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ABSTRACT. Color variants of green fluorescent protein (GFP) are increasingly used for multicolor imaging,
fluorescence resonance energy transfer (FRET), and fluorescence recovery after photobleaching (FRAP).
Here we show that experimental settings commonly used in these imaging experiments may induce an as
yet uncharacterized reversible photobleaching of fluorescent proteins, which is more pronounced at acidic
pH. Whereas the reversible photobleaching spectrum of eCFP corresponds to its absorption spectrum,
reversible photobleaching spectra of yellow variants resemble absorption spectra of their protonated states.
Fluorescence intensities recover spontaneously with time constants-682& The recovery of eCFP

can be further accelerated by illumination. The resulting steady-state fluorescence reflects a variable
equilibrium between reversible photobleaching, spontaneous recovery, and light-induced recovery. These
processes can cause significant artifacts in commonly applied imaging techniques, photobleach-based
FRET determinations, and FRAP assays.

Green fluorescent protein (GFP) frofequoreavictoria variant containing a replacement of GIn69 with Met, has been
and its color variants can be fused to other proteins by reported to be superior to eYFP in terms of a low&,p
cloning techniques and develop fluorescence without ad- eliminated halide sensitivity, and improved folding at°&7
ditional cellular cofactors. GFP variants have, therefore, been(6). In FRET experiments applyingequoreaGFP-related
extensively used to study the subcellular localization and fluorescent proteins, yellow fluorescent proteins are typically
trafficking of proteins in living cells. In addition, protein used as FRET acceptors.
protein interactions and intramolecular conformational changes  Although engineered GFP variants lack the pronounced
can be followed by fluorescence resonance energy transfemhotochromism of wild-type GFRL, biophysical techniques
(FRET") between different color variantd (2. For multi-  sych as single-molecule detectio@—@), spectral hole
color imaging experiments, fluorochromes should ideally pyrning (L0, 13), and fluorescence correlation spectroscopy
exhibit stable fluorescence intensities, simple photobleaching(lz) have provided evidence that these variants do also
kinetics, and invariable spectral properties. In particular, theseexhibit photoconversion as well as single-molecule flickering
preconditions are important for FRET experiments or for at different time scales. The impact of this behavior on cell
determination of fluorescence recovery after photobleaching piological experiments has not yet been investigated.

(FRAP)' o i Therefore, we characterized the photophysical properties
~ Wild-type GFP exhibits a complex photochromism, thus  of GFP variants and their relevance for fluorescence imaging
impairing its use in such experimental settingsg, 4. To applications in living cells. The frequently used eCFP, eGFP,
allow multicolor imaging and FRET experiments, efforts eyFp, and Citrine are all susceptible to reversible photo-
have been made to develop GFP mutants with simple pleaching. This light-induced and pH-dependent phenomenon
photophysics and altered excitation/emission spectra. Thejeads to the generation of a nonfluorescent species which
replacement of Ser65 with Thr yielded red-shifted GFP recovers spontaneously or through illumination. These
variants (e.g. eGFP) with a stabilized absorption at 489 nm processes may cause significant artifacts in a number of
(3, 9. Cyan fluorescent proteins (e.g. eCFP) have been commonly applied imaging techniques, including photo-

developed (Tyr66 to Trp) and are currently the most pleaching-based FRET determinations and FRAP assays.
frequently utilized FRET donor fluorochromes. Yellow

fluorescent proteins, generated by the replacement of Thr203EXPERIMENTAL PROCEDURES

with Tyr, are characterized by a marked sensitivity to

protonation and halide bindingl( 6). Citrine, a yellow Construction of Expression Plasmid& generate eCFP-
eYFP, the open reading frame of eYFP lacking the start
codon was excised from pcDNA3-eYFP3j and subcloned

T This work was supported by the Deutsche Forschungsgemeinscha

and the Fonds der Chemischen Industrie. into theEcaR| andApd sites of pECFP-C1 (Clontech, Palo
* Corresponding author. Phonek:49-30-84451863. Fax:+49-30- Alto, CA). The open reading frame of Citrine was amplified
84451818. E-mail: schae@zedat.fu-berlin.de. by PCR from YC3.3-pcDNAS3 (6) and subcloned into the

! Abbreviations: eCFP, eGFP, eYFP, enhanced cyan, green, andApd and Xba sites of pcDNA3.1. eCFP-Citrine was
yellow variants of green fluorescent protein; FRAP, fluorescence .

recovery after photobleaching; FRET, fluorescence resonance energydenerated by in-frame ligation of Citrine into theoRI and
transfer. Apd sites of pECFP-C1. For expressiongscherichia coli
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the coding sequences of the respective GFP variants werea pH7.4 b pH 55
amplified by PCR, introducing &lcd site and a sequence o "\ o !
encoding a hexa-His tag at the 5’ end and subcloned into it — i —
pQEG6O (Qiagen, Valencia, CA). All constructs were con- 0.9 10s 0.9 108
firmed by cDNA sequencing (ABI-Prism 377; Perkin-Elmer,
Norwalk, CT). ‘o '

Cell Culture and TransfectionHEK 293 cells (ATCC, ™ | 1o fllumination |§
Manassas, VA) were grown at 3T under 5% CQ in 09 -
minimal essential medium supplemented with Earle’s salts, o 17 :
10% FCS, 100ug/mL streptomycin, and 100 units/mL L
penicillin. Cells were transiently transfected with plasmids 0.9 -
encoding the respective proteins using the Fugene 6 trans-
fection reagent (Roche Molecular Biochemicals, Mannheim, 17

Germany).
Bacterial Expression, Purification, and Absorption Spec-

480 nm light

0.9 4

troscopy of Fluorescent Protein&FP color variants ex- OS]
pressed irE. coliwere purified by affinity chromatography & 08
using Ni-NTA resin (Qiagen). His-tagged proteins were 07 -

eluted with elution buffer containing 20 mM Tris/HCI (pH —
8), 20 mM NacCl, and 200 mM imidazole and subsequently
subjected to ion exchange chromatographkt@purifier

equipped with a Resource Q anion exchange column, ¢ e
Amersham Pharmacia, Piscataway, NJ). Proteins were eluted ° *
by applying a linear gradient of N8O, (0 to 500 mM) in = 00 = \

