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ABSTRACT: Photoactivated localization microscopy (PALM) is a
powerful technique to investigate cellular nanostructures quantita-
tively and dynamically. However, the use of PALM for molecular
counting or single-particle tracking remains limited by the
propensity of photoconvertible fluorescent protein markers
(PCFPs) to repeatedly enter dark states. By designing the single
mutants mEo0s2-A69T and Dendra2-T69A, we completely swapped
the blinking behaviors of mEos2 and Dendra2, two popular PCEPs.
We combined X-ray crystallography and single-molecule microscopy
to show that blinking in mEos2 and Dendra2 is largely controlled by
the orientation of arginine 66, a highly conserved residue in
Anthozoan PCFPs. The Arg66 side-chain conformation affects the
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bleaching and the on-to-off transition quantum yields, as well as the fraction of molecules entering long-lived dark states, resulting
in widely different apparent blinking behaviors that largely modulate the efficiency of current blinking correction procedures. The
present work provides mechanistic insight into the complex photophysics of Anthozoan PCFPs and will facilitate future
engineering of bright and low-blinking variants suitable for PALM.

B INTRODUCTION

Green-to-red photoconvertible fluorescent proteins (PCFPs)
have become popular markers to investigate cellular structures at
the nanoscale with photoactivated localization microscopy
(PALM)."” Beyond standard PALM-based applications with
fixed or live cells, PCFPs are employed in advanced applications
such as a quantitative PALM (q-PALM), to measure protein
copy-number or stoichiometry at the single-molecule level,” or
single-particle tracking PALM (spt-PALM), to extract diffusion
traces from a large pool of target molecules.” However, the
pronounced tendency of PCFPs to transiently enter dark states
(ie, to “blink”) complicates the use of PALM, notably to
investigate cellular nanostructures quantitatively and dynam-
ically. Indeed, a photoconverted (red) PCFP experiencing
multiple blinking cycles before irreversible bleaching may be
confounded with multiple non-blinking molecules, causing
clusterization artifacts in super-resolved images and counting
errors in ¢-PALM.” In spt-PALM, the accurate tracking of highly
mobile target molecules is complicated by prolonged dark
periods of the PCFP labels, during which molecular trajectories
are lost.” Photoblinking affects all fluorescent proteins (FPs)
and was first reported in green fluorescent protein (GFP)
variants.” Blinking photophysics in FPs have been studied by
fluorescence correlation spectroscopy (FCS),°”'? steady-
state,">'* time-resolved,'*'* single-molecule,16_20 structural,”’
and theoretical'»*>** approaches, and have been found to span
a wide range of time scales from fast (~1—100 kHz)*~"" to slow
(~0.1-10 Hz)."*'7** Changes in chromophore protonation,
isomeric state, or spin state have been proposed to be
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responsible for photoblinking,” but a detailed understanding
of blinking mechanisms in FPs is currently lacking.

Blinking can be somewhat reduced by controlling the PCFP’s
nanoenvironment,"*° but this is generally not a viable strategy
in live cells. A number of sophisticated algorithms have been
proposed to correct for blinking in PALM data,"*'**"~*" but the
efficiency of these procedures drops abruptly when the labeling
density increases, or, importantly, when the on-state recovery
rate decreases. Recovery rates below 1 s/, typically observed in
all PCFPs for a fraction of the molecules, are thus particularly
difficult to deal with.

The successful design of “low-blinking” PCFPs would
constitute an important breakthrough for PALM-based
applications. However, the difficulty in setting up efficient
screening protocols to assess blinking properties'> renders the
use of directed-evolution approaches challenging, and rather
prompts at engineering efforts based on rational design. Hence,
gaining more mechanistic insight into the photophysics of
PCFP’s blinking is desirable.

