
A computational study of possible mechanisms of singlet oxygen

generation in miniSOG photoactive protein

Goran Giudettia, Anastasia R. Blinovab, Bella L. Grigorenkob, and Anna I. Krylova

a Department of Chemistry, University of Southern California, Los Angeles, CA 90089, U.S.A.

b Department of Chemistry, Lomonosov Moscow State University, Moscow, 119991, Russia

We report high-level electronic structure calculations of electronic states in the

miniSOG (for mini Singlet Oxygen Generator) photoactive protein designed to pro-

duce singlet oxygen upon light exposure. We consider a model system with a ri-

boflavin (RF) chromophore. To better understand the photosensitization 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 inter-system crossing, via a triplet state of the RF(T1)⇥O2(
3
⌃
−

g ) character

as well as by triplet excitation energy transfer via a singlet state of the same charac-

ter. Importantly, the former channel produces O2(
1
⌃
+
g ), an excited state of singlet

oxygen, which is known to convert with unit e�ciency into O2(
1
�g) The calculations

also provide evidence for the production of the triplet state of the chromophore via

internal conversion facilitated by oxygen. Our results provide concrete support to

previously hypothesized scenarios.

I. INTRODUCTION

Genetically encodable photoactive proteins are used in a variety of applications1,2. Of

particular interest are photoactive systems that can generate reactive oxygen species (ROS)

upon exposure to light. The interest in such systems stems from their uses in electronic

microscopy3, photodynamic therapy4, and chromophore-assisted laser cell inactivation5. One

such protein is miniSOG (for mini Singlet Oxygen Generator)—a small (106 amino acid

residues) flavin-containing protein capable of generating ROS when stimulated by blue light6.

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 mononucleotide (FMN), however, variants with a
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FIG. 1: miniSOG protein. Flavin mononucleotide (FMN) and riboflavin (RB) cofactors
are shown in the inserts.

riboflavin (RF) cofactor have also been investigated7,8. Fig. 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—i.e., 0.03 versus 0.51 (see, for example, Ref. 7), which is attributed

to the e↵ective quenching of the FMNs triplet state by the protein via electron transfer7,9,10.

This undesirable quenching by the protein was also deemed responsible for producing other

types of ROS, such as peroxide9, which is undesirable for applications. Several studies

reported modifications of miniSOG aiming to increase the quantum yield of singlet oxygen

production9,11. For example, by mutating one residue forming a hydrogen bond with FMN,

the quantum yield of O2(
1
�g) was increased up to ⇠ 0.2 in SOPP (singlet oxygen producing

protein)9,11.

It was also discovered that prolonged intense irradiation of miniSOG leads to an in-

crease of singlet oxygen production12. The mechanism for this photoactivation involves

photodegradation of FMN to lumichrome (LC), which increases chromophore’s accessibil-

ity to oxygen7 thus making oxygen quenching more e↵ective than protein quenching of the

triplet chromophore. This mechanistic interpretation of the structural data7 is consistent

with observations that the yield of singlet oxygen increases in both miniSOG and SOPP at

elevated temperatures10 due to protein’s breathing motions favorable for oxygen di↵usion.

The photodegradation phenomenon has been investigated in dozens of studies, which

considered both free flavins13–24 and flavin-containing proteins25,26, however, the exact details

of the mechanism have not yet been fully elucidated. The mechanism of photosensitization

in miniSOG is also not fully understood. Detailed molecular-level understanding of these

processes is essential for the successful rational design of further miniSOG and SOPP variants
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aiming to improve the quantum yield of singlet oxygen production and the spectral properties

of the protein.

Questions about the mechanism involve identification of electronic states involved in

photosensitization and in photoconversion27–30. This requires calculations of singlet and

triplet states as well as relevant electronic couplings. In addition, characterization of the

e↵ect of the protein environment on these quantities is important, as it is known that they

strongly depend on the polarity of the environment31–33.

Many computational studies investigated SOCs in flavin proteins and flavin-like chro-

mophores. For example, SOC calculations have been carried out to elucidate the reac-

tion between FMN and neighboring cysteine in LOV domains34, to estimate the influence

of the protein environment on the excited states of flavin35, to describe the reverse cycle

FADH2!FAD, connected with the reduction of O2 to H2O2 in glucose oxidase36, to design

fluorinated flavin derivatives with desired spectral properties37, and so on.