20 mM Tris/HCI (pH 8). Fractions were analyzed by SBS

: L ; o 0.8
PAGE and Coomassie staining. Fractions containing appar- 5 T //é0 Py ; pos //1é5 pros
ently homogeneous fluorescent protein were used for the time (s) time (s)

assays. Absorption spectra were recorded with a Cary 1Eggre 1: Reversible photobleaching of eCFP. (a) HEK 293 cells
spectrophotometer (Varian, Walnut Creek, CA) in PBS expressing eCFP were kept in the dark and then imaged by brief
supplemented with 10 mM sodium acetate and 12.5 mM 430 nm pulses (10 ms). (b) Same experiment as in part a, but cells

imidazole, adjusted to the respective pH with phosphoric Were equilibrated to pH 5.5 in the presence of nigericine:(i1)
acid. prior to imaging. (c) Same experimental setting as in part b, but

. . . the protocol was modified to include dark intervals or intervals
Fluorescence Imagingimaging experiments were per-  ith additional illumination at 500/480 nm between the image
formed at room temperature in HEPES-buffered saline acquisition (1 s per frame) as indicated by the boxes. lllumination

(HBS), containing 138 mM NacCl, 6 mM KCI, 1 mM Mggl intensities were 0.48, 0.64, and 0.59 W¢nat 430, 480, and 500
1 mM CaC}, 5.5 mM glucose, 10 mM HEPES (pH 7.4), nm, respectively. (d) Reversible photobleaching was performed on

. a droplet (diameter: 500m) of a solution of purified eCFP at pH
and 0.2% (w/v) BSA. To change the intracellular pH (pH 7.0 under mineral oil by applying 460 nm light (0.025 W cin

cells were equilibrated iﬂ a kbased HB_S (_128 mM KCl  ysing a 1x/0.5 Fluar objective. Between the two depicted bleach
and 10 mM NacCl) adjusted to the indicated pH and cycles, samples were kept in the dark. (e) The same experiment as

supplemented with 1Q«M nigericine. Coverslips were in partd for purified Citrine at pH 6.0, bleached at 420 nm (0.057
mounted onto the stage of an inverted epifluorescenceW M ?)-
microscope (Axiovert 100, Carl Zeiss, @agen, Germany) cells, we consistently observed a decrease in the eCFP
with a 63x/1.4 Plan-Apochromat or a 401.3 F-Fluar fluorescence at the beginning of the experiment (Figure 1a).
objective (both Carl Zeiss). Monochromic light was obtained This effect was evident at physiological pH, but even more
with a xenon lamp and a computer-controlled fast switching obvious at acidic intracellular pH (Figure 1b). These experi-
monochromator (Polychrome IV, TILL-Photonics, Martin- ments were carried out at illumination intensities and
sried, Germany) and directed to the sample through an 80/exposure times which are typical for epifluorescence imaging.
20 semireflective mirror (Chroma Technology, Brattleboro, The effect was even more prominent in a confocal micros-
VT). Band-pass emission filters (Chroma) changed by a copy setup using laser excitation at 458 nm {Q12mWw;
motorized filter wheel (Lambda 10/2; Sutter Instruments, data not shown). Classical irreversible photobleaching is
Novato, CA) were used for separate detection of eYFP or common among fluorescent proteir, (out several observa-
Citrine (540-580 nm) and eCFP (466500 nm). Fluores-  tions indicated that it was not responsible for this effect. First,
cence was detected with a cooled 12-bit CCD camera the fluorescence intensity decreased only during the fir§ 4
(IMAGO, TILL-Photonics). Unless otherwise stated, expo- illumination cycles and reached a stable level afterward,
sure times equal the actual illumination times of the sample. whereas irreversible photobleaching should result in an
Fluorescence intensities were recorded over multiple singleongoing exponential decay of the fluorescence intensity.
cells and corrected for background signals, determined overSecond, the observed photobleaching was reversible: if the
untransfected cells in the same visual field. sample was kept in the dark for 100 s, the fluorescence
recovered almost to the initial intensities (Figure 1c, upper
RESULTS panel). Third, additional illumination of the sample exerted
Reversible Photobleaching of GFP Color Variantin further wavelength-dependent effects on the fluorescence
fluorescence imaging experiments using eCFP-expressingintensity. For example, illumination of the sample at 500
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nm (applied between imaging cycles) resulted in a partial 2 460 nm light

recovery of the fluorescence intensity (Figure 1c, middle 11 W}_ﬂ——
panel), whereas illumination at 480 nm led to a further, but t1=58s +

still reversible, decrease in the fluorescence intensity (Figure

1c, lower panel). Of note, the slow recovery in the dark was & 8
markedly accelerated by continuing the image acquisition -

and thereby illuminating the probe at 430 nm for 10 ms per g4
frame to reestablish a steady-state fluorescence intensity
similar to that before applying the 480 nm light (Figure 1c, %5 b 7 e 56 40 B
lower panel). Thus, the observed effect represents a previ- bleach (s) dark interval (s)

ously uncharacterized reversible photobleaching and a spon-

taneous or light-accelerated recovery of eCFP. A similar b 460 nm light

reversible photobleaching was also observed for eYFP and 14
Citrine (see below) as well as for eGFP (data not shown).