Our earlier work on IrisFP, a PCFP derived from EosFP that
displays, in addition to photoconversion, reversible photo-
switching properties in both its green and red states,*® suggested
the existence of a radical-based transient dark state in which the
C, atom of the chromophore methylene bridge adopts a sp’
configuration, giving rise to a distorted, nonfluorescent
chromophore.”””" Crystallographic data and quantum chem-
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ical/molecular mechanical calculations suggested that Arg66, a
highly conserved residue in PCFPs of Anthozoan origin, located
in the close vicinity of the chromophore, might directly
influence this blinking behavior by transiently donating a proton
to the C, atom. Moreover, Arg66 was proposed to play a
possible role in photobleaching, notably through photo-
oxidative pathways involving decarboxylation of the conserved
Glu212.2277%

Interestingly, Dendra2 and mEos2, two of the most popular
PCFPs in which Arg66 adopts different conformations,”"*
display significantly different blinking and bleaching behav-
jors."”?° In mEos2, like in IrisFP, Arg66 interacts with the
carbonyl group of the chromophore imidazolinone ring. In vitro
immobilized mEos2 displays a high propensity to blink, is
relatively resistant to photobleaching, and an important fraction
of mEos2 dark states are Iong-lived.19 Conversely, Dendra2, in
which Arg66 interacts with the glutamate 212, exhibits a
relatively low propensity to blink, is poorly resistant to
photobleaching, and its dark states are mainly short-lived."
These differences, however, appear to be modulated by the
sample-specific nano-environment." %>’

Previous work has shown that it is possible to control the
conformation of Arg66 through substitution of the residue at
position 69, which, depending on its nature, may or may not
interact with Arg66.>"*° This strategy was used to demonstrate
that the orientation of Arg66 in EosEP,*' Dendra2,* and
pcDronpa® tunes the electron density pattern along the
chromophore in both the ground and excited states, resulting
in shifts of the excitation/emission maxima and protonation
equilibrium (pK,). Here, to isolate the influence of the Arg66
conformation on blinking and bleaching in mEos2 and Dendra2,
we designed the single mutants mEos2-A69T and Dendra2-
T69A and performed combined single-molecule and crystallo-
graphic measurements. The results highlight the profound
influence of Arg66 in controlling the entire photophysical
behavior of Anthozoan PCFPs and provide general insight into
the molecular mechanisms of dark-state formation in these
essential markers.

B EXPERIMENTAL PROCEDURES

Experimental procedures are described in detail in the
Supporting Information.

B RESULTS

Steady-State Spectroscopy. As expected, the single
substitution of the alanine at position 69 by a threonine turns
mEos2 into a Dendra2-like emitter by inducing a hypsochromic
shift of the absorption and fluorescence emission maxima and by
stabilizing the protonated chromophore for both the green and
red forms (Table S1, Figures S1—S4). Likewise, the reverse
mutation T69A turns Dendra2 into a mEos2-like emitter (Table
S1, Figures S1—S4). The Dendra2-T69A chromophore resides
mainly in its anionic fluorescent form at physiological pH,
leading to an increased rate of photon emission compared to its
parent Dendra2.

In Vitro Single-Molecule Measurements Using a Novel
Immobilization Assay. In order to investigate the blinking
behavior of mEos2, Dendra2 and their respective variants, we
developed a single-molecule assay. FPs were immobilized by
covalent cross-linking of their N termini and solvent-exposed
amine groups (lysine and arginine residues) to a glass coverslide
functionalized with (3-aminopropyl)triethoxysilane (APTES)
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Figure 1. (A) Scheme of the functionalization method used to
immobilize single molecules by means of double covalent bonding. (B)
Functionalized coverslides devoid of mEos2 show no red fluorescence
contamination (left). In the presence of photoconverted mEos2,
fluorescence from immobilized single molecules can be identified
(right). (Images are displayed on the same intensity scale.)

and disuccinimidyl suberate (DSS) (Figure 1A; see Supporting
Information for details). This new method allows immobiliza-
tion of any molecule carrying free amine functions without
requiring any particular fixation tag such as biotine, while
allowing full control of environmental conditions (oxygen
content, redox conditions, and pH among others) by simply
changing the mounting medium. This method allows recording
of single-molecule fluorescence time traces with high signal-to-
noise ratio (Figure 1B) while potentially avoiding adverse effects
linked to matrix embedding.’” Agreement between photo-
physical parameters measured on mEos2 and Dendra2 using
either a biotin/streptavidin immobilization assay'® or our
method suggests a neutral effect of DSS anchoring on FPs’
photophysics.

