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Abstract—The design of fluorescent proteins with increased photostability is an important practical task. One
of the approaches to its solution is the search for amino acid residues, which play a key role in chromophore-
mediated photochemical reactions. The effect of tyrosine-145 on the photooxidation of the chromophore in
the EGFP (Enhanced Green Fluorescent Protein) has been previously demonstrated. We have designed the
EGFP-Y145L mutant, which has exhibited a significantly reduced efficiency of photooxidation and associ-
ated photobleaching. In this work, we are looking for ways to increase the fluorescence brightness of this
mutant. For this purpose, we have introduced the S205V and E222G substitutions and their combination to
shift the pH equilibrium of the chromophore environment towards ionization of the chromophore. We have
shown that both mutants that contain the S205V substitution carry mostly the neutral chromophore, have low
brightness, and are capable of slow photoactivation. They may be of interest for studying light-dependent pro-
ton transfer. Probably, these proteins can function as time-resolved pH sensors. As we have expected, the
chromophore resides in the EGFP-Y145L/E222G mutant is predominantly in the anionic form. The fluo-
rescence brightness of this protein is four times higher than that of the original EGFP-Y145L, and its photo-
stability is higher than that of EGFP by factors of 1.5—5.
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INTRODUCTION

Proteins of the GFP family, the only class of fluo-
rescent probes encoded by a single gene, occupy a spe-
cial place among markers in biomedical science. The
compatibility of these tags with most expression sys-
tems, their stability, relatively low toxicity, and the
autocatalytic formation of the chromophore group
provided a rapid development of methods of in vivo
labeling of biological objects by fluorescent proteins
(GFP-revolution [1]). The Nobel Prize in chemistry
was awarded for the discovery of GFP and its imple-
mentation in scientific practice [2].

Abbreviations: GFP, green fluorescent protein; avGFP, Aequo-
rea victoria green fluorescent protein from Aequorea victoria,
FP, fluorescent protein; ESPT, excited state proton transfer;
EC, extinction coefficient; EGFP, enhanced green fluorescent
protein; YFP, yellow fluorescent protein, FLIM, fluorescence
lifetime imaging microscopy, QY, quantum yield; PBS, phos-
phate buffered saline; SMLM, single molecule localization
microscopy; PAGFP, photoactivatable GFP.

lCorresponding author: phone: +7 (903) 746-08-49; e-mail:
noobissat@yandex.ru.

Modification of the DNA coding sequence is the
main method for obtaining new variants of fluorescent
proteins (FPs). In the first years after the cloning of
the avGFP gene from the Aequorea victoria jellyfish
and successful demonstration of its expression in het-
erologous biological systems [3], researchers obtained
mutants with improved brightness [4—6] and shifts in
fluorescence emission to the blue [7] and red [8]
regions of the spectrum. The replacement of only one
amino acid (T203H) made it possible to create the
first photoactivatable version of GFP [9]. Later, after
cloning the genes of red fluorescent proteins from
marine corals [ 10], mutagenesis helped solve the prob-
lem of spontaneous oligomerization of these mole-
cules [11, 12]. The rich palette of available fluorescent
proteins [13] is mostly filled with artificially developed
variants [ 14, 15].

The design of FPs, especially at the early stages of
the GFP revolution, was aimed at improving their
basic practical characteristics, i.e., an increase of the
fluorescence brightness, the rate of chromophore
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maturation, and the broadening of the spectral diver-
sity of these fluorophores, which are important for the
development of multicolor labeling methods [16, 17].
The successful solution of these problems was pro-
vided, in particular, by relatively simple algorithms for
screening and selection of mutants with the desired
properties in the bacterial expression system [7, 12].
The abovementioned mutant of avGFP with increased
brightness, EGFP (enhanced green fluorescent pro-
tein), was described a year after demonstration of the
avGFP expression in E. coli and C. elegans. EGFP was
obtained by the two amino acid substitutions in the
parental protein. It is noteworthy that EGFP remains
one of the most popular green FPs to this day despite
the gradual appearance of variants with optimized
folding, faster maturation, and significantly increased
brightness [18—20]. Thus, the characteristics of EGFP
as a label for traditional fluorescence microscopy
proved to be adequate for the researchers’ requests.
Complex experimental models and modern methods
of fluorescence imaging made to pay attention to the
FP properties previously considered as secondaryj, i.e.,
phototoxicity, photoswitching ability, photostability,
and the fluorescence lifetime. It turned out that the
design of new FP versions with the tuning of these
characteristics is a laborious task, if only because it is
difficult and sometimes impossible to perform high-
content screening and selection of mutants.

