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Abstract. EosFP is a novel fluorescent protein from the stony coral Lobophyllia hemprichii. Its
gene was cloned in Escherichia coli to express the tetrameric wild-type protein. The protein emits
strong green fluorescence (516 nm) that shifts toward red (581 nm) upon near-ultraviolet irradiation
at ~390 nm due to a photo-induced modification that involves a break in the peptide backbone next
to the chromophore. Using site-directed mutagenesis, dimeric (d1EosFP, d2EosFP) and monomeric
(mEosFP) variants were produced with essentially unaltered spectroscopic properties. Here we present
a spectroscopic characterization of EosFP and its variants, including room- and low-temperature
spectra, fluorescence lifetime determinations, two-photon excitation and two-photon photoconversion.
Furthermore, by transfection of a human cancer (HeLa) cell with a fusion construct of a mitochondrial
targeting sequence and d2EosFP, we demonstrate how localized photoconversion of EosFP can be
employed for resolving intracellular processes.
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1. Introduction

The green fluorescent protein (GFP) from the luminescent jellyfish Aequorea victo-
ria is characterized by a §-barrel structure, with 11 S-strands surrounding a central
helix [1, 2]. The helix is interrupted by the fluorophore, which is located close to the
geometric center of the molecule (Figure 1). The fluorophore is formed in an auto-
catalytic reaction from the tripeptide serine-tyrosine-glycine. This reaction requires
only molecular oxygen, but no further enzymes or substrates, and therefore GFP
can be expressed in virtually any kind of cell [3, 4]. A multitude of applications as
a genetically encoded fluorescence marker have made this protein one of the most
popular research tools in the life sciences in recent years, for example, in studies
of gene expression, protein localization and cell genealogy. Frequently, the GFP
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Figure 1. Ribbon diagrams of the 3D structures of fluorescent proteins. (a) The 11-stranded
B-barrel structure of GFP from Aequorea victoria, with the fluorophore atoms displayed as
van-der-Waals spheres. (b) In anthozoan FPs, four B-barrel shaped molecules associate to
form a tetramer, as observed for the red fluorescent protein eqFP611 from the sea anemone
Entacmaea quadricolor [11, 31].

gene is combined with the gene of the protein under study at the DNA level, so that
a fusion construct is expressed by the cell that carries an additional GFP marker
domain.

Protein engineering of GFP has yielded a variety of blue- and red-shifted spectral
variants. These are useful for multi-channel recording of different emission colors
and detection schemes based on Forster resonance energy transfer (FRET), for
example, in sensor proteins measuring intracellular pH or calcium levels [4, 5].
The range of available emission colors was greatly extended by the discovery of
GFP-like fluorescent proteins (FPs) in anthozoa species [6—10]. Red FPs are highly
attractive as marker proteins due to the lower cellular autofluorescence background
in the red spectral region. Moreover, longer-wavelength excitation light is less
cytotoxic, and the red emission can be properly separated from green emitting
fluorophores in double labeling experiments [11, 12]. The S-barrel fold of GFP is
almost perfectly conserved in the novel FPs. In contrast to GFP, however, FPs from
anthozoa typically form tetramers at physiological concentrations [13—17], which
is detrimental especially in their application as fusion markers.

Recently, FP-based systems were developed that enable optical marking on the
subcellular level under physiological conditions by localized irradiation with visi-
ble or near-ultraviolet light. GFP undergoes photoconversion to a red-emitting form
when excited with intense blue light under low oxygen conditions [5, 18]. Irradia-
tion of the GFP T203H mutant (PA-GFP) with intense blue light (413 nm) induces
a 100-fold increase of the green emission upon excitation at 488 nm [19]. Bright
green light was shown to increase the red fluorescence of the kindling fluorescent
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protein mutant asCP A148G 30-fold [20]. Another protein that appears very useful
for localized optical marking is the FP “Kaede” isolated from Trachyphyllia ge-
offroyii [21]. The emission color of this protein can be changed irreversibly from
green to red upon irradiation with ~400-nm light. Recently, we introduced another
photoswitchable FP, EosFP, which was cloned from the stony coral Lobophyllia
hemprichii [22]. Similar to Kaede, the initially green-emitting protein can be con-
verted into a red-emitting form by exposure to ~400-nm light. We have also devel-
oped functional dimeric and monomeric mutants of the initially tetrameric protein.