Figure 2A shows characteristic kymograms and fluorescence
time traces of immobilized single-molecules in a PBS pH 7.4
buffer. Dendra2 and mEos2-A69T show a low tendency to blink
before irreversible bleaching. In contrast, Dendra2-T69A and
mEos2 show a marked tendency to blink with short on-times
punctuated by several off-times before bleaching. The change in
brightness caused by the single-substitutions at position 69 also
appears evident. To precisely assess the effect of the A69T and
T69A mutations on the blinking and bleaching behavior of
mEos2 and Dendra2, we measured the average number of blinks
experienced by a molecule, as well as the macroscopic blinking/
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Figure 2. Blinking behavior of in vitro immobilized mEos2, Dendra2 and their respective variants. (A) Characteristic kymograms and fluorescence time
traces of single-molecules. (B) Histograms of the number of blinks experienced by single-molecules. (C) Fraction of molecules that experience at least
one blinking event during their lifetime. Data shown as mean =+ standard deviation of triplicate experiments. *p-value <0.05, **p-value <0.01 obtained

for two-independent-samples t-tests.

Table 1. Blinking and Bleaching Properties of Immobilized mEos2, Dendra2, and Their Respective Variants Measured in Vitro
(PBS, pH 7.4) in Their Photoconverted Red Form

photon budget”

average blinks per molecule”
fraction of blinking molecules (%)
bleaching macroscopic rate (s™')°
blinking macroscopic rate (s™')°
bleaching quantum yield”

blinking quantum yield”

fast blinking quantum yield”

slow blinking quantum yield”
bleaching microscopic rate (s™)*
blinking microscopic rate (s™')¢

fast blinking microscopic rate (s™)°
slow blinking microscopic rate (s™')°
slow recovery rate (s™')/

fast recovery rate (s_l)f

fraction of long-lived dark states (%)

“Photon budget is calculated as the number of photons detected during the lifetime of the protein.

mEos2

(10 + 1) X 10*
0.93 + 0.2

46 + 6

89+ 02

82+ 08

(L1 £02)x 1078
(L0£01) x 107
(24 +£05) x 107¢
(7.6 + 0.8) x 107°
(2.7 £ 0.5) x 10°
(24 £02) x 10°
(0.58 + 1.3) x 10°
(1.8 +£02) x 10®
12 +0.1

168 + 2.1

76 +£2

mEo0s2-A69T

(44 +02) x 10*
0.39 + 0.04

26+ 1

164 + 3.7

6.3 +09

(53 +12)x107°
(20 £02) x 107°
(92 +£02) x 107¢
(1.08 +0.2) X 1075
(12.6 +£ 0.3) x 10°
(4.7 £ 04) x 10°
(22 £ 04) x 10°
(2.5 +0.4) x 10°
14+ 1.6

18.6 + 4.6

54+8

Dendra2

(47 £ 0.7) x 107
0.29 + 0.05

21+ 3

214 + 2.6

62 +0.S5

(50 £ 0.6) x 1075
(14 +£01) x 107°
(52 +08) x 107¢
(8.8 +0.8) x 10°¢
(114 £ 0.1) x 10°
(3.1 £02) x 10°
(12 +02) x 10°
(20 +£0.2) x 10®
1.7 £ 0.9

157 +37

63 + 4

Dendra2-T69A
(7 £ 0.5) x 10*
0.62 + 0.2
36+6
15.8 + 3.0
9.7 £ 0.7
(1.5 +£03) x107°
(9.0 +£ 0.6) x 107¢
(24 +0.6) x 107¢
(6.5 +0.6) x 107¢
(35 +£07) x 10°
(2.1 +0.1) x 10°
(0.58 + 1.5) x 10°
(1.5 +0.1) x 10°
1.6 + 02
157 + 4.5
73+S

bAverage number of blinks is calculated as the

ratio between blinking and bleaching rates (kg/ky;). “Macroscopic bleaching rates are calculated by fitting the bleach-time histograms with a
monoexponential model (see Figure S7 and Experimental Procedures for details). Macroscopic blinking rates are estimated from on-time histograms
after correcting for the contribution of bleaching. dBlinking and bleaching quantum yields are derived from the measured macroscopic rates after
correcting for laser power density, laser wavelength, and molar extinction coefficients of red chromophores (as reported in Table S1). Slow and fast
blinking quantum yields are calculated as @y gow = Pblinkflong A0 Pplinkfast = Oopin(1 — flong), respectively, with @y, the blinking quantum yield and
Jiong the fraction of long-lived dark states. “Microscopic rates are calculated as the ratio between phototransformation’s quantum yields and excited
state lifetimes (see Table S1)./Slow and fast recovery rates are obtained by fitting the off-time histograms with a double-exponential model (Figure
4A and Figure S7). Values are given as mean = standard deviation from triplicate experiments.

