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Fluorescent flavoprotein heterodimers: combining photostability

with singlet oxygen generation

Alberto Rodriguez-Pulido,”™ Joaquim Torra,® Sara H. Mejias, Aitziber L. Cortajarena, % Rubén

Ruiz-Gonzalez,® Santi Nonell,® and Cristina Flors

Abstract: Flavoproteins that combine stable fluorescence emission
with the ability to photosensitize reactive oxygen species (ROS)
have great potential for advanced imaging techniques such as
correlative light and electron microscopy (CLEM). However, ROS
photosensitization results in substantial fluorescence photobleaching
in flavoproteins, limiting their application as genetically-encoded
microscopy tags. To address this issue, we have engineered two
novel flavoprotein heterodimers from monomers with complementary
properties, and show that a good compromise between photostability
and singlet oxygen photosensitization can be achieved. The
potential of the heterodimers as tags for CLEM is also investigated
and discussed. Since the size of the tandem heterodimers is still
small, similar to that of a single green fluorescent protein, these
novel tags are a useful addition to the flavoprotein toolbox for a
growing number of advanced imaging techniques.

Flavoproteins (or flavin-based fluorescent proteins,
FoFPs)
encoded fluorescent tags for modern imaging techologies.™

have recently emerged as promising genetically
While FbFPs were initially developed as an alternative to GFP-
based proteins for imaging in low-oxygen conditions,® they also
show other advantages as their smaller size (~12 kDa) and
stable fluorescence over wider pH range.l'® ™ ¥ FbFPs are
derived from blue light photoreceptors known as light, oxygen,
and voltage (LOV) domains that are naturally expressed in fungi,
algae and bacteria.? LOV domains typically host flavin
mononucleotide (FMN) into a scaffold of two a-helixes with an
interposed five-stranded B-sheet. Upon blue light illumination,
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the FMN chromophore covalently binds to a cysteine of the LOV
domain, setting up a very weak fluorescent complex that
generally reverts to its initial photocyclic state by thermal
relaxation.” To prevent the formation of the covalent adduct and
enhance fluorescence, the cysteine residue can be mutated,
providing a framework to engineer FbFPs.["!

While many FbFPs have been developed as merely
fluorescent tags, others combine fluorescence with the ability to
generate reactive oxygen species (ROS) with high spatial
precision,’® which is relevant to a number of advanced imaging
and optogenetic techniques.”! The first variant of this novel
family was miniSOG (for “mini Singlet Oxygen Generator”),
which was developed as a genetically-encoded tag for
photooxidation-based correlative light and electron microscopy
(CLEM).®3 This method relies on the local photooxidation of
3,3’-diaminobenzidine (DAB) by a photosensitizer (in this case
miniSOG) to form an insoluble osmiophilic polymer, which
provides contrast in EM after staining with osmium tetroxide.®
Although the photooxidation reaction was assumed to be
induced by singlet oxygen ('Oz), we have recently reported that
the ability to polymerize DAB does not clearly correlate with the
efficiency of the photosensitizers to generate '0..[! An
improved mutant, miniSOG-Q103V, was developed with 10-fold
higher efficiency of 'O, production and a 1.3-fold higher ability to
polymerized DAB than miniSOG.®¥ However, miniSOG and
variants suffer from relatively high photo-degradation,” most
likely due to their ability to photosensitize ROS, which restricts
their use for light microscopy and thus for CLEM. It is
reasonable to think that the engineering of photostability and
ROS photosensitization go in the opposite direction, and
therefore these two properties are difficult to combine in the
same protein.

We report herein a different strategy to bring together
photostability and ROS photosensitization based on engineering
FbFPs are

tandem oligomerization since their

flavoprotein heterodimers. ideal candidates for

resulting size is still
sufficiently small to avoid possible cell function disruptions.

[9b]

While the expression of multiple miniSOG units (trimers)*~' or

heterodimers of miniSOG fused to a GFP-like protein has been
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used as a strategy to aid in its visualization,'” our approach is to
combine two different monomeric subunits with complementary
properties for CLEM, i.e. efficient DAB photo-oxidation and
resistance to photodegradation. MiniSOG and miniSOG-Q103V
were chosen as moieties to endow efficient DAB photo-
oxidation.® To provide photostability we have incorporated
phiLOV2.1 (for “photostable improved LOV”), whose resistance
to photobleaching is thought to be a consequence of the
constraint of the FMN chromophore in the protein pocket.""! We
have engineered two tandem flavoprotein heterodimers: (i)
phiSOG (for “photostable improved Singlet Oxygen Generator”),
which has been constructed by fusion of miniSOG and
phiLOV2.1 monomers; and (ii) phiSOG-Q103V, which has been
constructed by fusion of miniSOG-Q103V with phiLOV2.1. We
study their photophysical properties, photostability and screen
their ability to photoxidize DAB in order to predict their
performance in CLEM.