Here we present a spectroscopic characterization of EosFP and its variants, in-
cluding room- and low-temperature spectra, two-photon excitation and two-photon
photoconversion. Furthermore, we present an example of how localized photocon-
version of EosFP can be employed for resolving intracellular processes.

2. Materials and Methods
2.1. CLONING, EXPRESSION AND PURIFICATION OF EOSFP

The coral Lobophyllia hemprichii was purchased in a local aquarium store. A cDNA
library was constructed and expressed in E. coli (XLOLR) as described [9]. Bacterial
colonies were screened for fluorescent clones under the fluorescence microscope
(Zeiss Axioplan). The resulting cDNA fragment coding for the photoconverting
fluorescent protein EosFP was subcloned into pQE32 (Qiagen, Hilden, Germany).
In addition to the tetrameric wild-type protein (wtEosFP), we also produced the
dimeric mutants d1EosFP (V123T), d2EosFP (T158H), and the monomeric double
mutant mEosFP (V123T-T158H) using the QuikChange® Site-Directed Mutagen-
esis Kit (Stratagene, La Jolla, CA). The proteins were expressed in E. coli (BL21
DE3) and purified using Talon metal affinity resin (BD Biosciences CLONTECH,
Palo Alto, CA) and gel filtration (Superdex 200, Akta-System, Amersham Pharma-
cia, Little Chalfont, UK).

For the application of EosFP as a photoconvertible cellular marker, the coding
cDNA of d2EosFP was subcloned into the expression vector pcDNA3 downstream
of the cDNA coding for the mitochondrial (mt) targeting signal from subunit VIII
of cytochrome ¢ oxidase [23], amplified from a human cDNA library. This DNA
construct ensures that the fusion protein, denoted mt-d2EosFP, will reside in the
mitochondria of cells expressing the protein. HeLa cells were grown on chambered
coverglasses (Nalge Nunc International, Rochester, NY) and transfected with vector
DNA using the FuGENE transfection reagent (Roche, Indianapolis, IN). Cells were
imaged at room temperature after overnight expression of the recombinant protein
at 37°C.

2.2. SAMPLE PREPARATION

All room temperature samples were prepared in 100 mM phosphate buffer at pH 6.9.
For cryospectroscopy, a 1:3 mixture (by volume) of 300 mM potassium phosphate
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buffer at pH 8.5 and glycerol was used. For the two-photon conversion experi-
ments, wtEosFP was immobilized on a glass coverslip coated with physisorbed, bi-
otinylated bovine serum albumin (BSA, Sigma-Aldrich Chemie GmbH, Steinheim,
Germany) by means of a biotin-streptavidin linkage. For easy sample preparation
and solution exchange, we used a sandwich of two coverslips that were separated
by two mylar foils. These spacers confined a channel with a cross section of 200 um
x 2 mm. After exposing the surface to a 1 mg/ml biotinylated BSA solution for 15
minutes, the solution was replaced by a 15 pg/ml solution of streptavidin (Molecu-
lar Probes, Eugene, OR). After another 15 minutes, this solution was exchanged by
a solution containing 100 nM biotinylated wtEosFP. With this procedure, a dense
wtEosFP layer was formed on the surface.

2.3. FLUORESCENCE SPECTROSCOPY

Fluorescence spectra were measured on a SPEX Fluorolog II fluorimeter (Spex
Industries, Edison, NJ) equipped with a CTI-22 closed-cycle cryostat (Helix Tech-
nology Corp., Santa Clara, CA) and a DRC-93C temperature controller (Lake Shore
Cryotronics Inc., Westerville, OH).

2.4. CONFOCAL FLUORESCENCE MICROSCOPY

Images were taken with a confocal laser scanning microscope of our own design,
based on a Zeiss Axiovert 35 inverted microscope with two-channel fluorescence
detection and a piezoelectric sample scanning stage (Tritor 102 Cap, Piezosysteme
Jena, Jena, Germany) [11, 12]. The 488-nm line of an Ar* ion laser (Innova Sabre,
Coherent Inc., Santa Clara, CA) was fed into the microscope objective (UPLAPO
60x/1,2w, Olympus, Hamburg, Germany) via a single-mode quartz fiber (QSMJ
320, OZ Optics, Carp, Canada) and a Q495LP dichroic mirror (AHF, Tiibingen,
Germany). The fluorescence emission was split into two detection channels by using
a green-red dichroic mirror 560DCXR (AHF) and two bandpass filters (HQ 535/70
and HQ 610/75, AHF). Single photons were detected with avalanche photodiodes
(SPCM-AQR-14, PerkinElmer, Fremont, CA).

