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SUMMARY

Advanced fluorescence imaging, including subdif-
fraction microscopy, relies on fluorophores with
controllable emission properties. Chief among these
fluorophores are the photoactivatable fluorescent
proteins capable of reversible on/off photoswitching
or irreversible green-to-red photoconversion. IrisFP
was recently reported as the first fluorescent protein
combining these two types of phototransformations.
The introduction of this protein resulted in new
applications such as super-resolution pulse-chase
imaging. However, the spectroscopic properties of
IrisFP are far from being optimal and its tetrameric
organization complicates its use as a fusion tag.
Here, we demonstrate how four-state optical high-
lighting can be rationally introduced into photocon-
vertible fluorescent proteins and develop and
characterize a new set of such enhanced optical
highlighters derived from mEosFP and Dendra2.
We present in particular NijiFP, a promising new
fluorescent protein with photoconvertible and bipho-
tochromic properties that make it ideal for advanced
fluorescence-based imaging applications.

INTRODUCTION

Recently developed imaging methodologies such as photoacti-

vated localization microscopy (PALM), stochastical optical

reconstruction microscopy (STORM), and derived techniques,

have revolutionized fluorescence microscopy by improving

the spatial resolution beyond the diffraction limit of light (Betzig

et al., 2006; Dedecker et al., 2007; Flors et al., 2007; Heilemann

et al., 2008; Hell, 2007; Hess et al., 2006; Rust et al., 2006). All
Chemistry & Biology 18, 1241–1
of these approaches make use of the dynamic nature of fluores-

cence emission at the single-molecule level, and some of the

most promising techniques make use of fluorophores that

can be controllably converted from a detectable to a nonde-

tectable state or vice versa (Habuchi et al., 2005; Heilemann

et al., 2009).

In biological samples, the use of photoactivatable fluorescent

proteins (PAFPs) has the advantage of allowing genetically-

encoded labeling of a target protein. This can be implemented

in a specific and noninvasive fashion for diffraction-unlimited

fluorescence microscopy with a fluorophore that can change

its optical properties on demand. However, the use of PAFPs

has several drawbacks such as their limited number of emitted

photons during one switching event compared to synthetic

dyes, and the fact that their complex photophysics remain

only partially understood. At present three different classes of

these labels have been identified, involving reversible on/off

switching of the fluorescence, irreversible green-to-red conver-

sion, and irreversible off-to-on fluorescence conversion (Lukya-

nov et al., 2005).

Recently, a new fluorescent protein, IrisFP, was reported

(Adam et al., 2008). This PAFP combines both irreversible

green-to-red photoconversion upon intense irradiation with

405-nm light and reversible on/off switchings in both the green

and red forms. Wavelengths for on/off photoswitchings in

green and red forms are 405/488 nm and 440/561 nm, respec-

tively. Very low 405-nm light intensity is required to perform the

highly efficient off-to-on switching of the green form compared

to the green-to-red photoconversion. Not only could such

protein be used for quaternary data storage (Adam et al.,

2010), the irreversible conversion from green to red allows two

subpopulations of the same protein to be distinguished, whereas

the reversible photoswitching allows subdiffraction imaging of

both states, opening up the possibility of pulse-chase super-

resolution imaging (Fuchs et al., 2010). Practical applications,

however, remain limited by the rather fast off-switching rate

and low photostability of IrisFP, drastically restricting the number
251, October 28, 2011 ª2011 Elsevier Ltd All rights reserved 1241
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Figure 1. Localization of Amino Acids Influ-

encing the Photoisomerization of the Chro-

mophore

(A) Typical b-barrel folding of fluorescent proteins.

(B) Superposition of the chromophore and

surrounding residues in the green forms of Den-

dra2 (yellow, PDB: 2VZX), Dronpa (green, PDB:

2Z1O), mEosFP (pink, PDB: 3P8U), and IrisFP

(blue, PDB: 2VVH). Residues 142, 157, 159, and

173 are represented; residues differing from the

consensus amino acid are labeled in the color

corresponding to the protein. The white sphere

represents the water molecule that interacts with

Ser142 in IrisFP (specific hydrogen bonds in IrisFP

represented in blue dashes). See also Figure S1

and Table S1.
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of photons that can be extracted from a single switching event.

In addition, its validity as a fusion partner in biological samples

is limited by its oligomeric nature. Although a monomeric variant

(mIrisFP) has been reported (Fuchs et al., 2010), it does not fully

address the above-mentioned spectroscopic limitations; e.g.,

mIrisFP is still only moderately photoconvertible to the red state

(see Table S1 available online). All these parameters complicate

the use of (m)IrisFP in advanced fluorescence imaging.

The investigation of the chromophore interaction with its envi-

ronment inside the b-barrel structure led to the improvement of

spectral properties in many (PA)FPs (Adam et al., 2008, 2009;

Andresen et al., 2007; Hayashi et al., 2007; Henderson et al.,

2007; Nienhaus et al., 2006; Subach et al., 2009, 2010; Tsutsui

et al., 2009). These experimental studies have been supported

by molecular and quantum mechanics calculations (Lelimousin

et al., 2009a; Li et al., 2010; Moors et al., 2008; Voliani et al.,

2008) and spectroscopic studies (Abbruzzetti et al., 2010;

Dedecker et al., 2006; Habuchi et al., 2006; Hendrix et al.,

2008; Mizuno et al., 2008) that has improved our understanding

about the complex photophysics of these molecules.