The production of singlet oxygen38 by photosensitization, a transfer of electronic ex-

citation from an electronically excited donor to a ground-state acceptor, occurs in many

systems. This process is responsible for the ability of oxygen to e↵ectively quench both

fluorescence (i.e., singlet excited states) and phosphorescence (i.e., triplet excited states).

Unlike Förster energy transfer39, which involves transfer of dipole-allowed excitations 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 proximity40. Hence, the accessibility of the chromophores to dissolved oxygen is

the key factor determining the e�ciency of singlet oxygen generation.

The nature of electronic couplings responsible for singlet oxygen production and quench-

ing of singlet and triplet excited states by oxygen has been extensively debated38,41–43. De-

spite the limited computational power, earlier theoretical works have developed clear ex-

planations of this process as well as related phenomena (e.g., ignition of slow fluorescence,

singlet–triplet annihilation, etc)42–45, which we can now confirm by high-level calculations.

The two main scenarios of singlet oxygen production include intersystem crossing (ISC),

facilitated by spin–orbit couplings (SOC), and internal conversion (IC), facilitated by non-

adiabatic couplings42–45. We note that the latter process is promoted by configuration inter-

actions with charge-transfer configurations44 and is similar to singlet fission46,47, a process

of generating two triplet excitons from a single singlet exciton.
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In this contribution, we report high-level electronic structure calculations using QM/MM

approach48,49. We consider protein-bound flavin chromophore (RF) with and without nearby

oxygen molecule. Our calculations provide quantitative support to earlier mechanistic

proposals42–44 put forward when computational power was not su�cient to carry out ac-

curate ab initio calculations on realistic systems. Our results provide complimentary details

to a large body of research on singlet oxygen generation by flavin-based systems.

II. COMPUTATIONAL DETAILS

FIG. 2: QM cluster (model system A) used for QM/MM optimization and excited-state
calculations: RF, O2, sidechains of Gln77, Asn72, Asn82, and seven water molecules.

Our model structure was prepared in earlier work50, where it was constructed using

crystal structure of miniSOG with the RF cofactor (PDB ID 7QF4)8. Hydrogen atoms were

added assuming the conventional protonation states of the polar residues at neutral pH:

Arg and Lys were charged positively, Glu and Asp were charged negatively, and His85 was

neutral. Following notations from Ref. 50, we refer to this model miniSOG[RF]. The initial

structure was solvated and neutralized following the standard protocols, and ten dioxygen

molecules were added to it at random places. The structure was then equilibrated using

molecular dynamics (MD) with CHARMM36 forcefield topology and parameters51, TIP3P

water, and RF parameters in the oxidized form of flavin from Ref. 52; for details, see Ref.

50. Selected snapshots from equilibrium trajectories were optimized using QM/MM with the

PBE0 functional53 and the 6-31G* basis set, and using the AMBER99 forcefield parameters54
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for the MM part. Our model structure corresponds to one of the snapshots with oxygen

molecule in the close vicinity of the chromophore.

The QM system included RF, O2, sidechains of Gln77, 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 Fig. 2.

The excited-state calculations were done using several 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 Å).

The excited states were computed using several approaches: TD-DFT (time-dependent

density functional theory), RAS-CI (restricted active space configuration interaction)55,

and extended multiconfigurational quasi-degenerate perturbation theory of the second

order (XMCQDPT2)56. The XMCQDPT2 calculations were based on state-averaged

CASSCF(10/8)/cc-pVDZ wavefunctions (14 states were used in the averaging). Active-space

orbitals are shown in the SI. Because in XMCQDPT2 singlets and triplets are computed

separately, the relative total energies of di↵erent multiplicity manifolds are not accurate.

To correct this mismatch, we shift the singlet manifold of the combined RF-O2 system so

that the excitation energy of the lowest state in the singlet manifold, which corresponds to

RF(S0)⇥O2(
1
�g) state, equals experimental57 excitation energy of the O2(

3
⌃

−

g )!O2(
1
�g)

transition (0.97 eV).

We carried out SOC calculations using RASCI and TD-DFT. TD-DFT calculations are

suitable for computing singlet and triplet excited states of closed-shell molecules, such as

RF and FMN. However, electronic degeneracies in oxygen impart open-shell character58 to

the wave-functions of relevant states. Such states can be tackled either by multi-reference

methods, such as CASSCF, or by spin-flip approaches59,60. As we explain below, the RF-

O2 system can be tackled by a double spin-flip approach, in the same fashion as was done

before in the context singlet fission61–63. The RAS-2SF calculations have employed quintet

reference corresponding to the high-spin RF(T1) ⇥ O2(
3
⌃

−

g ) restricted open-shell Hartree–

Fock determinant.