One of the specific requirements for fluorophores
in superresolution-resolution microscopy (the meth-
ods of the SMLM family [21, 22]) and time-resolved
microscopy (FLIM [23]) is photostability, i.e., the
ability of a molecule to support multiple cycles of light
absorption/emission [24]. This ability mainly affects
the duration of the experiment (as a function of the
specific load of exciting radiation on the sample) in
conventional fluorescence microscopy. However, in
SMLM and FLIM techniques, individual photons,
emitted by the probe, are detected. Therefore, these
methods require the enhanced photostability of fluo-
rophores for the goodness of experimental data related
to the number of photons [25, 26]. Photostability is
highly connected with the bleaching of the FP chro-
mophore due to photochemical processes. The study
of photobleaching molecular mechanisms is a basis for
the development of new approaches to increase pho-
tostability. The literature describes the designing of
photostable FPs using directed protein evolution [7,
27, 28] and their rational design based on the study of
photobleaching. For example, red FPs, i.e., mKate2
S143C (so-called mStable) and mPlum S146C, have
the photostability, which is an order of magnitude
higher than that of the parental proteins. This property
is due to the stabilization of the chromophore in cis-
conformation by the sulfoxide groups, which are
formed under photooxidation of the cysteine residue
introduced in the protein [29]. Photooxidation of the
sulfur-containing residue in photoswitched proteins of
the EosFP family was suggested, on the contrary, as a
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potential channel for the exhaustion of switching
capabilities (so-called photofatigue). In fact, the
Met159Ala replacement led to a significant increase in
the photostability of IrisFP (EosFP homolog) [30].
Finally, when searching for amino acid residues of
EGFP, which mediate photooxidation of its chromo-
phore, we identified the key role of Tyr145 as an inter-
mediate electron acceptor. We described the EGFP-
Y145L mutant, which demonstrates an approximately
ten-fold increase in photostability under microscopy
in living cells and an eighty-fold increase after in vitro
irradiation of the purified protein under oxidative con-
ditions [31]. At the same time, the Y145L substitution
led to a significant shift in the pH balance in the envi-
ronment of the chromophore group, the domination
of the nonfluorescent neutral form of the chromo-
phore (absorption maximum at ~400 nm), and, con-
sequently, a decrease in the brightness of the mutant
compared to the original EGFP (Fig. 1). Moreover,
EGFP-Y145L is capable of photoactivation (appar-
ently because of light-dependent deprotonation of the
chromophore). These factors reduce its value as a
photostable marker.

A possible approach to increase the brightness of
the EGFP-Y145L is to reduce the efficiency of chro-
mophore protonation, which can presumably be
achieved by additional amino acid substitutions
described earlier as affecting the acidity of the GFP
chromophore.

The serine residue 205 is of interest in the effect on
pKa of the GFP chromophore. Owing to interaction
with the chromophore-forming Tyr66 residue, medi-
ated by a structural water molecule [32—34], Ser205
plays a significant role in the light-induced excited
state proton transfer (ESPT) and affects protonation
of the chromophore in the ground state [35]. Muta-
tions in this position can lead to a significant reorgani-
zation of the hydrogen bond network in the chromo-
phore environment [36, 37]. For example, the replace-
ment of Ser205 by valine slows down the Kinetics of
ESPT in avGFP [36—38] and promotes a shift in the
pH balance of the chromophore towards deprotona-
tion in SiriusGFP [39]. Moreover, the Ser205Val sub-
stitution significantly increased the protein photosta-
bility in the case of green SiriusGFP, a close homolog
of EGFP, and the mCIY chloride sensor based on the
yellow fluorescent protein (YFP) that contained the
chromophore of the GFP type [36, 40].

