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Summary

Photoactivatable fluorescent proteins bring new di-
mension to the analysis of protein dynamics in the
cell. Protein tagged with a photoactivatable label can
be visualized and tracked in a spatially and tempo-
rally defined manner. Here, we describe a basic ratio-
nal design strategy to develop monomeric photoacti-
vatable proteins using site-specific mutagenesis of
common monomeric red-shifted fluorescent proteins.
This strategy was applied to mRFP1, which was con-
verted into probes that are photoactivated by either
green or violet light. The latter photoactivatable vari-
ants, named PA-mRFP1s, exhibited a 70-fold increase
of fluorescence intensity resulting from the pho-
toconversion of a violet-light-absorbing precursor.
Detailed characterization of PA-mRFP1s was per-
formed with the purified proteins and the proteins ex-
pressed in mammalian cells where the photoactivata-
ble properties were preserved. PA-mRFP1s were used
as protein tags to study the intracellular dynamics of
GTPase Rab5.

Introduction

Genetically encoded fusions of cellular proteins with
GFP and its homologs have been indispensable tools
in cell biology [1]. Recently, a new methodology began
to emerge with the development of photoactivatable
green fluorescent proteins PA-GFP [2], PS-CFP [3], and
Dronpa [4] as well as photoactivatable red fluorescent
proteins Kaede [5] and kindling fluorescent protein
(KFP) [6, 7]. However, only green PA-GFP, PS-CFP, and
Dronpa are monomeric and therefore can be applied to
protein labeling and tracking. The obligate tetrameric
state of red Kaede and KFP limits their application as
protein tags, because tetramerization of fluorescent
proteins (FPs) causes abnormal localization and func-
tion of the tagged partners. A straightforward strategy
of FP monomerization consists of two steps repeated
several times: (1) site-directed substitutions to disrupt
tetramer interfaces, which usually lead to significant
decrease of the fluorescence, and (2) rescue of the fluo-
rescence properties by random mutagenesis. This
strategy was successfully used to convert tetrameric
DsRed into monomeric mRFP1 [8].

We and others previously analyzed the color transi-
tions achieved by mutagenesis and determined the
corresponding crucial amino acid positions for tetra-
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meric FPs and nonfluorescent chromoproteins [1, 7].
The analysis based on the GFP [9] and DsRed [10] crys-
tal structures indicated that residues situated spatially
close to the chromophore, such as 146, 161, and 197
(numbering is according to DsRed [11]), appear to be
the main molecular photoconversion determinants for
tetrameric FPs. We therefore hypothesized that the re-
spective mutagenesis of monomeric mRFP1 may di-
rectly convert it to photoactivatable red probes suitable
for protein tagging.

Results and Discussion

Generation of Photoactivatable Variants

We performed a random saturated mutagenesis of
mRFP1 at positions 146, 161, and 197. The library of
about 10* mutants was visually screened with an epiflu-
orescence microscope. About 10% of the mutants ex-
hibited a photoactivation either by intense green light
(CY3 filter) or by intense violet light (DAPI filter). Be-
cause photoactivation in the same wavelength range as
the chromophore excitation could complicate cellular
applications, we further concentrated on characteriza-
tion of the mutants activatable by violet light. Among
various mutants (summarized in Table S1), three
variants, mRFP1/S146H/1161V/1197H, mRFP1/S146H/
1161C/I197H, and mRFP1/S146H/1161S/1197H (named
PA-mRFP1-1, PA-mRFP1-2, and PA-mRFP1-3, respec-
tively) exhibited the highest contrast and the longest
lifetime for the fluorescence state after DAPI photoacti-
vation. PA-mRFP1-1 had a slightly higher quantum yield
(0.08 versus 0.07 for PA-mRFP1-2 and 0.06 for PA-
mRFP1-3). Hence, we present data for the PA-mRFP1-1
variant; however, two other PA-mRFP1 variants exhibited
the same spectral, biochemical, and photochemical
properties.