The SOCs were computed as matrix elements of the spin–orbit part of the Breit–Pauli

Hamiltonian. The two-electron contributions were computed using mean-field approach64–67.

TD-DFT and RAS-CI calculations were carried out using the Q-Chem electronic structure

package68,69. XMCQDPT2 calculations were carried out by Firefly70.
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2SF

RF O2

LE

CT

FIG. 3: RAS-2SF reference and target determinants. Singly occupied orbitals are flavin’s π
and π

∗ and oxygen’s π∗

x and π
∗

y LE and CT denote local excitations and charge-transfer
configurations, respectively.

III. RESULTS AND DISCUSSION

We begin by reviewing the basic energetics of the RF chromophore and molecular oxygen.

Molecular oxygen’s ground state is 3
⌃

−

g . The next two states are singlets: doubly degen-

erate 1
�g and 1

⌃
+
g states located at 0.97 eV and 1.63 eV, respectively38,57. The electronic

configurations of these four states can be described by distributing two electrons in two

degenerate π
∗ orbitals—they are shown in Fig. 4. There are four determinants—two of an

open-shell type (in which the two π
∗ 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 the El-Sayed rules,71, one can anticipate 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 π
∗

x and π
∗

y 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 e↵ect depends on the relative signs (a similar situation was

described in Ref. 72). By analyzing the configurations in Fig. 4, one can see that the SOC

between the 3
⌃

−

g and 1
�g is expected to be small (contributions from the two determinants

cancel out) whereas the SOC between the 3
⌃

−

g and 1
⌃

+
g can be large (contributions 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−1.
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FIG. 4: Electronic configurations of the 3
⌃

−

g ,
1
�g, and

1
⌃

+
g states of molecular oxygen.

TABLE I: Excitation energies (eV) for model system B (no oxygen). Oscillator strengths
for the transitions from RF(S0) are given in parenthesis.

State ωB97MV/aug-cc-pVTZ XMCQDPT2/cc-pVDZa

S1 3.26 (0.33) 2.99 (0.42)
S2 3.84 (0.02) 3.71 (0.20)
T1 2.16 2.62
T2 2.82 3.05
T3 3.41 3.34

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

(see text for details).

Table I lists energies of the RF chromophore in the model miniSOG[RF] system; addi-

tional results are given in the SI. The computed energetics is similar to other flavin-based

systems37: at the XMCQDPT2 level, the lowest triplet state is ⇠0.3 eV below S1, and the

second triplet is slightly above S1. TD-DFT slightly overestimates excitation energy of the

singlet and underestimates energies of the triplets relative to XMCQDPT2, however, the

overall picture is similar. Fig. 5 shows NTOs for the S0 !T1 and S0 !S1 transitions in

RF (model system B). The shape of NTOs is similar, consistent with π ! π
∗ character of

the transitions. Because the two states have similar orbital character, the S1-T1 SOC is

expected to be small by virtue of El-Sayed’s rules71, as confirmed by the calculations.

T1

S1

FIG. 5: NTOs for the two lowest transitions in RF cofactor in miniSOG[RF].

Such small values of S0 !T1 SOCs in flavin-based systems have been reported by previous
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studies34,37. They might appear puzzling in view of a high quantum e�ciency of triplet-state

yields10,73—as high as 0.4-0.5. Such e�cient ISC in flavins is facilitated by spin-vibronic

interactions, which entail contributions from higher triplet states37,74,75. As we illustrate

below, the production of triplet RF can be also enhanced by molecular oxygen via IC, as

was observed experimentally38,41–43.

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 Computational Details). The low-lying electronic states of the

combined RF-O2 system can be described as products of  (RF)⇥ (O2), and their energies

can be estimated as a sum of the respective energies of the two moieties. We note that

electronic configurations of these composite states are derived by distributing four electrons

in the four orbitals—π and π
∗ orbitals of RF and two π

∗ orbitals of oxygen, a situation

suitable for double spin-flip approach using a high-spin quintet reference (see Fig. 3)60,76.