For all examined GFP color variants, reversible photobleach-

ing was more pronounced under acidic conditions (see for o 081
example Figure 1a,b). S

Reversible photobleaching was observed not only in living
cells expressing the respective GFP variant but also on 081
purified eCFP, eYFP, or Citrine (Figure 1d,e). Thus, the
observed effects are intrinsic properties of the GFP color 0 40 80 120 160 200
variants. bleach (s) time (s)

Spontaneous and Light-Induced Reexy of Reersibly
Photobleached GFP Variant$he fluorescence of reversibly
bleached eCFP spontaneously recovered in the dark (Figure
2a). The recovery kinetics could be fitted to a monoexpo-
nential growth functiorF = Fo(1 — €™ yielding a time
constant oft = 1/k = 58 s. Experiments with eYFP and © 5
Citrine yielded time constants af = 54 s andr = 25 s, =
respectively. Similar time courses were measured for purified
proteins (data not shown). Short illumination times at 430
nm, which are typically used to excite eCFP in imaging , . , . . . . ,
applications, substantially accelerated the recovery of revers- 0 4 0 40 g0 120 160 200
ibly bleached eCFP (Figure 2b). These results indicate that Blgachils) (e

; ; ; FIGURE 2: Spontaneous and light-induced recovery of reversibly
430 nm light exerts a dual effect on eCFP by inducing a bleached eCFP. (&) HEK 293 cells expressing eCFP were

reversible photobleach as well as by accelerating the recovery,nayy7ed by fluorescence imaging at p+5.5. eCFP was reversibly

of reversibly bleached eCFP. Likewise, illumination at 500 photobleached by 460 nm light (0.56 W cBas indicated by the

nm accelerated this recovery (Figure 2c), but was lessbars. (a) After photobleaching, samples were kept in the dark for
effective in inducing reversible photobleaching. 10 to 180 s and then again subjected to a second cycle of reversible

. . photobleaching (gray symbols and lines). Data of 18 experiments
Photobleaching and Absorption Spectra of GFP Color i gifferent dark intervals are superimposed. The initial intensity

Variants.Reversible photobleaching spectra were obtained after the dark interval was determined in 3 independent experiments,
by determining the spontaneous recovery of fluorescenceand meanst SD are shown (open squares). The amount of

intensities during a 60 s dark interval (Figure 3a). Reversible Spontaneous recovery was plotted as a function of the dark interval

; ; duration and fitted to a monoexponential rise-to-maximum function
photobleaching of the yellow color variants was most (dashed line) to assess the time constant of spontaneous recovery.

effective at 406-440 nm (Figure 3b). In this spectral range, () After reversible photobleaching, fluorescence imaggs 430
however, the absorption of these fluorescent proteins atnm; 0.48 W cm2, 10 ms illumination per frame) were collected at
neutral pH is minimal14, 15. At acidic pH, Citrine displays  various acquisition frequencies (6:1.6 s') to track the recovery
an absorpton band around 412 s, Ths, we recorded _ PIcess, () Iages we acautes oo par B 10  menls
abs_orpuon spectra of purified eYFP, Citrine, and eCFP ats 4 orgs per Cydé, 0.59 W ¢t was applied. '
various pH values to compare them to the spectral properties
of reversible photobleaching (Figure 3c). Indeed, both eYFP to a variable degree by irreversible photobleaching. To dissect
and Citrine displayed significant absorption at 4@810 nm reversible and irreversible components of the photobleaching
at acidic pH, which, however, did not result in fluorescence kinetics, we developed a simplified kinetic model to which
emission (data not shown). The absorption spectra recordedve could fit the photobleaching data.
at different pH values displayed isosbestic points at 449 and Typical fluorescence decay kinetics involving reversible
439 nm for Citrine and eYFP, respectively. For eCFP, the and irreversible photobleaching consist of two phases (see
reversible photobleaching spectrum is in good agreementfor example Figure lac): an initial phase in which the rapid
with the measured absorption spectrum, which exhibited only reversible photobleaching leads to a fast decay of the
minor pH dependence (Figure 3b,c). fluorescence intensity, and a second phase which is domi-
A Kinetic Model for Reersible and Irreersible Photo- nated by a more slowly ongoing irreversible photobleaching.
bleaching. Due to its spectral properties, the reversible The most simple model which can describe this process
photobleaching during an experiment is always confounded considers the reversible transitions of a fluorescent protein

lr

460 nm light
1.

0.6 1
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Ficure 3: Comparison of reversible photobleaching and absorption spectra. (a, b) Reversible photobleaching spectra were determined in
HEK 293 cells expressing Citrine, eYFP, or eCFP, respectively, at physiological pH. (a) Demonstration of the experimental protocol. For
each wavelength, the respective GFP variant (here: Citrine) which was previously kept in the dark was bleached by 500 ms pulses at the
respective wavelength (herd: = 400 nm). After a cycle of 20 bleaching pulses, no illumination was applied for 60 s to allow reversibly
bleached fluorescent proteins to recover. Then, a second bleaching cycle was performed. The minimal fluorescence of the first bleaching
cycle was denoted aB, and the maximal fluorescence of the second bleaching cycle was denofed Bse extent of reversible
photobleaching at that wavelength is then givefr@s F,. Fluorescence was measured by short pulses of 10 ms at the respective excitation
optimum. (b) Normalized reversible photobleaching spectra of Citrine, eYFP, and eCFP, corrected for the lamp intensity profile and
background. (c) Absorption spectra of purified Citrine, eYFP, and eCFP, recorded at different pH ranging from 9.2 to 4.2 (down from the
top at 514 nm for Citrine, eYFP, and at 455 nm for eCFP). Insets show the absorption at 400 or 390 nm for Citrine or eYFP, respectively,
plotted against pH.

between a native state (RfPand a reversibly bleached state The ratio of the probabilities of reversible and irreversible
(FPy) described by the rate constarks and k., and a photobleachingR/Pi,) could be determined independently
transition of FRy to an irreversibly bleached state (P of the model by dividing the fractional bleaching during the
with a rate constarks (see Figure 4a). If we assume first- first two frames, which at the optimal wavelengths for
order kinetics for all three transitions, the system is describedreversible photobleaching was caused almost exclusively by
by the following system of differential equations: reversible photobleaching, by the fractional bleaching per
_ frame during the equilibrium phase, which mostly represents
d[FFad/dt = —(kg + ke)[FPa] + K[FPp] irreversible photobleaching. The results are given in Table
_ 1 showing that the probability of reversible photobleaching
d[FRyl/dt = —k[FPy] + ky[FPyg] was 67- to 168-fold greater than that for irreversible
Assuming the initial conditions [FE] = 1, [FRy] = O, photobleaching if the fluorescent proteins were illuminated

