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rsTagRFP is the first monomeric red fluorescent protein (FP) with reversibly
photoswitchable absorbance spectra. The switching is realized by irradiation of
rsTagRFP with blue (440 nm) and yellow (567 nm) light, turning the protein
fluorescence ON and OFF, respectively. It is perhaps the most useful probe in
this color class that has yet been reported. Because of the photoswitchable
absorbance, rsTagRFP can be used as an acceptor in photochromic Forster
resonance energy transfer. Yellow FPs, YPet and mVenus, are demonstrated to
be excellent photochromic Forster resonance energy transfer donors for the
rsTagRFP acceptor in its fusion constructs. Analysis of X-ray structures has
shown that photoswitching of rsTagRFP is accompanied by cis—trans
isomerization and protonation/deprotonation of the chromophore, with the
deprotonated cis- and protonated trans-isomers corresponding to its ON and
OFF states, respectively. Unlike in other photoswitchable FPs, both conformers
of rsTagRFP chromophore are essentially coplanar. Two other peculiarities of
the rsTagRFP chromophore are an essentially hydrophobic environment of its
p-hydroxyphenyl site and the absence of direct hydrogen bonding between this
moiety and the protein scaffold. The influence of the immediate environment on
rsTagRFP chromophore was probed by site-directed mutagenesis. Residues
Glu145 and His197 were found to participate in protonation/deprotonation of
the chromophore accompanying the photoswitching of rsTagRFP fluorescence,
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whereas residues Metl60 and Leul74 were shown to spatially restrict
chromophore isomerization, favoring its radiative decay.

© 2012 Elsevier Ltd. All rights reserved.

Reversibly switchable fluorescent proteins (rsFPs)
are the new, recently developed class of fluorescent
proteins (FPs) that, unlike conventional FPs, dem-
onstrating permanent fluorescence, can be revers-
ibly switched between the nonfluorescent (OFF) and
fluorescent (ON) forms by irradiation with light of
an appropriate wavelength.' Monomeric rsFPs
have several advantages over conventional FPs in
monitoring intracellular dynamics. First, rsFPs are
applied to study reversible processes such as a
transport of the tagged proteins between different
compartments in a single cell.* Second, rsFPs are
used in several emerging super-resolution micros-
copy techniques that enable imaging of single
protein molecules tagged with rsFPs at low light
intensities.”® Third, rsFPs substantially improve
signal contrast from the tagged proteins obtained by
comparing images of a cell over several photo-
switching cycles in so-called optical lock-in detec-
tion techniques. '’

According to the changes in their fluorescence
accompanying photoswitching, monomeric rsFPs
could be divided in two groups: the first one
changes quantum yield of fluorescence, while the
second one changes its absorbance spectrum. The
major advantage of monomeric rsFPs of the second
kind is a unique possibility to use them as acceptors
in the novel technique, called a photochromic
Forster resonance energy transfer (pcFRET). In
pcFRET, fluorescence of a donor can be modulated
by reversible changes in the absorbance of the
photochromic acceptor. Thus, the donor fluores-
cence can be measured in the “presence” (a large
overlap between the donor emission and the

acceptor absorbance spectra) and in the “absence”
(a small or no overlap) of the acceptor. The
advantage of pcFRET over other FRET approaches
is an accurate and reproducible FRET quantification
for the same FRET pair within the same cell without
the need for corrections based on reference images
acquired from control cells. As the photoswitching
of rsFPs can be accomplished relatively fast, pcFRET
could provide a sub-second resolution important for
characterization of protein—protein interactions,
once those are brief or occur in rapidly moving cell
compartments.