Spectral and Biophysical Characterization
Photoactivation of PA-mRFP1-1 for 25 min with a 100
W mercury lamp at 340-380 nm resulted in a 70-fold
increase of red fluorescence with excitation and emis-
sion maxima at 578 nm and 605 nm, respectively (Fig-
ure 1A). PA-mRFP1-1 also preserved its photoactiva-
tion properties in the polyacrylamide gel (Figure 1A,
inset). The increase of the fluorescence intensity and
the quantum yield of the photoactivated PA-mRFP1-1
were similar to that observed for KFP [6]. The increase
in the absorbance peak was 20-fold, and the extinction
coefficient in the photoactivated state reached 10,000
M-'em~" (Figure 1B). The photoactivated state was un-
stable with characteristic lifetimes of 9, 30, and 85 hr at
37°C, 25°C, and 4°C, respectively (Figure S1), indicating
that some conformational protein changes occurred
during the postactivation period.

The reversibility of the photoactivation and its depen-
dence on temperature has been previously observed
for KFP [6]. The residues at positions 146, 161, and 197
in the photoactivatable mRFP1 mutants (Table S1) are
similar to those found in several KFP variants [7]. The
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Figure 1. Spectroscopic Properties of PA-mRFP1-1

(A) Excitation (green lines) and emission (red lines) spectra of PA-
mRFP1-1 before (dashed lines) and after (solid lines) photoactiva-
tion with a 100 W mercury lamp through the 340-380 nm filter for
25 min. Arrows indicate the fluorescence increase. Inset shows a
red fluorescent spot resulting from the photoactivation of PA-
mRFP1-1 embedded in 15% polyacrylamide gel at 1 mg/ml through
a 10x objective.

close properties of the mRFP1 and KFP mutants sug-
gest that the photoactivation mechanism of PA-
mRFP1-1 might be also similar to that described for
KFP [7]. This mechanism may involve a reversible cis-
trans chromophore isomerization resulting in the transi-
tion from nonfluorescent (trans) to fluorescent (cis)
states, where the chromophore is stabilized through in-
teractions with residues 161 and 146, respectively.

In the fluorescent state, the PA-mRFP1-1 chromo-
phore might be further stabilized through a mechanism
suggested for GFP [12] and PA-GFP [2] whereby chro-
mophore conjugation causes charge delocalization to
the carbonyl group of Tyr65 instead of the phenolate
during the photoconversion. This delocalization is fol-
lowed by the anionic chromophore stabilization via in-
teraction with side chains such as Arg95. Interestingly,
among the PA-GFP variants and the mRFP1 mutants,
the highest photoactivation contrast has been achieved
in mutants with His146 and His197 substitutions, indi-
cating that the histidines may have the strongest in-
teraction with the chromophore in the photoactivated
state. Residues at these positions have been shown
to contact the chromophore in GFP and DsRed struc-
tures [9, 10]. Remarkably, His197 is also conserved
among the KFP variants [7]. On the other hand, the PA-
mRFP1-1 chromophore is possibly less stabilized in the
photoactivated state than the PA-GFP chromophore
because one of the key stabilizing residues, GIn93 [12],
is replaced with the conserved Trp93 in the red-shifted
proteins including PA-mRFP1-1 and KFP variants.

Before photoactivation, PA-mRFP1-1 had a weak ab-
sorbance peak at 588 nm and a dim red fluorescence
with excitation/emission maxima at 588 nm and 602
nm, respectively. After the photoactivation, a magni-
tude of the absorbance spectrum below 390 nm signifi-
cantly reduced (Figure 1B). These data suggest that the
PA-mRFP1-1 preparation consists of two species bear-
ing different types of chromophores and that the violet
light could cause formation of a bright red chromo-
phore de novo in the species absorbing below 390 nm.
Similar properties were documented for Kaede, where
a red chromophore formed from the precursor absorb-
ing at 380 nm [5]. Thus, we hypothesize that there is a
similar precursor form of PA-mRFP1-1, but this form is
masked by the species with neutral GFP-like [9] and
mRFP1/DsRed-like [10] chromophores (Figure 1B; see
below). The presence of the immature species with
GFP-like chromophore has been documented for mRFP1
[8]. A detectable negative shoulder at 365 nm in the

(B) Absorbance spectra of PA-mRFP1-1 before (green line) and af-
ter (red line) the photoactivation. The blue line in the inset presents
a differential absorbance spectrum. The arrow indicates the detect-
able negative shoulder corresponding to a Gaussian component of
380-385 nm.

