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Singlet oxygen photosensitisation by the fluorescent
protein Pp2FbFP LL30M, a novel derivative of
Pseudomonas putida flavin-binding Pp2FbFP ™

Joaquim Torra,? Andrés Burgos-Caminal,® Stephan Endres,” Marcus
Wingen," Thomas Drepper," Thomas Gensch,® Rubén Ruiz-Gonzalez® and
Santi Nonell*?

Flavin-binding fluorescent proteins (FbFPs) are a class of fluorescent reporters that are being
increasingly used as reporters for the study of cellular structures and dynamics. Flavin’s intrinsic
high singlet oxygen ('O,) quantum yield (@, = 0.51) provides a basis for the development of new
FbFP mutants capable of photosensitising '0, for mechanistic and therapeutic applications, as
recently exemplified by the FbFP miniSOG. In the present work we report an investigation on 'O,
photoproduction by Pp2FbFP L30M, a novel derivative of Pseudomonas putida Pp2FbFP. Direct
detection of 'O, through its phosphorescence at 1275 nm yielded the value @,= 0.09+0.01,
which is the highest 'O, quantum vyield reported to date for any FP and approximately 3-fold
higher than the @, for miniSOG. Unlike miniSOG, transient absorption measurements revealed

the existence of two independent triplet states each with a different ability to sensitise '0,.

Introduction

The 2008 Chemistry Nobel Prize recognised the discovery,
expression and development of the Green Fluorescent Protein
(GFP).' GFP-like proteins have been extensively used to
monitor and keep track of relevant biological processes.*> Over
the last fifteen years, increasing research efforts have been
made to engineer new fluorescent proteins (FPs) with novel
and/or enhanced properties. The diversity of currently available
FPs covers nearly the entire visible spectrum, providing
numerous alternative possibilities for multicolour labelling and
studies of protein interaction.’

It was soon realised that FPs could be used for purposes
other than reporting cellular events and could actually be
engineered as genetically-encoded actuators for mechanistic
(e.g., chromophore-assisted light inactivation of proteins,
CALI)® or therapeutic (e.g., photodynamic therapy, PDT)’
applications.

For PDT applications, the generation of reactive oxygen
species (ROS), particularly singlet molecular oxygen ('0,), is
regarded as a key event for triggering cell death. The details of
'0, photosensitisation by molecular dyes, referred to as
photosensitisers (PSs) are well understood, as are their
limitations.®® Since the PS is commonly delivered from the cell
exterior, so far it has been hard to separately study the
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contributions of external and internal damage, nor has it been
possible to fully control the PS’ location and thus the primary
site of photodamage.

An alternative approach is the use of genetically-encoded
PSs, delivered to the cell by means of a DNA fragment, which
can be tailored to express the protein at pre-selected loci. This
minimises problems such as PS solubility, biocompatibility and
subcellular localisation, thereby offering unprecedented control
on intracellular 'O, generation.

KillerRed, a member of the GFP family, was the first
rationally-designed photosensitising FP.'°'? It could be shown
that its mechanism of action involves the generation of the
superoxide radical anion (0,")."*'* Other members of the GFP
family sensitise 'O, instead, however only to a modest extent
due to both the restricted access of molecular oxygen to the
protein’s chromophore as well as to its poor photosensitising
properties.'®"°

Flavin-binding fluorescent proteins (FbFPs), derived from
blue-light photoreceptors of the LOV (light, oxygen, voltage)
family, have recently raised much interest as 'O, generators due
to their smaller size as compared to GFPs and also to the good
photosensitising properties of flavins. In addition, these FPs are
less sensitive to pH and do not need oxygen for chromophore
maturation.?’>* MiniSOG, the first reported small monomeric
LOV-based FP for 'O, generation, was developed by directed
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evolution replacing, among others, the photoactive Cys426 of
the original photoreceptor. This prevents the formation of a
covalent bond with its chromophore flavin mononucleotide
(FMN) upon blue-light excitation, which would detract from its
photosensitisation ability.”> MiniSOG, with 'O, quantum yield
@, = 0.03+0.01,***° showed a stronger photosensitisation
ability than any member of the GFP family reported so far. The
discovery of miniSOG has opened new possibilities for electron
microscopy (EM) as well as for optical detection and imaging

23,26,27

of cellular processes, contributing to the development of

optogenetics.?®*?° Its potential for cell photokilling has now

12,24,30,31
d

been confirme and mechanistic studies have revealed

that it can generate not only 'O, but also O,", as well as
undergo electron-transfer (type-I) processes.”*?