In this study, we describe a number of structural themes of

major importance for the introduction of on/off photochromism

in virtually any green-to-red photoconvertible fluorescent protein

(PCFP). Recent publications (Adam et al., 2008; Andresen et al.,

2008; Bizzarri et al., 2010; Moors et al., 2008; Piatkevich and

Verkhusha, 2010; Subach et al., 2009, 2010; Tsutsui et al.,

2005; Voliani et al., 2008) have shown that the reversible photo-

switching and irreversible photoconversion of fluorescent

proteins are largely controlled by a few key residues surrounding

the chromophore. In the case of PAFPs, the residues at positions

157, 159, and 173 (numbering in accordance with IrisFP, corre-

sponding to residues 165, 167, and 181 in EGFP) (Figure 1; Fig-

ure S1, and Table S1) are well conserved in terms of identity and

conformation in all green-to-red PCFPs known to date. We

hypothesized that by making selected mutations at these posi-

tions in PCFPs with favorable properties, it should be possible

to rationally engineer a new range of better performing four-

way optical highlighters. Here we demonstrate that by com-

bining prior knowledge of the structure of fluorescent proteins

and our understanding of the relation between the structure

and the corresponding photophysical and photochemical

properties we can rationally design molecules with improved

characteristics for advanced imaging applications such as
1242 Chemistry & Biology 18, 1241–1251, October 28, 2011 ª2011 E
super-resolution microscopy, time-lapse microscopy, pulse-

chase imaging, or single-particle tracking.

RESULTS AND DISCUSSION

When discussing the photophysics of reversibly switchable

fluorescent proteins (RSFPs), the residues at position 157, 159,

and 173, located around the chromophore, are of major impor-

tance (Figure 1; Figure S1). Mutating one or more of these

residues generally affects the photochromic behavior (Table

S1) as was demonstrated in Dronpa (Ando et al., 2004) variants

such as rsFastLime (V157G) (Stiel et al., 2007), bsDronpa

(V157G/M159C/F173C) (Andresen et al., 2008), Padron

(V157G/M159Y) (Andresen et al., 2008), Dronpa-2 (M159T)

(Ando et al., 2007), or Dronpa-3 (V157I/M159A) (Ando et al.,

2007). Another example is IrisFP (Adam et al., 2008), where

photochromic behavior was introduced into the green-to-red

PCFP EosFP thanks to one targeted mutation (EosFP F173S)

whose influence is well understood thanks to the crystal struc-

tures of both proteins. These findings are particularly remarkable

when one considers the high degree of structural similarity in the

position and conformation of the chromophore and the above-

mentioned amino acids (Figure 1). On this basis, we reasoned

that introducing on/off switching properties like that of EosFP/

IrisFP might be possible in all PCFPs.

Mutating Phe173 to Ser results in a flip of the Met residue at

position 159 toward the Ser173. This allows for a water molecule

(W2188 in IrisFP; Figure 1) to enter the barrel and interact with

Ser142. This change in the environment of the chromophore

enables the cis-trans isomerization that is coupled with on/off

photochromism for most RSFPs. As the environment of the

chromophore is so similar in all PCFPs, we reasoned that

mutating the well-conserved Phe173 to Ser in any green-to-red

PCFP might induce on/off photochromism.

As the effect on on/off photochromism of the F173S mutation

has been reported as indirect, we reasoned that mutating the

residue Met159 might induce a more direct effect and could

result in interesting properties in terms of on- or off-switching.

Thus, as a second targeted mutation, Met159 was substituted

with a small aliphatic amino acid (Ala), with which we hoped to

introduce on/off photochromic properties to any green-to-red

PCFP. The residue has to be small, to allow conformational

freedom for cis-trans isomerization of the chromophore, as
lsevier Ltd All rights reserved



Table 1. Photophysical Properties of All Proteins and Mutants Presented in This Study

mEosFP mEosFP

M159A

mEosFP

F173S

Dendra2 Dendra2

M159A

Dendra2

F173S

Dronpa IrisFP mIrisFP

Green

species

lex (nm) 504 487 486 490 471 469 503 488 486

lem (nm) 516 512 514 505 504 507 517 516 516

Stokes

shift (nm)

12 25 28 15 33 38 14 28 30

pKa 5.3 [5.5] 4.3 5.8 7.2 [7.1] 6.5 7.0 5.3 [5.0] 5.7 [6.4] 5.7 [5.4]

ε

(M�1 3 cm�1)

97,200

[67,200]

98,600 53,200 45,100

[45,000]

51,100 41,100 94,100

[95,000]

57,800

[52,000]

74,000

[47,000]

Ffluo 0.67 0.52 0.43 0.55 [0.50] 0.55 0.64 0.67 [0.85] 0.48 [0.43] 0.60 [0.54]

Brightness 1.94 1.53 0.68 0.74 0.84 0.78 1.88 0.83 1.32

Foff 1.8 3 10�7 2.6 3 10�3 2.2 3 10�3 5.7 3 10�6 1.1 3 10�3 1.8 3 10�3 3.0 3 10�4 3.2 3 10�3 2.2 3 10�3

Fon 0.79 0.15 0.20 0.10 0.08 0.10 0.70 0.15 0.13

Red

species

lex (nm) 569 NA 550 553 528 526 NA 551 546

lem (nm) 581 NA 581 573 562 569 NA 580 578

Stokes

shift (nm)

