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Abstract
miniSOG, developed as the first fully genetically encoded singlet oxygen photosensitiser, has found various applications 
in cell imaging and functional studies. Yet, miniSOG has suboptimal properties, including a low yield of singlet oxygen 
generation, which can nevertheless be improved tenfold upon blue light irradiation. In a previous study, we showed that this 
improvement was due to the photolysis of the miniSOG chromophore, flavin mononucleotide (FMN), into lumichrome, with 
concomitant removal of the phosphoribityl tail, thereby improving oxygen access to the alloxazine ring. We thus reasoned 
that a chromophore with a shorter tail would readily improve the photosensitizing properties of miniSOG. In this work, we 
show that the replacement of FMN by riboflavin (RF), which lacks the bulky phosphate group, significantly improves the 
singlet oxygen quantum yield (ΦΔ). We then proceeded to mutagenize the residues stabilizing the phosphate group of FMN 
to alter the chromophore specificity. We identified miniSOG-R57Q as a flavoprotein that selectively binds RF in cellulo, 
with a modestly improved ΦΔ. Our results show that it is possible to modify the flavin specificity of a given flavoprotein, 
thus providing a new option to tune its photophysical properties, including those leading to photosensitization. We also 
determined the structure of miniSOG-Q103L, a mutant with a much increased ΦΔ, which allowed us to postulate the exist-
ence of another access channel to FMN for molecular oxygen.
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1  Introduction

miniSOG (for mini Singlet Oxygen Generator) is a small 
flavoprotein derived from the LOV2 (Light, Oxygen and 
Voltage) domain of Arabidopsis thaliana phototropin 2 
that binds flavin mononucleotide (FMN) as a chromophore 
[1]. It was originally engineered for correlative light and 
electron microscopy (CLEM) aiming at preserving the 
fluorescent and photosensitizing properties of FMN. In 
the last years, miniSOG has been actively used in many 
applications, often combining advanced microscopy tech-
niques and phototherapy [2].

The ability of miniSOG to generate singlet oxygen (1O2) 
is, however, low and far from the real capacity of the free 
FMN molecule in solution (ΦΔ = 0.03 [3, 4] and ΦΔ = 0.51 
[5], respectively). Several spectroscopic studies [3, 4, 6–9] 
have characterized the optical and photosensitizing proper-
ties of miniSOG to examine the factors limiting 1O2 pro-
duction. Recently, we have reported the crystal structure 

of miniSOG at high resolution and unveiled the protein 
and chromophore phototransformations that increase mini-
SOG’s ΦΔ tenfold, providing final evidence to complete 
and explain its complex photophysics [10]. The modest ΦΔ 
is due to an unfavourable combination of efficient FMN 
deactivation by protein quenching (kp) and the low capac-
ity of molecular oxygen (3O2) to diffuse through the matrix 
and react with the chromophore (kO2) [7, 10, 11]. Crystal-
lographic data provided the exact distances between the 
chromophore and the surrounding electron-rich and hydro-
gen bonding amino acids capable of quenching its triplet 
excited state (Fig. 1). Moreover, it clearly showed that the 
isoalloxazine ring of FMN is enclosed in the active pocket 
and the phosphoribityl tail lies in a tunnel connecting the 
chromophore to the external media, potentially limiting 
the oxygen access [10].

The design of improved miniSOG variants has mainly 
focused on suppressing kp. Replacement of key amino 
acids located in the vicinity of the chromophore effectively 
boosted ΦΔ values, culminating with the development of 

Fig. 1   Chromophore environ-
ment in the 1.17 Å structure of 
miniSOG. All residues within 
4 Å of the FMN are represented. 
The 2Fobs-Fcalc electron 
density is represented around 
the chromophore, the chloride 
ion and the magnesium-water 
cluster, contoured at 1.0 σ 
(blue), 3.0 σ (green) and 5.0 σ 
(red) levels, highlighting the 
location of the heavy atoms Cl, 
Mg, P and the most stable O 
and N atoms
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SOPP3 (for Singlet Oxygen Photosensitizing Protein ver-
sion 3, ΦΔ = 0.61) [11]. On the other hand, the contribution 
of kO2 to the ΦΔ of miniSOG has remained less explored. In 
the current study, we have sought to improve oxygen acces-
sibility to the chromophore and characterized its effects on 
1O2 production and kinetics. We have initially exchanged 
the FMN molecule by its parental and non-phosphorylated 
riboflavin (RF) to remove the bulky phosphate group and 
facilitate oxygen diffusion. In addition, we have rationally 
developed novel miniSOG mutants binding preferentially 
RF over FMN and characterized their ability to produce 1O2.