The strategy followed to develop miniSOG has been
adopted by other research groups aiming at enhancing the
fluorescence or photostability of FbFPs.?*?'%? Compilations of
FbFPs recently been

published.**3* A pre-screening of a number of such FbFPs in

from different organisms have
our laboratories for cell phototoxicity (data not shown) lead us
to select the Pp2FbFP L30M mutant as a promising 'O,
generator.

We report herein a full characterisation of its ability to
photosensitise 'O, that reveal a number of important aspects
that affect the properties and further development of this new

class of photosensitising FbFPs.

Experimental Section

Chemicals

FMN was purchased from ChromaDex™ (Irvine, California)
and used as received. Phosphate buffer solution (PBS)
containing 10 mM NaCl, 10 mM NaH,PO,, pH 7.4 were
prepared dissolving the required amount of a PBS tablet
(Sigma) in milliQ water. In order to vary the concentration of
oxygen in the solution, a stream of argon 5.0 or oxygen 5.0
(Carburos Metalicos) was flowed above the protein solution
under gentle stirring for ca. 30 minutes.

Expression, purification and characterisation of Pp2FbFP L30M

Pp2FbFP L30M was obtained as reported by Wingen et al.*’
Basically, the E. coli strain DH5a was used for DNA cloning of
the expression vectors encoding Pp2FbFP L30M. In turn, the E.
coli strain BL21(DE3) (Novagen, distributed by Merck KGaA,
Darmstadt, Germany) was used for expression. On basis of the
already described fluorescent reporter protein Pp2FbFP,?° the
Pp2FbFP L30M was constructed by the
substitution of the amino acid residue leucine at position 30 by

new variant

methionine. To achieve this, an overlap-extension polymerase
chain reaction (PCR) was conducted using the flanking primer
pair Pp2FbFP Ndel up: 5’-
CATATGATCAACGCAAAACTCCTGC-3> and Pp2FbFP
Xhol dn: 5’-CTCGAGTCAGTGCTTGGCCTGGCCCT-3’. The
mutation was inserted into the coding sequence by using the
Pp2FbFP L30M

primers mut up: 5’-
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TGAGAGCATCATGATCTACGTCAAC-3> and Pp2FbFP
L30M mut dn: 5’-GTTGACGTAGATCATGATGCTCTCA-3".
PCRs were performed using Phusion®™ High-Fidelity DNA
(Thermo Darmstadt,
following the manufacture’s guidelines. Subsequent the correct
sequence of Pp2FbFP L30M was confirmed by DNA-
sequencing. Prior to protein expression and purification, the
Pp2FbFP L30M-encoding gene was cloned into the Ndel and
Xhol restriction sites of pET28a (Novagen, distributed by

polymerase Scientific, Germany)

Merck KGaA, Darmstadt, Germany) expression vector.

For gene expression and protein purification, bacterial cells
were grown in 1 liter auto-induction terrific broth (TB) medium
containing 12 g L' hydrolysed casein and 24 g L' yeast
extract, 9.4 g L' K,HPO,, 2.2 g L' KH,PO,, (pH 7.2), 4 mL
L™ glycerol, 0.05% glucose, 0.2% lactose in 5 liter shake flasks
at 37 °C for 24 hours. All media were supplemented with 50 pg
mL™' kanamycin to maintain the expression vectors. Pp2FbFP
L30M was purified as Hisg-tagged protein using Ni-NTA metal
ion-exchange chromatography superflow columns (Qiagen,
Hilden, Germany) under standard operation conditions as
described by the manufacturer. The purified protein was stored
at 4 °C in PBS buffer. Pp2FbFP L30M samples were always
filtered through a 0.22 pm filter prior to their use. Detection and
quantification of the flavin chromophores, i.e. FMN, FAD
RF (riboflavin) and LC
(lumichrome), respectively, were conducted as described
previously.®> A HPLC system from Shimadzu (LCI10Ai;
Shimadzu Deutschland, Duisburg, used,
employing a Select HSS T3 2.5 pm column (Waters GmbH,
Eschborn, Germany). Pure flavins (FMN, FAD, and LC:
Sigma-Aldrich, St. MO; RF: AppliChem GmbH,
Darmstadt, Germany) were used as respective reference
compounds.