12 NA 31 20 34 43 NA 29 32

pKa 6.5 [5.5] NA 6.2 7.8 [7.5] 6.8 7.3 NA 6.8 [7.2] 7.0 [7.6]

ε

(M�1 3 cm�1)

41,300

[37,000]

NA 25,000 36,200

[35,000]

45,000 42,000 NA 27,000

[35,000]

26,000

[33,000]

Ffluo 0.66 NA 0.41 0.55 [0.55] 0.75 0.65 NA 0.50 [0.47] 0.44 [0.59]

Brightness 0.81 NA 0.31 0.55 1.00 0.81 NA 0.40 0.34

Foff 3.5 3 10�5 NA 0.4 3 10�3 5.0 3 10�7 3.2 3 10�3 1.0 3 10�3 NA 2.0 3 10�3

[2.0 3 10�3]

0.4 3 10�3

[0.3 3 10�3]

Fon 0.05 NA 0.06 0.50 0.01 0.10 NA 0.05 [0.047] 0.11 [0.28]

Brightness is expressed relative to EGFP. Values previously reported in different literature sources are shown between brackets and are extracted from

Wiedenmann et al. (2004) (mEosFP), Gurskaya et al. (2006), Adam et al. (2009), Hoi et al. (2010) (Dendra2), Ando et al. (2004) (Dronpa), Adam et al.

(2008) (IrisFP), and Fuchs et al. (2010) (mIrisFP). NA, not applicable.
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well as to allow increased flexibility of the whole chromophore

environment. An aliphatic residue was chosen in order to avoid

unpredictable side-effects coming from H-bond interactions

involving this new residue. Of course, the combination of both

mutations might be interesting. In such double mutant, Phe173

could for instance be mutated not to the polar Ser, but rather

to an aliphatic residue like Leu. We hypothesized that this muta-

tion will reduce polar interactions that stabilize the off state.

As a third target, we looked at the residue at position 157.

In PCFPs, this residue is Ile or Val. In Dronpa and its mutants,

it regulates the proteins’ switching speed (Table S1), and in

IrisFP it was shown to change orientation between the cis- and

trans-conformation. Mutating the residue at this position to Ala,

that is aliphatic like Leu or Val, but is much smaller, is a possible

third route to inducing reversible photoswitching in PCFPs by

introducing structural flexibility.

To test whether the three targeted mutations introduce the

expected behavior, we chose to imply these three mutation

strategies, one at a time, on Dendra2. Dendra2 is a green-to-

red PCFP that exhibits the favorable properties of being mono-

meric, having a high brightness and an efficient photoconversion

(Adam et al., 2009; Chudakov et al., 2007; Gurskaya et al., 2006).

We thus hoped to create a four-way highlighter probe that is

better performing in advanced microscopy applications.

We also constructed mEosFP M159A and mEosFP F173S

from mEosFP A69V, a monomeric variant of EosFP (kindly
Chemistry & Biology 18, 1241–1
provided by U. Nienhaus). For clarity, we refer to mEosFP A69V

as mEosFP throughout this article.

Spectroscopic Characterization of Photoactivation
Behavior
We characterized the spectroscopic behavior of the ancestors

and engineeredmutants in detail (Table 1; Figure S2). All mutants

were fluorescent, and all but Dendra2 I157A displayed the

expected multiphotoactivatable behavior. Dendra2 I157A is

efficiently green-to-red photoconvertible, but is essentially non-

photochromic (data not shown); its behavior was not remarkably

different from Dendra2. This indicates that this single mutation is

not sufficient to induce photochromism on its own, although

it can alter the photochromic behavior in certain fluorescent

proteins.

Dendra2 M159A/F173L displayed behavior that was almost

identical to that of Dendra2 M159A (vide infra), meaning that

both green-to-red photoconversion and on/off photoswitching

were present and that quantum yields for on- and off-switching

were almost identical for these two proteins (data not shown).

Thus, extra conformational freedom of the chromophore

as compared to Dendra2 M159A does not seem to result in

substantially altered photochromic behavior. The photophysical

properties of Dendra2 I157A and Dendra2 M159A/F173L are

almost identical to those of Dendra2 and Dendra2 M159A,

respectively, and hence, we do not discuss them further.
251, October 28, 2011 ª2011 Elsevier Ltd All rights reserved 1243



Figure 2. Apparent Oligomerization State of IrisFP, mEosFP F173S,

Dendra2, and NijiFP (Dendra2 F173S)

Curves are derived from the association coefficients for dimerization and

tetramerization determined by analytical ultracentrifugation. The biological

range of protein expression is indicated by yellow shading, the protein

concentration in crystals is indicated by green shading. See also Figure S4

and Figure S5.
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We observed reversible photoswitching in mEosFP and Den-

dra2 (Figure S2) even though such reversible photoswitching in

these supposedly non-RSFPs has not been previously reported

at the ensemble level. A recent publication, however, reports

the case of a reversible long-living dark state in single molecules

of mEos2, variant of mEosFP, spin-coated in a matrix of

polyvinyl-alcohol (Annibale et al., 2010). We measured quantum

yields of off-switching of �10�7, which is very low and probably

the reason that this phenomenon was not identified in these

proteins before. The on-switching quantum yield, induced by

405-nm light, ranges from 0.79 for the green form of mEosFP

to 0.01 for the red form of Dendra2 M159A, though the reasons

for this remarkable difference remain unclear.