For two-photon experiments, a Ti:sapphire laser (Mira 900, Coherent, Santa
Clara, CA), pumped by the Ar" ion laser, was operated at a wavelength of 808 nm
with a repetition frequency of 76 MHz and a pulse width of 120 fs. The infrared light
was combined with the 488 nm irradiation for imaging on a 640 DCSPXR (Chroma
Technology Corp., Rockingham, VT, USA) dichroic mirror. An additional infrared
cutoff filter (BG39, Schott, Mainz, Germany) was introduced in the emission path.

For one-photon photoconversion experiments, the infrared light from the
Ti:sapphire laser was fed into a frequency doubler (TP1B, Uniwave Technologies,
Chatsworth, CA). The resulting 404-nm beam was combined with the 488-nm
imaging light on a cold mirror (M43-845, Edmund Optics, Barrington, NJ) before
entering the microscope.
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Fluorescence lifetime measurements of the green form of EosFP and its vari-
ants were performed on our confocal setup using 404-nm excitation and the optics
described above. For the converted red species, we switched to 532-nm excita-
tion by a mode-locked picosecond solid-state laser (GE-100-VAN-IR/SHG, Time-
Bandwidth Products AG, Zurich, Switzerland), using a 575 DCXR (AHF) dichroic
mirror and HQ 665/170 (AHF) and OG 570 (Schott Glaswerke, Mainz, Germany)
filters in the emission path. A photomultiplier tube (PMT, H7421-04, Hamamatsu
Photonics Deutschland GmbH, Herrsching, Germany) was used for better time
resolution. The PMT output was fed into a computer card for time-correlated
single-photon counting (TimeHarp 200, PicoQuant, Berlin, Germany). Lifetime
histograms were analyzed with MicroTime 200 (PicoQuant) analysis software.

3. Results and Discussion
3.1. SPECTROSCOPIC PROPERTIES OF EOSFP AND ITS VARIANTS

In its original form, wtEosFP at room temperature shows an excitation maxi-
mum at 506 nm, resulting in green fluorescence at 516 nm (Figure 2a). The
green chromophore consists of the tripeptide histidine-tyrosine-glycine; its de-
localized m-electron system extends from the phenyl sidechain of Tyr-63 to an
imidazolinone ring formed autocatalytically by backbone ring closure between
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Figure 2. Spectroscopic properties of the red and green forms of wtEosFP. Fluorescence ex-
citation (solid lines) and emission spectra (dotted lines) of the green (thick lines) and red form
(thin lines) are presented at (a) room temperature (295 K) and (b) 10 K. Two separate samples
were used to record the spectra of the green and red species at 295 K. A partially converted
sample was used for the 10 K emission spectra of both the green and red forms. Green excitation
(emission) spectra were recorded with emission (excitation) set to 520 (490) nm; red excitation
(emission) spectra were recorded with emission (excitation) set to 590 (560) nm.
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the peptide carbon of His-62 and the peptide nitrogen of Gly-64. After illumi-
nation with near-UV light, the fluorescence excitation spectrum as well as the
emission spectrum are shifted by 65 nm toward the red (Figure 2a). This spec-
tral change arises from an extension of the chromophore, which is accompanied
by a break in the backbone between Phe-61 and His-62 [22]. This irreversible
modification allows the delocalized m-electron system to also include the His-62
imidazole sidechain [24], thereby creating a red-shifted chromophore. Pronounced
vibronic sidebands, well separated from the main peak, are observed in the red-
shifted species at 553 nm in the excitation spectrum and at 629 nm in the emission
spectrum.