2 � Results and discussion

2.1 � Replacement of FMN with RF in miniSOG

In our previous work [10], we had shown that the removal 
of the phosphoribityl tail, which is concomitant to the pho-
totransformation of FMN to lumichrome, as well as the oxi-
dation of electron-rich side chains, contributed to a tenfold 
increase in ΦΔ. We decided to verify the former assertion by 
introducing a flavin with a shorter tail than FMN. Vitamin 
B2, or riboflavin (RF), is a precursor in the biosynthesis 
of FMN. Lumichrome, however, is not a precursor in RF 
biosynthesis [12], but a biodegradation product [13], hence 
its bioavailability is limited, not to mention its poor solubil-
ity in water. We thus chose RF as a potential chromophore 
replacement in miniSOG.

Chromophore replacement was carried out using a 
denaturation/renaturation protocol (see “Methods”). 
Briefly, the protein was denatured overnight by incuba-
tion with guanidine, leading to the release of FMN, then 
fixed on a nickel column thanks to its poly histidine tag, 
and renatured in presence of RF. We used electrospray 
ionization mass spectrometry (ESI–MS) to assess the 
successful chromophore replacement (Table 1) and as a 
quality control before photophysical characterization. 
We performed time-resolved near-infrared 1O2 phos-
phorescence spectroscopy to estimate the yield of 1O2 

generation on miniSOG, miniSOG reconstituted with RF 
(miniSOG[RF]), and miniSOG reconstituted with FMN 
(miniSOG[FMN]) as a control of proper refolding of the 
protein (Table 2). As hoped, the yield of 1O2 generation 
was increased 2.5-fold in miniSOG[RF] compared to 
miniSOG and miniSOG[FMN], supporting our hypoth-
esis that the phosphate group is contributing to restricting 
3O2 access to the isolloxazine ring. This is confirmed by 
the fact that the lifetime of produced 1O2 is approximately 
constant at ~ 50 μs and that the difference resides in the 
sixfold reduction of the lifetime of the triplet state of the 
chromophore (Table 1), suggesting that 3O2 can more 
readily quench it. Noteworthy, we did not observe any 
chromophore phototransformation under our irradiation 
conditions. Because the triplet state plays an important 
role in the formation of lumichrome in both RF and FMN 
[14, 15], a more efficient 3O2 quenching of the triplets in 
miniSOG[RF] reasonably reduces the phototransformation 
efficiency. We then determined the 1.07 Å structure of 
miniSOG[RF] and compared it to our previously deter-
mined 1.17 Å structure of miniSOG (PDB entry code: 
6GPU) [10], to compare the binding modes of FMN and 
RF. In the structure of miniSOG (Fig. 2a), the phosphate 
group of FMN is clamped between the side chains of two 
arginine residues, Arg41 and Arg57, which are conserved 
in LOV domain-based photosensitizers [9], presumably 
stabilizing the negative charge(s) of the group. In the 
structure of miniSOG[RF], however, (Fig. 2b), Arg57 has 
a completely different conformation, away from FMN, 
while Arg41 moves sideways, closer to the chromophore 
(by 0.6 Å for atom Nε, and 0.9 Å for atom Nη2 of the guan-
idinium group), establishing a hydrogen bond with the 
terminal O5’ oxygen of the ribityl chain. The movement 
of Arg41 is correlated with that of Asp14, with which it 
forms a salt bridge. While this movement slightly nar-
rows the tunnel in miniSOG[RF], the absence of the phos-
phate group evidently increases the accessibility to the 
isoalloxazine ring from the bulk solvent (Fig. 2c and d). 