and [FR,] = 0, the rate constant of reversible photobleaching at the optimal wavelengths for reversible photobleaching.
(ky) indeed corresponds to the velocity of the initial phase, By using the determined rate constants for reversible
while the fluorescence level in the equilibrium phase is photobleaching k), we could calculate the quantum ef-
determined by the ratio betweénand the rate constant of ~ficiencies of reversible photobleaching) as (etsow) * (16),
the reverse reactiorkf). The rate constant of irreversible ~wherel is the irradiation intensity in einsteins cAs™, € is
photobleachingl) determines the velocity of the ongoing the extinction coefficient in cfmol™?, andteoy is given as
fluorescence decay in the equilibrium phase. k;7 In(10) (see Table 1). Absorption coefficients of the
We performed photobleaching experiments at the optimal protonated state adapted to the actual fraction of protonated
wavelengths for reversible photobleaching. At these wave- molecules at pH 7.2 were used. The calculated quantum
lengths, the experimental data were in good agreement withefficiencies are surprisingly high. For example, the quantum
a fit to the analytical solution of the differential equations efficiency of reversible photobleaching of Citrine at 420 nm
(Figure 4b,c). The obtained rate constants are given in Table(see Table 1) is about 270-fold higher than the quantum
1. The predicted fractions for irreversibly and reversibly efficiency of irreversible photobleaching at 490 n6).(
bleached molecules were further confirmed by measuring Dependence of Rersible Photobleaching of eCFP on the
the fluorescence after a dark relaxation period, showing lllumination Intensity and the Presence of a FRET Acceptor.
recovery to an extent similar to that predicted by the model To more precisely define the possible mechanism underlying
(see Figure 4b,c). The photobleaching kinetics of eYFP wasthe reversible photobleaching of eCFP, we examined the
similar to that of Citrine, but with slower rate constants for dependence of the reversible photobleaching rate on the
reversible as well as irreversible photobleaching (see Tableillumination intensity. A linear dependence would implicate
1). that the reversible photobleaching was initiated by interaction
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Ficure 4: A kinetic model for photobleaching of GFP variants. : : :
. . . . 1 T 1
(a) The kinetic model used to interpret photobleaching data of GFP 0 20 40 50 80 100

variants. (b, c) Photobleaching experiments were performed on
Citrine- or eCFP-expressing HEK 293 cells. In a first cycle, the
cells were bleached by 250 pulséd. illumination at the indicated Ficure 5: Dependence of the photobleaching kinetics of eCFP on
wavelength. Then, a dark interval of 120 s was applied to allow the illumination intensity. Photobleaching experiments were per-
reversibly bleached fluorescent proteins to recover. After the dark formed on eCFP-expressing HEK 293 cells by applying 250 ms
interval, a second photobleaching cycle was applied to demonstratellumination at 460 nm every 314 ms. The illumination intensity
the partial recovery of the reversibly bleached fraction (right panels). was modulated by varying the angle between a pair of polarizers
Rate constants used in the kinetic model were then obtained byin the excitation pathway. (a) The time courses of the eCFP
nonlinear least-squares regression analysis of the fluorescence timéluorescence at 5 different illumination intensities as indicated are
course during the first bleaching cycle. Depicted are experimental shown. (b) At each illumination intensity, the photobleaching data
data (gray traces) and the calculated values fopHBolid line), were fitted to the kinetic model as described in the main text. The
FPy (dashed line), and R (dotted line) from the best fit. (b)  obtained rate constanks, k,, andks are shown as a function of
Citrine was bleached at 420 nm. (c) eCFP was bleached at 460the illumination intensity. The illumination intensity at 100% was
nm. Light intensities were 2.35, 3.5, and 2.5 W&nat 420, 460, 0.62 W cn12

and 514 nm, respectively.

illumination intensity (%)

angles in the excitation pathway (Figure 5). The photo-

Table 1: Data Obtained from Reversible Photobleaching bleaching kinetics at each illumination intensity (see Figure

Experiments 5a) were analyzed by curve-fitting using the simplified
eCFP eYFP Citrine kinetic model described above. The resulting rate constants

A (nmp 460 420 420 ki, ko, andks are given in Figure 5b. The rate constants for

ke (Si?‘; 0.40 7.7x 10 z 3.6x 10 z reversible photobleachingx) and the reverse reactioky)

ke (s7)7 2.15 16x 10  4.6x10° showed a linear dependence on the illumination intensity,

ks (s7Y) 1.7x10% 14x10% 3.7x10% iolicating th ible photobleachi - ¢

P /P 129 67 168 implicating that reversible photobleaching originates from

Forof 89x 102 0.1 3.2x 102 an interaction of photons with the ground state of the

I (einsteins cm?s™)° 1.34x 1075 83x10° 83x10° chromophore and is a single-photon process.

€ (cn? mol2yf 28x 100 137x 100  1.41x 107 . : . .

b 519x 102 3.03x 104 4.24x 102 Irreversible photobleaching of eCFP is slower in the

2 Photobleaching wavelengthThe rate constants obtained by fitting presence of a closely pOSItIQnEd acpeptor fluorochrome such
the photobleaching data to the kinetic modefhe ratio of the as eYFP, because both irreversible photobleaching and

probabilities for reversible and irreversible photobleaching at the given fluorescence resonance energy transfer (FRET) are competi-
wavelengthd The protonated fraction at pH 7.2lrradiation intensity. tive inactivation pathways for the excited state of the eCFP
fExtinc_tion coefficient? The quantum efficiency of reversible photo- chromophore2). To test whether reversible photobleaching
bleaching. is also a possible inactivation pathway for this excited state,
we performed reversible photobleaching experiments using
of photons with a ground state of the chromophore, while a eCFP under two different conditions (Figure 6): eCFP
supralinear dependence would be expected if reversiblecoexpressed with eYFP in the same cell, or a eCFP-eYFP
photobleaching was caused by interaction of photons with tandem protein exhibiting a FRET efficiency of about 50%
an excited state. We performed reversible photobleaching(17). Indeed, the initial fluorescence decay was slower in
experiments with eCFP, in which we varied the illumination the eCFP-eYFP tandem protein as compared to the separately
intensity by placing a pair of crossed polarizers at different expressed fluorescent proteins, and the fluorescence intensity
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Ficure 6: Dependence of the photobleaching kinetics of eCFP on 2 tuy
the presence of a FRET acceptor. Photobleaching experiments wer¢ 100 - !
performed on HEK 293 cells transfected with plasmids encoding 80 a5 a0 05 100
either eCFP and eYFP (eCHPeYFP) or a tandem protein in which Firine (%)

eCFP was directly fused to eYFP (eCFP-eYFP). Every 339 ms, . . . .