(C) Gaussian decomposition (black lines) of the PA-mRFP1-1 ab-
sorbance spectrum (green line) before the photoactivation. The
photoactivation action spectrum is presented as a histogram with
a column width of 10 nm (blue columns). The action spectrum is
normalized to the 380-385 nm Gaussian component (black solid
line). Inset shows the excitation (black line) and the emission (blue
line) spectra for a weak PA-mRFP1-1 cyan fluorescence before the
photoactivation peaked at 384 and 468 nm, respectively.
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Figure 2. Photochemical and Biochemical Properties of PA-
mRFP1-1

(A) Time course of a photobleaching for the photoactivated PA-
mRFP1-1 (red squares) and mRFP1 (blue circles) embedded in
polyacrylamide gel at 1 mg/ml with a 175 W xenon lamp through
the 540-580 nm filter and a 10x objective. Inset shows the expo-
nential fitting of the photobleaching curves in a semilogarithmic
scale.

differential absorbance of PA-mRFP1-1 suggested the
presence of a spectral component that disappeared af-
ter the photoactivation (Figure 1B, inset). Indeed, de-
composition of the PA-mRFP1-1 absorbance spectrum
before photoactivation into Gaussian peaks revealed a
masked component at 380-385 nm (Figure 1C). This
peak was absent in the decomposition of the PA-
mRFP1-1 spectrum after the photoactivation (data not
shown; Figure 1B), indicating that it is the precursor of
a photoactivatable red chromophore. This 380-385 nm
component exhibited a weak (quantum yield 0.005)
cyan fluorescence peak at 468 nm (Figure 1C, inset).
The relative increase of the PA-mRFP1-1 red fluores-
cence after its irradiation with light of varying wave-
lengths (so-called action spectrum) was further mea-
sured. The excitation at 375-385 nm was the most
effective in the ability to photoactivate PA-mRFP1-1.
Moreover, the action spectrum coincided with the 380-
385 nm component (Figure 1C). The degree of photoac-
tivation depended linearly on the intensity of the activa-
tion light, indicative of a one-photon process (Figure S2).

Biochemical and Photochemical Properties
PA-mRFP1-1 photobleaching represented a mono-
exponential process with a characteristic half-time of
11 min, whereas mRFP1 had a two-exponential photo-
bleaching curve (Figure 2A). The value of the character-
istic half-time was about one third of an apparent total
photobleaching half-time of mRFP1 and was similar to
the photobleaching half-time of its fast photobleaching
component. These data indicated that photoactivated
PA-mRFP1-1 consisted of the homogeneous species,
whereas the mRFP1 population consisted minimum of
two types of red species, as has been previously sug-
gested [8].

The pH dependencies of PA-mRFP1-1 red fluores-
cence before and after photoactivation were measured
after 10 min of the violet irradiation (100 W mercury
lamp). Both emissions significantly increased at acidic
pH (Figure 2B, inset). The ratio of fluorescence inten-
sities after and before photobleaching had two peaks,
one in the acidic and another in the alkaline region (Fig-
ure 2B). The photoactivation contrast at these condi-
tions of photoactivation was 2.2-fold and 1.3-fold
higher at the mild-denaturing pH (5.0-5.5 and 9.5-10.0,
respectively) as compared to the contrast achieved at
the physiological pH (7.0-8.0). The apparent pK, value
was 4.4. Interestingly, the background red fluorescence
increased at elevated temperatures (Figure S3) and in
the presence of moderate concentrations of chaotropic
agents (Figure S4). These data suggested that slight
loosening of the PA-mRFP1-1 structure facilitates chro-

(B) Dependence of a fluorescence ratio between the red emission
intensities for the photoactivated state (achieved after 10 min irra-
diation with the 340-380 nm filter and a 10x objective) and the
nonfluorescent state from pH value of the sample. Inset shows the
absolute values of these photoactivated (red circles) and nonfluo-
rescent (blue squares) intensities.