Table 1   Chromophore content of miniSOG variant samples with 
native and reconstituted flavins as determined by ESI-mass spectrom-
etry

Protein sample % of FMN % of RF

miniSOG 99.9 1.1
miniSOG[FMN] 98.4 1.6
miniSOG[RF] 0.0 100.0
miniSOG-R57Q 25.6 74.4
miniSOG-R57Q[RF] 3.6 96.4
miniSOG-Q103L 98.3 1.7

Table 2   Photosensitising properties of miniSOG variants with native 
and reconstituted flavins in deuterated Tris buffer

*τT: lifetime of the chromophore triplet excited state in air-saturated 
solutions; τΔ: lifetime of 1O2 in solution; ΦΔ: 1O2 quantum yield

Protein τT (μs)* τΔ (μs) ΦΔ

miniSOG 32 50 0.03
miniSOG[FMN] 35 49 0.04
miniSOG[RF] 5.1 48 0.10
miniSOG-R57Q 5.7 46 0.05
miniSOG-R57Q[RF] 5.0 45 0.07
miniSOG-Q103L 108 48 0.25
FMN 3.3 57 0.57
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Interestingly, two chloride ions can be modeled along the 
ribityl chain of RF in miniSOG[RF] compared to only one 
next to FMN in miniSOG. As the chloride ion has been 
shown to act as a mimic of molecular oxygen thanks to 
the polarizability of its electron cloud [16, 17], these two 
chloride ions indicate that these locations could serve as 
transient binding sites for 3O2, between which it could hop 
before reaching the vicinity of the isoalloxazine ring. All 

these observations suggest that a miniSOG variant pref-
erentially binding RF could be a better generator of 3O2.

2.2 � Mutagenesis of miniSOG to favour RF over FMN 
binding

We reasoned that in order to favour RF binding over FMN, 
the mutation(s) should destabilize the phosphate group, 

Fig. 2   Comparison of the structure of miniSOG with its natu-
ral chromophore FMN (miniSOG) or reconstituted with RF 
(miniSOG[RF]). a Stabilisation of the phosphoribityl tail of FMN in 
miniSOG. b Stabilisation of the ribityl tail of RF in miniSOG[RF]. 
c Surface representation of the chromophore-binding pocket in mini-

SOG with FMN and solvent molecules. d Surface representation of 
the chromophore-binding pocket in miniSOG with RF and solvent 
molecules. Water molecules are represented in red, chloride ions in 
green
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whose negative charge(s) is(are) stabilized by interactions 
with two positively charged arginine residues 41 and 57 
(Fig. 2a). We mutated both arginines to either glutamine 
or glutamate, i.e. a residue with a long side chain, which is 
either neutral or negatively charged. Expression of mutants 
at position 41 did not result in coloured protein in BL21 
cells, contrarily to that of mutants at position 57. This obser-
vation can be rationalized by the fact that Arg41 is also in 
close interaction with RF (Fig. 2b), and that its absence 
destabilizes the binding of both FMN and RF. In addition, 
it is very possible that the mutation cancels the electrostatic 
interaction between Asp14 and Arg41 (on two separate 
secondary structure elements: the beginning of the second 
β-strand and the middle of the third α-helix, respectively), 
which may contribute to stabilizing the chromophore bind-
ing site by controlling protein dynamics. We thus expressed 
and purified miniSOG-R57Q and miniSOG-R57E. Initial 
1O2 phosphorescence measurement showed that the R57Q 
mutant was a slightly superior generator of 1O2 than the 
R57E mutant and we thus focused on miniSOG-R57Q.

2.3 � Characterization of miniSOG‑R57Q as a better 
photosensitizer

We investigated by ESI-mass spectrometry the chromo-
phore content of miniSOG-R57Q when expressed in E. 
coli. Indeed, the R57Q mutation resulted in an apparent 
higher affinity of RF binding compared to FMN in a 3:1 
ratio (Table 1). We also prepared miniSOG-R57Q denatured 

and fully renatured with RF for photophysical characteriza-
tion, a sample dubbed miniSOG-R57Q[RF]. Both proteins 
show slightly higher values of ΦΔ than miniSOG, consistent 
with the higher accessibility of oxygen to the chromophore 
as revealed by the sixfold shorter triplet lifetimes in air-sat-
urated solutions, yet lower than miniSOG[RF] (Table 2). In 
addition, miniSOG-R57Q[RF] is a slightly better 1O2 gen-
erator than miniSOG-R57Q, in line with a slightly shorter 
lifetime of its triplet state in air-saturated solutions (Table 2), 
which is consistent with the increased population of RF as 
the protein chromophore.

