N
N

N

HAL

open science

Rational control of off-state heterogeneity in a
photoswitchable fluorescent protein provides switching
contrast enhancement

Virgile Adam, Kyprianos Hadjidemetriou, Nickels Jensen, Robert L. Shoeman,

Joyce Woodhouse, Andrew Aquila, Anne-Sophie Banneville, Thomas Barends,

Victor Bezchastnov, Sébastien Boutet, et al.

» To cite this version:

Virgile Adam, Kyprianos Hadjidemetriou, Nickels Jensen, Robert L. Shoeman, Joyce Woodhouse, et
al.. Rational control of off-state heterogeneity in a photoswitchable fluorescent protein provides switch-
ing contrast enhancement. ChemPhysChem, 2022, 23 (19), pp.e202200192. 10.1002/cphc.202200192 .

hal-03758975

HAL Id: hal-03758975
https://hal.science/hal-03758975

Submitted on 15 Nov 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-03758975
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

W) Check for updates

Research Article
doi.org/10.1002/cphc.202200192 Socienes puiehing

ChemPhysChem

www.chemphyschem.org

Rational Control of Off-State Heterogeneity in a
Photoswitchable Fluorescent Protein Provides Switching

Contrast Enhancement**
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Joyce Woodhouse*, Andrew Aquila,’”” Anne-Sophie Banneville,” Thomas R. M. Barends,
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Reversibly photoswitchable fluorescent proteins are essential
markers for advanced biological imaging, and optimization of
their photophysical properties underlies improved performance
and novel applications. Here we establish a link between
photoswitching contrast, one of the key parameters that dictate
the achievable resolution in nanoscopy applications, and
chromophore conformation in the non-fluorescent state of
rsEGFP2, a widely employed label in REversible Saturable
Optical Fluorescence Transitions (RESOLFT) microscopy. Upon

illumination, the cis chromophore of rsEGFP2 isomerizes to two
distinct off-state conformations, trans1 and trans2, located on
either side of the V151 side chain. Reducing or enlarging the
side chain at this position (V151A and V151L variants) leads to
single off-state conformations that exhibit higher and lower
switching contrast, respectively, compared to the rsEGFP2
parent. The combination of structural information obtained by
serial femtosecond crystallography with high-level quantum
chemical calculations and with spectroscopic and photophysical
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data determined in vitro suggests that the changes in switching
contrast arise from blue- and red-shifts of the absorption bands
associated to transl and trans2, respectively. Thus, due to
elimination of trans2, the V151A variants of rsEGFP2 and its
superfolding variant rsFolder2 display a more than two-fold
higher switching contrast than their respective parent proteins,

Introduction

Reversibly switchable fluorescent proteins (RSFPs?) are photo-
chromic markers that are key to multiple super-resolution
microscopy (nanoscopy) schemes including RESOLFTE™, NL-SIM
(Non Linear Structured lllumination Microscopy™), SOFI (Super
resolution Optical Fluctuation Imaging™) and multicolor PALM
(Photo Activated Localization Microscopy®™). They are also
central tools in contrast enhancing approaches such as OLID
(Optical Lock-In Detection microscopy™) and in single channel
multicolor approaches such as OPIOM (Out-of-Phase Imaging
after Optical Modulation""”). With the exception of Dreiklang®™
and its variant SPOON,"" RSFPs typically switch between a
fluorescent on- and a non-fluorescent off-state through light-
induced cis-trans isomerization of their p-hydroxybenzylidene
imidazolinone chromophore.'>"¥ Depending on whether the
same wavelength that induces fluorescence switches the RSFP
from the on- to the off-state or vice versa, they are said to be
negative or positive, respectively.'¥ At neutral pH, the chromo-
phore of negative RSFPs (such as rsEGFP2 and its rsFolder
variants studied here) is generally cis-anionic in the on-state
and trans-protonated in the off-state, although exceptions have
been reported in rsGamillus."”™ Off-switching is promoted by
illumination with wavelengths near the fluorescence excitation
maximum (typically 488 nm) while on-switching requires illumi-
nation in the near UV region (typically 405 nm, Figure 1a).

In all nanoscopy applications relying on RSFPs as labels,
image quality and the achievable spatial resolution are mainly
determined by the following photophysical characteristics:" i)
the fluorescence brightness, being defined as the product of
the extinction coefficient of the on-state and the fluorescence
quantum yield, ii) the ensemble switching speed, i.e. the time
required to switch the ensemble from the on- to the off-state,
or vice versa, iii) the switching fatigue, being defined as the
fraction of an RSFP ensemble being photobleached per full
switching cycle, and iv) the switching contrast, that is, the ratio
between the fluorescence signal after on-switching and the
residual signal after off-switching. Such residual fluorescence
after off-switching mainly originates from back switching of the
off-state chromophore by the off-switching light"® Among
these characteristics, a high switching contrast is most critical
for achieving high spatial resolution, and engineering efforts
have thus been recently conducted to maximize it If we
neglect the possibility that the chromophore is not fully in the
fluorescent cis-anionic state after on-switching,"® the switching
contrast is a function of the on-to-off and off-to-on switching
quantum yields and the extinction coefficients of both the on-
and off-states at the off-switching wavelength (see eq. 1 in the
Results  section). In  recent experimental™®  and
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both in vitro and in E. coli cells. The application of the rsFolder2-
V151A variant is demonstrated in RESOLFT nanoscopy. Our
study rationalizes the connection between structural and
photophysical chromophore properties and suggests a means
to rationally improve fluorescent proteins for nanoscopy
applications.