bleaching rates based on the analysis of single-molecule
fluorescence time traces retrieved with a refined version of the
method proposed by Lee et al.'®"’

The single-substitutions A69T in mEos2 and T69A in
Dendra2 essentially swap the blinking propensities of the two
PCFPs (Figure 2B,C). The average number of blinks per
molecule in mEos2 (0.93) drops by a factor of 2.4 in the A69T
mutant (Table 1). Accordingly, the fraction of mEos2-A69T
molecules that experience blinking is reduced by a factor of 1.8
(26% vs 46% for mEos2). In contrast, the single substitution
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T69A in Dendra2 increases the average number of blinks
experienced by a molecule by a factor of 2.1 and the fraction of
blinking molecule by a factor of 1.6. Interestingly, while
Dendra2-T69A displays an overall photophysical behavior
similar to that of mEos2 (Table S1), it is fully monomeric at
high concentration (Figure SS), whereas mEos2 is known to
dimerize.”

The observed number of blinks of a FP, as shown in Figure 2,
is dictated by both its reversible dark-state conversion and its
irreversible bleaching kinetics ((Nyy) = ka/kyy, with k4 the dark-
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state-conversion and ki the bleaching rates'”). We measured ky
and k| for Dendra2, mEos2, and their respective mutants by
fitting the on-time and bleach-time histograms reconstructed
from the single-molecule fluorescence time traces (Figure S6),
according to the kinetic model presented in Figure S7. The
single-substitution A69T in mEos2 results in a 1.8-fold increase
in the bleaching rate and a 1.3-fold decrease in the dark-state-
conversion rate (Figure 3AB, Table 1). In contrast, the
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Figure 3. Blinking (A) and bleaching (B) rates measured for in vitro
immobilized mEos2, Dendra2 and their respective variants. Blinking
(C) and bleaching (D) quantum yields retrieved after correcting for
local laser power densities and molar extinction coeflicients of the
anionic red forms at the excitation wavelength (reported in Table S1).
Data shown as mean =+ standard deviation of triplicate experiments. *p-
value <0.0S, **p-value <0.01 obtained for two-independent-samples t-
tests.

Dendra2-T69A mutant displays a 1.3 times decrease in the
bleaching rate and a 1.6-fold increase in the dark-state-
conversion rate (Figure 3A,B, Table 1). Correcting for the
excitation rates, which depend on local laser power density and
extinction coefficients at the excitation wavelength (Table S1),
the quantum yields of bleaching and dark-state-conversion can
be estimated (for details see ref 18). Due to the large differences
in extinction coefficients, which mostly result from substantial
deviations in chromophore pK.s, it appears that the bleaching
quantum yields of Dendra2 and mEos2-A69T largely exceed
those of mEos2 and Dendra2-T69A and that, more surprisingly,
their dark-state-conversion quantum yields also stand above,
although to a lower extent (Table 1, Figure 3C,D). The reduced
observed number of blinks in Dendra2 and mEos2-A69T
relative to mEos2 and Dendra2-T69A thus results from strongly
increased bleaching, not from reduced conversion to reversible
dark states.

Next, we analyzed the off-time distributions of the four PCFP
variants. As shown by others,"”*® the off-time histograms are
well fitted by a double-exponential model, suggesting the
existence of two dark states characterized by different lifetimes
(Figure 4A, Figure S8). The data show that mEos2 and
Dendra2-T69A enter more frequently into long-lasting dark
states (76% and 73% of the blinking population, respectively)
compared to mEo0s2-A69T and Dendra2 (54% and 63% of the
population, respectively) (Figure 4B, Table 1). The on-state
recovery rates do not significantly vary between all variants
(Figure S8A), suggesting that the same dark states are populated
and that their thermodynamics is not strongly affected by the
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Figure 4. Behavior of dark-state populations of in vitro immobilized
mEos2, Dendra2, and their respective variants. (A) Off-time
distributions fitted by a double-exponential model represented as
black dotted lines. (B) Fractions of blinking molecules entering a long-
lived dark state. Data shown as mean =+ standard deviation of triplicate
experiments. *p-value <0.05, **p-value <0.01 obtained for two-
independent-samples t-tests.

orientation of Arg66. Furthermore, in agreement with previous
reports,'” we found that only the slow recovery rate is influenced
by 405 nm light (Figure S8B). Taking into account the fraction
of molecules that enter short and long-lived dark states,
respectively, the quantum yields for fast and slow blinking can
be obtained (Table 1).