Figure 2b shows the corresponding fluorescence spectra at 10 K. Upon cooling,
the excitation spectra shift to the blue by 4 nm (501 and 567 nm), while the emission
spectra shift by 7-8 nm (509 and 573 nm). All spectra markedly narrow towards
lower temperatures, revealing prominent vibronic sidebands with average phonon
frequencies around (1300 4= 100) cm~! for both the red and the green species. A
further peak in the red excitation spectrum at 502 nm probably contains higher
order vibrational excitation and FRET excitation of the red fluorophore within the
partially converted tetramer of wtEosFP [22]. The strong vibronic coupling of this
chromophore could be caused by the extension of the conjugated system to the
imidazole ring of the His-62 instead of the typical conjugation to the carbonyl
oxygen of the backbone seen in other red-emitting FPs.

Wild-type EosFP is tetrameric; its structure is likely similar to the one of
eqFP611, shown in Figure 1b. In combination with another protein in a fu-
sion construct, EosFP will tend to form tetramers, which can severely com-
promise the functionality of the fusion construct in the cellular environment.
Therefore, we selectively modified the interfaces between the subunits of the
tetramer by site-directed mutagenesis to produce dimeric (d1EosFP, d2EosFP)
and monomeric (mEosFP) versions of the protein [22]. The spectroscopic prop-
erties and the fluorescence lifetimes were characterized for the different EosFP
variants; they are compiled in Table I. It is apparent from these data that the
mutations had essentially no influence on the photophysical properties of the
protein.

Table I. Spectroscopic properties of EosFP and mutants

Amax ex/em Egreen, Amax ex/em Ered,
Protein green, nm M~ lem™! QYgreen Tgreen, NS red, nm M~ lem™! QYyeq Tred, NS

wtEosFP  506/516 72,000 0.70 £0.02 2.9+ 0.1 571/581 41,000 0.55£0.03 3.6 £0.1

dlEosFP  505/516 74,800 0.68 £0.03 3.1 +£0.1 571/581 40,000 0.62 £0.03 3.6 £0.1
(V123T)

d2EosFP  506/516 84,000  0.66 & 0.03 3.1 +0.1 569/581 33,000  0.60 +0.03 3.6 = 0.1
(T158H)

mEosFP  505/516 67,200 0.64 £0.03 2.6 = 0.1 569/581 37,000 0.62£0.03 3.9+0.2
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3.2. TWO-PHOTON FLUORESCENCE EXCITATION AND PHOTOCONVERSION

In the cellular environment, two-photon excitation with infrared laser pulses has
advantages over one-photon excitation due to 3D-localized excitation and therefore
reduced damage of cells and fluorophores in the out-of-focus regions. Moreover,
infrared light is less harmful to cells than light of shorter wavelengths. Using 808-
nm femtosecond pulsed laser light, we characterized the two-photon excitation
properties of the green form of wtEosFP. The fluorescent dye rhodamine 6G (R6G)
in methanol was employed as a reference. Figure 3 shows the emission intensity
as a function of the squared excitation intensity. The observed linear dependency
is the hallmark of two-photon excitation processes.

We determined the two-photon excitation cross section of wtE0SFP, §ygosep, by
rescaling the known two-photon excitation cross section of rhodamine 6G at 808
nm, dreg = (40 &= 6) GM [25], with the ratio of the best-fit slopes of the two lines
in Figure 3,

slopey,gospp ' cr6G Pr6GNR6G

(SWtEosFP = : 5R6G .

slopereg  CwiEosFP PwiEosFPwiEosFP

Here we also took into account the appropriate corrections for different concen-
trations (c), quantum yields (®), and spectral detection efficiencies (1) for sample
and reference. For excitation at 808 nm, we obtained Sygospp = (0.6 == 0.3) GM,
which is smaller than the values of 6 GM reported for wild type GFP at the same
wavelength [26] and 180 GM for enhanced GFP (EGFP) excited in its two-photon
absorption maximum at 920 nm [27]. Due to the steep wavelength-dependence of
the two-photon excitation spectra of fluorescent proteins, we expect much larger
cross-sections for excitation at longer wavelengths.