computational®” studies, it was proposed that the switching

contrast is controlled by the relative stability of RSFPs in their
on- and off-states via the number of hydrogen bonds between
the chromophore and the protein pocket and its water
molecules in each state. Here, focusing on rsEGFP2 and its
rsFolder variants, we expand this view by showing how differ-
ent conformations of the off-state chromophore modulate
switching contrast, opening the door to rational optimization of
RSFPs for enhanced nanoscopy applications.

rsEGFP2 (Figure 1a) has been generated based on EGFP and
is widely applied in RESOLFT microscopy thanks to its fast
maturation and favorable balance between fluorescence bright-
ness, switching quantum yields, photofatigue resistance and
switching contrast.””? Recently, evidence for conformational
heterogeneity in the off-state of rsEGFP2 at room temperature
was provided by serial femtosecond crystallography (SFX),
where in addition to the major trans state (trans1 conformer), a
hitherto unobserved trans isomer (trans2 conformer) was
observed,” which displays different twist and tilt dihedral
angles (¢ and t dihedral angles; see also Supplementary table
S3), protein environment and H-bonding network (Supplemen-
tary Figure S1). Interestingly, cryo-crystallographic synchrotron
data revealed a similar trans2 isomer upon off-switching of an
rsEGFP2 variant containing a monochlorinated chromophore
when crystals with a contracted unit cell were examined,
whereas a conformation similar to trans? was populated in
crystals with a larger unit cell.®” Trans1 and trans2 conformers
are located on either side of the V151 side chain (Supplemen-
tary Figure S1), a residue that needs to transiently retract for
the chromophore to switch between its cis and trans conforma-
tions (see supplementary movie in®) as suggested by time-
resolved SFX.”®! To start addressing the role of this residue in
photoswitching, a variant with more space was generated by
mutating V151 to an alanine.”’ During the preliminary photo-
physical characterization®® neither the switching contrast or the
structure of the rsEGFP2-V151A variant was analyzed nor was
the rsEGFP2-V151L control with a more bulkier side chain
generated.

The trans2 conformation in rsEGFP2 is also very similar to
the trans conformation observed in the off-state of rsFolder, a
superfolding variant of rsEGFP2 that harbors a phenylalanine
instead of a tyrosine at position 146 and that was designed to
facilitate RESOLFT microscopy in “hostile” environments such as
the bacterial periplasm.? Strikingly, rsFolder has a much lower
switching contrast than rsEGFP2 and rsFolder2, a single mutant
of rsFolder with a tyrosine at position 146 and thus the same
chromophore pocket as rsEGFP2.? This observation suggests a
possible link between the presence of trans2 and a reduced
switching contrast, raising the intriguing hypothesis that
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removal of the trans2 fraction in rsEGFP2 could further enhance
its switching contrast.

Here, we investigate the structural off-state heterogeneity in
rsEGFP2 and eliminated it in V151A and V151L variants by
shortening or lengthening the amino-acid side chain at position
151, respectively. The V151A variant exhibits only the transi
conformation and a substantially higher switching contrast
compared to the rsEGFP2 parent, whereas the V151L variant
shows only the trans2 conformation and a lower contrast. The
effects of the VI51A and V151L mutations on the switching
contrast are reproduced in rsFolder2. We show that changes in
switching contrast between the investigated variants mainly

“ off-state

4 " "

,T...,, o " }

’ P n Loty
& )\f T

on-state U /
ﬁjbnm

frans,
neutral

result from differences in extinction coefficients of the corre-
sponding off-states at the off-switching illumination wave-
length. Furthermore, we postulate rapid exchange dynamics
between trans1 and trans2 in parental rsEGFP2 and in rsFolder2
and suggest that the achieved equilibrium depends on environ-
mental factors, a notion we refer to as “photoswichting
fragility”. Finally, we show that the V151A variants maintain
their gain in switching contrast invivo and investigate the
potential of rsFolder2-V151A for RESOLFT nanoscopy.

Y146
| Y

«

Figure 1. Photoswitching and off-state conformations in parental rsEGFP2. (a) rsEGFP2 can be photoswitched from the fluorescent on-state (anionic cis
chromophore) to the non-fluorescent off-state (neutral trans chromophore) by illumination with 488 nm light, and back by illumination with 405 nm light.
Photoswitching involves chromophore isomerization (blue and purple arrows on chromophore methylene bridge) and a change in protonation state of the
phenol group. (b) Structures of parental rsEGFP2 in its off-state solved from RT SFX data. Off-state models of parental rsEGFP2 solved from RT SFX data earlier
(PDB entry 6T39%) and in this work (PDB entry 707V). Trans1 and trans2 are occupied at 40 % (light grey) and 30% (dark grey) in parental rsEGFP2 (this work)
and at 65% (light blue) and 25 % (dark blue) in 6T39, respectively. (¢, d) Off-state models of parental rsEGFP2 solved from RT SFX data in this work (light and
dark grey), overlaid with trans conformations in synchrotron structures of rsSEGFP2 containing a monochlorinated chromophore® solved from crystals with
looser (yellow) and tighter (orange) crystal packings® (c) and with the off-state model of rsFolder (PDB entry 5DU0%®) in purple (d).
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Results
Structural Heterogeneity in the off-State of Parental rsEGFP2

