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ABSTRACT: Green-to-red photoconvertible fluorescent proteins mEosdb S ITisEP
(PCFPs) are key players in advanced microscopy schemes such as AH-bonds= 3.5 AH-bonds = 2.0
photoactivated localization microscopy (PALM). Whereas photo- >
conversion and red-state blinking in PCFPs have been studied
intensively, their green-state photophysical behavior has received less
attention. Yet dark states in green PCFPs can become strongly
populated in PALM schemes and exert an indirect but considerable
influence on the quality of data recorded in the red channel.
Furthermore, green-state photoswitching in PCFPs can be used directly for PALM and has been engineered to design highly efhicient
reversibly switchable fluorescent proteins (RSFPs) amenable to various nanoscopy schemes. Here, we demonstrate that green
mEos4b efficiently switches to a long-lived dark state through cis—trans isomerization of its chromophore, as do most RSFPs.
However, by combining kinetic crystallography, molecular dynamics simulations, and Raman spectroscopy, we find that the dark
state in green mEos4b is much more dynamic than that seen in switched-off green IrisFP, a biphotochromic PCFP engineered from
the common EosFP parent. Our data suggest that H-bonding patterns maintained by the chromophore in green PCFPs and RSFPs
in both their on- and off-states collectively control photoswitching quantum yields. The reduced number of H-bonds maintained by
the dynamic dark chromophore in green mEos4b thus largely accounts for the observed lower switching contrast as compared to that
of IrisFP. We also compare the long-lived dark states reached from green and red mEos4b, on the basis of their X-ray structures and
Raman signatures. Altogether, these data provide a unifying picture of the complex photophysics of PCFPs and RSFPs.

B INTRODUCTION PALM."" Whereas PCFPs have been discovered exclusively in
anthozoan species,'” RSFPs have been evolved both from
hydrozoan'>'* and from anthozoan species.'” In fact, whereas
green-to-red photoconversion based on the photo-Kolbe
mechanism is a specific property of a limited set of fluorescent
proteins that all incorporate a histidine at the first position of
their chromophore triad," reversible photoswitching is a much
more widespread characteristic exhibited by many FPs.
Nevertheless, some of the most popular RSFPs of anthozoan
origin such as Dronpa variants (Pectiniidae sp.) display
chromophore pockets highly similar to those of well-known
PCFPs such as those derived from EosFP (Lobophyllia sp.) or
Dendra (Dendronephthya sp.).° Overall, the photophysical
mechanisms of PCFPs and RSFPs are highly intertwined and
need to be apprehended in a global manner.

As PCFP markers are mostly used in SMLM approaches,
their complex photophysical behavior has often been studied in

Fluorescent proteins that can change their fluorescent state
upon illumination, often referred to as phototransformable
fluorescent proteins (PTFPs), have played a central role in the
recent development of super-resolution microscopy.’ Among
those, green-to-red photoconvertible fluorescent proteins
(PCFPs) irreversibly shift their emission spectra upon
illumination with UV light, as a consequence of a photo-
induced backbone breakage (so-called photo-Kolbe) reaction
that extends the electron conjugated system of the
chromophore.” PCFPs have become highly popular markers
for single-molecule localization microscopy (SMLM)® notably
in live cells and for dynamic studies based on techniques such
as single-particle tracking PALM (sptPALM).»* On the other
hand, reversibly switchable fluorescent proteins (RSFPs) are
able to undergo several cycles of switching between a
fluorescent on-state and a nonfluorescent off-state, most
often as a consequence of light-induced cis—trans isomerization
of their chromophore.® RSFPs have found more applications in Received: February 17, 2020
the development of super-resolution techniques such as Published: May 28, 2020
RESOLFT (reversible saturable optical fluorescence transi-

tions),” NL-SIM (nonlinear structured illumination),® or SOFI

(superresolution optical fluorescence imaging),”'’ and some

RSEPs have also been successfully employed in multicolor
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Figure 1. Long-lived dark state in green mEos4b. (A) Absorption (plain lines) and fluorescence emission (dashed lines) spectra on PVA-embedded
mEos4b during 488 nm illumination (from green to black). Absorbance spectra are cut at 543 nm for clarity. See materials and methods in the
Supporting Information for the higher apparent residual absorbance than fluorescence emission at the end of the illumination. The inset shows the
evolution of the fluorescence during five switching cycles of subsequent cyan and UV illumination. (B) Comparison between mEos4b in its green
state (green) and Green,y; dark state (gray) in the Fopg gui — Fealbright difference electron density map contoured at —3 rmsd (orange) and +3 rmsd
(blue). (C) Structure of the bright and Green, state (green and gray, respectively). Major conformational changes upon entering Green,; are
indicated by arrows. (D) Structural comparison between off-switched green mEos4b (Green,g gray) and off-switched green IrisFP (cyan, PDB ID:
2VV], chain C). H-bonds possibly established between the chromophore and the surrounding pocket are indicated by dashed lines (H-bond
criterium: distance smaller than or equal to 3.2 A). Spheres indicate water molecules. (E) Superposition of models derived from ensemble
refinement of mEos4b in its green bright state. (F) Superposition of models from ensemble refinement of mEos4b in its green dark state.