Until recently, monomeric rsFPs with reversible
change in the absorbance spectra were limited to
two type of cyan-green probes, such as mTFP0.7"
and Dronpa variants.*!>-4 However, cyan-green
rsFPs have limited use in pcFRET because of the
very few suitable FP donors available. On the other
hand, red rsFPs with modulated changes in absor-
bance could be used with numerous green, yellow,
orange, and large Stokes shift FPs as the pcFRET
donors.

rsTagRFP protein is the first and currently the only
red monomeric rsFP with reversible change in the
absorbance spectra.'® rsTagRFP is turned ON and
OFF by illumination with 440- and 567- nm light,
respectively. Fluorescence of rsTagRFP in the ON
state is seen as the emission band with peak at 585 nm;
the transition to fluorescent state is accompanied by
disappearance of 440- and appearance of 567- nm
absorbance bands (see Fig. Sla in Supporting
Information). Remarkably, ON-to-OFF and OFF-to-
NO transitions of rsTagRFP are not equivalent in
terms of the consumed light energy. It takes about
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Fig. 1. Photoswitching behavior of rsTagRFP in pcFRET. (a) Changes in fluorescence intensity of rsTagRFP and
rsCherryRev proteins during the photoswitching cycles. (b) Changes in fluorescence intensity of YPet donor and FRET
signal in YPet-rsTagRFP fusion construct. (c¢) Comparison of the changes in FRET signal in mEGFP-rsTagRFP, YPet-
rsTagRFP, mVenus-rsTagRFP, EYFP-rsTagRFP, and Citrine-rsTagRFP fusion constructs. The magnitude of the changes in
fluorescence signal for each donor corresponds to the FRET efficiency in the respective fusion construct. All fluorescence
signals were normalized to the maximum rsTagRFP fluorescence intensity in the ON state after the first photoswitching
cycle.
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1000-fold more energy to switch the fluorescent
chromophore OFF than to turn the OFF-chromophore
into fluorescent state.'® rsTagRFP was generated
from the permanently red FP TagRFP (Nex™/Nem
555/585 nm)'® and presents a variant with the
following seven mutations: Phe80Trp/lle121Leu/
Asnl143Ala/Ser158Gly/Phel74Leu/Lys182Asn/
Tyr194Phe. A recently reported crystal structure of
TagRFP'” demonstrated that its chromophore forms
direct hydrogen bonds with residues Asn143 and
Ser158, stabilizing its frans-conformation. As few as
two mutations in TagRFP, Asn143Ala and Ser158Gly,
were reported to be essential to yield a variant with
reversible photoswitchability. '

Other red rsFPs developed so far are asFP595'®
and its mutant asFP595/A143G (KFP)'? as well as
rsCherry and rsCherryRev (see Table S1 in Supporting
Information).® asFP595 and KFP are obligate tetra-
mers, preventing their use for protein tagging.
rsCherry and rsCherryRev are monomeric but have
been reported to exhibit low brightness and a complex
switching behavior. 20 However, unlike rsTagRFP,
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these red rsFPs change quantum yield rather than the
absorbance spectrum upon photoswitching. Among
red rsFPs, crystal structures have been reported for
only asFP595 and its mutants.*"**

Our comparison of rsTagRFP with rsCherryRev,
which is brighter than rsCherry and requires ON and
OFF light of wavelengths similar to that for rsTagRFP,
showed that, even after 10 photoswitching cycles,
rsCherryRev was 10-fold less bright than rsTagRFP
(Fig. 1a). Moreover, the photoswitching contrast of
rsTagRFP was 15-fold at the first cycle and almost
did not change over the cycles, whereas the contrast
of rsCherryRev increased over the cycles, reaching
3-fold after the 10th cycle only. These results suggested
that rsTagRFP should outperform rsCherryRev in
fluorescence applications that require reversible
photoswitching.