In order to corroborate the observation of a second trans
isomer in parental rsEGFP2,* a follow-up SFX experiment was
carried out at the Linac Coherent Light Source (LCLS) using
microcrystals of parental rsEGFP2 of the same crystal batch
used earlier”**' The on-state crystals were photoswitched by
488 nm light®” and the room-temperature (RT) structure of the
resulting off-state solved at 1.7 A resolution (PDB entry 707U;
see S| for details). Both trans? and trans2 chromophore
conformations are again present (Figure 1b, Supplementary
Figure S2). They agree well with those observed earlier,”® as
well as with those observed in cryo-crystallographic structures
of an rsEGFP2 variant containing a monochlorinated
chromophore®” (Figure 1c, Supplementary table S3). The trans2
conformation is similar to the one adopted by rsFolder in its off-
state® (Figure 1d).

Structural Heterogeneity Bisected in the off-States of
rsEGFP2-V151A and -V151L Variants

Given that the trans1 and trans2 chromophore conformations
lie on either side of the V151 side chain (Figure 1b-d), we
reasoned that this residue could also control the off-state
heterogeneity. In addition to the rsEGFP2 variant with a
shortened side chain (V151A™)), one with an enlarged (V151L)
side chain was therefore generated and non-fluorescent off-
state structures of both solved from RT SFX data collected at
the SPring-8 Angstrom Compact free electron LAser (SACLA)
from microcrystals after 488 nm light illumination® (Figure 2,
Supplementary Figure S3, Supplementary table S2). The off-
state structures (V151A: PDB entry 707X, V151L: PDB en-
try 707W) display only one chromophore conformation: trans1
for V151A (Figure 2a) and trans2 for V151L (Figure 2b).
Absorption spectroscopy indicates that about 85% and 77 % of
microcrystalline rsEGFP2-V151A and -V151L chromophores have

Figure 2. Structures of rsEGFP2 and its V151A and V151L variants in their off-
states solved from RT SFX data. Off-state models of (a) rsEGFP2-V151A (cyan;
PDB entry 707X) and (b) -V151L (purple; PDB entry 707W) variants are
superimposed on the model of parental rsEGFP2 in the off-state solved from
RT SFX data (PDB entry 707U), featuring trans1 in light grey and trans2 in
dark grey. Trans1 and trans2 are occupied at 80% and 75% in

rsEGFP2 V151A and V151L, respectively. The cis conformers were removed
for clarity.

ChemPhysChem 2022, 23, €202200192 (4 of 11)

switched from the on- to the off-state, respectively (for details
see Supplementary Figure S4 and its legend). Trans1 and trans2
chromophore conformations were modelled at 80% (75%)
occupancy in rsEGFP2-V151A (V151L) and the residual cis
conformer at 20% (25%). Spectroscopic and crystallographic
on- and off-state occupancies are thus consistent. In addition to
differences in chromophore conformations, the off-states of the
two variants also differ in their His149 and Tyr146 conforma-
tions. In the V151A variant His149 forms a hydrogen bond with
Tyr146 and the trans1 chromophore forms a hydrogen bond
with a water molecule (distance: 2.7 A, Supplementary Fig-
ure S1¢, Figure 2a), whereas in the V151L variant His149 is
hydrogen bonded to the trans2 chromophore (distance of 2.5 A
between the chromophore phenol group and His149ND1;
Supplementary Figure S1b, Figure 2b). Synchrotron cryo-crystal-
lography structures of rsEGFP2-V151A (off-state: PDB en-
try 707C, on-state: PDB entry 707D) and -V151L (off-state: PDB
entry 707H, on-state: PDB entry 707E) also feature a trans1 and
trans2 chromophore in their off-state, respectively (Supplemen-
tary Figure S5b, d) and a cis chromophore in the on-state
(Supplementary Figure S5a, c).

Overall, the RT SFX structures strongly suggest that the
conformational off-state heterogeneity (transi, trans2) seen in
parental rsEGFP2 is eliminated in the rsEGFP2-V151A and
-V151L variants, with trans1 being occupied in the former and
trans2 in the latter. Thus, the residue at position 151 controls
the off-state chromophore conformations (for a discussion of
the modulation of conformational off-state heterogeneity see
Supplementary Text S4).

Occupancies of trans1 and trans2 Conformations in Parental
rsEGFP2 and rsFolder2 are Sensitive to Experimental
Conditions

A puzzling observation is that the relative occupancies of the
trans1 and trans2 conformations differ in off-state crystal
structures of rsEGFP2 determined from three different SFX data
sets, although the same batch of microcrystals was used
(Supplementary text S1). In addition, attempts to observe the
trans2 conformation in macrocrystals of parental rsEGFP2 upon
RT illumination at various intensities by synchrotron cryo-
crystallography remained unsuccessful (see Supplementary text
S2). In contrast, the rsFolder2 off-state structure determined by
synchrotron cryo-crystallography (PDB entry 7AMF) showed
residual occupancy of the trans2 chromophore in addition to a
mainly occupied trans1 (Supplementary Figure S6), similarly to
the parental rsEGFP2 structures determined by RT SFX. These
results suggest that relative occupancies of the two off-state
conformations may change depending on even subtle differ-
ences in experimental conditions (see also*”) or possibly the
age of the crystalline proteins. In contrast, the rsEGFP2-V151A
and -V151L structures in their off-states determined by SFX
(Figure 2) are similar to those derived from cryo-crystallographic
data we collected from macrocrystals at the European Synchro-
tron Radiation Facility (ESRF) (Supplementary table S1; Supple-
mentary Figure S5).