(flavin adenine dinucleotide),

Germany) was

Louis,

Photophysical measurements

All photophysical measurements were carried out in PBS buffer
at protein concentration of approximately 5 uM. Fresh samples
from two different expression batches of Pp2FbFP L30M were
used for each experiment. Results are the mean of at least three
different independent determinations on each batch. Absorption
and fluorescence spectra were recorded on a double beam Cary
60001 spectrophotometer (Varian) and a Spex Fluoromax-4
spectrofluorometer, respectively.

Time-resolved fluorescence and phosphorescence
measurements were carried out using a customised PicoQuant
Fluotime 200 fluorescence lifetime system and the FluoFit 5.0
software for data analysis. For fluorescence assays, excitation
was achieved by means of a picosecond diode laser at 375 nm
(PicoQuant,
maintaining the counting frequency always below 1 %. For

10 MHz repetition rate, 50 ps pulsewidth)
direct 'O, phosphorescence detection, the frequency-tripled
output of a diode-pumped pulsed Nd:YAG laser (FTSS355-Q,
Crystal Laser, Berlin, Germany) was used for excitation,
working at 1 kHz repetition rate at 355nm (0.5 mW, or 0.5 pJ
per puls, 1 ns pulsewidthe). A 1064 nm rugate notch filter
(Edmund Optics, U.K.) was placed at the exit port of the laser
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to remove any residual component of its fundamental emission
in the NIR region. The luminescence exiting from the side of
the sample was filtered by two long-pass filters of 355 and 532
nm (Edmund Optics, U.K.) and two narrow bandpass filters at
1275 nm (NB-1270-010, Spectrogon, Sweden and bk-1270-70-
B, bk Interfernzoptik, Germany) to remove any scattered laser
radiation and isolate the 'O, emission. A TE-cooled
Hamamatsu NIR sensitive photomultiplier tube assembly
(H9170-45, Hamamatsu) was used as detector. Photon counting
was achieved with a multichannel scaler (PicoQuant’s
Nanoharp 250).

Transient absorption experiments in the UV-Vis region
were carried out using a home-built nanosecond laser flash
photolysis system. In this instrument, the 3™ harmonic (355
nm) of a Continuum Surelite I-10 Nd:YAG laser (5 ns pulse
width, 7.5 mJ per pulse) was directed to the sample. Changes in
the sample absorbance were detected at 700 nm using a
Hamamatsu R928 photomultiplier to monitor the intensity
variations of an analysis beam produced by a 75 W short arc Xe
lamp (USHIO) and spectral discrimination was obtained using a
PTI 101 monochromator. The signal was fed to a Lecroy
Wavesurfer 454 oscilloscope for digitising and averaging (4
shots) and finally transferred to a PC for data storage and
analysis. The TTL sync output of the laser was used to trigger
the oscilloscope. The energy of the laser pulse was varied by
neutral density filters and measured with a pyroelectric energy
meter (RJP 735 and RJ 7610) from Laser Precision Corp. The
system was controlled by the in house-developed LKS software
(LabView, National Instruments).

All spectroscopic measurements were carried out using
quartz cuvettes (Hellma) under magnetic stirring and at room
temperature.

Fluorescence quantum yields (@) were determined by
comparing the area under the fluorescence curve (AUC) for optically
matched solutions of sample and FMN as standard (@p pyn = 0.25)%
in the same solvent (PBS). The absorbance of sample and reference
solutions was checked to be below 0.1 at the excitation wavelength
to prevent inner filter effects.