We also tested several common monomeric FPs,
such as mEGFP (Clontech), YPet, 2 mVenus,** EYFP
(Clontech), and Citrine,* for being pcFRET donors
for rsTagRFP in its fusion constructs. The green and
yellow FPs have been chosen because of substantial
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Fig. 2. The nearest chromophore environment of rsTagRFP in its ON (a and d) and OFF (b and e) states and of TagRFP
(c and f). The environment of the p-hydroxyphenyl ring in both the ON (a) and OFF (b) states of rsTagRFP chromophore
has a clearly hydrophobic character, resulting in the absence of direct hydrogen bonds between the chromophore
phenolate and the protein scaffold. In contrast, in parental TagRFP, the phenolate group of the chromophore is stabilized
in its trans-conformation by two hydrogen bonds with Asn143 and Ser158 (c). The environment of the imidazolinone ring
of rsTagRFP in both ON (d) and OFF (e) states is equivalent to that of parental TagRFP (f). The ring is stabilized by five
hydrogen bonds with Arg67, Trp90, Arg92, GIn106, and Glu215 and is involved in numerous van der Waals contacts with

surrounding residues.
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overlap between their emission spectra and the
absorbance spectrum of rsTagRFP in the ON state
and because of a minimal effect of blue light
required for their excitation on the rsTagRFP
photoswitching. When the rsTagRFP acceptor in
the YPet-rsTagRFP fusion construct was switched
ON, there was FRET from the YPet donor (Fig. 1b).
When rsTagRFP was subsequently switched OFF,
the overlap between the donor emission and
rsTagRFP absorbance disappeared, resulting in a
substantial decrease in the FRET. There were
reversible 28% changes in the pcFRET signal over
multiple rsTagRFP photoswitching cycles (Fig. 1b).
Similar ~28% changes in pcFRET signal were
observed with the mVenus donor, whereas for
EYFP, Citrine, and mEGEFP, the changes were 19%,
19%, and 10%, respectively (Fig. 1c). The smaller
modulation of the pcFRET signal in the case of
mEGFP was possibly caused by a smaller overlap of
the mEGFP and rsTagRFP spectra. The smaller
changes in FRET signal for EYFP and Citrine likely
resulted from suboptimal orientation of the excited
state dipoles of the donor and acceptor chromo-
phores. At least in this setup, EYFP, which has been
recently used in pcFRET with rsTagRFP to study
protein-protein interactions,'” is not the best donor
for rsTagRFP, and YPet and mVenus donors substan-
tially outperform it.

To determine the structural basis of the rsTagRFP
photoswitching, we have crystallized rsTagRFP and
determined its structures in the ON and OFF states.
Fluorescence of rsTagRFP in crystals was turned ON
and OFF by illumination with 405- and 532- nm light,
respectively. Upon irradiation, the crystals were
immediately flash frozen in 100-K nitrogen stream to
trap the desired chromophore state. The overall
quality of the diffraction data was high as indicated
by data collection statistics (see Table S2 in Supporting
Information). The electron density of rsTagRFP in the
OFF state corresponds to the chromophore adopting
exclusively frans-conformation, whereas in the ON
state, it indicates the presence of a mixture of cis- and
trans-isomers (see Fig. S2 in Supporting Information).

Subunits B and D of rsTagRFP in the ON state
contain 1:1 mixture of cis- and trans-chromophores,
whereas subunits A and C contain 60% trans- and
40% cis-isomers of the chromophore, respectively.
Examination of the crystal packing revealed that,
unlike in solution, monomeric rsTagRFP forms in
the crystal tetramers in which the pairs of subunits
AC and BD make different crystal contacts (see Fig.
S3 in Supporting Information). The loops formed by
residues 34—40 and 68-80 participate in the crystal
contacts in subunits A and C, whereas in subunits B
and D, they are exposed to solvent channel. The
difference in the cis—trans isomerization rates in
rsTagRFP subunits implies that photoisomerization
of the chromophore is accompanied by expansion/
contraction of the p-barrel. A similar breathing of

B-barrel accompanyin§ photoswitching was earlier
reported for Dronpa;* thus, one could suggest that
certain flexibility of the protein scaffold is required
for efficient cis—trans photoisomerization of the
chromophore in rsFPs.