the fluorescence intensities of eCFP and eYFP were determinedFGURE 7: Transient unquenching of a FRET donor by reversible
separately by 50 ms excitation at 430 nm and 10 ms excitation at Photobleaching of the acceptor. HEK 293 cells expressing a eCFP-
520 nm, respectively. The fluorescence of eCFP, which was Citrine fusion protein-expressing were analyzed by fluorescence

corrected for acceptor photobleaching by assuming FRET efficien- IMaging. Images were acquired eye$ s at 440 and 500 nm
cies of 0% (eCFSjL eR(FP) or 50%9 (eyCFP-eYFg) is shown. excitation with 10 and 6 ms illumination times for eCFP and Citrine,

lllumination intensities were 0.64 W crd and 0.49 W cm? at respectively. (a) Time courses of the fluorescence intensities of
eCFP (upper panel) and Citrine (lower panel) are depicted. At four

time points (denoted as-4), Citrine was reversibly photobleached
. A . - by a 5 sillumination at 400 nm (as indicated by the arrows), and
in the equilibrium phase was higher. These data indicate thatforescence intensities of eCFP and Citrine” during subsequent
the reversibly bleached state of eCFP is reached by anrecovery of Citrine were recorded. Light intensities were 0.67, 1.18,
inactivation pathway of an excited state which may also and 1.61 W cm? at 400, 440, and 500 nm, respectively. (b) The
inactivate via FRET to a closely positioned eYFP. However, correlation between fluorescence intensities of eCFP and Citrine
the basis of these data. it cannot be decided whether thi during spontaneous recovery of Citrine is depicted for each acceptor
9” . v AT - Sbleachmg experiment (4). Linear regression analysis served to
is the same excited state which is involved in fluorescence extrapolate the donor fluorescence at 1008} and 0% Ep)

emission. acceptor intensity for each relaxation process, and the calculated

Reversibly Bleached Citrine Is Characterized by a Re- FRET Efficiency Eere) is given as meart: SEM.
duced Absorbancé fluorescent protein may appear bleached
because of a reduced absorbance, or because of a reduce
fluorescence quantum yield. The common irreversible pho-
tobleaching of fluorescent molecules is usually attributed to
an irreversible destruction of their chromophores, Ieadlng measured by conventional irreversible acceptor photobleach-
to aloss c_)f absor_bance. The common method for Measurnngi,q (gata not shown). This suggests that reversible photo-
FRET by irreversible photobleaching of the acceptor, which e, -hing of Citrine reflects a transient loss of its absorbance

leads to unquenching of the donor fluorescence, relies on ¢ \yqyelengths contributing to the spectral overlap integral
this light-induced loss of absorbance. To test whether the with eCEP emission

reversible photoblegching of QFP variants is also caused by Because of the rapid spontaneous recovery of Citrine from
a temporary reduction of their absorbance, we performed o, gjhle photobleaching, the observed reversible unquench-
reversible photobleaching on Citrine located in an eCFP- ing of the donor fluorescence might be useful as a nonde-
Citrine tandem fusion protein, in which the close proximity - g¢ctive method for measuring FRET efficiencies, since it
of the two chromophores causes a FRET efficiency of 46 5j1q\ys repetitive quantitative determinations of the FRET
52% (17). efficiency (see Figure 7). In contrast to emission-ratio
Indeed, in this construct, reversible photobleaching of imaging, this method is independent of the actual steady-
Citrine by about 13% led to a transient increase in the state fluorescence of eCFP and, thus, allows for spatially
measured eCFP fluorescence by about 12% (Figure 7a,b)resolved repetitive and quantitative analyses of conforma-
Both effects reversed with half-times corresponding to the tional changes and dynamic proteiprotein interactions.
typical spontaneous recovery kinetics of Citrine, indicating Thus, it could serve as a valuable tool for quantitative and
that indeed reversibly photobleached Citrine is responsible time-resolved analyses of second messenger formation,
for the inverse changes of fluorescence intensity in the CFP protein phosphorylation, protease/caspase activity, or other
emission band. Moreover, this effect was also observed indynamic processes which have been visualized by FRET-
the eCFP-eYFP tandem protein (although with a lower based sensor protein§).
efficiency; data not shown), and this procedure could be Implications for FRET MicroscopyDonor Photobleach-
repeated several times. We conclude that reversible photo-ing Lifetime. A donor fluorochrome may escape photo-
bleaching of the FRET acceptors Citrine or eYFP representsbleaching by transferring its excited-state energy to a closely
a true reduction of their respective absorbance therebypositioned acceptor via FRET19—21). Therefore, the
affecting the spectral overlap between eCFP fluorescence andesulting delay of the donor photobleaching kinetics can be

430 and 520 nm, respectively.

itrine or eYFP absorbance. In cells expressing only eCFP,
plication of the bleaching pulses had no significant effect
on eCFP fluorescence (data not shown). The calculated FRET
efficiency of 48.9% was in good agreement with that
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a eCFP-eYFP b eCFP-Citrine the donor initially led to an increase in the donor fluores-
1001 100 cence, and a monoexponential decay of the donor fluores-
N s & cence did not establish until the acceptor fluorescence was
almost completely bleached. Evaluation of donor photo-
0 0 bleaching lifetimes is, therefore, not applicable to quantify
FRET between these fluorescent proteins. Moreover, the
transient unquenching of donor fluorescence observed in
these experiments corroborates the finding that reversible
photobleaching of the acceptor fluorescent proteins not only
is caused by a reduction of their fluorescence quantum yield
o but also reflects a transient reduction of their absorbance in
| bleach430mm | the spectral range of eCFP emission.

