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Abstract. SAASoti is a green fluorescent protein suitable for use in super-resolution
microscopy as it can be photoconverted to red fluorescence under 405 nm illumination.
The green fluorescence of V127T SAASoti variant is reversibly photobleached under
exposure to 470 nm light without photoconversion to the red form. The phenomenon
can be explained by chromophore protonation that was confirmed by an increase in
absorption at 400 nm (chromophore protonated form) and a decrease at 509 nm
(anionic form). This light-induced photoswitching can be repeated with the same sample
several times without loss of the initial fluorescence intensity. Subsequent sample
exposures result in the same fluorescence recovery process. By changing the content of
the H-form one can control photoswitching as only the protonated SAASoti may be
converted to the red form. This property is extremely important for sub-diffraction
microscopy. © 2017 Journal of Biomedical Photonics & Engineering.
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1 Introduction

Fluorescent proteins (FPs) have grown into
indispensable tools for life science studies. Among them
reversibly photoswitchable fluorescent proteins (RPFPs)
are of special interest as they can be applied to super-
resolution fluorescence microscopy techniques [1].

Originally discovered in the Stylocoeniella armata
coral, SAASoti FP was found to be irreversibly
photoconvertible from green to red fluorescence under
405 nm illumination [2]. The process is accompanied by
peptide bond break. Previously we have demonstrated
the pH-dependence of this photoconversion and the
presence of protonated and anionic chromophore forms
[2]. Wild type SAASoti exists as a tetramer, while
V127T point mutation led to its monomerization.

On the one hand, f-barrel structure of fluorescent
proteins protects the chromophore from different types
of fluorescence quenching, but on the other hand,
neighboring amino acid residues facing inside the barrel
interact with the chromophore and can therefore affect
its photophysical properties. The effect of photoinduced
bleaching is known for different GFP -like proteins [3],
[4]. In some cases it is associated with cis-trans
isomerization of the chromophore and a change of its
protonation state, while in the case of Dreiklang FP the
chromophore undergoes reversible hydration by a
completely different mechanism [5]. For another green-
to-red photoconvertible FP well-described today —
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IrisFP — the photobleaching was shown to be reversible
[4]. After X-ray structure analyses of the fluorescent
(‘on’) and photobleached (‘off”) crystals the authors
also determined amino acid residues that are crucial for
stabilizing different states of the chromophore. Firstly, it
was shown that the chromophore undergoes cis-to-trans
isomerization during photobleaching. While the cis-
configuration is stabilized by the E144-H194-E212 H-
bonded triad, it is replaced by the E144-R66-E212 triad
in the case of the trans-configuration [4]. Accordingly,
either H194 or R66 stabilizes the chromophore by =-
stacking or m-cation interactions, respectively [6]. As
there exist FPs with trans- chromophore in their ‘on’
state [7] it should be emphasized that it is not the
configuration (cis- or trans-) but its protonation state
that is responsible for the fluorescence. Here we report
the phenomenon of reversible photoswitching observed
for V127T SAASoti-FP.

2 Materials and methods

2.1 Protein expression and isolation

The recombinant plasmid pET22b containing V127T-
SAASoti gene (669 bp) was transformed into E. coli
BL21 (DE3) cells, cultured at 37 °C and 200 rpm
shaking in LB medium with 100 mkg/ml ampicillin to
an optical density of 0.5. Protein synthesis was induced

31 Dec 2017 © JBPE
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Fig. 1 (A) Absorbance spectrum of V127T SAASoti-FP variant before (solid line) and after (dashed line) 10 min 470
nm exposure (1 W/em?); (B) Fluorescence spectra under 470 nm (1 W/em?) exposure every minute during 10 min.

by addition of IPTG to the final concentration of 0.05
mM and subsequent incubation for 24 h at 20 °C and
200 rpm shaking. After E. coli disruption with a French
press, the bacterial cell pellet was suspended in 20 mM
Tris-HCL (pH 7.5) containing 150 mM NaCl, 1 mM
PMSF, and 1 mkg/ml DNAse. After ammonium sulfate
was added to 50% saturation (v/v), the colored fraction
was separated by centrifugation at 18 000 g and 4 °C.
The colored precipitate was dissolved in 20 mM
NaHCO;. After overnight dialysis against 20 mM
NaHCO; solution, the V127T SAASoti solution was
further purified with MonoQ-based ion-exchange
chromatography. The protein was eluted with a linear 0
— 0.5 M NaCl gradient performed by mixing 20 mM
NaHCO; anion-exchange buffer (A) and 20 mM
NaHCOj; containing 0.5 M NaCl anion-exchange buffer
(B). AKTA purifier chromatographic system (GE
Healthcare) with multiwavelength detection (260 nm,
280 nm and 509 nm) was used. Eluted fractions were
analyzed by SDS-PAGE and concentrated.