The nearest environment of p-hydroxyphenyl ring
of both the ON and OFF chromophores has an
essentially hydrophobic character originating from
the Asn143Ala, Ser158Gly, and Phel74Leu mutations
(Fig. 2a and b). The phenolate moiety of the rsTagRFP
chromophore, in contrast to other rsFP and parent
TagRFP, does not form any direct hydrogen bonds
with the protein scaffold. However, in both the cis-
and trans-conformations, it forms hydrogen bonds
with water molecules occupying the space available
after replacement of bulkier Asnl143, Ser158, and
Phel74 with smaller Ala143, Gly158, and Leul74.

Four other substitutions made in TagRFP in order
to obtain rsTagRFP were Phe80Trp, Ilel21Leu,
Lys182Asn, and Tyr194Phe; they are somewhat
distant from the chromophore and merely serve to
improve folding, brightness, and photoswitchability
of rsTagRFP (see Fig. S4 in Supporting Information).
The environment of the imidazolinone ring of
rsTagRFP is similar to that found in progenitor
TagRFP. The ring forms five hydrogen bonds with
Arg67, Trp90, Arg92, GInl06, and Glu215 and
participates in numerous van der Waals contacts
with the nearby residues (Fig. 2d and e).

To probe the mechanism of proton transfer around
the p-hydroxyphenyl ring of rsTagRFP, we generated
two mutants, Glu145GIn and His197Arg, yielding the
variants lacking one of the ionogenic groups. As
demonstrated by the absorbance spectra recorded
from these variants in the ON and OFF states, the
absence of either of these ionogenic residues near the
p-hydroxyphenyl group of the chromophore results
in the OFF state mutants (see Fig. S1b and c in
Supporting Information). To clarify the role of the
steric restrictions imposed by Met160 and Leul74 on
the ON/OFF transition of the chromophore, we
generated two other mutants, Metl60Val and
Leul74Val. Met160 was substituted with a smaller
Val and yielded a mutant with a 14-fold decreased
quantum yield (see Table S3 in Supporting Informa-
tion). Leul74Val mutant has shown an accelerated
ON/OFF transition of the chromophore: the corre-
sponding half-time is two times shorter than that for
the original rsTagRFP (see Table S3 in Supporting
Information), implying that the Leul74Val substitu-
tion facilitates rotation of the p- ydrox;rphenyl ring of
the chromophore around the C**~C** bond.

The structures of rsTagRFP in ON and OFF states
have shown three notable features associated with its
chromophore. The first was facilitated rotation
around the C*>~C"? bond, directly associated with
cis—trans isomerization and ON/OFF fluorescence
switching. Such freedom of rotation has been enabled
by substitution of Asn143, Ser158, and Phel74 with
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less bulky Ala, Gly, and Leu, respectively, and
resulted in enlargement of the cavity around the

-hydroxyghenyl site of the chromophore Similar to
Padron0.9,” asFP595,%' and KFP,' cis—trans isomer-
ization of rsTagRFP chromophore leaves its nearest
environment intact. From our structural data, we can
conclude that cis—trans isomerization is accompanied
by a slight “breathing” of the B barrel—a phenome-
non earlier reported for Dronpa.”® On the other hand,
for rsFPs with tightly packed chromophore environ-
ment, mTFP0.7,!! Dronpa,?® and IrisFP,?° photoi-
somerization causes concerted rearrangement of
amino acid residues close to the chromophore. It is
noteworthy that, in Dronpa, switching requires high-
energy UV or blue light, respectively, whereas for
asFP595 and rsTagRFP, for which no residue rear-
rangements have been observed, green and blue light
is sufficient.?®

The second feature is the lack of direct stabilizing
hydrogen bonds between the phenolic ring of the
chromophore and the protein matrix caused by
Asnl43Ala and Ser158Gly substitutions. To our
knowledge, a complete absence of direct hydrogen
bonding with the protein scaffold has not been seen
before for any other reversibly photoswitchable FPs.
The absence of such H-bonding is, at least partly,
responsible for the easiness of cis—trans isomeriza-
tion of its chromophore and is seen as an increase in
pK, from 3.8 for parent TagRFP to 6.6 for rsTagRFP.