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Determination of Switching Contrast, Switching Quantum
Yields and Extinction Coefficients of rsEGFP2, rsFolder2 and
Their Variants Embedded in Polyacrylamide Gels

To explore a possible correlation between the off-state
chromophore conformations and the switching contrast, we
measured the switching kinetics of rsEGFP2-V151A, rsEGFP2-
V151L and parental rsEGFP2 that contain either transi, trans2,
or both conformations, respectively. We also investigated
rsFolder and rsFolder2, as well as the two variants rsFolder2-
V151A and rsFolder2-V151L.

We embedded the seven investigated variants in polyacryla-
mide gels and recorded their fluorescence switching curves
under laser illumination at 488 nm, using a wide field
fluorescence microscope (Figure 3). The switching contrast was
calculated as the ratio of the initial fluorescence in the on-state
after illumination at 405 nm divided by the residual steady-state
fluorescence after off-switching with 488 nm light (Table 1). We
found that for both rsEGFP2 and rsFolder2 the switching
contrast is reduced (x~0.33) in the V151L variants and
increased (x ~2.6) in the V151A variants compared to the
parent proteins. The switching contrasts measured in the V151L
variants (~ 15) are similar to that of rsFolder (~20), whereas that
measured for both V151A variants exceeds 100.

To explore the underlying reason for the modified switching
contrasts, we examined the photoswitching kinetics of all
variants in more detail. Neglecting the slow thermal relaxation
in RSFPs (~hour range) in view of the timescale of our
experiments (~second range), the switching contrast SC at
wavelength 4 can be approximated by:

k )
SC(}.) ~ on—off €j,0n X Qon—to—off (1)

off—on &) off X Qoff—to—on

where ko and Ky, are the on-to-off and off-to-on switch-
ing rates, Qoo aNd Qgei00n are the on-to-off and off-to-on

switching quantum yields, respectively, and €;,, and €, are
the extinction coefficients of both the on and off states at the
off-switching wavelength, respectively. Eq. 1 thus results from
the photochemically-driven equilibrium between on and off
states, assuming that the off states do not fluoresce. Changes in
the switching contrast can thus be due to changes in switching
quantum yields"®* and/or extinction coefficients of the on-
and/or off-states. For the proteins in the present study, the off-
switching wavelength is 488 nm. Whereas €,g5,, was measured
using the Ward method™ Q,,ofr Qofftoon Eassorr Values were
calculated by fitting the experimental fluorescence switching
curves (Figure 3) with a kinetic model (see Supplementary
methods section and Supplementary text S3). Overall, the
dominating effect underlying variations between the observed
switching contrasts in the studied variants follows from
significant differences in off-to-on (rather than on-to-off) switch-
ing brightness at 488 nm (Table 1): the V151A variants switch
on significantly less efficiently at 488 nm than the parent
proteins, while the V151L variants switch on much more
efficiently. The observed differences in the offto-on switching
brightness are mainly due to differences in €,g5,¢ (reduced ~2.4
fold in rsEGFP2-V151A, and increased ~1.9 fold in rsEGFP2-
V151L compared to parental rsEGFP2) and only to a minor
extend to differences in off-to-on switching quantum yields
(Table 1). Note that absolute values of off-to-on switching
quantum yields are notoriously difficult to determine, as
evidenced by the spread in values determined in different
laboratories (e.g. for rsEGFP2 in solution, values of 0.12%" and
0.342% have been published). Yet, values determined under
identical conditions in the same laboratory should be compara-
ble. It is thus striking that similar off-to-on-switching quantum
yields were measured here on rsEGFP2 (0.23) and rsEGFP2-
V151A (0.25) embedded in polyacrylamide gels, but a two-fold
increase of the quantum yields for the proteins in solution has
been reported by us earlier (0.40 and 0.77 for rsEGFP2 and
rsEGFP2-V151A, respectively™). Unlike data in Table 1, the value
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Figure 3. Fluorescence switching curves. (a, b) Fluorescence switching curves for rsEGFP2 and rsFolder2 proteins together with their V151A and V151L
variants. (c) Switching curve for rsFolder compared to V151L variants of rsEGFP2 and rsFolder2. Data obtained from in-vitro measurements of purified proteins,
embedded in polyacrylamide gel (pH 8.0), on an epifluorescence microscope using 488 nm (0.27 W/cm?) illumination throughout data acquisition, and
additional 405 nm (0.03 W/cm?) during off-to-on switching. Pale colors stand for the mean values calculated from six measurements with standard deviations
shown in grey, whereas dark solid lines represent the fits from the used kinetic model.