To relate our single-molecule data with the bulk behavior of
our PCFPs, we performed additional measurements at the
ensemble level. In the case of mEos2 and Dendra2-T69A, the
data clearly suggest that a large fraction of the population enters
a dark state that recovers on the several minutes to seconds time
scale in the absence or presence of 405 nm light, respectively
(Figure S9). For Dendra2 and mEos2-A69T, in contrast, a lower
fraction of the population enters a dark state, with similar
recovery rates in the presence of 405 nm light.

The data are thus consistent with the ensemble-level dark
state corresponding to the long-lived dark state evidenced at the
single-molecule level. The lower amount of recovery observed in
Figure S9 for Dendra2 and mEos2-A69T also fully agrees with
photobleaching being higher in the case of these two variants.
However, the ensemble data are not consistent with the
magnitude of the photobleaching quantum yields measured at
the single-molecule level. Considering the large difference in
laser excitation intensities used in ensemble and single-molecule
experiments, this finding is in line with a nonlinear photo-
bleaching mechanism that depends on the subsequent
absorption of two photons.

In order to get further insights into the blinking and bleaching
mechanisms, we investigated their sensitivity to the local nano-
environment, which can be conveniently performed using our
immobilization assay. We characterized the photophysical
behavior of our PCFPs at the single-molecule level in anaerobic
conditions using a glucose/glucose oxidase/catalase O,-
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scavenging system, and in a strong oxidizing environment using
Fe(CN)g. For both conditions, a significant drop in the signal-
to-noise ratio of the data was noticed for all variants. The
bleaching quantum yield of mEos2 in the absence of oxygen was
found significantly increased compared to normal oxygenated
conditions (Figure S10). This suggests that under the strong
illumination conditions used in PALM, bleaching mainly occurs
through an oxygen-independent mechanism likely to involve the
triplet state, the lifetime of which is increased in the absence of
O,. Consistently, in the presence of Fe(CN)g, the bleaching
quantum yield strongly increased, highlighting the sensitivity of
the chromophore to redox-driven photochemistry. In parallel,
the fraction of mEos2 molecules experiencing fast blinking
relative to slow blinking was found increased in both anaerobic
and oxidative conditions. These findings are consistent with fast
blinking also involving triplet state redox chemistry, while slow
blinking could be triggered by conformational dynamics
occurring in the singlet excited state. Similar findings were
found for all variants (Figure S10).

In Cellulo Single-Molecule Measurements. To assess the
effect of the cellular environment, we performed single-molecule
measurements on fixed HeLa cells expressing mEos2, Dendra2,
or their respective variants free in the cytoplasm. Arg66 was
found to control the mean number of blinks, the rates of
bleaching and dark-state conversion, and the fraction of
molecules entering the long-lived dark state in a similar manner
as was found in vitro (Table S2, Figures S11 and S12). Despite
rather strong variability between individual measurements,
which we attribute to intercellular heterogeneity, a tendency
for increased bleaching was noticed, when compared to the in
vitro results. This could result from the redox-active cytoplasmic
environment.