The rate constant for oxygen quenching of the triplet state of
Pp2FbFP L30M (kg %) was determined by measuring the lifetime of
the triplet—triplet transient-absorption signals as a function of oxygen
concentration in solution. Samples were excited at 355 nm and the
resulting transients observed at 700 nm. A plot of the reciprocal
lifetime vs oxygen concentration afforded k;) % as the slope of the
linear fit. The concentration of molecular oxygen in the solutions
was changed by gentle bubbling with solvent-saturated argon or
oxygen for at least 30 min. The proportion of triplets quenched by
oxygen, POZ, was calculated from k;) % and the intrinsic rate constant
for triplet decay (k%) according to eqn (1):

02
0, _  kq°[02]
T +kg?[0,] @)
The quantum yield of triplet formation (@) was determined by
comparison of the zero-time transient-absorption amplitudes,
AAbs(0), of optically matched solution96s of FMN (@; = 0.6)*® and
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Pp2FbFP L30M, according to eqn (2), assuming approximately
equal triplet absorption coefficients at the observation wavelength
(700 nm).

®(Pp2FbEP L30M) = ch(FMN)W 2)

The procedure for the determination of @, is described in detail
in the Discussion section.

Results

Absorption and fluorescence properties of Pp2FbFP L30M

HPLC analysis of the chromophore composition of Pp2FbFP
L30M revealed approximately equal amounts of FMN (46%)
and FAD (41%) as the main chromophores, as well as minor
amounts of (LC, 11%) and RF (2%).

Absorption and emission spectra for Pp2FbFP L30M and
reference FMN are shown in Fig. 1. The absorption spectrum of
FMN has only two maxima with a shoulder in the longest-
wavelength part of the spectrum, while Pp2FbFP L30M shows
three bands in the blue and two bands in the near-UV spectral
range. The same trend is true for the fluorescence, where the
spectrum of FMN is featureless and about 30 nm red-shifted
compared to the two-band spectrum of Pp2FbFP L30M.

7 — Pp2FbFP L30M
= R \ — FMN n
. " c
S " o
3 %
c (2]
] \ o
2 \ 2
[e] \ o®
3 B >
< \\ 55 :
L 1 T
300 400 500 600 700

Wavelength / nm

Fig. 1 Normalised absorption (solid lines) and emission (dashed lines) spectra of
Pp2FbFP L30M (blue) and FMN (green). Aexc = 355 nm

The fluorescence quantum yield of Pp2FbFP L30M is @ =
0.25+0.01, which is close to the value reported for free FMN in
solution®” but substantially smaller than that of miniSOG (&y =
0.41 + 0.01).* Time resolved emission spectroscopy (TRES)
revealed the presence of two components with almost identical
spectrum but different lifetimes, 3.5 ns and 5.2 ns respectively,
and different relative amplitudes (70% and 30%; Fig. 2).
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Fig. 2 Fluorescence decay of Pp2FbFP L30M (blue trace), fitted function (red line)
and instrument response function (grey trace). Aexc = 375 nm and Aqps = 500 nm.
Inset: TRES spectra of the fast (dotted line) and slow (dashed line) components.

Singlet-oxygen production yield and kinetics.

Production of 'O, by Pp2FbFP L30M was assessed by
observation of its phosphorescence at 1275 nm*’ (Fig. 3).

3
©
. 2
=) 2
< £
- £
= |
2 \ 0 20 40 60
g ‘ Time / ps
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i UL ”,“‘ kL )1.] sl [ ‘}) LA
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Fig. 3 Time-resolved o, phosphorescence for Pp2FbFP L30M in air-saturated PBS
solution. The corresponding trace for FMN is shown in the inset for comparison;
notice the absence of the long-lived tail. Fitted function in red. Aexc = 355 NM; Aops
=1275 nm

Three exponentials were needed to adequately fit the data:
one component for the growth (negative amplitude) and two
components for the decay (positive amplitudes, see eqn (3)). In
contrast, the signals for the reference FMN could be fitted by
just one growth and one decay components, as is usually found
for molecular PSs in homogeneous sytems.*®

St = _Ale_t/rl + Aze_t/rz + A3e_t/r3 (3)

With this notation, the three coefficients A4,; are all
positive. The time constants of the rise and longest-decay

components were affected by oxygen, while that for the shortest
decay remained unaltered (Table 1). Moreover, the intensity of

the signal increased substantially upon oxygen saturation
(Figure S1 in the ESI).
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Table 1. Time constants of the 'O, growth and decay kinetics in air-saturated PBS
solutions. Values in parentheses correspond to oxygen-saturated solutions. The
uncertainties are + 0.2 us.