(C) Absorbance spectra of mRFP1 (blue line) and PA-RFP1-1 (red
line) in 1 M NaOH normalized at 280 nm. The arrow indicates 330
nm peak observed in PA-mRFP1 only. Inset shows the denaturing
SDS-PAGE gel for mRFP1 (lane 1) and PA-mRFP1-1 (lane 2).
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Figure 3. Properties of PA-mRFP1-3 in Living Mammalian Cells

(A) Photoconversion time course of cytoplasmically expressed PA-
mRFP1-3 in HEK293 cells irradiated with a 175 W xenon lamp
through the 340-380 filter and a 63x objective (red squares). The

mophore transition from nonfluorescent to the fluores-
cent state.

It has been suggested that the absorbance spectra
of acid- and alkali-denatured FPs can be used to distin-
guish between their primary chromophore structures
[13]. The absorbance of GFP-like chromophore peaks
at 384 nm in 1M HCI and at 446 nm in 1M NaOH [14].
Under the same conditions, the DsRed-like chromo-
phore absorbs at 380 and 452 nm, respectively [13, 14].
Acid-denatured mRFP1 and nonactivated PA-mRFP1-1
both exhibited wide absorbance peaks at about 382
nm (not shown). However, the alkali-denatured proteins
behaved differently (Figure 2C). The absorbance spec-
trum of mRFP1 had a wide peak at 450 nm that possibly
consisted of the immature species bearing the GFP-like
chromophore as well as the mature red species with a
DsRed-like chromophore. This observation was consis-
tent with the incomplete maturation of mRFP1 [8]. In
contrast, PA-mRFP1-1 had two peaks, at 450 nm and
330 nm. While the former peak consisted of the same
GFP-like and DsRed-like chromophores, the latter peak
possibly represented the photoactivatable species. The
acid- and alkali-denatured spectra of PA-mRFP1-1 did
not change after photoactivation. Normalization of
mRFP1 and PA-mRFP1-1 spectra at 280 nm indicated
that approximately half of PA-mRFP1-1 consisted of
the red photoactivatable variant (Figure 2C).

SDS-PAGE analysis further supported this observa-
tion. It has been previously reported that mRFP1 exhib-
ited fragmentation into two bands with an apparent
mass of 11 kDa (including a polyhistidine tag) and 20
kDa [8] (Figure 2C, inset). This partial cleavage results
from a partial hydrolysis of the main-chain acylimine
linkage in the DsRed-like chromophore [14]. This frag-
mentation has never been observed with proteins hav-
ing GFP-like chromophore. In contrast, more than 50%
of PA-mRFP1-1 molecules were cleaved (Figure 2C, in-
set). The extent of the cleavage was the same for non-
activated and photoactivated PA-mRFP1-1 prepara-
tions (not shown). These data suggested that a pool
of fragmented PA-mRFP1-1 contained both the bulk of
photoactivatable species and a small fraction of the hy-
drolyzed DsRed/mRFP1-like species. This type of post-
translational modification is similar to that observed for
KFP and has been shown to be critical for its photoacti-
vatable properties [15].

ordinate axis presents a fluorescence ratio between the total cell
intensity at each time point and the total cell intensity at the start
of the activation (time zero). The solid black line indicates a mono-
exponential fit of the data. Inset shows images of the representa-
tive cell excited with the 540-580 nm filter at the times indicated in
minutes after the start of photoactivation.

(B) COS-1 cell expressing EYFP-DAT (green channel) and PA-
mRFP1-3-Rab5 (red channel) photoactivated with 365 nm dye laser
(ROI-1 circle). The PA-mRFP1-3-Rab5 dynamics after the photoac-
tivation (right column) and its overlay with the green channel (left
column) are shown at the times indicated. The mean intensities in
the red channel in the ROI-1 (red squares) and ROI-2 (blue circles)
regions are presented in the top right panel. The intensities are
normalized to the mean intensity just after the photoactivation (time
zero). Insets in the right column illustrate dynamics of PA-mRFP1-
3-Rab5 in the square selections. Bar, 10 pm.