Crystallographic Studies. In order to get insights into how
Arg66 controls the bleaching and blinking mechanisms at play in
the studied PCFPs, we solved the crystallographic structure of
mEos2-A69T (green form, PDB access code: SDTL) and
compared it to those of mEos2 (PDB access code: 3S05) and
Dendra2 (PDB access code: 2VZX). The structure of mEos2-
AGI9T confirms that the single mutation on residue 69 was
sufficient to transform the chromophore environment of mEos2
into the one of Dendra2 (Figure S). In mEos2, Arg66 adopts a
stretched conformation toward the chromophore in which the
guanidinium moiety interacts with the carbonyl group of the
imidazolinone ring while standing 6.5 A away from the carboxyl
group of Glu212. The distance between the N, atoms and the
chromophore C, atom is ~3.5 A (Figure S, Table 2). This
distance shrinks to ~3.2 A for N,, in a model inspired from
blinked IrisFP”' in which the chromophore is placed in a
distorted sp® geometry (Figure SB, Table 2). In comparison, in
Dendra2 and mEo0s2-A69T, the conformation adopted by the
Arg66 side chain is curled, as a result of the interaction between
the hydroxyl group of Thr69 and the e-amine of the
guanidinium moiety (Figure SC,E). Consequently, the N,,
atom now forms a salt bridge with the carboxyl group of
Glu212. In this conformation the guanidinium does not interact
with the imidazolinone carbonyl of the chromophore but points
directly below the methylene bridge so that the distance
between atom N,; of Arg66 and atom C, of the chromophore
shrinks from ~3.5 to <2.9 A in a putative distorted blinked state,
largely below the distance measured for mEos2 (Figure SD,F).
Overall, in Dendra2 and mEos2-A69T, Arg66 appears to be in a
more favorable position to promote decarboxylation of Glu212
and to donate a proton to the C, atom in a coupled electron-/
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Figure S. Crystallographic structures of mEos2 (A,B), Dendra2 (C,D),
and mEos2-A69T. (E,F) Hydrogen bonds are represented as black
dotted lines. Distorted chromophores (light gray in B, D, and F) are
attributed to a short-lived dark state. The geometry of the distorted
chromophores was taken from the X-ray structure of an IrisFP short-
lived dark state (PDB access code: 3TMT”?) and chromophore
alignments were performed by least-squares minimization.

Table 2. Distances (A) between Key Atoms Involved in
Bleaching and Blinking, from Crystallographic Structures

mEos2 mEo0s2-A69T Dendra2
N”Argéé_czochmmophore 3.12 4.15 3.88
N”Arg66_c=oGlu212 5.8 33 3.17
N”Argéé_c_o— Glu212 6.54 3.97 3.83
N,,Argéﬁ_cap]anar chromophore 345 3.54 348
N”Argﬁﬁ_ca IrisFP distorted chromophorea 3.19 /3.30b 2.85 2.59

“The reported distances may be underestimated due to the structural
response of the FP scaffold to the distortion of the chromophore in the
short-lived dark state. “For mEos2, Arg66 adopts a conformation in
which N,71 and N,72 stand close to the benzylidene carbon in the
distorted state, while in mEos2-A69T and Dendra2, the curled-up
conformation allows an interaction between the benzylidene carbon
and only one out of the two N,

proton-transfer process.”> We note that although these
conclusions derive from crystallographic structures obtained in
the green states of the PCFPs, they are expected to remain valid
in the red states, as green-to-red photoconversion is known to
imply only very minor structural reorganization around the
chromophore, and thus does not substantially modify the Arg66
interaction pattern.2

Design of mE0s2-R66L. In a quest for low-blinking and
photostable PCFP variants, we sought to design a mEos2
mutant in which the nature of the residue at position 66 would
avoid any electrostatic interaction and proton exchange with
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either the chromophore or Glu212. The almost isosteric variant
mEos2-R66L could be successfully engineered but the
chromophore was found mainly protonated at pH 7.4 and did
not show detectable photoconversion to a red form under 405-
nm illumination (Figure S13). Moreover, in its green form, this
variant showed a pronounced photochromic behavior under
alternating illumination with 488- and 405-nm light, similarly to
the mGeos™or Skylan-S* variants (Figure S13). These data
show that Arg66, in addition to blinking and bleaching, also
plays an essential role in green-state photoswitching and in
green-to-red photoconversion, suggesting that mutating this
residue is unlikely to be a viable strategy to rationally engineer
improved PCEFPs.

B DISCUSSION

The combined analysis of the single-molecule and crystallo-
graphic data reveals how the single residue Arg66 precisely
controls blinking and bleaching in Anthozoan PCFPs and
provides insight into the associated molecular mechanisms.
Notably, quantitative analysis of the single-molecule fluores-
cence traces allows extracting the quantum yields of the studied
phototransformations in the experimental conditions of local-
ization microscopy. Microscopic rates can then be obtained as k
= ¢p/7, with ¢ the quantum yield and 7 the excited-state lifetime.
These microscopic rates, reported in Table 1, provide an
absolute measure of the propensity to enter a given photo-
transformation pathway. Hence, they provide general guidelines
for a fair mechanistic comparison between our four variants
(Figure 6).