To obtain the flavoprotein heterodimers phiSOG and
phiSOG-Q103V we fused the phiLOV2.1 domain with either
miniSOG or miniSOG-Q103V domains, respectively (Figure 1a).
We introduced a flexible linker (Gly-Ser) between domains in
order to avoid possible interactions between fused domains and
preserve their structural integrity. The size of the flavoprotein
heterodimers was determined by polyacrylamide gel
electrophoresis and mass spectrometry (see Materials and
PhiSOG and PhiSOG-Q103V

heterodimers showed a size corresponding to that expected by

Supplementary Figure S1).

the addition of their respective monomers (~26 kDa), similar to
the size of a single GFP protein.

(Figure 1b)
(Figure 1c) of the new heterodimers and their monomeric

Absorption and fluorescence spectra
components were recorded in phosphate buffered saline (PBS)
at pH 7.4. The absorption and emission spectra of miniSOG and
phiLOV2.1 are almost identical, which therefore results in
phiSOG also showing similar spectrum. On the other hand,
miniSOG-Q103V presents a 7-9 nm blue-shifted maximum in
both absorption and fluorescence compared to the other two
monomeric flavoproteins (Table 1). The absorption spectrum of
phiSOG-Q103V corresponds to the spectral addition of its
monomeric components, with-a maximum at 444 nm and a less
pronounced vibronic structure. Interestingly, the fluorescence
spectrum of phiSOG-Q103V is closer to that of phiLOV2.1, with
maxima at 497 and 498 nm, respectively, which may reflect
resonant energy transfer from blue-shifted miniSOG-Q103V to
phiLOV2.1. Fluorescence quantum yields (®F) were determined
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using FMN as standard (®rrun = 0.25 = 0.01) (Table 1 and
Supplementary Figure $2).°¥ Heterodimeric phiSOG shows a
value of ®F which is the exact average between that of its
monomers, as expected from their overlapping fluorescence
spectra. On the other hand, the ®r value of phiSOG-Q103V is
closer to that of phiLOV2.1, consistent with (partial) energy
transfer from miniSOG-Q103V to phiLOV 2.1.

photosensitizing photostable
a unit linker unit
miniSOG  ~~— philov2.1  phiSOG
miniSOG- . hiSOG-
Q103V “— philOV2.1 p
Qio03v
b ° 10
o
c
o
]
b}
w
2
- 0.5
@
N
©
E
o
-
0.0 . v T 5
300 350 400 450 500 550
Wavelength / nm
2 191 miniSOG
g miniSOG-Q103V
o 9 — phiLOV
g < —— phiSOG
§ § o —— phiSOG-Q103V
s 3
z3
5]
2
e
0.0 - . . ~
450 500 550 600 650 700

Wavelength / nm

Figure 1. (a) Scheme of heterodimeric tandem flavoproteins: phiSOG and
phiSOG-Q103V. (b) Absorption and (c) fluorescence emission spectra of
miniSOG (yellow), miniSOG-Q103V (red), phiLOV2.1 (blue), heterodimeric
phiSOG (green) and heterodimeric phiSOG-Q103V (purple). Fluorescence
spectra were recorded by excitation at the corresponding absorption maximum
wavelength of each flavoprotein.

We also determined the 'O, generation of all the
flavoproteins by detecting directly its phosphorescence in the
NIR upon illumination at 473 nm (Supplementary Figure S3).
Time-resolved phosphorescence curves were fitted to one
growth and one decay components in order to determine the
quantum yield of 'O, generation (®,) (Table 1). We find that
phiLOV2.1 produced a lower amount of 'O (®a = 0.01),
compared to the other two miniSOG monomeric variants. We
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recall here that phiLOV2.1 was developed as a photostable
variant,“” and it is therefore interesting to note that its ®x value
is still significant, and higher than those measured for GFP-like
proteins.l" The heterodimer phiSOG shows approximately a ®x
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averaged between its monomers, miniSOG and phiLOV2.1. On
the other hand, the @, of the heterodimer phiSOG-Q103V is
smaller than the average of its monomers and closer to the ®,

Table 1. Absorption and emission maxima, fluorescence and 'O, quantum yields, relative fluorescence photobleaching and DAB

polymerization efficiency for all studied flavoproteins.

Flavoprotein  Protein Aabs, max (M) Ao, max (NM) o @, Relative rate of  Relative ability

construct fluorescence for DAB

photobleaching . polymerization
miniSOG monomer 447 498 0.44,(0.37-  0.04,0.039 1 1
0.41 )[b,c,d]
miniSOG- monomer 440 489 0.49 0.39", 26+0.1 12 +04, 1.3
Q103V 0.36'" +0.20
phiLOV2.1 monomer 449 498 0.28, 0.010 0.12 +£0.01 0.27 £0.02
0.20%!

phiSOG heterodimer 449 498 0.36 0.02 0.36 + 0.01 0.51+0.03
phiSOG- heterodimer 444 497 0.35 0.15 0.52 £0.04 0.51£0.03
Q103V

[a] Uncertainties are = 0.03 for all the fluorescence quantum yields. [b] Ref. [13]. [c] Ref. [6a]. [d] Ref. [9a]. [e] Ref. [1b]. [f]In
deuterated PBS. Uncertainties are + 0.01 for all the flavoproteins, except for phiLOV2.1 that is + 0.005. [g] Ref. [12b]. [h] Ref.

