-1
https://doi.org/10.1021/acs.chemrev.7b00601
https://doi.org/10.1016/0022-2836(76)90311-9
https://doi.org/10.1002/anie.v48:7
https://doi.org/10.3390/biophysica3020016
https://doi.org/10.1021/ct300400x
https://doi.org/10.1002/jcc.v40.32
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.3382344
https://doi.org/10.1039/b911513g
https://doi.org/10.1063/1.3596699
https://doi.org/10.1016/S0009-2614(01)00287-1
https://doi.org/10.1039/C9CP06507E
https://doi.org/10.1021/jz402122m
https://doi.org/10.1039/C6CP00177G
https://doi.org/10.1021/acs.jpcc.6b07666
https://doi.org/10.1016/0009-2614(96)00119-4
https://doi.org/10.1063/1.5108762
https://doi.org/10.1063/5.0029146
https://doi.org/10.1063/5.0055522
http://classic.chem.msu.su
https://doi.org/10.1021/ar50001a002
https://doi.org/10.1021/acs.jpcc.2c05940
https://doi.org/10.1111/j.1751-1097.1999.tb08238.x
https://doi.org/10.1021/acs.chemrev.7b00617
https://doi.org/10.1146/physchem.2021.72.issue-1
https://doi.org/10.1063/1.3066652

[80] S. Matsika, X. Feng, A.V. Luzanov and A.L. Krylov,
J. Phys. Chem. A 118, 11943 (2014). doi:10.1021/jp50
6090g

[81] M. Kasha, Disc. Faraday Soc. 9, 14 (1950). doi:10.1039/df
9500900014

[82] B.F Minaev, Theoretical model of triplet-triplet annihila-
tion, Izvestiya Vysshikh Uchebnykh Zavedenii, Fizika, 12

MOLECULAR PHYSICS 1

(1977) [English version: Plenum Publishing Corporation,
0038-5697/78/2109-1120 (1979)].

[83] M.J.Y. Tayebjee, D.R. McCamey and T.W. Schmidyt, J. Phys.
Chem. Lett. 6, 2367 (2015). doi:10.1021/acs.jpclett.5b00
716

[84] D.L. Dexter, J. Lumin. 18-19, 779 (1979). d0i:10.1016/00
22-2313(79)90235-7


https://doi.org/10.1021/jp506090g
https://doi.org/10.1039/df9500900014
https://doi.org/10.1021/acs.jpclett.5b00716
https://doi.org/10.1016/0022-2313(79)90235-7

	1. Introduction
	2. Computational details
	3. Results and discussion
	4. Conclusion
	Acknowledgments
	Data availability statement
	Disclosure statement
	Funding
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [609.704 794.013]
>> setpagedevice


