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ABSTRACT: Enhanced cyan and yellow fluorescent proteins are widely used for dual color imaging and
protein-protein interaction studies based on fluorescence resonance energy transfer. Use of these fluorescent
proteins can be limited by their thermosensitivity, dim fluorescence, and tendency for aggregation. Here
we report the results of a site-directed mutagenesis approach to improve these fluorescent proteins. We
created monomeric optimized variants of ECFP and EYFP, which fold faster and more efficiently at 37
°C and have superior solubility and brightness. Bacteria expressing SCFP3A were 9-fold brighter than
those expressing ECFP and 1.2-fold brighter than bacteria expressing Cerulean. SCFP3A has an increased
quantum yield (0.56) and fluorescence lifetime. Bacteria expressing SYFP2 were 12 times brighter than
those expressing EYFP(Q69K) and almost 2-fold brighter than bacteria expressing Venus. In HeLa cells,
the improvements were less pronounced; nonetheless, cells expressing SCFP3A and SYFP2 were both
1.5-fold brighter than cells expressing ECFP and EYFP(Q69K), respectively. The enhancements of SCFP3A
and SYFP2 are most probably due to an increased intrinsic brightness (1.7-fold and 1.3-fold for purified
recombinant proteins, compared to ECFP & EYFP(Q69K), respectively) and due to enhanced protein
folding and maturation. The latter enhancements most significantly contribute to the increased fluorescent
yield in bacteria whereas they appear less significant for mammalian cell systems. SCFP3A and SYFP2
make a superior donor-acceptor pair for fluorescence resonance energy transfer, because of the high
quantum yield and increased lifetime of SCFP3A and the high extinction coefficient of SYFP2. Furthermore,
SCFP1, a CFP variant with a short fluorescence lifetime but identical spectra compared to ECFP and
SCFP3A, was characterized. Using the large lifetime difference between SCFP1 and SCFP3A enabled us
to perform for the first time dual-lifetime imaging of spectrally identical fluorescent species in living
cells.

Since the cloning of the green fluorescent protein (GFP)1

gene from the jellyfishAequoreaVictoria (1, 2), mutagenesis
of GFP has generated a variety of visible fluorescent proteins
(VFPs) with fluorescence ranging from blue to greenish-
yellow (3). Besides mutations that affect the spectral proper-
ties, numerous modifications have been described that
improve the brightness of one or more VFP variants. Such
mutations can act in different ways, for example by improv-
ing chromophore formation (F64L, V68L), protein folding

(S72A, V163A, S175G), and solubility (M153T, V163A)
(4-8).

Enhanced cyan (ECFP) and enhanced yellow (EYFP)
fluorescent proteins are widely used, since they can be
applied for dual color imaging and for fluorescence resonance
energy transfer (FRET) applications to study protein-protein
interaction (9, 10). Unfortunately, ECFP is about 4 times
less bright than EYFP, because of lower absorbance and
fluorescence quantum yield. Therefore, improving ECFP
fluorescence would facilitate visualization of CFP-fusion
proteins and enable higher FRET efficiencies for CFP and
YFP.

The FRET efficiency (E) of a donor-acceptor pair is
dependent on the average distance (r) between donor and
acceptor and on the Fo¨rster radius (R0) as defined by Fo¨rster’s
theory (11),

in which R0 is the distance at which 50% FRET occurs.R0

can be calculated from the equation (11, 12)

wherec is 8.786× 10-11 mol L-1 cm nm2, κ2 the orientation
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factor of the interacting dipoles,η the refractive index of
the medium separating donor and acceptor chromophore,æd

the quantum yield of the donor,εa the extinction coefficient
of the acceptor with dimensions mol-1 L cm-1, andJ(λ) the
overlap integral. Generally,κ2 is set to 2/3, which is true if
donor and acceptor are rapidly randomly orientated (13-
15), and thenR0 is dependent only onæd, εa, andJ(λ). When
comparing donor-acceptor pairs with identical absorbance
and emission spectra,J(λ) is identical and the difference in
R0 is directly related toæd andεa. From eqs 1 and 2 it can
be derived that, in the case in which the average distance
between donor and acceptor is also constant, the FRET
efficiencies of donor-acceptor pair E and S are related
according to

with Es the FRET efficiency of pair S,Ee the efficiency of
pair E, andY defined as