We then determined the structures of both miniSOG-
R57Q and miniSOG-R57Q[RF]. The latter structure was 
not obtained from a denatured/renatured protein sample, 
but by supplementing the expression medium with RF to 
facilitate protein production for crystallogenesis purpose. 
The 1.17  Å structure of miniSOG-R57Q[RF] (Fig. 3a) 
shows a ~ 100% population of RF as a chromophore. In this 
structure, the stabilization of the RF is very similar to that 
seen in miniSOG[RF], with a chloride ion and water mol-
ecules at the same position around the O5’ terminal atom 
of the ribityl chain and a hydrogen bond to the Nε atom of 
Arg41. In both structures, the side chains of residue 57 are 
orthogonal to the surface of the protein and do not interact 
with the chromophore. In the structure of miniSOG-R57Q 
however, the chromophore population is mixed, estimated 
to 70% FMN vs. 30% RF, in apparent contradiction with the 
25% FMN vs. 75% RF population observed in solution as 
determined by ESI-mass spectrometry. The discrepancy can 

Fig. 3   Structure of miniSOG-R57Q. a Comparison of the stabilisa-
tion of the ribityl tail in miniSOG-R57Q[RF] (magenta) compared to 
miniSOG[RF] (transparent cyan). b. Stabilisation of the phosphoribi-

tyl tail of FMN as observed in the structure of miniSOG-R57Q (dark 
red) expressed in E. coli in standard conditions
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be explained by a population selection process occurring 
during crystallogenesis, which is a common purification or 
enrichment process in chemistry [18]. In this structure, the 
phosphate group is stabilized by a hydrogen bond from the 
Nδ2  atom of Gln57 (Fig. 3b), which explains the residual 
affinity for FMN. The phosphate group is accommodated 
by a sideways translation of the side chain of Arg41 by a 
few tens of Angstrom, and the chloride ion seen in both 
miniSOG[RF] and miniSOG-R57Q[RF] structures is dis-
lodged, probably because of the negative charge(s) of the 
phosphate group.

In brief, the R57Q mutation does favour binding of RF 
over FMN and thus slightly increases oxygen access to the 
chromophore, hence ΦΔ compared to miniSOG. However, 
affinity towards FMN is not eliminated, which detracts from 
realising the full effect of replacing FMN by RF when the 
protein is expressed in E. coli. Additional mutations are 
required to completely prevent FMN binding.

2.4 � Structure of miniSOG‑Q103L

The single-point mutation Q103L on miniSOG, located at 
the bottom of the FMN-binding pocket, has been shown to 
be greatly beneficial regarding the yield of 1O2 generation 
[7]. The variant, dubbed SOPP, shows a sixfold increase 
in ΦΔ (Table 2), which has been attributed to a decrease 
in the probability of both photoactivated electron transfer 
and non-radiative decay of the triplet state via electronic to 
vibrational energy dissipation [7], as seen from the threefold 

increase in the triplet lifetime in air-saturated solutions 
(Table 2). We thus hypothesized that adding the Q103L 
mutation to our R57Q mutant could result in a significantly 
improved Type II photosensitizer, as both mutations were 
responsible for improvement on distinct pathways (increase 
in oxygen accessibility and reduction of electron transfer). 
However, in contrast to the single mutant miniSOG-Q103L, 
we observed by UV–vis absorption spectroscopy that the 
double mutant miniSOG-R57Q/Q103L was gradually los-
ing its chromophore. We thus determined the structure 
of miniSOG-Q103L to understand the rationale of this 
phenomenon.