The second amino acid residue as a target for
mutagenesis in this work is glutamate 222. The substit-
uent at the 222 position is highly conservative in natu-
ral FPs and, along with Arg96, is considered an
important structural determinant of chromophore
maturation [41—43] and stabilization of the mature
chromophore in the fluorescent state [32, 43]. Ulti-
mately, this substituent determines the complex of
physicochemical characteristics of FPs [44—46]. In
terms of our aims, Glu222 is mostly interesting
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Fig. 1. Absorption spectra of EGFP and EGFP-Y145L proteins.

because of its involvement in the intraprotein proton
transfer in both the ground [47] and excited electronic
states of the chromophore [33, 34, 42, 48]. In particu-
lar, Glu222 is considered to be terminal proton accep-
tor in the native ESPT chain of avGFP [49]. The
replacement of Glu222 by the uncharged glutamine
blocks ESPT [49] similar to the S65T mutation of the
first amino acid in the chromophore triad (when the
latter is introduced, the glutamate carboxyl group is
reoriented from the Tyr66 chromophore side [4, 50]).
The most interesting for us is the E222G substitution
described along with early avGFP mutants, which
suppressed the chromophore protonation [32, 52].
Later, the same mutation was revealed in experiments
on the directed protein evolution of acGFPL, a color-
less GFP-like protein from the Aequorea coerulescens
hydrozoan jellyfish, which made it possible to obtain
bright ace GFP that contained the chromophore in the
strictly ionized state at the physiological pH value
[53]. E222G can block an additional chromophore
photooxidation channel by excluding the potential
acceptor (the ionized Glu222 residue) from the elec-
tron transfer chain [54]. Our work on the analysis of
the amino acid residues involved in light-induced
electron transfer in EGFP does not confirm the role of
Glu222 [31]. However, if the hypothesis of Saha et al.
istrue, the E222G mutation can not only contribute to
the deprotonation of the chromophore but also
improve the photostability of the protein.

RESULTS AND DISCUSSION
Mutation S205V

We assumed that the S205V mutation in EGFP-
Y145L can not only shift the pK, of the chromophore
to the acidic region, thus restoring the brightness of
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the fluorescence due to the predominance of the
anionic form, but also preserve a high photostability of
the double mutant. The analysis of the spectral prop-
erties of EGFP-Y145L/S205V, however, showed that
our assumption was incorrect. The absorption spec-
trum of the spectrum of the double mutant (Fig. 2a)
showed the predominant neutral form of the chromo-
phore with the absorption maximum at 395 nm and
amplitude, which was 15 times greater than that of the
anionic chromophore. The absorption maximum of
the latter is shifted by ~10 nm to the red region com-
pared to the corresponding EGFP peak (Fig. 2a, Table 3).
The fluorescence spectra (Fig. 2b) show a noticeable
(~5 nm) bathochromic shift of the emission maximum
(when excited at 470 nm) and a significant (more than
10 nm) shift of the excitation maximum relative to
EGFP. EGFP-Y145L/S205V has also a well-pro-
nounced second short-wave excitation maximum (390
nm), which indicates the ESPT process in this mutant
and possibly, its ability to photoactivation. When the
EGFP-Y145L/S205V fluorescence is excited at
395 nm, both a blue (454 nm) and a green (511 nm)
bands are detected in the emission spectrum (Fig. 2c).
The difference in the positions of the emission max-
ima of green fluorescence at the short-wave and long-
wave excitation (511 nm vs 516 nm) is a characteristic
spectral sign of light-induced proton transfer.

The measurement of the fluorescence lifetime of
the EGFP-Y145L and EGFP-Y145L/S205V proteins
showed the presence of two major fluorescent frac-
tions in the latter protein with lifetimes of 630—700 ps
(depending on the excitation mode) and ~2 ns (Table 1).
It is noteworthy that the decay kinetics of the EGFP-
Y145L fluorescence both in single-photon and two-
photon modes is well approximated by a single-com-
ponent exponential model with a lifetime of ~2.6 ns
close to that of EGFP and corresponds to direct fluo-
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Table 1. Kinetic characteristics of fluorescence decay for the EGFP, Y1451, and Y145L/S205V proteins upon excitation

of anionic chromophore

Protein Excitation mode* T, PS A, % Ty, DS Ay, %
EGFP 1P 2760 £ 6 100 — —
2P 2725+ 7 100 — —
Y145L 1P 2630+ 7 100 — —
2P 25655 100 — —
Y145L/S205V 1P 1925 £ 20 58 627 £ 10 42
2P 2070 £ 25 55 710 £ 30 45

*1P, one-photon excitation (490 nm); 2P, two-photon excitation (980 nm).

rescence of the anionic form of the chromophore.
Probably, in the case of a double mutant, the fluores-
cence decay kinetics with a lifetime of 2 ns also char-
acterizes the direct SI—SO0 transition of the anionic
chromophore (with some quenching because of
ESPT), and the short-lived component characterizes
the fluorescence of the neutral chromophore in the
blue region (~460 nm).