Photoactivatable Monomeric Red Fluorescent Proteins
283

Expression in Mammalian Cells

To characterize properties of PA-mRFP1s in mamma-
lian cells, these proteins were transiently expressed in
HEK293 and COS-1 cell lines. No detectable red fluo-
rescence of expressed PA-mRFP1s was observed be-
fore photoactivation. Upon irradiation with the 175 W
xenon lamp through the DAPI filter for several minutes
or with dye laser (365 nm) for a few seconds, red fluo-
rescence was detected through the CY3 channel (Fig-
ure 3A). Interestingly, the PA-mRFP1-3 variant exhibited
60-fold fluorescence contrast in the cytoplasm (Figure
3A). This contrast was significantly higher as compared
with the intensity contrasts of PA-mRFP1-1 (25-fold)
and PA-mRFP1-2 (35-fold). These data suggested that,
similar to the DsRed2 variant, the chromophore forma-
tion in PA-mRFP1s was controlled by cell-specific
factors [16]. The kinetics of fluorescence increase of
PA-mRFP1s was well fitted by a single exponential
curve with characteristic times of 4.2-4.5 min, indica-
tive of a first-order photochemical reaction (Figure 3A).
Can PA-mRFP1s be used to tag cellular proteins and to
visualize spatially defined cellular pools of fusion pro-
teins? The limitation of the use of MRFP1 as a protein
tag is related to its spontaneous intracellular aggrega-
tion, particularly when it is attached to oligomerizing
proteins such as actin, o-tubulin, or caveolin [17] (data
not shown). We recently found that mRFP1-fusion of a
small GTPase Rab5 does not form aggregates and is
fully colocalized with EYFP-Rab5 when is coexpressed
[18]. To test the applicability of PA-mRFP1s for protein
tagging, a fusion PA-mRFP1-3-Rab5 was prepared.
Small GTPases of the Rab family control endosomal
biogenesis, fusion, and maturation [19]. Rab5 is located
on the cytoplasmic surface of early endosomes and is
a key component of a complex responsible for homo-
typic fusion of early endosomes and cargo sorting [20].
However, very little information is available regarding
the dynamics of endosome-cytosol translocations of
Rab5 protein and, in fact, of any protein of the Rab sub-
family.

PA-mRFP1-3-Rab5 was expressed in COS-1 cells.
The cells were also cotransfected with membrane-
localizing EYFP-tagged dopamine transporter [21] to
facilitate selection of the cellular regions to photoacti-
vate. Local photoactivation of a small region in the peri-
nuclear area using 365 nm laser irradiation resulted in
the photoactivation of several endosomes containing
PA-mRFP1-3-Rab5 (region of interest ROI-1 of the re-
presentative cell in Figure 3B). Time-lapse imaging re-
vealed a gradual decrease of the PA-mRFP1-3-Rab5
fluorescence in the photoactivated region accompa-
nied by the appearance of PA-mRFP1-3-Rab5 fluores-
cence in other areas. The translocated Rab5 was found
both incorporated into endosomes and diffusely dis-
tributed in the cytoplasm, presumably in a complex
with the guanine nucleotide dissociation inhibitor [22].

The fluorescence intensity of photoactivated PA-
mRFP1-3-Rab5 in the ROI-1 was reduced by up to 73%
(Figure 3B, top right panel). The time-courses of the
fluorescence decrease were fitted by single exponential
functions with the half-lives of 3.6-4.4 min for different
cells. Interestingly, the time-courses of PA-mRFP1-3-
Rab5 translocation out of ROI-1 reached plateau at
25%-28% suggesting that there was an immobile pool

of Rab5. The PA-mRFP1-3-Rab5 fluorescence in the
peripheral ROI-2 regions increased by up to 15% of the
total initial fluorescence intensity of photoactivated
ROI-1. In contrast to ROI-1, the fluorescence change in
ROI-2 presented sigmoid curves with half-maximal
times of 5.1-5.9 min. Changes in the concentrations of
PA-mRFP1-3-Rab5 in ROI-1 and ROI-2 could be due to
translocation of Rab5 molecules between endosomes
through the cytosol, rapid movement of Rab5-labeled
endosomes, or formation of Rab5 transport vesicles
and their movement. Experiments are underway that
should enable us to dissect the dynamics of these pro-
cesses. Nevertheless, our data demonstrated that PA-
mRFP1s can be used to analyze the kinetics of Rab5
trafficking and the assembly of Rab5 microdomains on
the endosomal membranes.