ChemPhysChem 2022, 23, €202200192 (5 of 11)

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH

35USD17 SUOWIWOD) dAIR1D 3|ged||dde auy Ag pausenob are sapoiLe YO ‘9sN JO Sa|n. J0j Akeiqi]auljuQ A1 UO (SUOIIIPUOD-PUB-SWLLIB)W0D A3 1M Afe.q 1 BUI|u0//:SdNy) SUOIPUOD pue swid | 81 88S “[220Z/TT/0T] uo ARriqi]auljuQ A1 ‘Soueld aueiydoD Aq Z6T0022Z0Z 2udo/Z00T OT/I0p/wo As [Im:Areld 1 puljuo-adone-Alis weyd//:sdny wouy pspeojumoq ‘6T ‘§0Z ‘TH9L6E0T



14397641, 202

mistry
ope

q Che
Eur

Research Article

European Chemical
Societies Publishing

doi.org/10.1002/cphc.202200192

ChemPhysChem

paulwiR1aq 10N :dN “JUBLIEA UdEd J0j SJudWinseaw juspuadapul 921y) 1sea| 18 wouy paulelqo sanjep "0'g HA 1e |96 apiwejkideAjod ul uid3oid UO SJUBWDINSEIW WOL) PIIIRIIXD DIDM
1By} sanjeA 3sespuod Buiyoums pue piaiA wniuenb Buiydyms ‘ssauiybriq buiydums 1dsdxs 'z Hd je uonn|os ul uieloid Uo syusWINSeaW Ag pPaulwIRlap a1am siaiaweled ||y *(8S 2inbi4 A1eyusws|ddns) iseiuod
|euonippe sapiroid 2104219y} pUB $9INDOW JUIISAIoN|juou Jo uoneindod e siogiey 21els siep Jouiw payodal 9yl 1ey) 10.) Y} WO SWIS SIY| “sassauybLg Buiydums uo-fjo pue yo-uo jo onel ay) ueyy 1aybiy
sAem|e si 35e1U0D BUIYdUMS [eIUSWLIIAXS SIY] "polad uoljeuIwn||l Wu 88 Y3} JO PUd 3y} 1e pue Huluuibag ay} 1 OUIISIION|) PAINSEIW DY} JO Ol1ed “3 7 ‘}SeIIU0D BuIydlMS painseaw Ajjejuswiadx] [3] ‘wu g8y
1e ssaulybliq Bulydums uQ [p] "wu SOt 18 ssauybuq bulydoums uQ [2] wu g8y 18 ssauybuq bulydoums Jo [q] (U310 UolPUNXd X plaIA wnjuenb Bulydoums) 1pnpoad ayy 03 siayas ssauyblug bulydoums [e]

§s 6'S 9 8's Ls 7’9 6'S exd

ESTTLL €09FL6LL ETFLLS) 99F80L LLF806 CEFLILL TYFL6E [uiw] swin uoneinie

LO'0FO0E0 Y00 F S7'0 LO0FLZO0 LOOF¥E0 LO0F8Z0 LO0F9Z0 200FCE0 P21k wnjuenb aduadsaiony

19S1T Lisee 628C1 60L¥C €216l r6191 7560 ssaupybuq dUIds3I0NY

LFoz LFSL LLFSTL €For LFSL LlZF6LL STev @[®BUBYD-p|oy] IseU0d BuIydUMS

[sinoy]

69 €l SL 14 oL S9 Sy awi} A19A0D31 [BWIAY]) UO-0}-}J0

LE19€ Looge €LvLE L¥86¢€ £866T 0£99T 6YEST [[-wd, W] #5073

8158¢ 6£0LE L9zze 143447 2333 76997 86/5C [-wo W] #7*3

€FOLL SFSpL TFYE 9FLLL €Fel €FLT €FS9 [[-wd, ] #7573

60565 ¥S20L 8685 vZ169 1S8€9 06065 £0809 [-Wd, ] “%¢3

L8LL 0LYYL L6019 sL9tL 6289 ¥8CT9 vLYS9 [-Wwd A 73

:?ou\too

-OLXPO0F ,-OLX¥T | _OLX900F , 0LXLT | OLX900F, 0LXZTZ |, OLX¥00F, OLXSL | 0LX900F OLX6T | OLXS00F, OLXST |, 0LX600F, OLXET ‘PIRIA winuenb BuiydUMS U0-01-4jo

[T

80F09C LLFE6E SOFvL LLF 69l TLFYSE 80T 89 60T 6vL SSRUIYBLG BulydUMS- L0-03-4j0

LW W]

STLFLL8L 0LZF 6468 861 T 7589 €41 F 509 €61 FELL8 YELF 0659 €€TT L08S piSSUIYBUQ BuIyIUMS-U0-03-4j0

to\oa\coo

¢OLXTOTFOLXEL  OLXTOFOLXS9 OLXGOTOLXLYL ¢ OLXYOTFOLXO0L (OLXEOTFOLXG9 ¢ OLXTOTFOLXY'LL  (OLXTOTFOLXEG ‘PIRIA wimuenb Buiyd1ms-40-03-uo

LW W]

ELF Lbb SLFSSY 87 F /T8 87T 069 8LTSLY 6T €L9 ELF €95 (qeSSPUIIBLG BuIyIUMS-0-03-Ui0

Ly 187 oLy €Ly Ly 90v 60y [Wwu] (3§0) paydums ‘xew uondiosqy

oy 00y L6€ L6€ sov 165 oy [wu] (3o) [eanau “xew uondiosqy

6L 3:14 8y €8y €8y €8y 8y [wu] (uo) d1uoiue “xew uondiosqy
13p|o4si TLSLA-TI3PIOsA VLSLA-ZI9pIO4s ziapogsi TLSLA-Td4D3s! V1SLA-Td493s! 2d493s!