The EGFP-Y145L/S205V mutant is characterized
by an extremely low quantum efficiency when excited
in the blue region. The extinction coefficient of the
anionic form of the chromophore is only 2400 M~ cm™,
and the fluorescence quantum yield (A., = 500 nm) is
0.2 (Table 3). Thus, the effective fluorescence bright-
ness of this protein will be ~1% of that for EGFP when
using a standard GFP filter set. Our results on fluores-
cence microscopy of EGFP-Y145L/S205V both in
vitro using the protein immobilized on particles of
metal affinity resin and in cellulo using the protein
expressed in the HEK293T cells confirm the above
calculations (data not shown). We have also revealed
that the double mutant can be photoactivated (see
Photostability and Photoactivation).

Mutation E222G

The spectral characteristics of EGFP-
Y145L/E222G indicate the desired shift of chromo-
phore acidity towards deprotonation. The amplitude
ratio of the absorption peaks of the neutral (A = 395 nm)
and anionic (A = 488 nm) forms of the chromophore
is 1 : 1.4, whereas this ratio for the original EGFP-
Y145L is ~4 : 1 (Fig. 3).

The excitation and emission fluorescence spectra
of the double mutant are almost identical to those for
EGFP (data not shown), and the fluorescence decay
kinetics under excitation at 490 nm is well approxi-
mated by a single component model with T ~ 3.1 ns
(Table 2). Moreover, we found no evidence of photo-
activation of this protein by blue light (470 £ 20 nm)
using fluorescence microscopy of the isolated protein
(excitation power of ~1 W/cm?). The relative bright-
ness of the EGFP-Y145L/E222G fluorescence is
~70% of that for EGFP, which is inferior to the latter

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 46

mainly because of the low fluorescence quantum yield
of the anionic form (Table 3). In general, these data
indicate the homogeneity of the fluorescent popula-
tion of EGFP-Y145L/E222G and, consequently, the
possibility of using this protein as a fluorescent label in
typical experiments. However, according to the spec-
trophotometric results, the proportion of the EGFP-
Y145L/E222G molecules that contain the neutral
chromophore was about 40%, thus meaning that
almost half of the protein does not fluoresce. We sup-
pose that the incomplete effect of E222G substitution
on the EGFP-Y145L chromophore ionization reflects
general complexity of the FP properties determina-
tion. The chromophore protonation determinants are
numerous [49]. Blocking some pathways of the
intraprotein proton transfer often leads to the activa-
tion of others. Moreover, recent high-resolution
structural data on the E222Q mutant (the mutation
effect is similar to E222G) show that the protonation
state of the Tyr66 in the chromophore is not directly
related to the system of hydrogen bonds around
Thr65/GIn222 [55]. Assuming that the residual pro-
tonation of the chromophore may be associated with
the formation of a new network of hydrogen bonds in
the chromophore environment and the activation of
an alternative proton transfer chain, we hypothesized
that serine 205 may play the role of a proton donor or
acceptor in the EGFP-Y145L/E222G molecule. To
test this assumption, we constructed the EGFP vari-
ant that contained three amino acid substitutions, i.e.,
EGFP-Y145L/S205V/E222G. The spectral proper-
ties of this mutant protein are significantly closer to
those of EGFP-Y145L/S205V than of EGFP-
Y145L/E222G. The absorption spectrum of EGFP-
Y145L/S205V/E222G (Fig. 4a) shows the dominant
peak of the neutral chromophore (A, = 394 nm). Its
fluorescence in the green region (A, = 515 nm) is
characterized by the bimodal excitation (maxima at
394 and 496 nm), which indicates the ESPT process
(Fig. 4b). However, the efficiency of the proton trans-
fer in the excited state is probably low because only the
blue peak (~455 nm) is visible in the emission spec-
trum of the triple mutant when excited at 395 nm (data
not shown). EGFP-Y145L/S205V/E222G shows a
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Fig. 2. (a) Absorption spectra of the EGFP, EGFP-Y145L, and EGFP-Y145L/S205V proteins. Absorption maxima of the pro-
tonated and deprotonated forms of the chromophore are 395 nm and 490—500 nm, respectively. (b) Fluorescence excitation and
emission spectra (dotted line, A, = 470 nm and solid line, A, = 530 nm, respectively) of the same proteins. Ordinate axis: flu-
orescent signal normalized to the maximal value. (¢) The fluorescence emission spectrum of EGFP-Y145L/S205V after exci-
tation at 395 nm. Ordinate axis: fluorescent signal normalized to the maximal value.
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Table 2. Kinetic characteristics of fluorescence decay for EGFP-Y145L/E222G, and Y145L/S205V/E222G upon exci-