2.2 Spectroscopic experiments

Prior to the spectroscopic experiments SAASoti was
diluted in 200 mM sodium phosphate buffer pH 8.0 to
the final concentration of 3 uM. The photobleaching
and relaxation experiments were carried out in 3 mm
Hellma quartz cuvettes. Illumination of the samples at
47024nm (1 W/em®) was performed by LED
Lumencor Spectra X. Fluorescence kinetics data were
obtained with a homebuilt linear CCD spectrometer
based on Sony ILX511. Light power was verified with a
Newport 2936-c power meter. Absorption spectra for
thermal relaxation were recorded on a Cary 300 Bio
spectrophotometer (Varian). Data analysis was
performed with Origin 8.5 software package.

3 Results and discussion

After exposing the V127T SAASoti variant to 470 nm
light (1 W/ecm®) for 10min, we observed the

phenomenon of photobleaching. As it can be noticed
from the absorption spectra in Fig. 1A, 470 nm
exposure during 10 min leads to a 395 nm absorbance
peak appearance while the absorbance intensity of the
green form (509 nm) decreases. Previously it has been
shown that the protonated chromophore absorbs at 395
nm while its anionic form shows a maximum
absorbance at 509 nm. In other words, here we observe
photoinduced switching between two different
protonation states of the chromophore in the same
buffer system (pH 8).

It is known for different FPs that during
photobleaching  cis-to-frans isomerization of the
chromophore takes place along with its protonation [4],
[8], [9]. The process can be reversed either by
illumination at 405 nm or during thermal relaxation. We
investigated thermal relaxation as V127T SAASoti can
be irreversibly converted into the red fluorescent form
by 405nm illumination. Fig.2A  shows that
photobleaching followed by thermal relaxation of the
probe can be repeated with the same sample several
times without any significant changes in the
fluorescence intensity of the green form at 520 nm.

The photobleaching experiments with different
fluorescent proteins exhibit bi- and mono-exponential
fluorescence decay dependences [10], [11]. To
characterize the photoswitching between ‘on’ and ‘off’
forms we recorded the photobleaching (Fig. 2A) and
thermal relaxation (Fig. 3A) kinetics. A bi-exponential
function (Eq. 1) fit the photobleaching experimental
data well with R*= 0.999 and the random distribution of
the residuals (Fig. 2A).

I = I xexp(—kqt) + I, x exp(—k,t) + ¢, (1)

where [, I, — pre-exponential coefficients, ¢ —
background signal including residual SAASoti
fluorescence. The calculated rate coefficients are
ki=0.028 s and k, = 0.011 s at 22 °C with the 1:1
ratio of the pre-exponential coefficients. The rate of
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Fig. 2 (A) Photobleaching kinetics of V127T SAASoti-FP. Subsequent photobleaching cycles of the same sample
including 470 nm exposure during 10 min (I W/cm®) and ~24h thermal relaxation at 22 °C. Fitting of the data to a bi-
exponential model. (B) Arrhenius plots of rate coefficients for the photobleaching kinetics.
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Fig. 3 (A) Thermal relaxation kinetics. The green form absorption recovery in time at different temperatures and fitting
of the data to a mono-exponential dependency; (B) Arrhenius plot.

photobleaching certainly depends on the light exposure
intensity. The phenomenon of Dbi-exponential
fluorescence decay was explained by the existence of
two protein populations in the excited state that can be
reversibly converted to the ‘off’ state [11]. Previously,
this ‘multi protein populations’ hypothesis was
suggested by our group [12] when conducting
experiments on KFP and its pH-dependency. Sometimes
it is difficult to compare bleaching kinetics data for
different FPs as the system parameters (illumination
intensity, beam shape, geometry, and concentration of
the sample) in different cases can vary dramatically. In
order to calculate the photobleaching activation energy
(Ea) we illuminated the sample with 470 nm light at
different temperatures in the range of 20 — 50 °C. Ea
was calculated from the Arrhenius equation (Eq. 2) as
47 kJ/mol (Fig. 2B) for both protein populations.