‘04}IA Ul paulelqo sia1aweled jedisAydojoyd ‘L d|qel

, 19, Downloaded from https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/cphc.202200192 by Cochrane France, Wiley Online Library on [10/11/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

© 2022 The Authors. ChemPhysChem published by Wiley-VCH GmbH

ChemPhysChem 2022, 23, €202200192 (6 of 11)



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemPhysChem doi.org/10.1002/cphc.202200192

for rsEGFP2-V151A in®' was determined from a single measure-
ment and we suspect that an unidentified experimental flaw
attributed to a laser power density calibration error lead to the
erroneously high value (0.77) that should thus be discarded.
Compared to rsEGFP2 and rsFolder2, the behavior of rsFolder is
similar to that of the V151L variants. We note that the V151A
variants are characterized by a lower fluorescence brightness
than their parents (Table 1).

Overall, our results suggest that the higher and lower
switching contrasts of the V151A and V151L variants relative to
the parent proteins, respectively, are mainly due to lower
absorptions of 488 nm light (€,g5,¢) by the trans1 chromophore
in V151A and to higher absorption of the trans2 chromophore
in V151L.

UV-Visible Absorption Spectroscopy on rsEGFP2, rsFolder2
and Their Variants in Solution

The differences in €,g5 determined from fitting the experimen-
tal fluorescence switching curves (Table 1) can be rationalized
by comparing UV-visible absorption spectra of rsEGFP2,
rsFolder2 and their V151A and V151L variants in their on- and
off-states, respectively (Figure 4). Indeed, we consistently ob-
served that the maximum of the off-state spectra of the V151A
variants are blue shifted, and the spectra of the V151L variants
red shifted relative to those of the parent proteins (Table 1). In
the V151A variants, the blue shifted off-state absorbance band
leads to a lower residual extinction coefficient at 488 nm
(E4880), resulting in less on-state contamination after off-switch-
ing (Figure 4) and thus to an increased switching contrast. In
contrast, the red shifted off-state absorbance band in the V151L
variants leads to a higher extinction coefficient at 488 nm, more
on-state contamination and a lower contrast. Interestingly, a
shoulder at 440 nm is visible in the off-state absorbance spectra
of rsEGFP2-V151L, rsFolder2-V151L and rsFolder (Figure 4) that
cannot be attributed to residual absorbance of the on-state.

This shoulder is also visible in off-state absorption spectra of
microcrystalline rsEGFP2-V151L (Supplementary Figure S4b).

We also recorded absorption spectra along on-to-off switch-
ing under alternating 488 nm illumination for all variants in the
solution state. An isosbestic point (Supplementary Figure S7)
was always observed, suggesting a homogenous off-state, not
only for the V151A and V151L variants, but also for the parent
proteins. Likewise, all our fluorescent switching curves (Supple-
mentary Figure S8) displayed a similar trend, with no sign of
more complex kinetics in the parent proteins compared to the
V151A and V151L variants.

Quantum Chemical Calculation Analysis of Chromophore
Conformations in Parental rsEGFP2

So far, we implicitly assumed that the transi and trans2
conformations observed in the crystal structures occur in the
proteins in solution, and hence, the blue- and red-shifted
absorption could be attributed to trans1 and trans2 chromo-
phores, respectively. To test this assumption, the absorption
spectra of the trans1 and trans2 conformers were characterized
by quantum chemistry calculations. Starting from the SFX
structure of parental rsEGFP2 (PDB entry 6T39"%), the geo-
metries of models featuring trans? and trans2 chromophore
conformations in their respective protein environment (i.e.
trans1 being H-bonded to a water molecule and trans2 to
His149; Figure 5a) were optimized. The planarity of the
chromophore remained similar to the experimentally derived
one (Supplementary table S3) with trans1 being rather distorted
from the planar configuration in contrast to trans2 (Figure 5a).
The two configurations also differ in the length of the phenolic
OH bond and bonds of the conjugated system indicating a
stronger binding of the phenolic proton concomitant with a
reduced m-conjugation in trans1 as compared to trans2. The
energy cross sections computed for the phenolic OH bond
stretching (Figure 5b) demonstrate a shape typical for the
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C
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Figure 4. Absorption spectra of fluorescent proteins presented in this study in their fluorescent on-state (dark colors) and non-fluorescent off-state (dim colors)
in solution. (a) rsEGFP2 and its variants rsEGFP2-V151A and rsEGFP2-V151L, (b) rsFolder2 and its variants rsFolder2-V151A and rsFolder2-V151L and rsFolder.
Spectra are normalized relatively to the respective on state spectra and are measured in HEPES buffer at pH 7.5.
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Figure 5. Quantum chemical calculations of trans1 and trans2 within parental rsEGFP2. (a) Fragments of the chromopore models and selected distances (A)
and angles in the optimized geometries. (b) The OH stretching energies. Vertical arrows indicate the So-S, excitation energies (eV) and transition dipole
moments (in brackets; Hartree*Bohr). The decrease of the S-S, energy along the OH stretching coordinate is demonstrated. The effect of the OH-stretching
potentials, showing strong anharmonicity, on the S,-S, vibronic band structure potentially explaining the observed spectral shift is demonstrated in

Supplementary Figure S9.