tation of anionic chromophore

Protein Excitation mode* Ty, PS AL % Ty, PS Ay, %
Y145L/E222G 1P 3190 + 12 100 - —
2P 3080 £+ 10 100 — —
Y145L/S205V/E222G 1P 2310 =23 75 644 + 20 25
2P 2420 + 30 64 830 £ 40 36

*1P, one-photon excitation (490 nm); 2P, two-photon excitation (980 nm).

low fluorescence brightness (~2% of EGFP bright-
ness) when excited by blue light (Table 3).

Comparative time-resolved spectroscopy of the
EGFP-Y145L/E222G and Y145L/S205V/E222G
variants (Table 2) confirms the conclusions made in
the analysis of the steady-state spectra. As mentioned
above, the double mutant forms the homogenous fraction
with monoexponential signal decay (T ~ 3.1 ns). The triple
mutant demonstrates an additional short-lived compo-
nent, which is probably related to the contribution of
blue fluorescence of the neutral chromophore. How-
ever, the degree of fluorescence quenching (the life-
time shortening) of the anionic chromophore (T ~
2.3—2.4 ns) is less pronounced than that of EGFP-
Y145L/S205V, which, along with a relatively small
amplitude of the short-wave peak of excitation (A, =
394 nm), indicates a reduced efficiency of ESPT of
the anionic chromophore compared with that for
EGFP-Y145L/S205V.

A high proportion of the protonated chromophore
of the EGFP variants that contained the S205V muta-
tion was considered as one of the expected results. For
example, a similar spectral pattern was described for
the avGFP-S205V protein, which served as a model
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Normalized absorption

for studying alternative proton transport pathways in
GFP [37]. Moreover, avGFP-S205V/T203V, in which
ESPT was completely blocked, does not contain the
anionic form of the chromophore at all and fluoresces
only in the blue region of the spectrum (459 nm) when
the neutral chromophore is excited.

Photostability and Photoactivation

We measured the photobleaching kinetics of all the
abovementioned mutant proteins and the parental
EGFP under identical experimental conditions (Table 3).
The photostability of FPs was evaluated using wide-
field fluorescence microscopy and a standard GFP
filter set for three model systems (Microscopy in Mate-
rials and Methods). The first of them, the purified pro-
tein in a neutral saline buffer, is the standard to evalu-
ate the in vitro photostability [16, 27, 56]. The second
system, the protein in the presence of a single-electron
acceptor (potassium ferricyanide), has proven itself
well for evaluating the contribution to photobleaching
of oxidative processes in the excited state [31, 57, 58].
The third system, the protein expressed in the HEK-
293T cells, probably most adequately reflects the pho-
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Fig. 3. Absorption spectra of the EGFP, EGFP-Y145L, and EGFP-Y145L/E222G proteins. Absorption maxima of the proton-
ated and deprotonated (anionic) forms of the chromophore are 395 and ~490 nm, respectively.
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Table 3. Spectral characteristics and photostability of EGFP and its mutants

Photostability”*
. Mex/Nerms EC, RB, -
Protein exnnf " M~ em-! QY 9 | in vitro, buffered 500 KI/IVIE)rth’ssium in cellulo,
saline HYL pota HEK293T cells
ferricyanide
EGFP 488/509 | 55000 |0.60{100| 2.5+ 1 min 25+03s 35+4s
397 and . .