the red state and addressed at the single-molecule level. In
particular, the propensity of photoconverted PCFPs to
repeatedly enter reversible dark states, referred to as blinking,
is of major concern, due to severe complications introduced in
the interpretation of PALM data.'® Blinking in PCFPs can be
categorized into three types. Fast blinking occurs on the
microsecond to millisecond time scale and can be associated
with transient protonation of the hydroxyl group in the para
position of the hydroxybenzylidene moiety of the chromo-
phore or to intersystem crossing to the triplet state T, followed
by return to the ground state."’~*° Medium-rate blinking has
been proposed to result from redox chemistry occurring in T,
leading to the build-up of radical states with lifetimes in the
several milliseconds time range.”'~>* Recently, slow blinking
has been shown to involve photoswitching through cis—trans
isomerization coupled to protonation of the chromophore as
observed in RSFPs.”> The associated dark times are
illumination and environment sensitive’>~>® and, under typical
illumination intensities used in PALM, may last hundreds of
milliseconds to several tens of seconds.

The mechanisms driving green-to-red photoconversion in
PCFPs have been the subject of many experimental and
theoretical studies.”” However, because only the red-state
fluorescence is recorded in PALM experiments, little attention
has generally been given to the study of dark-state formation
prior to photoconversion in these markers. Yet, recent studies
have shown that green-state photophysics greatly matters.
Notably, reversible photoswitching and photobleaching in that
state reduce the population of fluorophores amenable to
photoconversion to the red state and modify photoconversion
kinetics.”*** Photoswitching and photobleaching of green
mEos variants were shown to occur upon 488 nm illumination

but also under strong 561 nm illumination, due to the so-called
Urbach tail effect, which implies that the readout laser used in
PALM directly affects PCFPs in their green state’® and
contributes to reducing the overall photoconversion efhi-
ciency.””** Whenever 488 nm light is used in SMLM
experiments, in multicolor mode, ™ or, as we recently
suggested, to reduce long-lived blinking in sptPALM,25 green-
state photophysics is even more at play. Recently, it was
proposed that combined illumination at 505 and 400 nm
achieved faster and more efficient photoconversion of LEA, an
engineered ancestral PCFP, with photoconversion arising
directly from the switched-off green state.”> Interestingly, it
was also demonstrated that illumination at 470 nm prior to
photoconversion of SAASoti, a PCFP exhibiting pronounced
green-state photoswitching, resulted in modified red-state
photophysics after photoconversion.”"

Beyond its effect on photoconversion and subsequent red-
state photophysics, the engineering of reversible photo-
switching in green PCFPs has also been of rising interest.
The proteins IrisEP,”* mlIrisEP,*” and NijiFP** (derived from
EosFP, mEosFP, and Dendra2, respectively) were engineered
to exhibit rapid and eflicient photoswitching in both their
green- and their red-states, which enabled pulse chase two-
color SMLM experiments.39 Conversely, pcDronpa was
designed to incorporate photoconversion into the RSFP
Dronpa.*' Lately, green RSFPs have been engineered from
PCFPs, essentially by removing the photoconversion capability
of their parent proteins: this was achieved in the mGeos family
(evolved from mEos2),*” in Skylan-S” and Skylan-NS®
(evolved from mMaple3), and in G-MarsQ variants"™ (evolved
from mEos3.1). Finally, mEosEM, a variant of mEos4b
recently engineered to exhibit strong resistance to osmium

https://dx.doi.org/10.1021/jacs.0c01880
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staining and Epon embedding, was shown to allow PALM
imaging through green-state photoswitching, as green-to-red
photoconversion was lost upon fixation.**

Importantly, in all nanoscopy applications relying on
reversible photoswitching of the fluorescent markers, a key
performance parameter is the so-called switching contrast,
which largely dictates the reachable resolution gain.** At the
ensemble level, switching contrast is typically derived from the
measurement of the residual steady-state fluorescence after off-
switching of an RSFP. It is mostly a consequence of the
propensity of the off-state chromophore to be switched back to
the on-state by the employed off-switching actinic light. It is
therefore important to evaluate mechanisms controlling
switching contrast in the above-mentioned RSFPs.

Although several X-ray structures of RSFPs in their off-state
have been published,'”*®*"*~* the exact nature of the
photoswitched state in green PCFPs that have not been
engineered to exhibit strong photochromism has remained
unknown to date. This is notably the case for the popular
mEos variants from which most PCFP-derived RSFPs have
been engineered, although the structure of a so-called
“frustrated” isomerized state has been recently captured by
us in photoconverted red mEos4b.”> mEos4b is a bright and
highly monomeric variant of mEos2 that was designed to
withstand a high concentration of osmium tetroxide (OsO,) in
correlative light and electron microscopy (CLEM)." Here, we
investigate the structural basis for green-state photoswitching
in mEos4b, and, using molecular dynamics simulations, we
compare the off-state dynamics of this PCFP with that of green
IrisFP, which was designed to display efficient photoswitching
and only differ from all mEos variants, at the level of the
chromophore pocket, by the single mutation Phel73Ser.*® The
highly dynamic chromophore and low number of H-bonds
anchoring the green chromophore to the surrounding B-barrel
scaffold observed in the dark state of mEos4b provide insight
into a possible mechanism controlling switching contrast in
RSFPs. Finally, we present Raman spectra of green and red
mEos4b in both their bright and dark states and provide a
structural comparison between those latter states.