k = Axexp(—E_ /kgT). 2)
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Fig. 3A shows the relaxation kinetics recorded as a
time dependency of the absorption recovery at 509 nm
for a photobleached sample. Experiments on thermal
relaxation reveal the mono-exponential dependence
(R*=0.998 and the random distribution of the residuals)
of the process (Eq. 3)

A = Ay*(1-exp(—kt)) + ¢ 3)

with & = 0.014 min™ at 22 °C. The mono-exponential
mechanism was also demonstrated in several works on
FPs’ thermal relaxation [13], [14]. Estimated Ea value
for thermal relaxation (83 kJ/mol) (Fig. 3B) is obviously
lower than that in the case of mTFP0.7 (106 kJ/mol)
[15] and Dronpa (109 kJ/mol) [3] but slightly higher
than 55 kJ/mol for a synthesized GFP-like chromophore
[16]. KFP protein alternatively has a stable trans ‘off’
form and can thermally relax from the fluorescent cis
‘on’ form. Quantum mechanics/molecular mechanics
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Fig. 4 Amino acid sequence alignment of V127T SAASoti with IrisFP. Chromophore forming residues are shown in
green, E144* and E212 capturing the chromophore in the cis- and trans- configuration at the same time are grey
shaded, whereas R66 (frans-) and H194 (cis-) are shaded blue-grey and red, respectively. (Program: needle, Matrix:

EBLOSUMBS62). * - IrisFP amino acid numbering.

(QM/MM) simulations of KFP cis-trans isomerization
predicts Ea = 86 kJ/mol (20.7 kcal/mol) [17] that is in
good agreement with the previously published
experimental data (71 kJ/mol) [9].

Thermal relaxation of V127T SAASoti occurs with a
50 min half-life (t,) of the dark state at 22 °C. In the
case of mTFP0.7 [15], the fluorescence intensity
recovers in 30 min, thermal relaxation in the case of
IrisFP [4] and Dronpa [18] occurs much slower with the
Ty values equal to 5.5 h and 14 h, respectively. Much
faster relaxation kinetics in comparison with IrisFP and
Dronpa along with the lower Ea values of SAASoti may
indicate that V127T SAASoti is less stable in its ‘off’-
state.

Amino acid sequence alignment of V127T SAASoti
with well-studied IrisFP (Fig. 4) reveals over 64%
sequence similarity and the same positions of the
conserved amino acid residues — R66, E144, H194, and
E212 (IrisFP a.a. numbering). Therefore, we suggest
that the same residues capture the chromophore in the
cis- and trans-configurations in the case of SAASoti-FP.

The F173S point mutation of green-to-red
photoconvertible EosFP leads to the appearance of the
reversible photoswitching phenomenon (IrisFP) [4]. By
performing rational design of the chromophore
environment (1157, M159, F173), the authors [19] later
revealed that the same point mutation (F173S) in the
case of Dendra2 also lead to the on/off photoswitching
(NijiFP). Another promising mutation — M159A — in the
case of EosFP resulted in the appearance of the on/off
photoswitching along with a loss of the ability to be
converted into the red form. The MI159A variant of
Dendra2 becomes photoswitchable and is still
photoconvertible. Interestingly, in V127T SAASoti-FP,
unlike EosFP and Dendra2, methionine occupies
position 159 and phenylalanine — position 173, and the
protein demonstrates on/off photoswitching.
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4 Conclusions

Previously VI27T SAASoti was shown to be
irreversibly converted from green to red fluorescent
form under 405 nm illumination. In this study we have
shown for the first time that V127T SAASoti — FP
without any point mutations in the chromophore
environment — can be reversibly photoswitched from the
green ‘on’ to the dark ‘off’ state. Studies of different
photoswitching FPs have identified several amino acid
residues crucial for formation of the on/off states of the
chromophore. Some of them (R66, H194, E144, E212)
are located at the same positions in the V127T variant of
SAASoti. Curiously, V127T SAASoti is already
photoswitchable ~ without F173S and MI159A
substitutions, which are responsible for the appearance
of the photoswitching phenomenon in the case of IrisFP
and NijiFP. Although the mechanism of the
photoswitching of V127T SAASoti has not been
investigated in the study and remains unclear, it is most
likely caused by cis-trans isomerization of the
chromophore associated with the change of its
protonation state.

We suggest that a further study of the different
SAASoti-FP variants, on the one hand, can contribute a
lot to the development of the super-resolution
techniques, but on the other hand, will deepen our
understanding of the photobleaching mechanisms.
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