7/ ps* 7,/ ps® 73/ ps®
Pp2FbEP L30M 2.6 (0.9) 33 84 (65)
FMN 2.7(0.7) 38 -

* growth, ° decay

Triplet-state kinetics

The flavin’s triplet state was probed by transient absorption
spectroscopy at 700 nm. Similarly as in the fluorescence
experiments, the signals in argon-saturated solutions also
showed two exponential components with similar amplitudes
though different lifetimes (Fig. 4). Both could be quenched by
oxygen, albeit with different rate constants (Table 2 and Fig S2
in the ESI), and the decay rate constants in air- and oxygen-
saturated solutions those derived from 'O,
phosphorescence experiments, confirming their assignment to
triplet states. Exposure to oxygen caused additionally the
decrease in the signal amplitude for the short-lived component.
Comparison of the zero-time amplitude to that of free FMN
(eqn (2)) yielded the triplet quantum yield value of @; = 0.30 +
0.06 in argon-saturated solutions (Fig. S3 in the ESI).

matched

AAbsorbance / 107

Time / ps

Fig. 4 Transient absorption decays for Pp2FbFP L30M in (A) argon, (B) air and (C)
oxygen-saturated solutions. The overall fit (solid line) and individual decay
components (dashed lines) are shown for comparison of their relative

This journal is © The Royal Society of Chemistry 2012
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contribution to the overall signal. Transients are the average of 4 shots. Aey =
355 nm and Aqps = 700 nm.

Table 2. Summary of triplet excited state kinetics for sample and reference.

o/ s kg? /10" M's™ P?"
Pp2FbFP L30M 18 (45%) 19+0.2 0.83 (0.96)
154 (55%) 0.0086 + 0.002 0.22 (0.59)
FMN 42 (100%) 1.0£02% 0.91 (0.98)

% Uncertainty 10%. Fractional amplitudes in parentheses, ® Uncertainty 10%.
Proportion of triplets trapped by molecular oxygen in air-saturated solutions
(values in parentheses correspond to oxygen-saturated solutions).

Discussion

Flavin binding by Pp2FbFP L30M

HPLC analysis of the chromophores in Pp2FbFP L30M reveals
that it binds FMN and FAD to similar extents, along with small
amounts of RF and LC (Figure S5B in the ESI). This contrasts
with miniSOG, which almost exclusively binds FMN (Figure S5C
in the ESI).”* Since FMN and FAD are both natural components of
cells, this heterogeneous binding is probably unavoidable. It is worth
noting that absolute and relative concentrations of the different
flavins are variable both between different cell types as well as
temporally within one cell type depending on the respective LOV
protein, the used expression system as well as the storage
conditions after purification as observed previously.*>*%4!
Attempts to characterize the influence of each individual flavin
species bound to the FbFP on the photophysical properties of the
protein are currently in progress.

Photophysics of Pp2FbFP L30M

The absorption and fluorescence spectra of Pp2FbFP L30M
depict the same features observed in typical FbFPs: blue-shifts
with respect to free FMN and well-resolved vibronic structure.
This indicates that the flavins are confined within the protein
active pocket, where their mobility is much restricted.*?
Likewise, the Stokes shift between the emission and absorption
spectra is smaller than for FMN, indicating a smaller change in
dipole moment upon excitation, again consistent with protein
binding. Compared to Pp2FbFP, the effects of the L30M
mutation on the photophysics are minor, namely a small 1-nm
blue shift in the spectra and a slight increase in the @ value
(0.25 vs 0.22).%

Regarding the time course of the fluorescence, Pp2FbFP L30M
shows a biexponential decay with the two components showing a
similar spectrum, which matches the observations for the parent

33 However there is a

protein and previously-described variants.
substantial difference between the two proteins, namely the longer
lifetime of the second component (5.2 vs 0.93 ns) while the first one
is essentially unchanged (3.5 vs. 3.6 ns). In the parent protein, the
short lifetime has been attributed to the efficient quenching of the
FMN fluorescence by nearby amino acids.*® Either such dynamic
quenching would be of much lesser important in the L30M
mutant or the 5.2 ns components is due to a different flavin. All in
all, the results above, together with the transient absorption and 0,

data, are in line with the existence of at least two different flavins in

This journal is © The Royal Society of Chemistry 2012

Photochemical & Photobiological Sciences

the protein samples, although contributions of different protein
conformers and/or the formation of protein dimers* cannot be
excluded at present.