The much higher microscopic bleaching rate of Dendra2 and
mEo0s2-A69T as compared to Dendra2-T69A and mEos2
(>220% increase) strongly suggests that the orientation of
Arg66 controls the bleaching mechanism. Our findings are
consistent with the hypothesis that Arg66 favors Glu212
decarboxylation when its guanidinium group directly interacts
with this residue through a salt bridge. In IrisFP, Glu212
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decarboxylation has been shown to be a dominant photo-
bleaching pathway under high-intensity laser illumination
(~kW/cm?), as typically employed in single-molecule local-
ization microscopy. This mechanism is oxygen independent and
involves the triplet state as a starting point, in line with the
increased bleaching we observed in mEos2 under anaerobic
conditions. Glu212 decarboxylation in FPs has been proposed
to proceed from the carboxylate conjugate form of the
glutamate*' through a Kolbe-like photoreaction that involves a
*CH, radical intermediate’>*>** followed by protonation to
form a final methyl group. In Dendra2 and mEos2-A69T, the
strong saline interaction between the positively charged Arg66
and the Glu212 likely results in a stabilization of the conjugate
base of the carboxylic acid function carried by the glutamate,
accounting for the higher microscopic bleaching rates. More-
over, the electrophilic Arg66 guanidinium moiety may also favor
Glu212 decarboxylation via an electron-withdrawing effect that
would result in a weakening of the C,—C; bond. In addition,
Arg66 could provide the final proton to the *CH, species, as it
does to the C, atom in case of blinking, as described above.””
Interestingly, such scenario is corroborated by the higher
photoresistance of mOrange relative to its parent DsRed, in
which the conformation of the amine-carrying residue Lys70 (66
in PCEPs) is not interacting anymore with Glu21S (212 in
PCFPs). >

The higher propensity of Dendra2 and mEos2-A69T to
switch from the on state to the short-lived dark state, compared
to Dendra2-T69A and mEos2 (>100% increase), together with
the crystallographic observation of a reduced distance between
Arg66 and atom C, of the putatively distorted chromophore,
strongly suggest that the short-lived dark state corresponds to a
radical-based chromophore in which the C, atom is protonated
and sp’-hybridized. This is further substantiated by our
observation that recovery from the short-lived dark state is
not accelerated by 405-nm light illumination (Figure S8B), in
line with the distorted state in IrisFP not absorbing visible
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1ight.31 In such a mechanism, the shorter distance in Dendra2
and mEo0s2-A69T between the N, atom of Arg66 and atom C,
of the chromophore would favor proton tunneling in a coupled
electron-/proton-transfer pathway.”> Furthermore, such a
redox-based mechanism, also proposed to involve the triplet
state as a starting point,”* would not be discouraged in anaerobic
conditions, as observed.

The long-lived dark state responds to stimulation by 405-nm
light and is thus assigned to a hydroxy-phenol protonated state
of the chromophore. The percent changes in the propensity of
Dendra2 and mEo0s2-A69T to switch to this state, relative to
Dendra2-T69A and mEos2 are relatively moderate (+33% and
+38% increase in rates, respectively), suggesting that Arg66 does
not play a major role in the associated mechanism. The limited
accuracy of our phototransformation quantum yields resulting
from potential residual systematic errors in the determination of
the molar extinction coefficients in the red state of PCFPs
indeed prevents us to consider the observed changes significant.
A first candidate for the long-lived dark state could be the trans
protonated form of the chromophore. However, several
arguments argue against this hypothesis. First, it has been
reported for Dronpa that the trans isomer of the chromophore is
more likely populated if the Arg66 and the imidazolinone ring
interact, as it does in mEos2, by favoring single bond 7-
rotation.” Time-resolved Fourier transform infrared spectros-
copy (FTIR) revealed a weakening of the Arg66-imidazolinone
bond during cis—trans isomerization, explaining why Arg66 can
easily lose interaction with the chromophore in the trans state.**
Second, the presence of an interaction between Arg66 and
Thr69, as in Dendra2, has been proposed to reduce formation of
the trans isomer in monomeric Azami Green (mAG)."* In such
curled conformation, Arg66 stands closer to His194 that thus
gets clogged due to stronger van der Waals interactions, limiting
chromophore isomerization. Thus, if our long-lived dark state
would correspond to a trans chromophore, we would expect
significantly higher microscopic rates for mEos2 and Dendra2-
T69A, contrary to our findings. Furthermore, trans chromo-
phore conformations in reversibly switchable FPs are typically
highly stable, with lifetimes up to many hours in the dark, at
variance with our ensemble-level experiments.