All but one of the mutants (mEosFP M159A) retained their

green-to-red photoconversion properties. Although Dendra2

and its mutants were easily converted to the red form with

405-nm light, this process was much more difficult with

(m)IrisFP, mEosFP and mEosFP F173S. This reflects the less

efficient conversion in mEosFP and its mutants compared to

Dendra2. Additionally we found that the photoconversion

process in mEosFP-based mutants resulted in a clearly visible

precipitate in the protein solution (data not shown). This behavior

might be due to a reduced solubility of the red species and is

likely to complicate the use of mEosFP mutants in advanced

imaging applications.

Among the factors contributing to the observed photoconver-

sion, the pKa of the chromophore and its environment is influ-

enced by the mutations we describe. Because the photocon-

version process originates from the neutral state of the

chromophore, decreasing its stability results in a reduced

green-to-red photoconversion efficiency. This same finding

has already been applied to explain the difference in conversion

efficiency between EosFP and Dendra2, where an electrostatic

interaction in EosFP is disrupted in Dendra2 (Adam et al.,

2009). This is readily seen from the measured pKa values of

the chromophore of each protein (Table 1; Figure S3). The

most acidic pKa was found for mEosFP M159A (�4.3), partially

explaining why this mutant is not photoconvertible at pH 7.4.

Dendra2 and its mutants show markedly higher pKa values

(R6.5), and are indeed more efficiently photoconvertible at

physiological pH. This is explained by high pKa values for

Dendra2 (>7.0), as determined in this study and others (Adam

et al., 2009; Hoi et al., 2010).

By itself, the electrostatic role of the residues at positions 159

and 173 is not sufficient to fully explain the observed photocon-

version behavior, because decreasing the pH does not neces-

sarily result in increased photoconversion efficiency. Other

factors thus have an influence on the photochromism or green-

to-red photoconversion. Unambiguously determining these

factors, however, is an intricate task that is beyond the scope

of this study.

Oligomerization Behavior
As was anticipated, Dendra2 and its mutants proved to be more

stable as a monomer than mEosFP F173S, as shown in Figure 2.

In particular, we notice that IrisFP andmEosFP F173S, as well as

Dronpa, which is known to be monomeric (Mizuno et al., 2010a),

are forming oligomers in the range of 100–500 mM, which is the

typical expression level of actin in motile cells, for example
1244 Chemistry & Biology 18, 1241–1251, October 28, 2011 ª2011 E
(Koestler et al., 2009), whereas Dendra2 and Dendra2 F173S

remain largely monomeric in this range. This stability of the

monomeric form is of crucial importance for a genetic fluores-

cent reporter regarding the local protein density in cells that

can be very high (for example in actin fibers) and regarding cells

overexpressing fusion proteins.

Describing the data for IrisFP and mEosFP F173S requires

a model involving monomers, dimers, and tetramers, whereas

Dendra2 and Dendra2 F173S requires a model consisting of

monomers and dimers only (data points could not be fitted

with the tetramer model). This is consistent with the oligomeriza-

tion behavior under very high protein concentration; in crystals

(protein concentration > 30 mM), mEosFP forms a tetramer in

the asymmetric unit whereas Dendra2 only forms dimers and

shows no tetramerization (Figure S4).

The crystal structure of mEosFP (EosFP V123T/T158H) was

determined at 2.25-Å resolution (Table S2). This structure clearly

shows that interactions at the A/B and A/C interfaces are disrup-

ted as compared to EosFP (Figure S5), leading to a reduced

tendency to oligomerize. However, two pairs of His residues,

one at each interface, still allow p-stacking, resulting in a tetra-

meric organization at higher protein concentrations (Figure 2).

Among all proteins measured, Dendra2 F173S showed the least

tendency to oligomerize at any given concentration.

Modeling of mEosFP and mEosFP M159A
We performed molecular dynamics (MD) simulations based on

the X-ray structure of mEosFP that we solved (Protein Data

Bank [PDB] ID: 3P8U) in order to better understand the origin

of the low pKa of mEosFP. We probed likely structural changes

induced by both protonation of the chromophore and mutation

M159A in this protein. The results are illustrated in Figure 3,

and energies of the molecular interactions involved are summa-

rized in Table S3.

The modeling of the anionic form of mEosFP suggests that

Ser142 and a water molecule (W1) stabilize the hydroxybenzyli-

denemoiety of the chromophore by hydrogen bonds (Figure 3A).
lsevier Ltd All rights reserved



Figure 3. Langevin MD Simulations of

mEosFP and mEosFP M159A

(A) Anionic and (B) neutral forms of mEosFP, (C)

anionic and (D) neutral forms of mEosFP M159A.

Only residues and water molecules of particular

interest are represented within the b-barrel struc-

ture. Hydrogen bonds between the hydroxyl group

of the chromophore and available partners are

shown in red dotted lines, whereas hydrogen,

carbon, nitrogen, oxygen, and sulfur atoms are

drawn in white, cyan, blue, red, and yellow

spheres, respectively. See also Table S2 and

Table S3.
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These interactions are estimated as �30.6 and �45.2 kJ/mol,

respectively, whereas Met159 weakly interacts with the chromo-

phore (Table S3). Because we could not obtain crystals at low

pH, two distinct models of the neutral form of mEosFP were

made, by considering the initial orientation of the hydroxyl group

either toward Ser142 or W1. Each simulation quickly converged

in the first configuration (Figure 3B). In this state, Met159 is an

acceptor of a hydrogen bond shared with Ser142. Met159 also

stabilizes the chromophore by both electrostatic and van

der Waals interactions with a total energy of �14.4 kJ/mol. The

hydrogen bond between the chromophore and W1 is not

maintained in theneutral form. In fact, thewatermolecule diffuses

to the bulk solvent during one of the two simulations, which

suggests a likely mechanism for the protonation equilibrium of

the chromophore. Overall, the model of the anionic form is

much closer to the crystal structure than that of the neutral

form, which is consistent with the pH of crystallization (pH 8.5).