1001 . g e The aforementioned data were acquired with intramolecu-
C - larly linked fusion proteins exhibiting FRET efficiencies of

[ bleach at 454 nm |

1504 1507

1004 1007

50+ 501

04

| bleach at 430 nm |

fluorescence intensity (% of initial)
fluorescence intensity (% of initial)

501 50- \ about 50%. Under these conditions, the FRET acceptor may
be bleached not only by direct excitation but also via FRET-
0 | feachalit0mm | 07 L Deachasonm | mediated energy uptake. To test the latter hypothesis, we
0 200 400 600 0 200 400 600 performed donor photobleaching experiments with a eCFP-
tne (5 Himiei{E) PKCe-eYFP fusion protein exhibiting a typical FRET ef-

Ficure 8: Donor photobleaching lifetime experiments with fluo-  ficiency of only 7.2%. Indeed, applying identical experi-

rescent tandem proteins. Donor photobleaching experiments were ; i _
performed on HEK 293 cells transfected with plasmids encoding menta| settings, eYFP located in the eCFP-RKYFP

eCFP-eYFP (a) or eCFRCitrine (b). Donor and acceptor fluores- fusion protein was less efficiently and more slowly ph_o-_
cences were recorded separately, using 8 ms of illumination for tobleached at 430 nm than the same acceptor located within

each image. After a baseline of 15 imaging cycles, an additional the eCFP-eYFP tandem (data not shown). Since direct
2200 ms illumination at the indicated photobleaching wavelength excitation of the eYFP component should be identical in both

was applied between each of the following imaging cycles. The proteins, we conclude that the closely positioned donor in
donor (black traces) and acceptor (gray traces) fluorescence '

intensities are shown. lllumination intensities were 1.1, 1.4, and €CFP-€YFP supplies additional energy causing photobleach
1.5 W cnt2 at 400, 430, and 454 nm, respectively. Note the Via FRET. A similar FRET-sensitized acceptor photobleach-

paradoxical increase in donor intensities which result from both ing has previously been described for energy transfer between
reversible and irreversible acceptor cross-bleach. synthetic fluorochromes26).

Spontaneous and Light-Induced Reexy of Reersibly
Bleached eCFP Mimicks FRAFhe reversible photobleach-
ing described here can severely affect cell biological experi-
ments even at physiological pH. For example, FRAP
experiments rely on the assumption that locally bleached
fluorescence is replenished by laterally moving unbleached
molecules. However, we have shown that eCFP can be
reversibly photobleached at its absorption maximum and
recovers either spontaneously or in a light-accelerated
fashion. We, thus, tested whether FRAP assays applying this
GFP variant may be distorted by recovery from a reversibly
bleached state. We have previously shown that the human
TRPC4v ion channel is arranged in immobile clusters within
the plasma membrane of HEK 293 cells (Figure 9a2@f
'FRAP analysis revealed a poor mobility of TRRGYFP
within these clusters (5.5% recovery with a time constant of
0.6 s; Figure 9b). A parallel determination using TRRE4

used to detect FRET between fluorochrome-labeled antibod-
ies (L9—22) or between eCFP- and eYFP-fused proteft$; (
24). Since we observed reversible photobleaching of eYFP
and Citrine upon illumination at 468440 nm (see Figure

3), we wondered whether eCFP can be selectively pho-
tobleached without disturbing the yellow acceptor fluoro-
chromes. In cells expressing either eCFP-eYFP tandem or
eCFP-Citrine tandem, eCFP could not be photobleached
without affecting the FRET acceptor. At the excitation
maximum of eCFP (454 nm), eYFP or Citrine was cross-
bleached more rapidly than eCFP itself. Since we were
investigating tandem proteins that exhibit a FRET efficiency
of about 50%, this acceptor cross-bleach even led to a
transient increase in donor fluorescence (Figure 8a,b, uppe
panel). Likewise, if excited at 458 nm with an argon laser,
eYFP was photobleached about 4-fold faster than the
intramolecularly Iink_ed eCFP as tested with a spectrally eCFP in the same channel cluster, however, revealed a
resolving confocal microscope (LSM-META, Carl Zeiss, data g pqtanfially stronger fluorescence recovery (65.9% recovery
not shown). To reduce the acceptor cross-excitation, eCFP

" Twith a time constant of 0.36 s, see Figure 9b). Since
may be photobleached at 43840 nm. Under these condi-  tppc4y_eCFP forms multimeric channel complexes with

tions, however, the donor photobl_eaching kinetics was evenTRpCay-eYFP 06), a differential mobility of both proteins
more severely affected by reversible eYFP photobleaching g unlikely. We conclude that FRAP assays with eCFP-fused

(Fig_ur(_e 8a,_b,_ middle panel). At. t_he local fluoresce_nce proteins may be significantly distorted by spontaneous and
excitation minimum of eYFP and Citrine (400 nm), reversible light-induced recovery of the reversibly bleached fluoro-
photobleaching of the acceptor still exceeded the donor .prome.

photobleaching (Figure 8a,b, lower panel). The resulting

kinetics of the donor fluorescence, thus, reflects a complex pjscussion

superposition of reversible and irreversible photobleaching

of the donor as well as reversible and irreversible photo- A Tentatve Mechanism for Rersible Photobleaching.
bleaching of the acceptor, causing partial donor recovery. Our data provide some insight into the possible mechanism
Thus, paradoxically, protocols designed to selectively bleach of the observed reversible photobleaching of GFP variants.
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a b TRPC4a-eYFP pH, protonation of a site other than the chromophore must
100{ Wetphdd th B g‘g‘f be involved. Moreover, it is possible that also in the yellow
a < 80 *‘WWMW variants the protonation sensitizing the protein for reversible
% = photobleaching is not identical to the protonation of the
3 e o0 TRPC%;GCFF' e chromophore but only occurs at a similap
E gmo M e Analysis of the protein environment of the chromophore
i g points to three titratable residues in the vicinity of the
ilfiari 10s chromophore. Glu222 is located close to the imidazolinone
60 part of the chromophore, allowing hydrogen bond interac-