B RESULTS

Photoswitching of Green mEos4b. At the ensemble
level, mEos4b in its green state exhibits substantial photo-
chromism, similar to that of mEos3.2 and slightly more
pronounced than that of mEos2 (Figure 1A, inset, and Figure
S1). Dark-state formation was characterized by the decay of
the absorbance band characteristic of the anionic chromo-
phore, which peaked at 504 nm, and the rise of the band
assigned to a protonated chromophore, which peaked at ~390
nm (Figure 1A). The stability of the anionic peak position and
width during illumination suggests that no dark anionic species
is formed (Figure S2). A comparison of the switching kinetics
of green mEos4b with IrisFP, Dronpa, and mGeosM, three
representative RSFPs exhibiting fast, medium, and slow
photoswitching, respectively, is presented in Figure S1B.
Upon illumination with 488 nm light, green mEos4b switches
approximately 60 times slower than does green IrisFP, 5 times
slower than Dronpa, and as fast as mGeosM (Figure S1B and
Table S1). Back switching to the on-state of mEos4b under
405 nm light is however only ~5 times slower than that for
IrisFP, and ~1.5 times slower than that for Dronpa. The
mEos4b photoswitching contrast, calculated as the ratio
between the fluorescence intensities before and after photo-

switching, was measured to be 34 + 3, significantly lower than
the switching contrast of IrisFP (82 = 19) but similar to those
of Dronpa and mGeosM (Table S1). Thermal recovery was
also measured to be slower in green mEos4b (half-time of ~2.8
h) as compared to IrisFP (~0.5 h) (Figure S3). As was
observed previously for mEos2,”” the minimal kinetic model
allowing satisfactory fit of the mEos4b on-to-off switching
curve involves the formation of two reversible and one
nonreversible dark states (Figure S4). The nonreversible loss
of green fluorescence is mainly assigned to photobleaching,
possibly through sulfoxidation of Metl59 that results in a
permanently protonated chromophore,® although residual
green-to-red photoconversion by 488 nm light may also
slightly contribute.”* The shorter-lived reversible dark state
is sensitive to light, relaxes with a rate of ~0.32 slat 7 W/em?
of 488 nm illumination (Figure SS), and therefore accumulates
only transiently (Figure S4). The triplet state T, and a short-
lived dark state derived from T, and previously assigned to a
nonabsorbing radical state exhibiting a distorted chromo-
phore™ are likely to relax too rapidly to be detected under the
low illumination intensity conditions employed here. In the
following, we turned our attention to the long-lived dark state
(referred to as Greenoff) mostly responsible for the observed
off-switching of mEos4b.

Structure of the mEos4b Green State. To probe the
mechanism of green mEos4b associated with the formation of
the long-lived dark state, we used kinetic crystallography.*” We
first grew crystals and investi%ated their switching behavior
with microspectrophotometry.”” Upon gentle illumination with
488 nm light, absorbance and fluorescence emission spectra
recorded in crystallo (Figure S6) showed changes similar to
those recorded in solution (Figure 1A). Dark-state formation
was also reversible in the crystalline state, as the spectral data
corresponding to the fluorescence state could be swiftly
recovered by subsequent illumination with 405 nm light
(Figure S7A).

We then selected a high-quality green mEos4b crystal,
switched it under spectroscopic monitoring, cryocooled it for
crystallographic data collection, and compared the obtained
structure with that of mEos4b in the green fluorescent state.”
Electron difference density maps at 2.4 A resolution revealed
pronounced conformational changes, indicative of cis—trans
isomerization of the chromophore (Figure 1B). Structural
changes were observed only in the vicinity of the chromophore
pocket (Figure S8). Consistent with the predicted low
occupation of all of the other dark or fluorescent states after
488 nm illumination (Figure S9), structural refinement of the
mEos4b Green,; state revealed an essentially fully occupied
trans configuration of the chromophore. Control experiments
also revealed that the observed electron difference density
features disappeared upon further illumination of the crystal
with gentle 405 nm light (Figure S7).