In the modeling of mEosFP M159A, we chose to include

a water molecule (W2) in hydrogen bond interaction with the

hydroxyl group of the chromophore, similar to the water mole-

cule observed in the crystal structure of IrisFP (W2188 in Fig-

ure 1). Our simulation of the anionic form suggests that W2

contributes along with W1 in stabilizing the phenolate moiety

of the chromophore (Figure 3C). These water-chromophore

interactions are strong, estimated to be �92.7 kJ/mol and as

a result, Ser142 orientates toward the solvent to find another

hydrogen bond partner. Similar to mEosFP, two initial orienta-

tions were considered for the hydroxyl group of the neutral

chromophore in mEosFP M159A. Contrary to the anionic

form, both simulations result in a configuration in which the

two water molecules W1 and W2 leave into the solvent and

Ser142 remains the only hydrogen-bond partner of the phenol

ring (Figure 3D).

Overall, the results of molecular modeling provide an explana-

tion for the decrease of pKa induced by the M159A mutation

(Table 1; Figure S3). In mEosFP, the main role of Met159 is to
Chemistry & Biology 18, 1241–1251, October 28, 2011 ª
stabilize the neutral state of the chromo-

phore and the M159A mutation cancels

this stabilization (Table S3). On the other

hand, the anionic form may take advan-

tage of the mutation by reorganizing and

optimizing the hydrogen bond network

surrounding the hydroxylate group of

the chromophore. As a consequence,
the M159A mutation disfavors photoconversion by lowering

the fraction of neutral forms in the sample. An opposite effect

has been observed in the structural comparison between EosFP

and Dendra2, where an electrostatic interaction in EosFP is

disrupted in Dendra2 (Figure S1B). This disruption decreases

the stability of the anionic chromophore, resulting in a larger frac-

tion of the neutral form and thus promoting photoconversion

(Adam et al., 2009).

Influence of the Chromophore Environment
The decrease of pKa induced by the M159A mutation is consis-

tent with the improved off-switching rate that is activated from

the anionic forms. Simulations also show that Met159 stabilizes

the presence of Ser142 inside the b-barrel (Figure 3). A previous

study already mentioned that this interaction destabilizes the

putative trans conformation of EosFP by preventing Ser142

finding hydrogen bond partners (Adam et al., 2008). In contrast,

the crystal structures of RSFPs in their dark state show Ser142

orientated either inside the b-barrel or within the solvent. There-

fore, we believe that releasing the constraint from Met159 may

help Ser142 to find a stabilizing environment in the trans config-

uration of mEosFP M159A. The observation that the photo-

switching tendency of FPs is strongly determined not only by

interactions of amino acids with the chromophore, but also by

the opportunity for residues neighboring the chromophore to

interact, has already been highlighted in other studies (Mizuno

et al., 2008).

The loss of the b strand structure observed in the neutral form

of mEosFP M159A at the level of Ser142 provides evidence of

substantial flexibility in the protein structure (Figure 3D). This

state displays similar features to those observed at room

temperature for the dark form of Dronpa, though in that case

the chromophore lost its interaction with Ser142 (Mizuno et al.,

2008, 2010b).

We determined the fluorescence lifetimes for mEosFP,

Dendra2 and their mutants (Table 2). Although the fluorescence
2011 Elsevier Ltd All rights reserved 1245



Table 2. Fluorescence Lifetimes of mEosFP, Dendra2, and Their

Variants

Amplitudes Lifetimes/ns

Proteins A1 A2 t1 t2

Green mEosFP 1 — 3.5 —

mEosFP F173S 0.6 0.4 3.3 2.3

mEosFP M159A 0.7 0.3 3.2 2.0

Red mEosFP 1 — 4.1 —

mEosFP F173S 0.8 0.2 3.7 1.3

mEosFP M159A NA NA NA NA

Green Dendra2 1 — 3.3 —

Dendra2 F173S 0.5 0.5 3.4 2.5

Dendra2 M159A 0.7 0.3 2.8 1.6

Red Dendra2 1 — 4.4 —

Dendra2 F173S 0.9 0.1 4.2 1.6

Dendra2 M159A 1 — 4.0 —

All experimental values exhibit a c2 value %1.1. Excitation wavelengths

were 488 nm and 550 nm for green and red samples, respectively. The

proteins were diluted in PBS buffer pH 7.4 to ensure a maximal optical

density of <0.1. NA, not applicable.
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decays of mEosFP and Dendra2 could be fitted using a single-

exponential model in both the green and the red state, this was

not the case for the mutants, whose decays required fitting with

a two-component model. This suggests the existence of

multiple conformations in the mutants and hence an increase

flexibility of the chromophore. By introducing mutations in the

microenvironment of the chromophore, we destabilized its

very rigid structure. This results in a less tightly packed and

more flexible chromophore that is more prone to collisional

quenching and/or other nonradiative decay mechanisms,

leading to a decrease in lifetimes (Table 2) (Lelimousin et al.,

2009b; Millington et al., 2007; Seifert et al., 2002). Interestingly,

the mutations seem to have less effect on the red state than on

the green state, which could be explained by a better stabilized

chromophore in the red state as evidenced by the longer

lifetimes.