FiGure 9: Recovery of reversibly bleached eCFP mimicks FRAP. tions between the glutamate oxygens and the nitrogen of the
Fluorescence recovery after photobleaching (FRAP) experimentsimidazolinone ring system. Decarboxylation of this residue
were performed on HEK 293 cells expressing both TRR€LFP 55 implicated in the irreversible photoconversion of GFP

and TRPC4é-eYFP using a confocal laser scanning microscope . . - L
(LSM-META, Carl Zeiss). FRAP was assayed sequentially for © & 483-nm-absorbing specied),(showing that it signifi-

eYFP- and eCFP-fused proteins over the same region of interest.cantly interacts with the chromophore and influences its
Fluorescent proteins were excited with the 458 nm (eCFP) or the optical properties. However, the glutamate side chain is
514 nm (eYFP) lines of an argon laser combined with appropriate deeply buried within the protein environment and may not
dichroic mirrors and 476500 nm (eCFP) and 53660 nm (eYFP) be notably influenced by changes in solution pH, although

band-pass emission filters. The fluorescence over a predefined
region was imaged before and after brief photobleaching by pulsesthe decarboxylated Glu222 has been supposed to accept a

of maximal laser energy. (a) Confocal image of TRBGAYFP proton from the chromophore phend) (
(upper panel) and differential interference contrast (DIC) image of ~ Tyr145 and His148 are more accessible for protons from

'thte sa_rtne Ce'fls (L%st paéle')él(:bF)) Toilme com::r;taAsPof the ﬂ_UOTG?CG”CGthe solution and are, thus, more likely candidates for the
intensities of e and e uring experiments are ; ; il :
depicted as gray lines. After recording a baseline, a region over aprotonauon !eadmg to enhanqed susceptibility .to reversible
fluorescent cluster was bleached by repetitive scanning at maximalPhotobleaching. Tyr145 and His148 are both suitably located
laser intensity (indicated by the arrows). The kinetics of the t0 establish a hydrogen bond to the phenolic acid of the
subsequent fluorescence recovery was fitted by a monoexponentiachromophore in yellow variants. The more acidi¢,palue
recovery function (black line) to obtain the recovery time constant of histidine is in good agreement with our observations that
v and the mobile fractiofy. reversible photobleaching occurs at neutral and acidic pH.

B* The highly basic |, of the tyrosine phenolic acid indicates
" that it should remain protonated even at basic solution pH,
_FRET D*)/Pj\& H ir];i:npKa is not considerably shifted by the protein environ-
B In eCFP, X-ray crystallogaphic studies have shown two
et different conformations of Tyr145 and His148, which coexist
D#P and may explain the two absorption bands of eCE8).(
H* Although, in eCFP, His148 is unable to form a hydrogen
X bond with the chromophore, the change in electrostatic

Ficure 10: A model describing the possible transitions of a potential of the chromophore environment brought about by
fluorescent protein between fluorescent, protonated, and reversiblyprotonation of His148 may still influence the chromophore
e . e s sy el propeties in & way which fauorsreversile phiolableaching
fluorescent protein which can each exist in ground and excited MOr€oVer, changes in protonation of these two residues may
states, as well as an irreversibly bleached Xatgetails are given also influence the equilibrium between both conformations
in the main text). of eCFP, which may further modulate its susceptibility to
reversible photobleaching.
A model describing the possible transitions between fluo-  The classical fluorescence cycle originates from excitation
rescent, protonated, and reversibly bleached states which isf the deprotonated ground stdbe Alternative relaxation
consistent with our data is shown in Figure 10. The pH- routes for this excited state are fluorescence resonance energy
dependent absorption spectra of the yellow color variants transfer to a closely positioned acceptor chromophore and
result from two distinct states: a protonated st&pand a irreversible photobleaching, which leads to a nonfluorescent
deprotonated stateDj which coexist in a pH-dependent speciegP* — X) with quantum efficiencies of about 19
equilibrium (P < D). Analysis of a pH-dependent flickering  to 10°° (6, 8). We have shown that illumination of the yellow
which was observed in fluorescence correlation spectroscopycolor variants in the spectral range of their protonated forms
studies performed on eGFP showed that protonation reactionsesults in reversible photobleaching (see Figure 3). In
of the chromophore occur on the microsecond time scale addition, the linear dependency of the reversible photo-
(27). Considering the pH-dependent partial quenching of the bleaching rate on the illumination intensity (see Figure 5)
eCFP fluorescencel() and the modest, but reproducible, implies that this reversible photobleaching arises from
changes in the absorption spectra (see Figure 3), such anteraction of photons with a ground state, presumably the
protonation equilibrium may also exist for this color variant. protonated ground staté®). Absorption of a photon may
In the yellow variants, the decisive protonation may be lead to the generation of an excited stafe—¢ P*), which
located at the phenolic acid of the chromophore as describedmay then relax to the reversibly bleached sté  B).
for the wild-type GFP 1, 27). In eCFP, this phenolic acid is  We provide reversible photobleaching spectra which presum-
replaced by an indole ring system. However, since reversibleably represent the excitation spectra of this excited state (see
photobleaching of eCFP was again more efficient at acidic Figure 3), which depopulates toward a reversibly bleached
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state with quantum efficiencies more than 100 times greater The reversible photobleaching described in this study

than those of irreversible photobleachir@y 8). differs from irreversible processes such as the photochromism
Alternatively, the excited protonated sta® might first of wild-type GFP &, 30 or the photoactivation of a
deprotonatéP* — D*) as described for wild-type GFR) fluorescent protein31). At the single-molecule level, revers-

However, at least in the yellow variants, such an excited- iPlé photobleaching would appear as blinking or flickering.
state proton transfer is unlikely, since under these circum- A slow blinking has been described for polyacrylamide-
stances one would expect similar reversible photobleaching@mbedded single YFP and eGFP molecules excited at 488
rates regardless of the pH and the excitation wavelength.214 nm ¢, 32. Interestingly, the light-induced reactivation