The above-mentioned observations lead us to attribute slow
blinking in our PCFP variants to a protonated cis or twisted
state. As the planar cis protonated form is expected to live for
only microseconds,*** a yet-uncharacterized twisted ground-
state protonated form appears more likely. Such a form could
possibly be reached via twisted internal charge transfer (TICT)
involving rotation around the chromophore phenoxy exocyclic
C—C bond. The importance of TICT pathways, and their
coupling with chromophore protonation has been recognized in
several studies.””™* Due to the lack of interaction between
Arg66 and the imidazolinone carbonyl moiety in Dendra2 and
mEos2-A69T, a more pronounced single-bond character of the
phenoxy bond is expected in these variants, favoring engage-
ment into a phenoxy TICT channel and consistent with the
relative microscopic rates we measured. Moreover, a phenyl
twisted conformer of the chromophore may relax to a ground
state predicted to be long-lived."” Importantly, twisting through
TICT channels is strongly governed by the electronic nature of
the chromophore surrounding, and again the different Arg66
orientations in our variants could play an important role in this
respect, similarly to what has been proposed in the
chromoprotein Phanta and its variants.*’ Finally, a long-lived
dark state reached through a TICT channel would be consistent
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with a singlet, rather than triplet, excited-state process, in line
with our data. Nevertheless, further experimental and theoretical
investigations are needed to test this proposal.

B CONCLUSION

We have shown that the conserved amino acid Arg66 controls
the entire range of photophysical properties in Anthozoan
PCEFPs: brightness, photoconversion, photoblinking and photo-
bleaching. Exchanging the conformation of Arg66 in mEos2 and
Dendra2, which only share 72.2% sequence identity, is sufficient
to completely swap the photophysical behaviors of these two
PCFPs. Thus, the reason for which mEos2 is currently preferred
for applications requiring high photon counts, whereas Dendra2
is better suited for molecular counting or tracking experiments
can be essentially related to the different conformations of
Arg66.

In the course of this work, we have also introduced a simple in
vitro single-molecule immobilization assay based on disuccin-
imidyl suberate cross-linking that allows full control of the
physicochemical environment while avoiding the need for any
protein engineering. Another outcome of this study is the design
of Dendra2-T69A. This variant combines the high photon
budget of mEos2 with the fully natural monomeric character of
Dendra2. As natural monomers have been found preferable to
engineered monomers,”’ Dendra2-T69A could advantageously
replace mEos2 or possibly even its advanced variants™ in
applications requiring maximized photon output but in which
the latter PCFPs affect fusion gene functionality.

This work provides insight into photobleaching and blinking
mechanisms in green-to-red photoconvertible FPs of Anthozoan
origin. Under the laser illumination conditions used in
localization microscopy, Glu212 decarboxylation appears to be
a main pathway for redox-induced photobleaching.”**!
Chromophore distortion and twisting are likely candidates for
short-lived and long-lived dark-state formation, respectively.
Further comparative studies with other recently developed
PCFPs*****"*? and possibly in live cells should be performed to
confirm these hypotheses and provide an even more refined
picture of the complex blinking and bleaching mechanisms at
play in these smart labels. Engineering of bright and low-
blinking PCFPs displaying efficient green-to-red photoconver-
sion is likely to be challenged by the central role of Arg66.
Dendra2-T69A could nevertheless be a favorable starting
template. Mutations increasing the steric hindrance or altering
the electrostatic potential around the phenoxy moiety of the
chromophore in order to reduce phenoxy ring twisting should
be envisaged to design optimized variants for counting and
tracking purpose.
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