- + + +
EGFP-Y145L 489/509 10400 (0.52] 16 7 £ 2 min 45+ 7s 3.5+ 1 min
EGFP-Y145L/E222G 483/509 | 65000 (0.36| 71 3.5+ 1 min 12+ 1.7s 1+ 0.5 min
EGFP-Y145L/S205V gg? ;;"1‘2 2400 [0.20| 1.5| 35+ 5min 10 £ 2 min 9 + 3 min

394 and . . .
EGFP-Y145L/S205V/E222G 496/515 2100 [0.30| 1.9 31 £ 8 min 23 = 5 min 5 £ 2 min

EC, the extinction coefficient of anionic form of protein chromophore; QY, the quantum yield of fluorescence; RB, relative protein
brightness. Relative brightness is calculated as the product of the molar extinction coefficient and the quantum yield of fluorescence and
is given in comparison with the brightness of EGFP. " Photostability refers to the time, which is required for decreasing fluorescence
intensity by 50%. Photostability in the cells was evaluated at N > 20.

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY Vol.46 No.6 2020



1236

Normalized fluorescence

0.1

MAMONTOVA et al.

—EGFP-Y145L/E222G
EGFP-Y145L/S205V

0 100 200 300 400 500 600 700 800 900
Time, s

1000 1100

Fig. 5. Kinetics of the change in fluorescence intensity of the EGFP-Y145L/E222G, and EGFP-Y145L/S205V proteins in vitro

in the presence of K3[Fe(CN)¢] (500 uM). N = 10.

tostability of the marker under conditions of biological
imaging. It should be noted that the comparison of the
experimental values is possible only within the data for
each model system.

The characteristics of the EGFP-Y145L protein
during the photobleaching have been described earlier
in detail [31], and the data presented here generally
repeat previous results. EGFP-Y145L is extremely
resistant to bleaching but its weak photoactivation,
when exposed to broadband blue light, leads to some
overestimation of the observed photostability. The
EGFP-Y145L/E222G imaging required settings of
detector sensitivity almost identical to those for
EGFP. At a brightness comparable to the parental
protein, this mutant demonstrated significantly
increased photostability relative to EGFP in all three
model systems, i.e., ~1.5 times higher in the salt buf-
fer, ~5 times higher in the presence of the oxidant, and
~2 times higher in the living cells. We would associate
this effect (the slowdown of EGFP-Y145L/E222G
photobleaching under oxidative conditions in vitro)
with the role of the Y145L mutation in blocking light-
induced electron transfer. Both mutant variants that
contain the S205V substitution are noticeably acti-
vated when measuring the photobleaching kinetics
(Fig. 5). For this reason, the characteristic values of
the photobleaching time for EGFP-Y145L/S205V and
EGFP-Y145L/S205V/E222G (Table 3) reflect the
apparent rather than true photostability of these fluo-
rophores. These properties of both proteins, along
with their low brightness, makes them unsuitable for
routine fluorescent imaging.

However, photoactivation of the mutants with the
S205V substitution may be of some interest to the sci-

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 46

entific community, for example in the context of
SMLM methods. It is reasonable to assume that the
observed photoactivation is associated with light-
induced deprotonation of the chromophore, which is
initiated by the protein absorption in the violet region of
the spectrum (in fluorescence microscopy, we use a
BP470/40 filter for excitation). The deprotonation
mechanism may be similar to that of the well-character-
ized photoactivation of the PAGFP protein (EGFP-
T203H) [59—62]. During this process, ESPT-induced
chromophore ionization is accompanied by decarbox-
ylation of the Glu222 side chain, followed by a rear-
rangement of the hydrogen bond network that favors
the stabilization of the anionic form of the chromo-
phore. However, decarboxylation of Glu222 in
EGFP-Y145L/S205V/E222G is not possible. Besides,
an important structural determinant of this stabiliza-
tion is the stacking interaction of the His203 residue
with the chromophore [9], which is absent in our pro-
teins. Probably, an alternative photoactivation sce-
nario is fulfilled in the EGFP-Y145L/S205V and
EGFP-Y145L/S205V/E222G mutants, the study of
which requires additional structural studies.

To evaluate the effectiveness and determine the
spectral features of the photoactivation, we irradiated
an aqueous solution of purified EGFP-
Y145L/S205V/E222G with intense violet light and
recorded the absorption spectrum of the solution at
regular intervals (Fig. 6).