protonated p-hydroxybenzylidene imidazolinone chromophore
interacting with a proton acceptor® and confirm a stronger
proton binding in transi. Consistent with reduced m-conjuga-
tion, the S,-S, energy is higher for transi than for trans2
(Figure 5b, Supplementary table S4), suggesting a blue-shifted
absorption maximum for the former. The enhanced proton
binding in trans1 could be linked to a substantial electronic
coupling of 15 meV between trans1 chromophore and electron
donor Tyr146. The coupling is facilitated by a H-bond between
His149 and Tyr146. The trans2 chromophore is H-bonded with
His149 itself, and its electronic coupling with Tyr146 is reduced
to 0.5 meV. The absorption band shapes obtained with a
quantum-mechanical model considering the one-dimensional
OH-stretching potential (Supplementary Figure S9 and Supple-
mentary table S5) also suggest a blue shifted absorption band
of trans1 compared to trans2.

Geometry optimization and excitation energy calculations
were performed for the trans1 and trans2 models with alanine
and leucine, respectively, at position 151. Similar distorted and
planar geometries of trans1 and trans2, respectively, were found
in these models (Supplementary Figure S10 and Supplementary
table S3). Further, the calculations confirmed that the S-S,
excitation energy is higher for transi compared to trans2

independent of the residue at position 151 (Supplementary
table S4). Hence, our calculations suggest an increase of the
excitation energy for trans1 in comparison to trans2, consistent
with the blue-shifted absorption band assigned to trans1, which
we correlate with the increased out of plane distortion and
increased proton binding of transi. The calculations thus
corroborate our assumption that the trans? and trans2 con-
formers are adopted both in crystallo and in solution.

Determination of in vivo Switching Contrasts of rsEGFP2,
rsFolder2 and Their Variants and RESOLFT Experiments on
rsFolder2-V151A

To investigate the invivo switching properties of rsEGFP2,
rsFolder2 and their variants at light intensities similar to those
typically utilized in RESOLFT nanoscopy, we recorded switching
curves on E. coli colonies expressing the respective proteins
using high light intensities (Figure 6a, b). The determined
contrasts of rsEGFP2-V151A (109) and rsFolder2-V151A (119)
increased and that of rsEGFP2-V151L (6) decreased with respect
to parental rsEGFP2 (28) and rsFolder2 (22), in line with the
results obtained with low light intensities in vitro (Table 1). We
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Figure 6. Switching kinetics and switching fatigue of rsEGFP2, rsEGFP2-V151A, rsEGFP2-V151L, rsFolder2 and rsFolder2-V151A. Comparison of the off switching
curve of rsEGFP2, rsEGFP2-V151A and rsEGFP2-V151L (a), as well as rsFolder2 and rsFolder2-V151A (b). Switching fatigue measurements of the five proteins

(). All graphs were recorded on living E. coli colonies using high light intensities.
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also compared the switching fatigue of parental rsEGFP2 and
rsFolder2 and their variants. To this end, the fluorescence of E.
coli colonies was switched on and off 4000 times and the
maximal fluorescence of the on-state was recorded for every
switching cycle (Figure 6¢c). While rsEGFP2 and rsFolder2 could
be switched more than 2000 times before their fluorescence
was reduced to 50% of the initial brightness, the V151A variants
could be switched ~1500 times. Based on invivo switching
properties, both V151A variants appeared to be suitable for
RESOLFT nanoscopy.

For investigating the usefulness for RESOLFT imaging, we
decided to concentrate on rsFolder2-V151A, as this variant
showed the highest photoswitching contrast in vitro (Table 1)
and invivo, and could be particularly useful because of its
superfolding properties. A fusion protein of the cytoskeletal
protein Keratin with rsFolder2-V151A was expressed in cultured
human Hela cells and imaged on the RESOLFT microscope.
While the resulting image shows the expected clear improve-
ment in resolution compared to the confocal counterpart
(Figure 7), its resolution of ~60 nm is comparable to the one of
previous RESOLFT recordings on the same microscope using
parental rsEGFP2,P" as judged by the full width at half
maximum (FWHM) of line profiles across small Keratin-rsFold-
er2-V151A filaments. Hence, despite the increased switching
contrast of the V151A variant, evidenced in vitro (Table 1) and
in vivo (Figure 6), the recorded images do not show a significant
increase in resolution compared to the parent protein. We
mainly attribute this result to the lower molecular and cellular
brightnesses of these variants compared to the parents
(Table 1).

Discussion

Correlation between off-State Conformations, Switching
Contrast and Absorbance Spectra

We establish a link between the switching contrast and off-state
occupancy of the trans1 or trans2 chromophore conformations

in rsEGFP2 and rsFolder2 variants by combining our structural
and photophysical results. For the transi conformer (V151A
variants), the switching contrast is high, whereas the trans2
conformer (V151L variants) leads to a lower contrast. Parental
rsEGFP2 and rsFolder2, exhibiting transi/trans2 off-state hetero-
geneity (see Supplementary text S4), display an intermediate
contrast (Table 1). The quantitative evaluation of fluorescence
switching kinetics and the off-state absorbance spectra of the
investigated variants strongly suggest that the main contribu-
tion to modulation of the switching contrast arises from red-
and blue-shifted absorption maxima of the off-state in the
V151L and VI151A variants, respectively. This observation
correlates with the differences in twist and tilt dihedral angles
of the chromophore in trans1 and trans2, as well as in its local
environment, that tune the energy gap between the S, and S,
electronic states as shown by our high-level quantum chemistry
calculations. The red-shift of the experimental absorption
maximum of the rsEGFP2-V151L off-state was reproduced
computationally (Figure 5b) and is consistent with the more
extended electron delocalization in the near-planar chromo-
phore of its trans2 conformation compared to trans1 (Figure 5a).
The less planar trans1 chromophore conformation might result
from stabilization of the protonated form by charge transfer
from Tyr146, activated by H-bonding to His149, that is absent
for trans2. Of note, based on the calculation of ratiometric
absorption spectra between the on and off states for the three
rsEGFP2 variants (Supplementary Figure S11), we do not expect
an increase in switching contrast by employing illumination at
red-shifted wavelengths.