Evidence for the increased flexibility of the chromophore of

mEosFP mutants as compared to their parent protein also

comes from the decrease in fluorescence quantum yield of

these mutants (Table 1). This also has been reported for other

FPs (Shu et al., 2006). Correspondingly, in MD simulations,

we see that the M159A mutation provides more free space in

the environment of the chromophore (Figure 3). This observa-

tion is also made for IrisFP and its parent EosFP (Adam

et al., 2008) as well as for bsDronpa and its parent Dronpa

(Andresen et al., 2008). Indeed it has become largely accepted

that a higher flexibility of the chromophore might lead to a more

efficient photoswitching, but this comes at the cost of

a decreased fluorescence quantum yield (Lelimousin et al.,

2009b; Stiel et al., 2007).

We also observed a blue shift in the absorption spectra of the

mutants (Figure S2). Our modeling experiments suggest a better

stabilization of the electron density on the phenolate group of

the chromophore of the mutants in the ground state, by

hydrogen bonding interactions with the water molecules W1
1246 Chemistry & Biology 18, 1241–1251, October 28, 2011 ª2011 E
and W2 (Table S3). This electrostatic stabilization may be nulli-

fied during excitation by charge transfer from the phenolate to

the imidazole moiety of the chromophore (Voityuk et al., 1998).

Consequently, both wild-types and mutants should reach

a similar level of energy in the excited state, resulting in different

energy gaps with the ground state. Unlike the absorption

spectra, the emission maxima remain largely unchanged. The

environment of the chromophore in the mutants may enable

a more pronounced relaxation of the excited state to show

similar emission wavelength as the parent proteins. This results

in a larger Stokes shift in the mutants (up to �40 nm), which is

advantageous for microscopic applications in order to easily

separate excitation and emission bands.

Advanced Microscopic Imaging Using NijiFP
(Dendra2 F173S)
Based on the results and spectroscopic parameters described

above, we reasoned that Dendra2 F173S is the most promising

of the fluorescent proteins described here for advanced micro-

scopic applications. It is not as bright as some of the other

mutants, but is effectively photochromic and displays very

efficient photoconversion. We named this protein NijiFP, after

the Japanese word for rainbow and as a reference to IrisFP,

named after the Greek goddess personifying the rainbow. The

pH-dependent change in the protein color is depicted by photo-

graphs of solution either in the anionic or neutral form of the

chromophore (Figure 4A). Spectra of the green (Figure 4B) and

red (Figure 4C) states in both the on- and the off-state are shown.

In NijiFP, irreversible photoconversion from the green to the red

state is readily observed by irradiating the protein solution with

405-nm light (Figure 4D). It also shows excellent on/off switching

properties with a minimal photofatigue in both green state (Fig-

ure 4E) and red state (Figure 4F). Decays in intensity after many

on/off switchings are well fitted by a stretched exponential

function. With the conditions we used (Figure 4), green and red

signals decay by 50% in�150 and�90 switchings, respectively.

To explore the applications of NijiFP in fluorescence micros-

copy, we cloned the protein as a fusion construct to actin and ex-

pressed these constructs in living HeLa cells. The green emis-

sion from labeled actin filaments was readily observed with

a confocal microscope and could be efficiently and reversibly

switched off and back on. Irradiation with violet light allowed

the green fluorescent species to be efficiently converted to the

red emitting species within a well-defined region of interest.

Both forms could then be reversibly switched on and off with

excellent contrast (Figure 5A). Comparison with Dendra2-fused

actin in cells, revealed that NijiFP displays a similar photoconver-

sion efficiency, but the red form of NijiFP was more photostable

than that of Dendra2 (Figure S6). Similar time-lapse experiments

revealed the superior photoconversion properties of NijiFP

compared to mEosFP F173S and also clearly demonstrates

that the green form of NijiFP and mEosFP F173S can be effi-

ciently switched off with 488-nm light, as compared to mEosFP

and Dendra2 (Figure S7).

As a further demonstration of the potential of NijiFP for

advanced fluorescence microscopy applications, we subjected

the cells expressing NijiFP-fused actin to PALM imaging (Fig-

ure 5B) in both the green and the red state. The obtained

PALM images can be seen in the middle of the green and red
lsevier Ltd All rights reserved



Figure 4. Spectroscopic Properties of NijiFP

(A) Photographs of the nonphotoconverted and photoconverted form NijiFP in its pH-induced anionic and neutral state under ambient and UV light.

(B and C) Absorption (thin lines) and emission (thick lines) spectra of the green form of NijiFP (B) in both the on-state (green) and the off state (black) and of the red

form (C) in the on-state (red) and the off state (black).

(D–F) Photoconversion and photochromic behavior of NijiFP. (D) During irradiation with 405-nm light, absorption spectra were acquired and the absorbance at

528 nm, indicative for the red species, was plotted in time. (E) The green species of NijiFP was switched off by 488-nm light and back on by 405-nm light for 20

times and the absorbance at 469 nmwas plotted in time. (F) The red species of NijiFP was switched off by 561-nm light and back onwith 440-nm light for 20 times

and the absorbance at 528 nm was again plotted in time. See also Figure S2 and Figure S3.
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colored panels, respectively. We determined the localization

precision, by calculating the standard deviation of multiple local-

izations of the same molecule, to be �25 nm for the green

species and �35 nm for the photoconverted red species.