Triplet-state properties and oxygen accessibility to the
chromophore

In agreement with the fluorescence results, transient absorption
also confirms a dual population of triplet flavins in Pp2FbFP
L30M, each with its own lifetime. The observed @; value is
roughly half of that for free FMN and is in line with the
reported values for LOV domains, which range from 0.25 to
0.65.%7% Also, the @ value is close to that of miniSOG.**

Since oxygen quenching of triplet states is a diffusion-
controlled process, it provides information on the accessibility
of oxygen to the flavin within the protein. The k(? % value for the
short-lived triplet is similar to that of free FMN, which
indicates a very exposed flavin, as in miniSOG.** This allows
for an efficient trapping by molecular oxygen (Table 2). In
contrast, the long-lived triplet is far less accessible to molecular
oxygen and the trapping efficiency is much lower (Table 2).
The marked differences among the two triplets anticipate
distinct contributions to their respective 'O, photosensitisation
ability.

Assessing the '0, quantum yield of Pp2L30M

Direct detection of 'O, by means of its phosphorescence at
1275 nm provides the most robust and specific method to
quantify the production of this reactive species. In a previous
communication we compared this technique with two chemical
trapping methods for the related FbFP miniSOG.** Our results
revealed the limitations of the chemical acceptor anthracene
dipropionate (ADPA) used in ref. 23, shown to be oxidized also
by non-singlet oxygen pathways, and established the validity of
the near-IR phosphorescence approach. It is reassuring that our
results were independently reproduced by another laboratory.*’

The phosphorescence of 10,, S, is proportional to the
concentration of this ROS. In homogeneous environments, S,
typically shows a rise-and-decay profile, as given by eqn (4),®
arising from the formation and deactivation of 'O, in the
medium.

“

The empirical parameter S, is proportional to @, and is
therefore used to assess the ability of a given PS to produce 'O,
by comparing its S(0) value to that of a reference PS measured
under the same experimental conditions (eqn (5)).*®

So(sample)

®p(sample) = @, (ref) X 5o (reh)

(5)
However, in heterogeneous systems such as biological media the
signal no longer obeys eqn (4) and more complex rate laws are
required to fit the data. Several kinetic models have been
proposed over the years for 'O, formation in such
systems.*®*7*® In connection with chromophores embedded into
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a protein matrix, Lepeshkevich et al. have recently proposed a
model that distinguishes between 'O, populations inside and
outside the protein.** The mathematical solution to the
differential equations proposed in this model leads to a
triexponential function, as shown in eqn (6).

Sy = xpe” Mt — x0Tt 4 (xp —xq)e” %t (6)

Despite the formal similarity of eqn (6) to the empirically-
determined eqn (3), the constraints in the y; preexponential
factors in eqn (6) made it impossible to fit this model to our
data. This was actually to be expected since Lepeshkevich et
al’s model assumes a single population of triplet states, a
condition that does not hold in our protein samples. The
simplest alternative model considers two independent flavins,
each producing 'O, with its own set of kinetics and yields
(Scheme 1).

Sy ==

0,
ka

30,

Quenching and other ROS
Sor Sp2

Scheme 1 Kinetic model of '0, generation from two independent triplet excited
states. See text for details.

A few ns after the laser pulse the initial triplet
concentrations [T;], and [T,], are formed. In the absence of
oxygen, the triplets decay back to the ground state with a rate
constant k2. If oxygen is allowed into the system, additional
decay channels arise for the triplet, in which it is quenched by
oxygen to produce 'O, (and perhaps other ROS). Finally, 'O,
deactivates with a rate constant k,. Alternative processes such
as 'O, diffusion within the protein are not considered because
there is no evidence for such processes in our luminescence
data (see Fig. 3 and eqn (3)). Thus, the concentration of 'O, can

be described by eqn (7):