The structural changes that accompany dark-state formation
in green mEos4b are largely similar to those seen in green
anthozoan RSFPs such as Dronpa,52 pcDronpa,41 IrisFP,*® and
mTFP0.7,* which suggests that, despite restricted space to
accommodate a trans chromophore, a similar photoswitching
mechanism takes place (Figure 1C,D). Notably, the tightly H-
bonded triad Glul44—His194—Glu212 in the cis configuration
is replaced by the Glul44—Arg66—Glu212 triad in the trans
configuration, with His194 or Arg66 stabilizing the chromo-
phore by z-stacking and 7-cation interactions with the
hydroxybenzylidene moiety, respectively (Figure S10). The

https://dx.doi.org/10.1021/jacs.0c01880
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Figure 2. Comparative molecular dynamics simulation of green mEos4b and IrisFP in their switched-off state. (A) Time evolution of tilt (black)
and twist (red) dihedral angles during six concatenated MD simulations (6 ns each) of mEos4b (left) and IrisFP chain C with inward Ser142
orientation (right). (B) Time evolution of the distance between the chromophore hydroxybenzylidene oxygen (O3) and Glul44 (OE2) (black)
and water W1 (water molecule 403 in the case of mEos4b and water molecule 2032 in the case of IrisFP) (red) during the six MD runs of mEos4b
(left) and IrisFP chain C (right). The insets show a zoom of the 3.6—4.6 ns interval. (C) Time evolution of the distance between the Glu212
(OEL1) carboxyl oxygen and the chromophore imidazolinone nitrogen (N15) during the six concatenated MD runs of mEos4b and IrisFP chain C.

Pictures on the left of each panel highlight the studied parameters.

trans state is also stabilized by the ability of Ser142, which
establishes a strong H-bond with the hydroxybenzylidene
moiety in the cis state, to orient toward the surrounding solvent
and find a compensating H-bonding partner in Glul58 once
the chromophore has been isomerized (Figure 1D).**
Protonation of the chromophore in the trans state is then
explained by the change in electrostatic environment relative to
the cis state.>**

In IrisFP, the Phel73Ser single-point mutation induces a
reorientation of MetlS9 that creates a pocket above the
chromophore hydroxybenzylidene ring and greatly facilitates
chromophore isomerization. Interestingly, the absence of such
a pocket in mEos4b does not preclude such isomerization. We
therefore investigated further how this PCFP still manages to
sustain the chromophore in the trans configuration.

First, we noticed that, in comparison to IrisFP, the distance
between Glul44 and the hydroxyl group of the chromophore
hydroxybenzylidene moiety is lengthened (3.5 A vs 2.9 A), and
the only strong hydrogen bond formed by this group involves a
water molecule (WAT403, 2.5 A), which is tightly held in
place by Gly155, Glul44, and Thr17S. Thus, the interaction
between the chromophore and Glul44 is weakened.
Furthermore, in contrast to IrisFP, the conserved Glu212
does not establish H-bonding to the imidazolinone moiety of
the chromophore (Figure 1D). Finally, the chromophore in
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dark mEos4b seems to adopt higher tilt and twist dihedral and
methylene bridge bond angles (—25°, 52° and 130°,
respectively), as compared to IrisFP (—4°, 40° and 125°,
respectively). However, we noticed that the electron density in
the final 2F, — F. map (Figure S8B) does not strictly overlay
our best-refined model of the chromophore, which suggests the
possible existence of multiple unresolved conformations. The
higher temperature factor of the conjugated part of the
chromophore (40.7 A%) as compared to the average (32.8 A%)
in this model agrees with this hypothesis. Ensemble refinement
further supported this hypothesis, which indicates that,
whereas the bright-state structure is characterized by stable
amino acid conformations, a much wider variety of
conformations is found in the dark-state chromophore and
its environment (Figure 1E,F). Consequently, mEos4b shows a
remarkably higher variation in the twist dihedral than that
observed in IrisFP (Figure S11 and Table S2), indicative of
mEos4b’s chromophore exploration for alternative interaction
partners.

Molecular Dynamics Simulations. To explore the
mechanistic basis for such a dynamic chromophore in the
Green,y state, we carried out MD simulations and compared
the results to those obtained on IrisFP. As IrisFP is a
tetrameric FP, we studied all four chains, each with the two
different Serl42 conformations observed in the crystal
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structure (see materials and methods in the Supporting
Information for a description of the differences between IrisFP
monomers).”® In the following, we report on the average of
those eight simulations, but in Figure 2 we show only the
results corresponding to the most populated IrisFP con-
formation (chain C with the Ser142 inward orientation; results
on all other conformations can be found in Figure S12, Figure
S13, Table S3, and supplementary note). Strikingly, in
mEos4b, a large variation in tilt and twist dihedral angles of
the off-switched chromophore is observed, with transitions
between two main substates (Figure 2A). These transitions are
not seen in IrisFP, suggestive of a more flexible chromophore
in mEos4b, with a loose attachment to the surrounding amino
acids and water molecules. Of note, the average values of the
tilt and twist angles derived from the MD simulations of
mEos4b are lower than those extracted from the refined X-ray
structure of the chromophore (Table S3). We tentatively
explain this finding by the fact that the latter structure likely
represents a superposition of several more planar conforma-
tions. In fact, the MD simulations show that the mEos4b
chromophore rapidly toggles between two main conformations
exhibiting different H-bonding patterns (Figure 2B). In the
first conformation (62% of the time, Tables S3 and S4), the
hydroxybenzylidene oxygen (O3, see Figure S14 for
chromophore atom names) maintains a hydrogen bond with
Glul44, whereas this bond is broken and replaced with a
hydrogen bond to a water molecule (here called W1) in the
second conformation. Thus, O3 alternately donates its proton
to Glul44 or W1. In the case of IrisFP, similar MD simulations
showed a highly predominant conformation (observed 90% of
the time, Table S4) where O3 donates its proton to Glul44. In
mEos4b, the transitions between the two main chromophore
conformations occur over periods of a few nanoseconds.
However, zooming on a 1 ns time interval (Figure 2B, insets)
reveals that hydrogen bond breaking happens also on smaller
time scales, from a few picoseconds to a few 100 ps.
Interestingly, the H-bonding conformational switch at the
level of the hydroxybenzylidene oxygen correlates with the
changes in tilt and twist dihedral angles, as is apparent from
Figure 2A,B (Pearson coefficients between the time-dependent
Glu144(OE2)-CRO(03) distance and chromophore tilt and
twist dihedrals are —0.44 and 0.32, respectively).