SIGNIFICANCE

We have shown that in mEosFP and Dendra2, a single

point mutation is sufficient to generate excellent on/off

photochromic behavior on top of the existing green-to-red

photoconversion. This indicates that these proteins are

very prone to switch once their chromophore and/or its

microenvironment gains in conformational freedom. Spec-
Chemistry & Biology 18, 1241–1
troscopic characterization of mEosFP and Dendra2 mu-

tants, the crystal structure of mEosFP and MD simulations

provided us with a more precise view on the importance of

certain residues in the chromophore environment on photo-

switching behavior. As a result of our findings, it is now

possible to formulate a lucid summary of the role of key

residues in the chromophore environment (Figure 1; Table

S1) with respect to their spectroscopic and photochromic

importance. Whereas rather bulky residues at positions

159 and 173 inhibit photochromism, smaller residues

induce on/off photochromism, accompanied by an increase

in Stokes shift due to a blue shifted absorption peak.

Mutating the residue at position 157 is not sufficient by itself
251, October 28, 2011 ª2011 Elsevier Ltd All rights reserved 1247



Figure 5. Dynamics and Subdiffraction

Structure of Actin Visualized by NijiFP

(A) A living HeLa cell expressing NijiFP-actin was

imaged using confocal microscopy with a pixel

size of 210 3 210 nm and a pixel dwelling time of

2 ms/pixel. In a specific region of interest (purple

rectangle), NijiFP was converted to the red state

(300 scans with a 405-nm laser at 526 W/cm2) and

the actin’s motion in the cell are easily observable

(white arrows). The green and red species could

be efficiently switched off (16 scans with a 488-nm

laser at 200 W/cm2 and 50 scans with a 561-nm

laser at 500 W/cm2, respectively) and back on

(single scan with a 405-nm laser at 47 W/cm2 and

40 scans with a 440-nm laser at 260 W/cm2,

respectively). On/off photoswitching and green-

to-red photoconversion were induced using

a pixel dwelling time of 4 ms/pixel.

(B) Wide-field and PALM images of fixed HeLa

cells expressing NijiFP-actin in both the green and

photoconverted red forms. Scale bars represent

10 mm. See also Figure S6 and Table S7.
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to induce photochromic behavior, but can alter the rates

of on- and off-switching. Although the nature of amino acids

at positions 157 and 173 seems to have no obvious influ-

ence on green-to-red photoconversion, position 159 is of

major importance in the photoconversion process. Mutat-

ing a polar residue at this position toward a neutral one,

results in a decreased efficiency of photoconversion. We

introduced NijiFP, a monomeric fluorescent protein that

can be very efficiently photoconverted from a green- to

a red-emitting species and shows reversible photoswitching

behavior in both species. We have shown that NijiFP has

superior spectroscopic properties allowing its use as a label

in cells for advanced microscopic imaging.
EXPERIMENTAL PROCEDURES

Construction of Mutants and Fusion Proteins

Dendra2, mEosFP, Dronpa and IrisFP were subcloned into a pRSET vector

(Invitrogen). Mutations were introduced using a PCR-based technique (Sa-

wano andMiyawaki, 2000). Escherichia coli JM109(DE3) cells (Promega, Mad-

ison, WI) were transformed for protein expression. Preparation of recombinant

proteins and measurements by analytical ultracentrifugation are described

elsewhere (Mizuno et al., 2010a). For more details, see Supplemental

Information.

For mammalian expression of proteins fused to actin, either mEosFP,

mEosFP F173S, Dendra2, or Dendra2 F173S was substituted for Dronpa in

Dronpa-b-actin/pMC1 (Mizuno et al., 2010a). HeLa cells on glass bottom

dishes (MatTek Corp., Ashland, MA) were transfected using FuGENE6 (Roche

Applied Science, Penzberg, Germany) according to the manufacturer’s
1248 Chemistry & Biology 18, 1241–1251, October 28, 2011 ª2011 Elsevier Ltd All rights res
protocol. Cells were fixed with 4% formaldehyde

in PBS (Thermo Scientific, Waltham, MA) and sub-

jected to confocal and/or PALM imaging.

Ensemble Spectroscopic Characterization

Absorption spectra were acquired using a Shi-

madzu UV-1650PC spectrophotometer (Shimadzu

Kyoto, Japan). Excitation and emission spectra

were acquired using a Fluorolog 3-22 fluorimeter

(HORIBA Jobin-Yvon, Longjumeau, France). Abso-
lute quantumyieldsweremeasured using an integrating sphere (HORIBAJobin-

Yvon). Measuring extinction coefficients was performed based on Ward’s

method (Ward, 1981; Ward et al., 1980).

Fluorescence lifetimes were measured using a single photon counting setup

that has been described in detail previously (Maus et al., 2001). Excitation

wavelengths were 488 nm and 550 nm for green and red forms, respectively.

The width of the instrument response function was �30 ps. Fluorescence

decays were globally-fitted using the software FAST (Edinburgh Instruments,

Livingston, UK) with a single exponential model or a double exponential model.