Moreover, the fluoresence excitation spectra of eYFP and described for the yellow fluorescent T20_3F variant occurs
Citrine have local minima in the spectral range of the at 405 nm, a wavelength that was maximally effective in
absorption of their protonated forms (data not shown), reversibly photobleaching eYFP or Citrine (see Figure 3).

indicating that an excited-state proton transfer does not occurln @ddition, effects of acidic pH on the slow single-molecule
in these color variants. blinking have not been reported. Fluorescence correlation

spectroscopy (FCS) has revealed additional information on
the fast flickering of GFP variants. A light-driven as well as
light-reversed flickering leads to generation of nonfluorescent
states of YFP and Citrine with a quantum yield =03

(12, 19. The microsecond to millisecond time scales of these
single-molecule observations may result from strong il-
lumination intensities compared to the low illumination
intensity (about 3 orders of magnitude weaker) needed for
reversible photobleaching in our bulk experiments. One
should also note that the excitation intensity-dependent fast
'flickering was observed at 488 nm excitation, which pref-
erentially acts on the deprotonated form, and was excitation-
dependent, but independent of the pH. Since reversibly
photobleached enhanced fluorescent proteins spontaneously
recover in the dark (but on a time scale that is not accessible
for FCS), the reversible photobleaching in bulk experiments

In eCFP, an excited-state transitiBh— D* might indeed
occur, which could explain why the fluorescence emission
of this color variant drops by only 40% upon protonation
(ref 17, see Figure 3). The observation that the reversible
photobleaching rate of CFP is slower in the presence of a
closely positioned eYFP (see Figure 6) could also be
explained by such a transition, since it is well-known that
the excited deprotonated stad# of eCFP can relax via
FRET to eYFP 17), a mechanism which might compete with
the generation of the reversibly bleached state. However
another explanation for this competition between radiation-
less energy transfer and reversible photobleaching would be
that the transition energy for the excitation of the protonated
and deprotonated states of eCFP is similar and, thus, both
excited states are able to inactivate by FRET to eYFP. This

is likely, pgcaLise :18 r?bsorptlon spl):_ectrun;of eCFP Is nOtnot only appears as reduced quantum efficiency but also
very sensitive to pH changes (see Figure 3). results in a variable steady-state equilibrium of fluorescence
The reversibly bleached statB may return into a intensities.
fluorescent state by more than one way. First, we have shown |mpiications and Applications for Fluorescence Imaging.
that rever3|bly bleached flugrespent proteins regain their \we have demonstrated that, during a typical fluorescence
fluorescence in the dark with time constants of several imaging experiment, the fluorescence intensity of a number
seconds (see Figure 2a). Because of the fast equilibum f enhanced GFP variants reflects a pH- and excitation-
< D, it cannot be decided whether the reversibly bleached gependent variable steady-state equilibrium between revers-
state relaxes d|rec_tly to the fluorescent deprotonated groundip|e photobleaching and spontaneous as well as light-induced
state B — D) or via one of the stateB, P*, or D*. recovery. In the past, this effect may have been obscured by
Second, the restoration of fluorescence can be acceleratedhe fast adoption of the equilibrium or, in the case of yellow
by illumination (see Figure 2b,c). This implicates the variants, by the distinct wavelength-dependence of reversible
absorption of a photon by the reversibly bleached state, whichphotobleaching compared to fluorescence excitation. The
presumably leads to the generation of another excited statequantum efficiencies for reversible photobleaching are more
(B — B*) which serves as a gateway to more rapidly relax than 100 times greater than those for irreversible photo-
back to the fluorescent ground state. Again, on the basis ofbleaching 6). Thus, depending on the actual fraction of
our data, it cannot be decided if the excited reversibly protonated species and on the applied wavelength, reversible
bleached statB* relaxes to the deprotonated ground state photobleaching may occur at a rate more than 100-fold
(B* — D) or to a different state which is in fast equilibrium  greater than the rate of irreversible photobleaching. There-
with D. However, our data allow some speculations about fore, in the design of quantitative multicolor imaging
the properties of the stai The reversibly bleached eCFP  experiments, image acquisition frequencies and illumination
effectively regained its fluorescence upon illumination at 500 intensities should not be changed during the experiment to
nm (see Figure 2c). This implies that the absorption spectrumavoid artifacts due to disturbance of this equilibrium.
of B may be red-shifted as compared Door P. For the Moreover, in FRAP or acceptor photobleaching FRET
yellow variants, however, we do not know if the reversibly experiments relying on irreversible photobleaching of yellow
bleached state is still capable of absorbing photons. It hasGFP variants, long wavelengths which neither induce
been reported that several variants of the green fluorescensignificant reversible photobleaching nor cause light-induced
protein undergo red shifts of their absorption and emission recovery of the donor (e.g:510 nm) should be used. Since
spectra upon strong illumination under conditions of low the determination of FRAP with eCFP is disturbed by
oxygen concentratior2@). It may be speculated that these reversible photobleaching, this variant should be either
long-lived red-shifted states correspond to reversibly bleachedavoided in FRAP experiments or controlled for reversible
states described herein, which would imply that the reversibly photobleaching effects. Furthermore, we have shown that the
bleached states require oxygen to regain fluorescence. donor photobleaching lifetime is not suitable for assaying
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FRET between eCFP and yellow fluorescent proteins, 16.Adams,S.R, Kao,J.P.Y., Grynkiewicz, G., Minta, A., and Tsien,

because any wavelength which may be used to bleach eCFP

leads to significant reversible or FRET-sensitized irreversible
photobleaching of the acceptor. In addition, we have

demonstrated that it is possible to assess FRET efficiencies

by reversible photobleaching of an acceptor Citrine (see
Figure 7). This effect of reversible photochromism may be
useful for a repetitive quantitative determination of FRET
efficiencies as previously suggested for synthetic fluoro-
chromes 83).
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