From the hydrogen-bonding triad Glul44—Arg66—Glu212
observed in the crystal structure (Figure S10), the Glul44—
Arg66 H-bond is continuously established in all simulations for
both mEos4b and IrisFP. However, this is not the case for the
Arg66—Glu212 bond. In mEos4b, the Arg66(NH2)—Glu212-
(OE2) interaction exists only 41% of the time, while in IrisFP
it is almost always broken and a water molecule mediates the
interaction between the two partners all along the simulations.
In IrisFP, Arg66(NH2) establishes hydrogen bonding with
His194, which introduces a difference in the bonding pattern
around the chromophore’s imidazolinone moiety between the
two proteins. In IrisFP, the N15 atom of the chromophore
interacts with Glu212 during 86% of the simulation time
(Figure 2C and Table S4). Furthermore, the imidazolinone
oxygen (O25) remains H-bonded to a water molecule during
43% of the time, in addition to the stable H-bond to Arg91. In
contrast, in mEos4b, the imidazolinone moiety establishes no
other hydrogen bonds than the one with Arg91.

Overall, the MD simulations clearly suggest a less stable off-
state chromophore in mEos4b as compared to IrisFP, in
agreement with the results of our ensemble refinements based

on crystallographic data. The dynamic nature of the
chromophore in mEos4b in the off-switched state can be
linked to the reduced number of hydrogen bonds established
with neighboring residues of the chromophore pocket. The
average number of hydrogen bonds established by the
hydroxybenzylidene oxygen, the imidazolinone oxygen, and
the imidazolinone nitrogen with a free electron pair (O3, 025,
and N1S atoms, respectively, Figure S14) over the course of
our MD simulations is 2.5 for mEos4b, whereas it is 3.5 for
IrisFP. By comparison, the numbers of H-bonds extracted from
the static crystallographic structures are 3.6 and 6.6,
respectively (see materials and methods in the Supporting
Information for a description of the H-bond calculation).
These higher numbers, in particular, highlight the transient
nature of the H-bonding interactions, which cannot be
accounted for in the X-ray structures. The weak anchoring of
the chromophore in mEos4b could facilitate back switching to
the on-state upon light excitation and hence account for the
relatively high back switching quantum yield and the low
switching contrast of this PCFP (Table S1).

Comparison with the mEos4b Red Long-Lived Dark
State. In the red-state of mEos4b, we recently observed a
similar photoswitching behavior involving chromophore
isomerization.” In the corresponding off-state, named Red g
a so-called “frustrated” chromophore was found, which, based
on crystallographic data, appeared even more disordered than
in the Green, state. As for Green,, the refined X-ray structure
of Red,y should be regarded as a superposition of several
subconformations. An overlay of the structures of the two dark
states is shown in Figure 3. It is interesting to realize that the
differences between the two structures only result from
backbone breakage at Phe6l and extended electron con-
jugation induced by photoconversion, while the chromophore

HOH 403
HOH 392

Figure 3. Comparison of the dark states in green and red mEos4b.
Superposition of the structures of the chromophore and its
surrounding environment in the Green,y and Red,y dark states of
mEos4b (green and red color, respectively, PDB ID for the red long-
lived dark state: 6GP1). H-bonds possibly established between the
conjugated part of the chromophore and the surrounding pocket are
indicated by dashed lines (H-bond criterium: distance smaller than or
equal to 3.2 A).
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environment in green and red mEos4b remains essentially
unchanged. Interestingly, in Red,g; the distance between the
phenol group of the chromophore and Glul44 is now >4.2 A,
strongly suggesting that the chromophore loses completely the
interaction with Glul44 that is seen transiently in Green,;y and
almost at all times in IrisFP. Instead, the chromophore only
has the possibility to make a hydrogen bond with a water
molecule. However, relatively robust H-bonding is maintained
in Red,; at the level of the imidazolinone moiety (five possible
H-bonds versus six in the red-on state). Therefore, the highly
dynamic nature of the dark state in red mEos4b may not only
relate to the H-bonding pattern linking the chromophore to
the pB-barrel. Here, it is important to keep in mind that, as
compared to Green,; backbone breakage and extended
conjugation in Red, are expected to also result in significant
changes in electrostatic interactions maintained by the
chromophore. This is, for example, reflected in the fact that
the 7-cation interaction between Arg66 and the chromophore,
seen in Green,g is prevented in Red,, this role being taken by
the better positioned Arg91 (Figure S15). In addition to H-
bonding, electrostatic interactions also contribute to chromo-
phore stability and largely dictate switching capability, as was
recently demonstrated in DronpaZ."3 Overall, we speculate that
the dynamic nature of the chromophore in the red-off state of
mEos4b derives from a combination of weak H-bonding and
electrostatic interactions, notably at the level of the
hydroxybenzylidene moiety. This may be related to the
difficulty encountered to date to engineer red RSFPs displaying
a high switching contrast.”