The third feature involves essential coplanarity of
both the cis- and trans-forms of the chromophore,
with the angles between its five- and six-membered
rings of less than 10°. Low deviation from planarity
is a key feature for the fluorescent cis-conformation
and was reported for most rsFPs and FPs, whereas
planar trans-conformation is quite unusual. For the
majority of rsFPs, trans-chromophores have a highly
distorted planarity with the angles between the five-
and six-membered rings ranging from 20° to 45° (see
Fig. S5 in Supporting Information).

In spite of being planar, the trans-conformation of
rsTagRFP chromophore corresponds to its nonfluor-
escent (OFF) state. The respective absorbance
spectra show the appearance of 438- nm band (see
Fig. Sla in Supporting Information), indicating
transition of the chromophore into the blue form.
This kind of spectra change could be caused by
distortion of the conjugation system of the chromo-
phore and by its protonation.” Photosw1tchmg of
the previously reported red rsFP is indeed accom-
panied by both cis—trans isomerization and proton-
ation/deprotonation of the chromophore.821.3031
As it was shown by Subach et al., variation of pH
affects the fluorescence and the absorbance spectra
of rsTagRFP similar to 445/25- nm light: basic pH
results in increase in the ON fraction of the
chromophore, whereas at pH <5, most of it exists
in the OFF state.”” The same pH dependence is
presumably accountable for the incomplete OFF-to-

ON conversion of rsTagRFP in the examined
crystals, as they were obtained in acidic crystalliza-
tion media (pH 5.5; see Materials and Methods in
Supporting Information). The results of site-directed
mutagenesis point out that His197 and Glul45 are
crucial for chromophore deprotonation (hence,
fluorescence), as their replacement with residues
incapable of proton transfer interrupts the proton
wire responsible for chromophore deprotonation.

The exact mechanism of chromophore proton-
ation/deprotonation remains unclear as X-ray data
account only for static interactions of the chromo-
phore. In their detailed theoretical study, Schafer
et al. remarked that, for reversible ON-OFF photo-
switching, the fluorescent chromophore anion
should be able to undergo protonation. " This
requires a proton donor in close proximity to the
phenolate oxygen. Studying photoswitching mech-
anism of asFP595, Schaefer et al. demonstrated that
cis—trans isomerization of the chromophore occurs as
a complex hula-hoop motion.?" Because molecular
dynamics simulations and X-ray data provide only
structural information, we cannot distinguish
whether the observed protonation/deprotonation
and cis— ~trans 1somer1zat10n occur simultaneously or
sequentially.” In analogy with multiconfigural ab initio
(CASSCF) calculations and QM/MM excited state
molecular dynamics sunulatlons with explicit surface
hopping for asFP595,°' we suggest that, in
rsTagRFP, the trans-to-cis transition starts when the
p-hydroxyphenyl ring of the chromo rE)hore tilts
toward Glul45 and His197, while C"*-H-group
moves away from these residues (Scheme 1a). The
chromophore then reaches the conical intersection
(CD) point, characterized by the strongest distortion
of chromophore geometry (Scheme 1b). Protonated
phenolic group of the Cl-chromophore forms a
hydrogen bond with Glu145 and undergoes depro-
tonation. The proton is then shuttled to the
imidazolinone ring of the chromophore via His197
and Glu215 residues forming a fluorescent zwitter-
ionic species. Cl-chromophore then finalizes the
hula-hoop motion to adopt cis-conformation (Scheme
1c). In the course of cis-to-frans conversion, the
proton wire provides a reverse transition of zwitter-
ionic species to a neutral one. Apparently, transitions
between zwitterionic and neutral forms of the
chromophore are not equally favored: as one could
see from the transition times and the source power,
ON-to-OFF transition needs about 1000-fold more
energy than the opposite one.'