Fig. 6 shows energy diagram for the singlet and triplet manifolds obtained by combining

energies of the isolated O2 and RF (taken from model system B) using experimental energies

for O2 and our best estimates for the RF chromophore. Table II shows the results of

XMCQDPT2 calculations for system A. The RAS-2SF results are given in the SI. The RAS-

2SF energies are less accurate then XMCQDPT2 due to an insu�cient description of dynamic

correlation. Inclusion of hp (hole-particle) excitations improves the results significantly,

althougth the changes in the wavefunctions are minimal.

We note that a similar energy diagram was invoked by Tsubomura and Mulliken in 196042

and by Minaev44. Overall, the presence of O2 has a negligible e↵ect on the states’ energies, as

expected for this weakly interacting complex, so that the energy diagram in Fig. 6 provides

a good description of energy levels.

As one can see, upon excitation to the S1 state of RF, several pathways for electronic

relaxation are energetically possible in the triplet and singlet manifolds. The accessible

states are: RF(T1)⇥O2(
3
⌃

−

g ), RF(S0)⇥O2(
1
⌃

+
g ), and RF(S0)⇥O2(

1
�g).

To further analyze these pathways, we consider relevant electronic couplings—SOCs be-

tween states di↵erent 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, ||γ||, between

the two states61,77 (large ||γ|| signifies considerable one-electron character of the transition,

which can develop due to the admixture of charge-transfer configurations). Fig. 7 shows
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Triplets      Singlets

RF(S0)xO2(
3Σg

-) 

RF(T1)xO2(3Σg-)

RF(S0)xO2(1Δg)

RF(S1)xO2(3Σg-) 

RF(T1)xO2(
1Δg)

RF(S0)xO2(1Σg+) 

RF(T1)xO2(
1Σg

+)

0.97

1.63

2.62

2.99

3.39

4.05

RF(S2)xO2(3Σg-) 
3.64

RF(T2)xO2(
3Σg

-)
3.05

RF(T3)xO2(3Σg-)
3.34

RF(T1)xO2(3Σg-)

RF(T2)xO2(3Σg-)

RF(T3)xO2(3Σg-)

RF(T2)xO2(1Δg)
3.87

FIG. 6: Energy diagram of the low-lying manifold of singlet and triplet states derived from
RF’s S0, S1, S2, T1, and T2 and oxygen’s 3

⌃
−

g ,
1
�g, and

1
⌃

+
g . Excitation energies in

electron-volt relative to the ground state, RF(S0)⇥O2(
3
⌃

−

g ).

TABLE II: Excitation energies (eV) for model system A; XMCQDPT2/cc-pVDZ.
Oscillator strength for the transitions from RF(S0) are given in parenthesis.

State Multiplicty Eex, eV
RF(S0)⇥O2(

3
⌃

−

g ) triplet 0.0
RF(S0)⇥O2(

1
�g) singlet 0.97

RF(S0)⇥O2(
1
�g) singlet 0.97

RF(S0)⇥O2(
1
⌃

+
g ) singlet 1.64

RF(T1)⇥O2(
3
⌃

−

g ) triplet 2.62
RF(S1)⇥O2(

3
⌃

−

g ) triplet 2.99 (0.422)
RF(T2)⇥O2(

3
⌃

−

g ) triplet 3.04
RF(S2)⇥O2(

3
⌃

−

g ) singlet 3.70 (0.204)
RF(T1)⇥O2(

1
�g) triplet 3.74

RF(T1)⇥O2(
1
�g) triplet 3.74

RF(S1)⇥O2(
1
�g) singlet 4.02

RF(S1)⇥O2(
1
�g) singlet 4.02

XMCQDPT2 is based on SA14-CASSCF(10/8) wavefunctions (see text for details).

the computed couplings. First, we consider the initially excited state, RF(S1)⇥O2(
3
⌃

−

g )

(its multiplicity is triplet because of oxygen). The values of SOC that couples this state to

the singlet state RF(T1)⇥O2(
3
⌃

−

g ) is small (as expected from the SOC value for the T1-S1

coupling in RF. The value of SOC with RF(S0)⇥O2(
1
�g) state is also small (0.19 cm−1).