The 1.37 Å structure of miniSOG-Q103L is very similar 
to that of miniSOG except on one edge of the isoalloaxazine 
ring (Fig. 4). Unexpectedly, a water molecule not observed 
in the structure of miniSOG is apparent on one side of the 
FMN, bridged through two weak hydrogen bonds to car-
bonyl groups of Gly40 and FMN (Fig. 4a). This molecule 
is best modelled with a 50% occupancy, suggesting its 
mobility. The Q103L mutation has the effect of removing 
a chain of two successive hydrogen bonds linking the FMN 
to the surface residue Ser4 via Gln103 (Fig. 4b). These two 
hydrophilic interactions are replaced in miniSOG-Q103L 
with a weaker, hydrophobic one, a van der Waals interac-
tion between the phenyl ring of Phe24 and the two methyl 
groups of Ile103 (Fig. 4b). A consequence of the mutation is 
the ~ 120° rotation of the Ser4 side chain, which engages in 
a hydrogen bond with a water molecule of the first solvation 
sphere of the protein.

Fig. 4   Structure of miniSOG-Q103L (SOPP). a 2Fobs-Fcalc elec-
tron density contoured at a 0.8 σ level superimposed on the protein 
model (in yellow) in the vicinity of the chromophore, next to Ile103. 
A mobile water is visible, weakly hydrogen-bonded to the carbonyl 
group of Gly40 and to a carbonyl group of the FMN. b. Superposition 

of the miniSOG (green) and miniSOG-Q103L (yellow) structures 
illustrating the loss of two hydrogen bonds linking the chromophore 
to the bulk solvent in miniSOG, and compensated by a van der Waals 
interaction between Phe24 and Ile103 (in salmon) in miniSOG-
Q103L
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The implications of the observed structural differences 
between miniSOG and in miniSOG-Q103L are two-fold. 
First, the isoalloxazine ring is less stabilized in miniSOG-
Q103L than in miniSOG since a strong hydrogen bond to 
Gln103 is replaced by a weak hydrogen bond to a mobile 
water molecule, effectively decreasing its stabilisation at this 
location of the chromophore-binding pocket. On the other 
hand, the R57Q mutation decreases the affinity for FMN 
with a weaker stabilisation of the phosphate group or binds 
RF with less interactions than for FMN. Thus, both muta-
tions contribute to a lesser stabilisation of either FMN or RF, 
leading to chromophore leakage with time. However, this 
issue observed during characterization of purified protein 
samples should not be as problematic in vivo, as the flavin 
population in cellulo could help replenish at least partially 
the chromophore content of the double mutant. An in vivo 
study, such as in Mogensen et al. [19], would help assess the 
potential of the R57Q/Q103L mutant.

Second, the presence of the water molecule at the bot-
tom of the FMN-binding pocket in miniSOG-Q103L poses 
the question of solvent accessibility, which is linked to that 
of oxygen accessibility. The very fact that photosensitiza-
tion occurs indicate that the isoalloxazine ring is accessible 
to solvent, which we presumed was through the ribityl tail 
tunnel [10]. The structure of miniSOG-Q103L suggests that 
this part of the protein, close to the protein surface, could 
be more flexible, as the mere disruption of the weak Phe24-
Leu103 interaction during protein dynamics may open a 
solvent channel bridging the bulk solvent and the interior 
of the protein, allowing access of molecular oxygen and/
or exit of 1O2. If indeed this happens in miniSOG-Q103L, 
it could well happen in miniSOG as well, with the tran-
sient disruption of a couple of hydrogen bonds. Finally, the 
presence of this water molecule in a mixed hydrophobic/
hydrophilic environment could also indicate that an affin-
ity site for molecular oxygen has been induced next to the 
isoalloxazine ring upon the Q103L mutation, a hypothesis 
that could be tested by pressurizing crystals of miniSOG-
Q103L with O2 [20]. 

3 � Conclusion

We have shown that miniSOG reconstituted with RF is 
thrice as efficient in generating 1O2 compared to miniSOG 
with is natural chromophore FMN, highlighting RF-bind-
ing proteins as attractive potential photosensitisers. We 
have identified the R57Q mutation as a means to switch 
the affinity of miniSOG towards RF rather FMN, although 
incompletely. As a consequence, miniSOG-R57Q is only a 
marginally better photosensitizer than miniSOG, requiring 
further improvement. The search for additional mutations 

led us to characterize the structure of miniSOG-Q103L 
and to hypothesize that at least one additional entry or exit 
channel for triplet and singlet oxygen could exist at the 
bottom of the chromophore binding pocket, in addition to 
the ribityl tail binding channel.