While cis—trans isomerization and the protonation/
deprotonation pathway describe the mechanism of
rsTagRFP photoswitching, they do not explain the
difference in the rates of ON-to-OFF and OFF-to-ON
transitions. The second pair of the generated mutants,
Met160Val and Leul74Val, deals with the dynamics
of the chromophore cis—trans isomerization, probing
the steric restrictions of the movements of isomerizing
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Scheme 1. A proposed mechanism of rsTagRFP photoswitching. (a) Protonated trans-chromophore. (b) CI point of the
OFF-to-ON/ON-to-OFF transition. (c) Deprotonated cis-chromophore. Upon excitation with blue light, neutral trans-
chromophore (a) undertakes complex hula-hoop motion in which its p-hydroxyphenyl moiety approaches Glu145, forming
with the latter a hydrogen bond (b). At this moment, the proton of the phenolate oxygen of the chromophore relocates to the
nitrogen atom of its imidazolinone ring via the residues Glu145, His197, and Glu215, resulting in zwitterionic chromophore
species. The chromophore then completes its hula-hoop motion to accommodate cis-conformation (c). Excitation with yellow
light result in an opposite motion of the chromophore accompanied by a reverse transfer of the proton from its imidazolinone
to p-hydroxyphenyl group via Glu215, His197, and Glu145 proton wire.

chromophore. Replacement of Metl160 by a smaller
Val resulted in a weakly fluorescent variant (see Table
S3 in Supporting Information). The absorbance
spectrum of Met160Val shows two bands, character-
istic to ON (553 nm) and OFF (430 nm) states of the
chromophore; their relative intensities correspond to
a mixture of 2/3 OFF and 1/3 ON rsTagRFP (see Fig.
Sle in Supporting Information). Apparently, unrest-
ricted by a rigid support of Met160 side chain, cis-
(ON) chromophore absorbs 567- nm light and un-
dergoes fast isomerization, turning it OFF. The
remainder 1/3 of ON chromophores, having greater
freedom, may undergo nonradiative pathway of de-
excitation. A similar influence of Met160 replacement
was observed by Stiel et al. in Dronpa, when they
found that replacement of Met159 (in their sequence)
with a smaller Thr, Ser, or Ala accelerates the
photoswitching to the dark state more than 1000-
fold, decreasing the fluorescence quantum yield."?
Leul74Val mutant, on the other hand, yields a variant
that favors cis- (ON) form of the chromophore and
increases 2-fold both the ON-to-OFF and OFF-to-ON
transition rates (see Table S3 and Fig. Sld in
Supporting Information). Similar to Met160Val, the
chromophore of the Leul74Val mutant has a larger
surrounding cavity and hence has greater freedom of
motion, favoring its nonradiative de-excitation. In the
parent TagRFP, position 174 is occupied by bulkier
Phe, which, upon two substitutions, Asn143Ala and
Ser158Gly, yielded a photoswitchable rsFP variant,
indicating that Leu at position 174 is not crucial for
photoswitching properties but merely improves them
by stabilizing the chromophore in cis- (ON)
conformation.

Summary

In conclusion, in the present paper, we have
demonstrated the advantages of rsTagRFP com-
pared to rsCherryRev. Additionally, we have found
the donors that are substantially better for pcFRET
than EYFP: YPet and mVenus. We have further
determined the crystal structures of rsTagRFP in its
ON and OFF states, which have revealed that the
chromophore of rsTagRFP has a large surrounding
cavity and lacks stabilizing direct hydrogen bonding
between its tyrosine and the protein scaffold. The
chromophore is capable of adopting both the cis-
and trans-conformations, stabilized by hydrogen
bonding with internal water molecules. Photo-
switching of rsTagRFP is enabled by two groups of
amino acid residues residing in the immediate
surroundings of the chromophore. The first group
includes Glul145, His197, and Glu215 and provides
protonation/deprotonation of the chromophore.
The second group, consisting of Metl60 and
Leul74, restricts the hula-hoop motion of the
chromophore p-hydroxyphenyl ring, creating a
barrier that slows down cis—trans isomerization
and makes it possible to distinguish and separate
the chromophore ON and OFF states.
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