Raman Spectroscopy. To evaluate how irreversible
photoconversion and reversible photoswitching may modify
mEos4b structural dynamics in the ground state, we collected
Raman spectra in its green and red forms, as well as in the
corresponding dark states. Using flash-cooled mEos4b crystals
and laser excitation at 785 nm in a preresonance mode,” we
obtained high-resolution and high signal-to-noise ratio spectra,
notably thanks to the highly concentrated crystalline samples
and the narrower bands at low temperature.”® The Raman
spectrum of green mEos4b (Figures 4A and S16) displays
bands similar to those previously observed on green IrisFP>°
and FP chromophores,”” which allows one to propose partial
band assignment (Table S5). The spectrum is also globally
similar to that obtained on EYQI, a green-yellow hydrozoan
RSFP engineered from GFP,* although substantially more
bands can be observed in the case of mEos4b. The 1500—1650
cm™ window is of particular interest, with strong bands
associated with delocalized modes involving the chromophore
imidazolinone moiety and exocyclic double bond and known
to be highly sensitive to the protonation and conjugation state
of the chromophore.”” Upon photoconversion, the Raman
spectrum of red mEos4b, although globally similar to that of
green mEos4b, revealed several specific changes (Figure 4A
and Table SS). Most prominent was the appearance of a strong
band at 1638 cm™! and the significant shifts of bands at 1540,
1286, 1173, 935, and 566 cm™' (green form) to 1529, 1295,
1179, 940, and 570 cm™ (red form). Of note, although some
bands appear conserved (supplementary note), this spectrum
significantly differs from those of eqFP611 and dsRed, the only
two red fluorescent proteins, to our knowledge, previously
investigated by Raman spectroscopy.””®’ Recently, however,
femtosecond stimulated Raman spectra of LEA, an engineered
ancestral 3photoconvertible fluorescent protein, were also
published.” A number of Raman bands appear common
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Figure 4. Raman signature of mEos4b. (A) Raman spectra of mEos4b
in the green bright state (green), green off-state (dark green),
photoconverted red state (red), and red off-state (dark red) measured
at pH 7.4 on flash frozen crystals. Red-state crystals were obtained
after photoconversion of green crystals by sunlight. Vertical dashed
lines are shown at the positions of the main Raman bands in the green
bright state to guide the eye. Asterisks denote the positions of specific
bands associated with the green and red off-states. (B) Swarm and box
plots of the width of Raman bands for the four mEos4b states. **: P <
1072, t test; the thick black line, box plot, and whiskers show,
respectively, the mean, 25—75 quartiles, and adjacent points.

between green mEos4b and green LEA, but a striking
difference is the much less pronounced bands observed for
LEA in the 1400—1550 cm™" window. Upon photoconversion,
the appearance of bands at 937, 1177, 1294, 1503, and 1531
cm™ in LEA correlates well with observations made in red
mEos4b. Interestingly, although using preresonance excitation
at 785 nm prevents us from specifically exciting the green
chromophore after photoconversion, our spectra do not
suggest the UV-induced buildup of a dead-end species with a
characteristic Raman shift of 1340 cm™’, as was observed in
LEA. In contrast, in the case of mEos4b, inspection of the
significantly shifted bands between the green and the red states
rather indicates that the Raman spectrum of red mEos4b is
essentially free of significant contribution from the remaining
green mEos4b. To reconcile this observation with the only
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structures of green RSFPs in their on- and off-states versus the ratio of measured photoswitching quantum yields (Pearson correlation coefficient =
0.69). Used PDB IDs for the on- and off-states, respectively, are 2IE2, 2POX (Dronpa), 4HQ8, 4HQ9 (pcDronpa), 2VVH, 2VVI (IrisFP), 6GOY,
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quantum yields were extracted from Moeyaert et al,*! Adam et al,,*® El Khatib et al,* and Duwé et al.,*° except those of mEos4b, which were
determined in the present work (Table S1). Blue and red colors refer to arrow colors in panels B and C. (B and C) Tentative schemes accounting
for the larger ratio QY,g_on/ QYonoof in mEos4b (blue) as compared to IrisFP (red), with (B) representing on—off switching and (C) representing
off—on switching. The similar absorption wavelengths in the on- and off-states of mEos4b and IrisFP allow one to shift the energy diagram of one of
the two proteins to superpose their S, and S, energy levels in the on-state. Energy barriers for isomerization are higher in mEos4b than in IrisFP,
both in the ground and in the excited states (hence the lower on—off and off—on switching quantum yields, as well as slower thermal recovery for
mEos4b). Loose binding of the mEos4b chromophore in the off-state, in particular due to weak H-bonding, raises the free energy of conformations
prone to back photoswitching. Blue (red) double-sided arrows refer to free-energy differences between the on and off ground states of mEos4b
(IrisFP). Wavy arrows denote light excitation with cyan and violet light. Additional energy barriers in the ground state represent protonation
(deprotonation) after cis—trans (trans—cis) isomerization. Energies not drawn to scale.