Significance

PA-mRFP1 variants represent a first generation of
monomeric photoactivatable probes that are distinct
from green PA-GFP [2], PS-CFP [3], and Dronpa [4] in
terms of red-shifted fluorescence and that can be
used for protein labeling and tracking in living cells.
We have shown that the residues 146, 161, and 197
appear to be the important molecular determinants
for the conversion of monomeric red-shifted FPs,
such as mRFP1, into the photoactivatable variants.
The rational design strategy for development of pho-
toactivatable probes presented here can be further
applied to convert other yellow, orange, or red mono-
meric FPs [17, 27, 28] and monomeric chromopro-
teins with red-shifted absorbance [13] into the respec-
tive photoactivatable FPs.

Experimental Procedures

Mutagenesis and Screening

Mutagenesis of the pPRSETB-mRFP1 plasmid [8] was performed by
the overlap-extension method [23]. Colonies of DH50. (Invitrogen)
were screened with a Nikon Diaphot 300 microscope equipped with
a 100 W mercury lamp, DAPI (340-380 nm), FITC (460-500 nm), and
CY3 (540-580 nm) filters (Chroma), and a 10x PlanFluor objective.

Protein Expression and Spectroscopy

Proteins were purified from BL21(DE3) (Stratagene) with Ni-NTA
(Qiagen). Photoactivation was performed in a 0.5 cm quartz cuvette
(Starna Cells) through a DAPI filter. Absorbance spectra were re-
corded with a Beckman DU520 Spectrophotometer, and excitation
and emission spectra were measured using a PTIl Fluorescence
Spectrophotometer (Photon Technologies) with protein samples in
PBS (pH 7.4) at 25°C. For molar extinction coefficient determina-
tion, we relied on estimating mature red chromophore concentra-
tions achieved with denaturation in 1 M NaOH. Based on absor-
bance of denatured proteins, extinction coefficients for the native
state were determined as described [24]. For quantum yield deter-
mination, fluorescence of mutants was compared to an equally ab-
sorbing amount of DsRed (BD Clontech) (quantum yield 0.70 [25]).
Gaussian decomposition and fitting were performed with Origin
software (Microcal).

Characterization In Vitro

To study photoactivation under imaging conditions, proteins were
embedded at 1 mg/ml in 15% polyacryamide gels immobilized on
a glass slide, using cover glasses as spacers [2]. The photoactiva-
tion was performed with a Nikon Diaphot 300 microscope. Subse-
quent imaging or photobleaching was done with Marianas worksta-
tion (Intelligent Imaging Innovation) based on Zeiss Axiovert 200M
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microscope equipped with dual filter wheels, 175 W xenon lamp,
10x Fluar and 63x and 100x oil immersion Plan-Apochromat objec-
tives, CoolSNAP CCD camera (Roper Scientific), DAPI, FITC, and
CY3 filters (Chroma), environmental chamber, and controlled by
SlideBook 4.0 software. Action spectrum was measured with a Ni-
kon Optiphot microscope equipped with a 175 W xenon lamp, 40x
dry Plan-Neofluar objective, and a tunable monochromator on the
excitation source with bandwidth of 10 nm. 15% polyacrylamide
gels buffered with Hydrion buffers (Micro Essential Laboratory)
were used to study pH dependence.

Mammalian Expression

Nhel-BsrGl fragments encoding PA-mRFP1s proteins without stop
codons were swapped with the EYFP in pEYFP-C1 vector (BD
Clontech), resulting in pPA-mRFP1s-C1 plasmids. To generate a
plasmid with PA-mRFP1s-Rab5 fusion, the PA-mRFP1s’ fragments
were swapped with EYFP in pEYFP-Rab5 plasmid [26]. HEK293
and COS-1 cells were cultured in DMEM media (Invitrogen) supple-
mented with 10% fetal or newborn bovine sera, respectively
(Sigma). Cell transfection was performed with Effectene (Qiagen).

Fluorescence Microscopy

Live cell images were acquired with the Marianas workstation addi-
tionally equipped with Micropoint Ablation 365 nm laser system
(Photonic Instruments). A 15 micro Joules laser output was applied
for PA-mRFP1s photoactivation in living cells. Total photoactivation
time did not exceed 3 s. No detectable changes in cell morphology
were observed during this treatment. Adjustment of size and loca-
tion of the photoactivatable area and quantification of intensities
were performed with SlideBook v. 4.0 software.

Supplemental Data
Supplemental Data are available at http://www.chembiol.com/cgi/
content/full/12/3/279/DC1/.
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