Reversible photoswitching and irreversible photoconversion were charac-

terized at the ensemble level using a dedicated home-made setup. Absorption

spectra were measured as a function of time using a UV-VIS-NIR light source

(DT-MINI-2-GS, Ocean Optics, Duiven, The Netherlands) and a CCD spec-

trometer (USB4000-UV-VIS, Ocean Optics). The sample was irradiated by

different lasers controlled by internal and external shutters. Shutters and

acquisition were controlled by home-written software based on Igor Pro

(Wave Metrics, Lake Oswego, OR). Data analysis was performed in Igor Pro

and Origin (OriginLab, Northampton, MA).

Structural Studies and Numerical Simulations

mEosFP was overexpressed and purified as EosFP (Wiedenmann et al., 2004).

Long needle-shaped crystals (0.04 3 0.04 3 0.8 mm3) were grown at 20�C in

2.2 M ammonium sulfate, 0.1 M Tris/HCl (pH 8.5). Crystals formed after a few

days via phase transition from a protein precipitate (Ostwald ripening). X-ray

data were collected at 100 K at the European Synchrotron Radiation Facility

(ESRF) on beamline ID14-3 (X-ray wavelength l = 0.931 Å). Data sets were

integrated and scaled with XDS (Kabsch, 1993). Data collection and model

refinement statistics are compiled in Table S2.

The crystal structure (PDB ID: 3P8U) was solved at 2.25 Å resolution by

molecular replacement with Phaser (McCoy et al., 2007), using the coordinates

of one monomer of the wild-type EosFP (PDB ID: 1ZUX) as a search model.

During the refinement, the two residues Val123 and Thr158 were changed to
erved
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Thr and His, respectively, and these mutations appeared very clearly in differ-

encemaps residuals. Crystallographic refinement was performedwith Refmac

(Murshudov et al., 1997) and Coot (Emsley and Cowtan, 2004). Chromophore

restraints were generated in Libcheck from idealized coordinates found in the

Hic-Up database.

Starting from the crystal structure of mEosFP, we modeled the anionic and

neutral forms of the protein and its M159A variant. The pKa of titrable residues

were calculatedwith the H++web server (Gordon et al., 2005).We deduced the

protonation states for pH values of one unit above and below the experimental

pKa of the chromophore for the anionic and neutral forms, respectively. The

hydrogen bond network of the protonated models was optimized with struc-

tural water molecules, using PDB 2PQR (Dolinsky et al., 2007).

All successive simulations were performed with the fDynamo library (Field

et al., 2000). After energy-minimization of the protein in solution, Langevin

MD simulations at 300 K were performed within an unfixed region of �12 Å

around the hydroxyl group of the chromophore. After equilibration, each simu-

lation covered 500 ps and structures were saved every 0.1 ps for statistical

analysis. Further details on the pKa calculations, selected parameters and

atomistic simulations are provided in Supplemental Information.

Microscopy

Confocal fluorescence images were acquired with a laser-scanning micro-

scope (Fluoview FV1000; Olympus, Tokyo, Japan) equipped with 405-, 440-,

and 561-nm diode lasers and a 488-nm DPSS laser (Spectra Physics, Irvine,

CA). The objective and the excitation dichroic mirror used were UPlan

SApo603 /1.35 and DM405/488/559/635, respectively (Olympus). The image

size was adjusted to 512 3 512 pixels, with the pixel size corresponding to

�200 nm. The pixel dwelling time was 4 ms/pixel, and a 4 3 Kalman filter

was applied to reduce noise in the image. Specimens were alternately

scanned with 488-nm (52 W/cm2) and 561-nm (250 W/cm2) lasers to sequen-

tially acquire green and red channel images. Fluorescence signals were split

into green (500–550 nm) and red (580–680 nm) channels with a SDM560

dichroic mirror (Olympus).

Proteins were photoconverted from green to red by scanning 300 times with

the 405-nm laser (526 W/cm2). For the off-switching of the green state mole-

cules, 16 scans with the 488-nm laser (200 W/cm2) were applied, whereas

the on-switching to the original green state was achieved by a single scan

with the 405-nm laser (47 W/cm2). The off-switching of the molecules in the

red state was accomplished by 50 scans with the 561-nm laser (500 W/cm2),

whereas their recovery was induced by scanning 40 times with the 440-nm

laser (260 W/cm2). For details about acquisition, localization and reconstruc-

tion resulting in PALM images, see Supplemental Information.

ACCESSION NUMBERS

Coordinates of mEosFP have been deposited in the Protein Data Bank with

accession code 3P8U.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, three tables, and Supple-

mental Experimental Procedures and can be found with this article online at

doi:10.1016/j.chembiol.2011.08.007.
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Spindler, K.D., and Nienhaus, G.U. (2004). EosFP, a fluorescentmarker protein

with UV-inducible green-to-red fluorescence conversion. Proc. Natl. Acad.

Sci. USA 101, 15905–15910.
251, October 28, 2011 ª2011 Elsevier Ltd All rights reserved 1251


	Rational Design of Photoconvertible and Biphotochromic Fluorescent Proteins for Advanced Microscopy Applications
	Introduction
	Results and Discussion
	Spectroscopic Characterization of Photoactivation Behavior
	Oligomerization Behavior
	Modeling of mEosFP and mEosFP M159A
	Influence of the Chromophore Environment
	Advanced Microscopic Imaging Using NijiFP (Dendra2 F173S)

	Significance
	Experimental Procedures
	Construction of Mutants and Fusion Proteins
	Ensemble Spectroscopic Characterization
	Structural Studies and Numerical Simulations
	Microscopy

	Accession Numbers
	Supplemental Information
	 Acknowledgments
	References