[6d]. [i] Ref. [6e].

of phiLOV2.1. This result reinforces the hypothesis of energy
from miniSOG-Q103V to phiLOV2.1
(partially) compete with intersystem crossing to miniSOG-Q103V

transfer which may
triplet state and in turn energy transfer to molecular oxygen to
generate 'O, by the latter moiety.

Regarding fluorescence photobleaching
Table 1), phiLOV2.1 exhibits the lowest photodegradation with
almost no effect in its spectrum upon 60 min of 45.0 mW-cm™

(Figure 2,

blue laser irradiation (Supplementary Figure S4), as expected
for a flavoprotein engineered for photostability. The other two
monomers miniSOG and miniSOG-Q103V undergo considerably
higher photobleaching than phiLOV2.1, being the Q103V variant
the least photostable flavoprotein, as previously reported.®t On
the other hand, both heterodimers show relatively good
photostability, with values not too far from that of phiLOV2.1.
The improvement in the heterodimer compared to the monomer
is most evident in phiSOG-Q103V, again pointing to energy
transfer processes to phiLOV2.1 and considering that this
moiety will be the more resilient of the two. Similar trends of
photobleaching have been observed in the absorption spectra of
the flavoproteins herein studied (Supplementary Figure S5).The

results show that the heterodimerization of either miniSOG or

miniSOG-Q103V with phiLOV2.1 improves their photostability to
a significant extent.

To further assess the suitability of heterodimeric tandem
flavoproteins for their application in CLEM, we have studied their
ability to photo-oxidize DAB (Figure 3 and Table 1). This can be
determined by monitoring the increase in optical density at 440
nm corresponding to the product of DAB photo-polymerization.®®
8l As previously shown, and in contrast to their very different
values of @, miniSOG-Q103V only photo-oxidizes DAB about
20% more efficiently than miniSOG upon irradiation with a blue
light-emitting diode (LED, 3.0 mW-cm?).%¥ As a consequence,
both heterodimers behave similarly in terms of DAB photo-
oxidation, i.e. are half as efficient compared to miniSOG and
twice more efficient compared to phiLOV2.1. In addition, these
results confirm that the ability to polymerize DAB does not
clearly correlate with the efficiency of the photosensitizers to
generate 'O,, and that other processes such as the participation
of radicals or the direct reaction between the photosensitizer and
DAB may occur, as we have previously discussed!®

This article is protected by copyright. All rights reserved.
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Figure 2. Relative fluorescence photobleaching of miniSOG (yellow),
miniSOG-Q103V (red), phiLOV2.1 (blue), heterodimeric phiSOG (green) and
heterodimeric phiSOG-Q103V (purple), upon blue laser illumination (45.0 mW
cm®). Solid lines correspond to the linear fits of the experimental data.

In summary, we have engineered two fluorescent flavoprotein
heterodimers, phiSOG and phiSOG-Q103V, from monomers
with  complementary properties. Both heterodimers endure
photodegradation significantly, approaching the photostability of
phiLOV2.1, the most photostable flavoprotein known to date.'®®
In addition, both heterodimers preserve high levels of 'O
photosensitization (specially the Q103V variant) and an
adequate ability to photo-oxidize DAB. Interestingly, we have
observed a process of energy transfer in phiSOG-Q103V from
the photosensitizing to the photostable moiety. This results in a
fluorescence spectrum close to that of phiLOV2.1, a partial loss
of the 'O, generation and an increase in the expected
photostability. Moreover, the heterodimers reported here are still
relatively small (~26kDa) and comparable to GFP-like proteins,
which is beneficial to avoid the disruption of protein function
upon labelling. Therefore, these heterodimers are a useful
addition to the fluorescent flavoprotein toolbox for an expanding
number of imaging technologies,””’ in which the combination of
photostable fluorescence, ROS photosensitization and/or DAB
photo-oxidation is required.
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Figure 3. Photosensitized DAB polymerization. Optical density at 440 nm
upon DAB. polymerization photosensitized by miniSOG (yellow), miniSOG-
Q103V (red), phiLOV2.1 (blue), heterodimeric phiSOG (green) and
heterodimeric phiSOG-Q103V (purple). Controls: EGFP (grey) and absence of
any photosensitizer (open circles). The inset shows the linear region and fits of
the 20D44o curves. All the samples were irradiated with a blue LED (3.0 mW
cm™).
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Experimental Section

Experimental details can be found in the Supporting Information.
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