When linking structural and spectroscopic results, we rely
on the assumption that the off-state heterogeneity observed in
crystals of parental rsEGFP2 and rsFolder2 is maintained in
solution. Our high-level quantum chemistry calculations justify
this assumption. Yet, the presence of isosbestic points in the
absorbance spectra along off-switching (Supplementary Fig-
ure S7) and detection of a single long-lived off-state in our
fluorescence-based switching curves (Supplementary Fig-
ure S12) indicate a homogeneous off-state in solution. These
findings are consistent if we postulate a fast exchange between

P
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Figure 7. RESOLFT imaging using rsFolder2-V151A. Comparison of a confocal (a) and RESOLFT (b) recording of a HeLa cell expressing Keratin-rsFolder2-V151A.
Line profiles were taken at the indicated positions and the FWHM was determined on the fitted functions (c). Scale bar: 1 um. The color maps indicate the

actual photon counts.
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trans1 and trans2 in parental rsEGFP2 and rsFolder2 in solution,
occurring on timescales faster than detectable (~0.1s) in our
absorbance and switching kinetics measurements. Our meas-
urements in solution thus capture the average photophysical
behavior between those of trans1 and trans2, giving rise to an
apparently homogeneous off-state. The postulated fast ex-
change contrasts the assumption by Chang et al that trans
conformations are locked on the second time scale (see
Supplementary information S3 in®).

Photoswitching Fragility in Parental rsEGFP2 and rsFolder2

The differential trans2 occupancies found in off-state structures
of rsEGFP2 determined by RT SFX under identical buffer
conditions on microcrystals of the same batch but of different
age and with varying illumination conditions (Supplementary
text S1), as well as the absence of trans2 in flash-cooled parental
rsEGFP2 macrocrystals (Supplementary Figure S13) and its
presence in rsFolder2 (Supplementary text S2, Supplementary
Figure S6), suggest that experimental and environmental
parameters determine to which extent trans2 gets populated in
parental rsEGFP2 and rsFolder2. We suggest that this is the
result of a low, environmentally dependent, barrier in the
protein conformational energy landscape® separating access
to, or exchange between, trans1 and trans2, a notion that we
refer to as “switching fragility”. Yet, the experimental conditions
that would reproducibly control heterogeneity in the off-states
of rsEGFP2 and rsFolder2 have not been identified. Alterna-
tively, or additionally, conformational heterogeneity of the cis
chromophore in the on-state could be at the origin of the
observed off-state heterogeneity.

Photoswitching fragility in parental rsEGFP2 or rsFolder2
may have consequences for imaging applications, when labels
are addressed to various cellular locations with potentially
different physicochemical environments. These different envi-
ronments (e.g. viscosity, ionic strength, or nature of a fusion
protein) could lead to different levels of heterogeneity and
variability in switching contrast (beyond that expected from pH
induced effects'™). Such variability is expected to be alleviated
in rsFolder, the V151L variants, and the high switching contrast
V151A variants so that they may be considered as more
“robust” than their parents.

In conclusion, this work establishes a causal relationship
between the occupancy of two off conformations in rsEGFP2
and rsFolder2 and the achievable switching contrast, essentially
through absorbance shifts of the off-switched chromophore. A
point mutation is sufficient to enforce single trans conforma-
tions in the off-state. These had also been observed in more or
less densely packed crystals of off-state variants containing a
monochlorinated chromophore.*” Trans1 seems to be favoured
in @ more spacious chromophore pocket (V151A variant (this
work) and in crystals with a less contracted unit cell®) and
trans2 in a more constricted pocket (V151L variant (this work)
and in crystals with a contracted unit cell®”). The rsEGFP2- and
rsFolder2-V151A variants, containing only the trans1 conformer,
exhibit greatly enhanced switching contrasts as compared to

ChemPhysChem 2022, 23, €202200192 (10 of 11)

their parents, both invitro and invivo. Due to a loss in
fluorescence brightness of these variants, however, the optical
resolution obtained by RESOLFT nanoscopy on Keratin-rsFold-
er2-V151A filaments did not significantly increase compared to
previous studies using either parental rsFolder2 or rsEGFP2. In
the future, it would be interesting to investigate whether an
optimum illumination wavelength exists, possibly deviating
from the employed 488 nm light, that would further enhance
the switching contrast to a point overcompensating the
observed loss in brightness of the on form. Our rsEGPF2-V151A
and rsFolder2-V151A variants constitute promising leads for the
next-generation RSFPs, for which the fluorescence brightness
has to be increased while maintaining the enhanced switching
contrast described here.
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