The excitation of the neutral form of the chromo-
phore leads to a gradual increase in the population of
the anionic chromophore molecules (A,,, = 495 nm).
The photoactivation of EGFP-Y145L/S205V/E222G
is not a very effective process, i.e., the absorption of
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Fig. 6. Absorption spectra of the EGFP-Y145L/S205V/E222G mutant after irradiation of the protein sample with short-wave

intense light (405 nm, ~5.5 W/cmz).

the anionic form of the chromophore increased only
by factors of 3—4 for 2 h of irradiation (for compari-
son, UV photoactivation of the aceGFP-G222E
mutant achieved a 1000-fold increase in the fluores-
cent signal [53]).

CONCLUSIONS

We have examined the introduction of two amino
acid substitutions, S205V and E222G, which are the
important determinants of acidity of the GFP chro-
mophore. We have also studied the combinations of
these two substitutions to increase the brightness of
the photostable EGFP-Y145L mutant.

The S205V mutation did not meet our expecta-
tions; it shifts the pKa of the chromophore to the alka-
line region and promotes the chromophore protona-
tion and the ESPT process. On the other hand, the
mutant proteins with this substitution may be interest-
ing for studying the ESPT kinetics (this process in
EGFP-Y145L/S205V proceeds, probably, with the
use of an alternative proton transfer channel). The
EGFP-Y145L/S205V and EGFP-Y145L/S205V/E222G
mutants are photoactivatable fluorescent proteins,
which presumably use a previously undescribed pho-
toactivation mechanism. The properties of these
mutants can be used in SMLM. Finally, the properties
of variants that contain the S205V substitution, i.e.,
complex photobehavior in the time domain, the high
contribution of short-lived fluorescent populations to
the pool of registered photons, and the pronounced
protonation of the chromophore at neutral pH, opens
up the prospect of their use as time-resolved pH sen-
sors, especially in the alkaline range. On the contrary,
the effect of the E222G mutation in EGFP-Y145L
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met our requirements. The double EGFP-
Y145L/S205V/E222G mutant is a relatively bright FP,
which retains a 1.5—5-fold increased photostability
compared to the parent EGFP.

EXPERIMENTAL
Site-Directed Mutagenesis

The EGFP mutants were prepared by the overlap-
extension PCR method using the following set of oli-
gonucleotides that contained the corresponding sub-
stitutions. The terminal primers: forward, 5'-ATGC-
GGATCCATGGTGAGCAAGGGCGAG-3' and
reversed 5'-ATGCAAGCTTTTACTTGTACAGCTC-
GTC-3' for all EGFP mutants; forward 5'-GAGTA-
CAACCTGAACAGCCAC-3" and reversed 5'-GTG-
GCTGTTCAGGTTGTACTC-3' for EGFP Y145L;
forward 5'-GTCCTGCTGGGCTTCGTGACC-3'
and reversed 5'-GGTCACGAAGCCCAGCAG-
GAC-3' for EGFP-E222G; forward 5'-AGCAC-
CCAGGTCGCCCTGAGC-3" and reversed 5'-GCT-
CAGGGCGACCTGGGTGCT-3" for EGFP-S205V.

The amplified PCR fragment that contained the
BamHI/HindlIII restriction sites at the end and the
coding FP variant was cloned in the pQE30 vector
(Qiagen) for bacterial expression.

Expression and Purification of the Protein

The EGFP and the EGFP mutants that contained
the 6His tag at the N termini were cloned in the
pQE30 vector (Qiagen), expressed in the E. coli XL1
Blue strain (Invitrogen), and purified using metal-
affinity TALON resin (Clontech).
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Vector EGFP-N1 (Clontech) was used for expres-
sion in mammalian cells. The EGFP mutants were
cloned in EGFP-NI instead of EGFP. The HEK293T
cells (ATCC) were transfected with the above constructs
to obtain transient protein expression.