Besides exciting the fluorescence of EosFP, two-photon excitation can also be
employed for photoconversion to the red-emitting form. We demonstrated this

3 . T T

O R6G
m  wtEosFP

0 5002 12 000 1500
I, [mW7]
Figure 3. Linear dependence of the emission intensity on the square of the excitation intensity

for two-photon excitation of wtEosFP and Rhodamine 6G. The excitation intensities refer to
the time-averaged power of the mode-locked pulse train.
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Figure 4. Localized two-photon conversion in a dense layer of immobilized wtEosFP
molecules. Several lines were drawn on the sample by using 808 nm pulses from a Ti:sapphire
laser and a piezoelectric scanning stage, causing photoconversion and bleaching of the bound
proteins. After 808 nm exposure, confocal fluorescence images were acquired with 488 nm
excitation. Images in the (a) green and (b) red emission channels show a loss of green and
a concomitant gain of red fluorescence, respectively. The excitation power was increased in
roughly equal steps from 10 mW (leftmost line) to 90 mW of average power (rightmost line).
Vertical integration of the red image (c) clearly depicts the interplay of photoconversion and
photobleaching at high powers (see the text for details).

effect with a sample consisting of a dense layer of wtEosFP immobilized on a glass
coverslip. The coverslip was attached to the piezo scanner of the microscope and
moved with a constant velocity of 26 um/s through the infrared laser focus in a
linear fashion so as to achieve localized photoconversion along the line exposed
to the 808-nm beam. Several lines were exposed to different laser intensities, and
subsequently, the green and red emission from the processed area was analyzed by
confocal fluorescence imaging using 488 nm excitation. Figure 4 shows a series
of 10 line conversions with increasing excitation (time-averaged) powers from 10
mW (left) to 90 mW (right). The image of the green emission (Figure 4a) illustrates
the loss of green fluorescence after photoconversion, while the image of the red
emission (Figure 4b) visualizes the gain in emission of the red-converted species in
each line. In Figure 4c, the red emission is integrated along the vertical lines. For
the higher powers in the right part, the red population vanishes in the center of the
exposed line. This effect arises from bleaching of the red-converted proteins in the
intense 808-nm beam. This property is also evident in the red image (Figure 4b).

3.3. LOCALIZED PHOTOCONVERSION IN LIVE CELLS

Human cancer cells (HeLa cells) expressing the fusion construct mt-d2EosFP were
used to demonstrate the potential of EosFP for regional optical marking. In these
cells, mitochondria are highlighted by the green fluorescence of the marker protein,
as shown in Figure 5. By tight focusing of 404-nm light, EosFP molecules in two
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Figure 5. HeLa cell expressing mt-d2EosFP before photoconversion (column 1) and after
regional photoconversion (columns 2—4). Two regions were photoconverted by illumination
for 0.5 seconds with 6 W of 404 nm laser light (squares). The time series shows the dynamics
of mitochondrial fluorescence in the green (upper row) and red (middle row) channels and in
the overlay of both (lower row). Co-localization of green and red fluorescence is highlighted
by arrows in column 4.

small regions of the cell (see squares in Figure 5) were photoconverted to the red
emitting form, which allowed us to observe the dynamics of mitochondra in a single
live cell. Over a period of 42 minutes, the shape and localization of the red fluo-
rescent mitochondria changed substantially. The fluorescence, however, did not
distribute evenly over the mitochondrial network. This observation confirms the
finding that mitochondria in several mammalian cell lines, including HeLa, are not
completely interconnected [28]. The regional co-localization of green and red fluo-
rescence in one spot after 42 minutes suggests that it resulted from a fusion process
of two or more previously unconnected mitochondrial structures, so that uncon-
verted and converted proteins co-exist in the same network structure. Therefore,
mitochondrial fusion seems to be less frequent in HeLa cells under the used exper-
imental conditions. In contrast, plant or yeast mitochondria show repeated fusions
and fissions on similar time scales as those studied in this experiment [29, 30].

4. Conclusions

Here we have presented a fluorescence spectroscopy and microscopy study of
EosFP, a tetrameric anthozoan green-to-red photoconverting FP and its dimeric
and monomeric variants, which have essentially identical photophysical properties
as the wild-type protein. In addition to regular, single-photon excitation, EosFP
can also be excited by a two-photon process. Moreover, green-to-red photoconver-
sion can also be induced efficiently with a two-photon process at moderate powers,
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which gives the opportunity for 3D-localized photoconversion, enabling striking
intracellular applications in the future. The possibility of locally changing the emis-
sion wavelength by focused UV light makes EosFP a superb marker for experiments
aimed at tracking the movements of biomolecules within the living cell.
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