4 � Methods

4.1 � Protein mutagenesis, expression 
and purification

Genes coding for a C-terminal 6xHis-tagged recombi-
nant miniSOG and all miniSOG variants presented in 
this paper were inserted in a pBAD expression vector 
(using BamHI/PmeI cloning sites) and over-expressed in 
Escherichia coli BL21 (DE3) (Invitrogen). The coding 
sequences of single- and double-point miniSOG mutants 
were directly synthesized in the pBAD vector containing 
the miniSOG coding sequence (Genecust, Evry, France). 
Bacterial cells were grown in 1 L of ZYP-5052 medium 
containing 100 μg·mL−1 ampicillin at 37 °C, inoculated 
with 10 mL of an overnight grown starting culture. At an 
OD600 of 1.0 (± 0.2), expression of recombinant miniSOG 
was induced by the addition of 0.02% l-arabinose and cells 
were grown 20 h at 17 °C. Cells were pelleted by cen-
trifugation (4000g, 4 °C, 20 min), re-suspended in 25 mL 
lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl, 10 mM 
imidazole, 0.25 mg·mL−1 lysozyme, 400 μg·mL−1 DNAse 
I, 20 mM MgSO4, 1 tablet of the EDTA-free protease 
inhibitor cocktail cOmplete (Roche, Basel, Switzerland)) 
per litre of centrifuged culture. Resuspended pellets were 
flash-cooled at -80 °C. Thawed pellets were then sonicated 
(on ice, 6 × 30 s at 35 W power with 30 s resting between 
each cycle) and cell debris was centrifuged at 15,000g, for 
45 min at 4 °C. The protein was purified from the clari-
fied lysate using a nickel affinity column (His-Trap HP 
5 ml, GE HealthCare) pre-equilibrated in loading buffer 
(50 mM Tris pH 8.0, 300 mM NaCl, 10 mM imidazole) 
and eluted against an imidazole gradient (50 mM Tris pH 
8.0, 300 mM NaCl, 10–250 mM imidazole). Fractions of 
interest were submitted to a last purification step using 
size-exclusion chromatography (Superdex 75 10/300 GL, 
GE HealthCare) in 20 mM Tris pH 8.0 buffer, after which 
the recovered fractions were concentrated to 4 mg·mL−1 
(Amicon 4, 10 kDa molecular weight cut-off) for further 
use. The concentration was determined by UV–vis absorp-
tion spectroscopy using a molar absorption coefficient 
of 14 mM−1·cm−1 at 448 nm. The miniSOG-R57Q[RF] 
sample used for crystallogenesis was prepared by supple-
menting the LB medium used to grow E. coli cells with 
0.1 g·L−1 of RF (Sigma-Aldrich).
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4.2 � Chromophore exchange

RF to FMN chromophore exchange was performed on mini-
SOG and variants using a protocol adapted from a published 
one [21]. All steps were performed at room temperature. A 
first step of denaturation of 10 mg of purified miniSOG was 
performed to remove FMN by overnight incubation under 
slow stirring on a rotating wheel, in 45 mL of denatura-
tion buffer Pdenat (10 mM Na phosphate pH 8.0, 100 mM 
NaCl, 6 M Guanidine hydrochloride). The denatured pro-
tein is then loaded onto a pre-equilibrated in buffer Pdenat 
1 mL HisTrap HP (GE Healthcare) at a low flow rate of 
0.2 mL·min−1 to maximize binding efficiency. The column 
was then washed with 10 column volume (CV) of buffer 
Pdenat to remove residual FMN. Visual monitoring of yel-
low color disappearance is used to ensure denaturation. A 
linear gradient of buffer Pdenat + RF (with [RF] at maxi-
mum solubility) to buffer P + RF (10 mM Na phosphate pH 
8.0, 100 mM NaCl) from 0 to 100% was set at a flow rate of 
0.8 mL·min−1 for at least 30 CV to ensure complete refold-
ing of miniSOG with incorporated RF. The column was then 
washed with 10 CV of buffer P to remove the RF in excess. 
A 15 CV gradient was then set to exchange buffer P against 
buffer A (20 mM Tris pH 8.0, 300 mM NaCl). Renatured 
miniSOG with RF was then eluted with a gradient of buffer 
B (20 mM Tris pH 8.0, 300 mM NaCl, 250 mM imida-
zole). Fractions of interest were then loaded on a desalting 
column (Hi Trap Desalting 5 mL, GE Healthcare) against 
buffer C (20 mM tris pH 8.0) and then concentrated (Ami-
con 4, 10 kDa molecular weight cut-off, Millipore) up to 
4 mg·mL−1 for further use.