Spectroscopy and Evaluation
of Fluorescence Brightness

The absorption and excitation/emission spectra
were recorded on a Cary 100 UV/VIS and fluorescent
Cary Eclipse spectrophotometers (Varian), respec-
tively. The fluorescence brightness was evaluated as
the product of the molar extinction coefficient and the
fluorescence quantum yield. All experiments with the
native proteins were performed in phosphate-buffered
saline (PBS, pH 7.4, GIBCO). The molar extinction
coefficient was evaluated by concentration of the
mature chromophore. EGFP and its mutants were
denatured with 1 NaOH. The GFP-like chromophore
is known to absorb under these conditions at 447 nm
with the extinction coefficient of 44000 M~! cm~.
The absorption values of the native and denatured
proteins were used to calculate the molar extinction
coefficients for the native states. To evaluate the fluo-
rescence quantum yield, the areas under the curve of
the mutant fluorescence emission spectra were com-
pared with those for EGFP with the same absorption
(quantum yield 0.60).

Microscopy

The wide-field fluorescence microscopy was per-
formed using a Leica AF6000 LX imaging system
equipped with a CCD Photometrics CoolSNAP HQ
camera. The fluorescent images were obtained using
an oil immersion lens 63X NA1.4 and a standard set of
GFP filters (excitation BP470/40, emission BP
525/50). The fluorescent proteins immobilized on the
TALON resin, live embryonic human kidney cells 293
(HEK?293T) cultured in DMEM (also visualized in
DMEM), and target proteins expressing in the cyto-
plasm were visualized and bleached using the following
settings: 25—50 mW/cm? and exposure for 10—100 ms for
signal detection and ~1 W/cm? and exposure for 5 s for
photobleaching. Photobleaching was observed during
time-lapse imaging, i.e., by alternating imaging at the
low light intensity with exposure to radiation of maxi-
mum intensity (using a set of GFP filters). Images
were obtained and quantified using the Leica LAS AF
software.

Fluorescence Lifetime Imaging Microscopy of Purified
Proteins Under Single- Photon and Two-Photon
Excitation

The fluorescent proteins that contain anionic
chromophores are characterized by discrepancies in
spectral properties for one-photon and two-photon
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absorption [63]. Differences in the kinetic characteris-
tics of fluorescence decay have also been described,
which depend on the excitation mode of green FPs of
several spectral forms and light-dependent transitions
between these forms [64]. Therefore, to expand the
scope of the analysis of the time-resolved signal, we
measured the fluorescence decay of all proteins in
both one-photon and two-photon modes. Femtosec-
ond laser pulses (frequency, 80 MHz; 100 fs; up to 25
nJ/pulse) from a Titanium-Sapphire oscillator (Tsu-
nami, Spectra-Physics) pumped by a continuous
green Nd:YVO, laser (532 nm, Millennia Prime 6sJ,
Spectra-Physics) were converted to the second har-
monic in a nonlinear barium borate crystal (BBO,
Model 3980, Spectra-Physics). Femtosecond laser
pulses at the fundamental wavelength were combined
with second-harmonic radiation through a long-wave
dichroic mirror (DMLP650, Thorlabs). Combined
laser beams were fed into an Olympus IX71 inverted
optical microscope through a dielectric filter
(FESHO0750, Thorlabs) set at an angle of 45° and
focused with a lens (40% NAO.75 UPlanFLN, Olym-
pus) on a sample that was placed on a three-coordi-
nate table. Only one of the laser beams was open in
each experiment. The samples were prepared as drops
of purified fluorescent proteins in PBS, pH 7.4
(GIBCO) applied to a standard 24 X 24 mm cover
glass (Heinz Herenz, Germany). The average laser
power reaching the sample was precisely tuned using a
polarizing attenuator, which consisted of a half-wave
plate and a polarizing cube in each of the beams. One-
photon fluorescence excitation in the sample was per-
formed by second-harmonic radiation at an average
power of up to 10 uW at 490 nm. Two-photon exci-
tation was performed at 980 nm and an average laser
power of up to 10 mW. The fluorescence of the sample
excited by a femtosecond laser in both modes passed
back through the lens and the filter that started the
laser radiation. It was then directed to the input of an
Acton SP300i polychromator with two separate out-
puts. A PI-MAX 2 (Princeton Instruments) CCD
camera at the first output of the monochromator was
used to register the fluorescence spectra. The photo-
electric multiplier of the SPC-730 time-correlated
photon counting system (Becker & Hickl GmbH) at
the second output detected the kinetics of the fluores-
cence decay in the spectral range of 510—530 nm. The
fluorescence lifetime data were obtained using the
SPC Image NG software (Becker & Hickl, Germany),
exported in the ASCII format, and analyzed using the
Origin Pro 9 software (OriginLab, United States).
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