1 —
[F0.] =
Ay kry —kat _ o=k, t
abs A—1+AZ (DAl P— (e e 1 ) +
4, kT, —kat _ o=kt
abs g g O, r,—ka (e e "2 ); (7)

where [, is the amount of light absorbed per unit volume and

A; is the absorbance of flavin i at the excitation wavelength.
Since the phosphorescence of 'O, is proportional to the

concentration of '0,, eqn (7) can be rewritten as eqn (8):

-t _t _t -t
(e —e ’T1> + Spp —2 <e —e ’T2>(8)

S =S01

TA—TT, TA—TT,

6 | J. Name., 2012, 00, 1-3

which fits well the data (see eqn (3)), thus yielding Sy, and Sp,.
The @, value for the Pp2FbFP L30M protein can then be
determined using eqn (9):

@y = Bf 2 ©)

Eqn (9) relies on the assumption that the radiative rate
constant of the two populations of 'O, are similar, which is
likely the case as we observe one single decay for all 'O,
molecules, meaning a similar environment. Taking FMN as
standard (@, = 0.51)*, eqn (9) yielded a @, value of 0.09 +
0.01 for Pp2FbFP L30M, which is the highest value reported to
date for a genetically encoded PS.

The individual Sy, and Sp, values (Fig. S4 in the ESI)
indicate that 30% of the protein 'O, signal arises from the
short-lived, oxygen-accessible triplet, whereas 70% arises from
the long-lived, less-accessible one, despite the oxygen trapping
efficiencies being the opposite (Table 2). This would indicate
that the triplet quantum yield is larger for the longest-lived
triplet, in agreement with the transient absorption results (Fig.
4). Despite its higher complexity, Pp2FbFP L30M outperforms
miniSOG in terms of 'O, photosensitisation by a factor of
approximately 3. A structural interpretation of the enhanced
photosensitisation ability is unfortunately not possible at
present since the protein structures of miniSOG and Pp2FbFP
are not solved so far. However, the sequence alignment (Figure
S6 in the ESI) clearly demonstrates that the methionine at
position 30 of the presented Pp2FbFP variant is not conserved
in other selected LOV-derived florescent proteins including
miniSOG: With exception of DsFbFP,** all of the shown LOV-
based FPs harbour either an isoleucine or a leucine residue at
the corresponding position. Furthermore, four of the five
residues of miniSOG that have been changed in the original
LOV2 domain of A. thaliana phototropin 2 (At Phot2) to yield
higher 'O, production rates (position 1-4 in the alignment)
cannot be found in Pp2FbFP L30M. Thus, the low sequence
homology (the sequence identity of Pp2FbFP L30M and
miniSOG is 27%) suggests that the increased 'O, quantum
yields of Pp2FbFP L30M and miniSOG are caused by different,
so far uncharacterized structural effects.

Conclusions

Pp2FbFP L30M has been engineered building upon previous
knowledge of the effect of the L30 position on the
photochemical behaviour of LOV photoreceptors.’™' Pp2FbFP
L30M has been demonstrated to photosensitise 'O, upon light
irradiation through detection of its phosphorescence at 1275
nm. Its 'O, quantum yield (@,= 0.09£0.01) is the highest
reported to date for any genetically-encoded PS, which makes it
a very promising candidate for biological applications such as
CALI or PDT. Of specific interest, FbFPs can now be

expressed at pre-defined subcellular sites, thus offering
unprecedented spatiotemporal control of ROS generation.*
Time-resolved absorption and fluorescence indicate that

Pp2FbFP L30M generates two different triplet excited states

This journal is © The Royal Society of Chemistry 2012
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with an overall quantum yield of approximately @r = 0.3. Both
triplets are capable of sensitising 'O, but show different degrees
of oxygen accessibility. These observations likely reflect the
distribution of different flavin chromophores in the protein
samples; however, other possibilities such as a dynamic protein
conformation equilibrium or, less likely, the formation of
asymmetric protein dimers, could also contribute for this
outcome.

Overall, we have shed light on the photochemical behaviour
of Pp2FbFP L30M derivative by means of a wide range of
spectroscopic techniques. Our findings are likely to contribute
to the development of more efficient LOV-based 'O, sensitising
FbFPs that can achieve values of @, closer to that of the free
FMN prosthetic group (@, = 0.51). They also highlight the
complications one may encounter in the characterisation of the
photosensitising properties of LOV-based FPs.
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