4.3 � Electrospray ionization mass spectrometry 
(ESI–MS)

Before ESI–MS analysis, the different miniSOG protein 
samples were diluted to a final concentration of 10 μM in 
acetonitrile/water/formic acid (50:50:0.1, v/v/v) and infused 
directly in the mass spectrometer by a syringe pump at a 
flow rate of 10 μL/min. A blank run was carried out infusing 
only protein buffer diluted at the same ratio as the protein 
sample in the same solvent system. Data acquisition was car-
ried out in the positive ion mode with spectra in the profile 
mode and mass spectra were recorded in the 130–1200 m/z 
range. The mass spectrometer was operated with the follow-
ing experimental settings: ESI source temperature was set 
at 325 °C; nitrogen was used as drying gas (5 L/min) and as 
nebulizer gas (30 psi); the capillary needle voltage was set 
at 3500 V. Fragmentor value was of 250 V and skimmer of 
65 V. The instrument was operated in the 2 GHz (extended 
dynamic range) mode and spectra acquisition rate was of 
1 spectrum/s. The MS data were acquired and processed 
with the MassHunter workstation software (Data acquisition 

v.B.04.00, Qualitative analysis with Bioconfirm v.B.07.00, 
Agilent Technologies). The relative amount of the two cofac-
tors FMN and RF were estimated by measuring the peak 
area under the corresponding peaks in ESI mass spectra, 
i.e. at m/z 457.10 for FMN and at m/z 377.14 for RF, respec-
tively, and the values expressed as area %.

4.4 � Photophysical characterization

Spectroscopic measurements were performed using 1 cm 
quartz cuvettes (Hellma) under magnetic stirring and at 
room temperature. Absorption and fluorescence spectra were 
recorded on a double beam Cary 6000i spectrophotometer 
(Varian) and a Fluoromax-4 spectrofluorometer (Horiba), 
respectively. 1O2 time-resolved near-infrared (NIR) phos-
phorescence signals were measured at 1275 nm using a 
customized PicoQuant Fluotime 200 fluorescence lifetime 
system. An AO-Z-473 solid state AOM Q-switched laser 
(Changchun New Industries Optoelectronics Technology 
Co.) was used for sample excitation at 473 nm. The average 
power that reached the sample was modulated by neutral 
density filters. An uncoated SKG-5 filter (CVI Laser Cor-
poration) was placed at the exit port of the laser to remove 
any residual NIR component. The luminescence exiting 
from the sample was filtered by a 1100 nm long-pass filter 
(Edmund Optics) and a narrow bandpass filter at 1275 nm 
(bk-1270-70-B, bk Interfernzoptik) to remove any scattered 
laser radiation and isolate the 1O2 emission. A thermoelec-
tric‐cooled NIR sensitive photomultiplier tube assembly 
(H9170-45, Hamamatsu Photonics) was used as a detector. 
Photon counting was achieved with a multichannel scaler 
(NanoHarp 250, PicoQuant Gmbh). The time-resolved 1O2 
signals S(t) were analyzed by fitting Eq. 1 [22] to the data 
using GraphPad Prism 5.

where τT and τ∆ are the lifetimes of the photosensitizer tri-
plet state and of 1O2, respectively, and S(0) is a quantity pro-
portional to Φ∆. Flavoprotein Φ∆ values were determined by 
comparing the S(0) values of optically matched solutions of 
the corresponding protein and FMN at 473 nm in deuterated 
buffer (Φ∆FMN = 0.57) [6] as described by Eq. 2.