Thus, a single-step electronic transition producing O2(
1
�g) is possible, but does not appear
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to be very e↵ective. However, the initially excited state shows a substancial NAC with a

triplet RF(T1)⇥O2(
3
⌃

−

g ), suggesting that this non-adiabatic transition can be fast and ef-

fective. This means that the production of triplet RF can proceed both via ISC and via

IC, when oxygen is present. Such an oxygen-assisted pathway for the triplet production

has been put forward by Tsubomura and Mulliken in 196042 to explain enhanced ISC—

an increased yield of triplet states in the presence of oxygen—first discussed by Kasha in

195078. This enhancement was also documented by Minaev and co-workers, who provided

a theoretical support using semi-empirical calculations on a model system44. Tsubomura

and Mulliken also posited that su�ciently large coupling between these states can develop

via configuration interaction mixing of charge-transfer configurations42, which was later il-

lustrated by Minaev’s calculations44. We note that the admixture of charge-transfer (or

charge-resonance) configurations is also responsible for couplings facilitating singlet fission61

and triplet–triplet annihilation79,80.

We now consider possible transitions of the RF(T1)⇥O2(
3
⌃

−

g ). The singlet state of this

character can be produced by either non-adiabatic transition described above or by a collision

of oxygen molecule with the RF(T1) state formed by ISC. According Fig. 7, the singlet state

of this character features no significant couplings with lower states and is, therefore, not

very e↵ective for singlet oxygen generation. The reason why this state does not couple with

the lower states in the singlet manifold 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 interaction, as in the Dexter energy transfer81—such transitions are possible,

but not very e↵ective. In contrast, the triplet state of this character shows large SOC

with the RF(S0)⇥O2(
1
⌃

+
g ) state. Hence, ISC from this state can lead to the production

of O2(
1
⌃

+
g ). This other singlet oxygen has been observed experimentally73. It relaxes to

O2(
1
�g) with unit e�ciency73. The computed value of the NAC for the RF(S0)⇥O2(

1
⌃

+
g ) !

RF(S0)⇥O2(
1
�g) transition is large, consistent with the experimental observations73. This

large value suggests very fast internal conversion, which can outcompete ISC to the ground

state of the system, RF(S0)⇥O2(
3
⌃

−

g ). Once the RF(S0)⇥O2(
1
�g) state is formed, the only

energetically allowed pathway leading to the ground state and regeneration of triplet oxygen

is suppressed by virtue of the zero SOC. Hence, the resulting singlet oxygen can di↵use away

without being quenched by the chromophore.

Our results are consistent with previous mechanistic discussions of the singlet oxygen
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Triplets          Singlets

RF(S0)xO2(
3Σg

-) 

RF(T1)xO2(3Σg-) RF(T1)xO2(3Σg-)

RF(S0)xO2(1Δg)

RF(S1)xO2(
3Σg

-) 

RF(S0)xO2(
1Σg

+) 

100

173

0.07 0.16
0.02

0.99

FIG. 7: Couplings between the relevant states. SOC values (in cm−1) are shown in black
and ||γ|| values (dimensionless) are shown in red. For the degenerate 1

�g states, the
combined SOC is shown.

production38,44,73. The value of our contribution is that by providing concrete values of the

electronic couplings it lands ab initio support to previously hypothesized scenarios. We note

that the pathway of singlet 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 systems (such as one in Ref. 10) need to be adjusted to account for di↵erent spin

statistics.

IV. CONCLUSION

We report high-level quantum chemistry calculations of a model system representing min-

iSOG photoactive protein with the RF chromophore. Our calculations of relevant electronic

states and couplings between them clarify the mechanism of singlet oxygen generation in this

system. In particular, our results indicate that the doorway state for singlet oxygen genera-

tion is the triplet RF(S1)⇥O2(
3
⌃

−

g ) state of the RF-O2 complex whereas the corresponding

singlet state is less e↵ective owing to small couplings. The triplet RF(S1)⇥O2(
3
⌃

−

g ) state

can be produced either by IC of the initially excited S1 state of RF bound to oxygen or by

the T1 state of RF (produced via ISC) forming a collision complex with O2. This state can

decay via ISC into RF(S0)⇥O2(
1
⌃

+
g ). The O2(

1
⌃

+
g ) e↵ectively converts to O2(

1
�g).

Our results provide robust theoretical support to previously hypothesized scenarios. We

hope that a better understanding the function of miniSOG will aid further development of

e↵ective genetically encoded photoactive proteins. Future work will focus on quantitative

calculations of rates of the relevant processes and mechanisms of photodegradation and

production of other types of ROS—such as peroxide—in these systems.
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Krauter, K. Kue, A. Kunitsa, T. Kus, I. Ladjánszki, 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, F. 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, P. F. McLaughlin, M. F. S. J. Menger,

J.-M. Mewes, S. A. Mewes, P. Morgante, J. W. Mullinax, K. J. Oosterbaan, G. Paran, A. C.
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