partial photoconversion of PCFPs reported in single-molecule
studies,®>** we propose the following interpretation: the
missing fraction of red chromophores could be attributed
either to nonmature or to photobleached chromophores, both
of which would not be seen in the Raman spectra because of a
lack of response to preresonance excitation at 785 nm. Overall,
our data suggest that the conclusion drawn from LEA to
account for incomplete photoconversion in PCFPs may not
tully apply to the case of mEos variants.

The Raman spectra of the mEos4b long-lived dark states,
Green,; and Red,; although containing a residual contribution
from molecules in the corresponding fluorescent states (see
materials and methods in the Supporting Information),
drastically differ from those of the fully occupied fluorescent
states (Figure 4), notably with pronounced changes in the
1500—1650 cm™" window. We also compared these spectra
with spectra collected under low-pH conditions, in the absence
of illumination (Figure S16, Figure S17, and Table SS). For the
Green, state, changes are consistent with the signature of a
protonated chromophore,*°" as expected from spectroscopic
data (Figure 1A). However, slight band shifts between the dark
and low-pH spectra (Figure S17) highlight the different
isomerization states of the chromophore and/or the different
protonation states of chromophore-interacting residues.
Similar shifts were noticed in the case of EYQL.”® For the
red state, the changes observed upon off-switching also point
toward a protonated chromophore, although in this case the
differences between the low pH and the dark Raman spectra
are more pronounced. Notably, bands at 1564 and 1602 cm™
are not seen in the dark spectrum, and all bands in the 1500—
1600 cm ™" region display reduced intensities, consistent with
the notion of a highly distorted chromophore.*

Strikingly, the Raman spectra of Green,y and Red,; show
bands of significantly increased width (Figure 4B, Figure S16,
and see materials and methods in the Supporting Information
for details on bandwidth analysis). We tentatively assign this
increase to the highly dynamic chromophores in the dark
states, that result from the several visited conformations,”” in
line with our results from X-ray crystallography and molecular
dynamics simulations. Of note, we find that the low-pH Raman
spectra of green and red mEos4b also exhibit increased
bandwidths, although to a lower extent (Figure S18). This
suggests that protonation of the chromophore by either
illumination or pH lowering is the main cause of destabiliza-
tion.

B DISCUSSION AND CONCLUSION

Our work provides an extended picture of the complex
photophysics of a PCFP and highlights the pronounced
biphotochromic character of the mEos variants due to
frustrated chromophore cis—trans isomerization and proto-
nation. The data reveal the subtle influence that the color state
of the chromophore can have on reversible photoswitching and
points at the highly dynamic character of the photoswitched
states in both green and red mEos4b. Several studies, notably
based on NMR spectroscopy,””®* recently pointed at the
dynamical behavior of RSFPs in their off-states. This dynamic
behavior mostly results from the reduced capability of
protonated chromophores to maintain interactions with the
surrounding f-barrel. Our work, however, suggests that the
magnitude of this dynamic behavior depends on the
fluorescent protein under consideration, being much more
pronounced in mEos4b than in IrisFP. An intrinsic property of
FP chromophores is to undergo cis—trans isomerization upon
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light excitation. Despite the stiffness of the FP scaffold, we
propose that such isomerization can never be completely
prevented and ends up in trans chromophores that may be ill-
accommodated (“frustrated”), while at the same time being
trapped due to high free energy barriers between the cis and
trans states (e.g, caused by steric hindrance during isomer-
ization).

We speculate that one of the most important factors
controlling switching contrast in green RSFPs is the relative
stability of the cis and trans states, notably via the number of
H-bonds maintained by the chromophore in each state. This
speculation is in line with ultrafast spectroscopic experiments
highlighting how H-bonding interactions control chromophore
isomerization quantum yield in bacteriophytochromes.’**®
Quantum mechanics/molecular dynamics simulations per-
formed on Dronpa also revealed favored on—off photo-
switching for chromophore configurations characterized by a
low number of H-bonding interactions.”” Although other
factors may come into play (see below), the switching contrast
(C) in RSFPs is primarily dictated by the on—off and off—on
switching quantum yields (QY,pooi QYoffon) and the
extinction coefficients of both the on- and the off-states at
the actinic wavelength (€445 ony €488, o), and it can be
approximated as follows:

Eg8.0n X QY i

8488,0ff X QYoff—mn

As switching quantum yields relate to microscopic switching
rates in S, electronically excited states, their logarithm is
expected to scale with the Gibbs free energy difference AG*
between S, and the transition state to be crossed along the
switching pathway. If H-bonding contributes significantly to
AG™* by raising or lowering the free energy of S, and S, in both
the on- and the off-states of an RSFP, a correlation should be
observed between log(QY,4on/QYonoor) and ANy, the
difference in the number of H-bonds maintained by the
chromophore in the on- and off-states. Such a plot is shown in
Figure SA, which gathered data on all PCFPs and RSFPs for
which both the structures of the green on- and off-states and
the corresponding switching quantum yields have been
measured. The plot indeed reveals a significant correlation
(Pearson correlation of 0.69, P < 0.05). This result should
however be considered only qualitatively, when one considers
the factors listed below: first, photoswitching is a complex
photophysical process not characterized by a single transition
barrier for both the on—off and the off—on switching
processes, and thus the height of the on—off barrier relative
to that of the off—on barrier will also contribute; second, the
number of H-bonds measured in static crystallographic
structures depends on the choice of an arbitrary distance
threshold (see materials and methods in the Supporting
Information) and does not account for transient interactions,
as revealed in the present study by MD simulations; third,
switching quantum yields extracted from the literature, as done
here, have been measured under a variety of illumination and
environmental conditions, which likely introduced substantial
variability; fourth, electrostatic interactions have been shown
to also play a key role in controlling switching quantum yields
and likely contribute to the activation free energy difference
between the on—off and off—on switching pathways;>” fifth,
our H-bond inventory of the ground-state structures may not
fully reflect the H-bonding patterns in the excited state in

which photoswitching takes place; and sixth, the influence of
the crystal lattice on the conformation and dynamics of the
chromophore, and therefore on our H-bond inventory, could
be non-n%gligible, as was recently demonstrated in the case of
rsEGFP2.°° These limitations likely account for the lack of a
clear correlation observed in Figure SA within the red and blue
RSEPs subgroups. Yet, the fact that an overall correlation is
observed despite the crude simplifications made suggests that
H-bonding is indeed a critical factor controlling switching
quantum yields in RSFPs. This finding is after all not surprising
in view of the fact that a single H-bond is typically worth an
energy of several kT and may thus affect switching rates by
orders of magnitude. Tentative energy schemes are shown in
Figure 5B and C, which illustrate the proposed scenario. These
schemes represent the reaction coordinates during on—off
switching (Figure SB) and off—on switching (Figure SC), with
ground-state protonation after cis—trans isomerization and
ground-state deprotonation after trans—cis isomerization,” but
we do not exclude a more complex switching mechanism with
more transition barriers.”

The transition barriers between the on- and off-states are
higher in mEos4b as compared to IrisFP in both directions, in
line with the smaller switching quantum yields and slower
thermal recovery in mEos4b (Table S1 and Figure S3). These
higher barriers are likely a consequence of a stronger steric
hindrance during isomerization in mEos4b as compared to
IrisFP, linked to the Phel73Ser mutation in the latter FP. Yet,
the rate of off—on switching relative to that of on—off switching
is much higher in mEos4b because of the raised free energy of
the off-state relative to that of the on-state. This is mainly a
consequence of the lower number of H-bonding interactions in
the mEos4b off-state as compared to IrisFP. The energy barrier
(AG*) to be crossed during off—on photoswitching is thus
reduced relative to that during on—off photoswitching, leading
to an increased ratio QY g, .,/ QYonssof

Interestingly, we noticed that the red and blue subgroups in
Figure SA gather faster-switching and slower-switching RSFPs,
respectively. This finding additionally suggests that a
correlation might exist between switching efficiency and
relative chromophore H-bonding in the on and off ground
states of RSFPs. The reason behind this correlation is presently
unclear and will need to be investigated in future studies.

Although the switching yield ratio QY . _/QY _ . plays

a primary role, the switching contrast in RSFPs is also dictated
by the sensitivity to light excitation of both the on- and the off-
states at the actinic wavelength (ratio &,g4 /€48 o). There-

fore, the correlation between experimentally measured switch-
ing contrast and ANy is less pronounced (Figure S19).
Furthermore, the effective switching contrast ultimately
controlling image quality in nanoscopy approaches depends
on yet other factors, such as a possible residual fluorescence of
the off-state or a contribution from the short-lived dark state
pinpointed in this work or from other weakly populated dark
states still to be identified. The switching contrast also typically
varies along photofatigue decay, possibly due to multiple
subpopulations of RSFPs experiencing different photophysical
behaviors.”” Of note, crystallographic structures of RSFPs in
their off-state typically relate to the first switching cycle, as
done here, and it will be interesting in the future to evaluate
how these structures might subtly differ from those collected
after multiple switching. Further work is thus needed to better
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understand the mechanisms fine-tuning the switching contrast
in RSFPs.

In conclusion, our work allowed us to decipher the main
switching mechanism at play in green mEos4b. The critical
importance of H-bonding patterns between the chromophore
and the surrounding protein matrix in controlling photo-
switching, as proposed here, adds to the recently demonstrated
role of electrostatic interactions.”” The dynamic behavior of
the chromophore, driven by both types of interactions, will be
critical to consider for the future rational engineering of novel
PTEDs.
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