4.5 � Protein crystallisation

miniSOG[RF], miniSOG-R57Q, miniSOG-R57Q[RF] and 
miniSOG-Q103L were crystallized at a 4 mg.mL−1 con-
centration, as previously described [10]. Protein crystals 

(1)S(t) = S(0)

�Δ

�Δ − �T

(

e
−t∕�Δ − e

−t∕�T
)

,

(2)ΦΔ = ΦΔFMN

S(0)Protein

S(0)FMN

.
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appeared in 1–2 days in a condition consisting of 100 mM 
Tris–HCl pH 8.0, 20 mM MgCl2, 28% PEG 4000, 15 mM 
CoCl2 at 20 °C.

4.6 � Structure determination

X-ray diffraction data were collected at 100 K from flash-
cooled crystals that have been cryoprotected with 20% glyc-
erol (v/v) beforehand on beamlines ID23-1 [23] and ID29 
[24] of the ESRF in Grenoble (France). Crystallographic 
data were indexed, integrated, scaled and merged using the 
XDS package [25]. Our previously determined 1.17 Å struc-
ture of miniSOG (PDB entry code: 6GPU) [10], was used as 
starting model for all structure refinement performed with 
Refmac5 [26]. Models were manually improved in Coot [27] 
by reorientation or modification of amino-acid residues and 
of the flavin chromophores, and addition of solvent mole-
cules. Data collection and refinement statistics are presented 
in Table 3. Pymol (http://​pymol.​org/, The PyMOL Molecular 
Graphics System, Version 1.8.7 Schrödinger, LLC) was used 
for structural analysis and figure preparation.
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Table 3   Crystallographic data reduction and structure refinement statistics

miniSOG[RF] miniSOG-R57Q miniSOG-R57Q[RF] miniSOG-Q103L

Data reduction
ESRF Beamline ID23-1 ID29 ID29 ID29
Wavelength (Å) 0.973 0.932 0.984 0.979
Space group P 43 21 2
Cell dimensions
 a, b, c (Å)

39.90, 39.90, 134.10 39.95, 39.95, 133.58 39.93, 39.93, 134.65 40.05, 40.05, 134.26

Resolution range (Å) 38.25 – 1.07 (1.10 – 1.07) 38.28 – 1.10 (1.13 – 1.10) 38.29 – 1.17 (1.20 – 1.17) 38.38 – 1.37 (1.41 – 1.37)
Wilson B-factor (Å2) 12.4 14.5 15.8 21.4
Unique reflections 91,259 (6739) 45,101 (4488) 37,774 (2702) 23,979 (1734)
Multiplicity 6.5 (5.6) 12.4 (11.9) 8.1 (7.3) 8.3 (8.1)
Completeness (%) 100.0 (99.9) 100.0 (100.0) 99.7 (99.1) 99.9 (99.8)
Mean I/sigma(I) 11.5 (1.5) 15.5 (1.9) 17.9 (2.0) 23.9 (2.1)
Rmeas 0.090 (1.12) 0.084 (1.20) 0.060 (1.00) 0.060 (1.07)
CC1/2 0.999 (0.563) 1.000 (0.596) 0.999 (0.646) 1.00 (0.643)
Structure refinement
Resolution (Å) 38.24 – 1.07 (1.10 – 1.07) 38.28 – 1.10 (1.13 – 1.10) 38.28 – 1.17 (1.20 – 1.17) 38.38 – 1.37 (1.41 – 1.37)
Rwork (%) 13.0 (24.3) 14.4 (25.5) 14.6 (25.2) 12.6 (22.6)
Rfree (%) 15.5 (23.3) 17.0 (28.2) 18.2 (25.7) 17.4 (25.3)
N. of atoms 1272 1184 1140 1253
Average atomic B-factor (Å2) 12.8 13.8 13.9 17.6
R.m.s deviations
 Bond lengths (Å) 0.019 0.020 0.016 0.010
 Bond angles (°) 2.2 2.2 2.2 1.6

PDB code 7QF2 7QF3 7QF4 7QF5

http://pymol.org/
http://www.wwpdb.org/
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as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.
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