Our strategy to improve ECFP was based on Venus, a
recently described improved YFP variant (16). Venus
matures much faster and more efficiently than EYFP at 37
°C, because of one novel YFP-specific mutation (F46L) and
four common folding mutations (F64L, M153T, V163A, and
S175G) that have not been used together in EYFP before.
More recently, also a bright ECFP variant named Cerulean
was described, with improved extinction coefficient and
fluorescence quantum yield, as a result of 2 mutations,
Y145A and H148D (17). An additional feature of Cerulean
is a fluorescence lifetime decay best fitted by a single
exponential. We have studied whether ECFP fluorescence
would also benefit from these mutations. Since ECFP already
contains the folding mutations F64L, M153T, and V163A,
we concentrated on the remaining mutations. In addition,
the effects of V68L and A206K both in ECFP and in Venus
were studied. A206K has been described to abolish the
tendency of YFP to dimerize (18). Because of their improved
folding and brightness, we named these VFP variants Super
Fluorescent Proteins or SCFPs and SYFPs, respectively, to
indicate the upgrade from the well-known, enhanced fluo-
rescent proteins ECFP and EYFP. Besides detailed spectro-
scopic characterization, expression of VFPs was studied in
Escherichia colibacteria and in mammalian cells, and the
FRET efficiency of YFP-CFP heterodimers was determined.

EXPERIMENTAL PROCEDURES

Construction of VFP Vectors.All vectors were made using
standard molecular biological methods (19). VFP variants
were obtained by site-directed mutagenesis using the Quick-
Change site-directed mutagenesis kit (Stratagene, La Jolla,
CA) or a modified version of this protocol (20). The modified
protocol used a combination of 5′-phosphorylated oligo-
nucleotides and ligation during amplification, enabling the
incorporation of multiple mutations at once. A list of
oligonucleotides used for mutagenesis is shown in Table S1
(Supporting Information).

For bacterial expression VFPs were cloned into plasmid
pGEX-MCS. pGEX-MCS was created by inserting a modi-
fied multiple cloning site as aBamHI/HinDIII fragment into
pGEX-KG (21). The modified multiple cloning site consisted
of 2 annealing oligonucleotides 5′-GATCTACCATGG-
AATTCAGCGGCCGCTCTAGAGGATCCA-3′ and 5′-
AGCTTGGATCCTCTAGAGCGGCCGCTGAATTCC-
ATGGTA-3′ with 5′ overhangs compatible withBamHI and
HinDIII restriction sites. TheBamHI site was disrupted by
a C>T modification immediately after the 5′ overhang.
pGEX-EYFP(Q69K) was made by inserting EYFP(Q69K)
(human codon-optimized wtGFP with S65G, V68L, Q69K,
S72A, and T203Y) from pMON999d35S-YFP (22) as a
NcoI/XbaI fragment into pGEX-MCS. pGEX-ECFP was
formed by inserting ECFP (human codon-optimized wtGFP
with F64L, S65T, Y66W, N146I, M153T, and V163A) from
pECFP-N1 (Clontech, Palo Alto, CA) as aNcoI/NotI
fragment into pGEX-MCS. pGEX-Venus was made by
inserting Venus (EYFP with F46L, F64L, M153T, V163A,
and S175G) from pCS2+ Venus (a generous gift of A.
Miyawaki) into pGEX-MCS as aNcoI/EcoRI fragment.
pGEX-Cerulean(A206K) was created by inserting Cerulean-
(A206K) from pCerulean(A206K)-C1 (a generous gift of D.
W. Piston) as aNcoI/BsrGI fragment into pGEX-SCFP2.

Mammalian expression vectors were created in pEGFP-
C1 (Clontech) by replacing the EGFP coding sequence. A
NheI restriction site was introduced upstream of the VFP
cDNA by polymerase chain reaction (PCR) with primers
5′-CCGCTAGC GCTACCGGTCGCCACCATGGT-
GAGCAAGG-3′ and 5′-CGAGATCTGAGTCCGGACTTG-
TACAGCTCGTCC-3′, and VFPs were ligated asNheI/BsrGI
fragments.

Mammalian expression vector encoding tandem dimers of
YFP and CFP variants were constructed by inserting EYFP-
(Q69K) as aNheI/BamHI fragment into pECFP-N1 (Clon-
tech). TheBamHI site was introduced into EYFP(Q69K)
immediately downstream of theBglII site present in pEYFP-
(Q69K)-C1 by PCR with primers 5′-AGGTCTATATAAG-
CAGAGC-3′ (anneals in the CMV promoter) and 5′-
ATGGATCCGAAGATCTGAGTCCGGACTTG-3′. The
other heterodimers were created by replacing EYFP(Q69K)
for SYFP2 from vector pSYFP2-C1 (NheI/BglII fragment)
and replacing ECFP for SCFP3A from vector pSCFP3A-
N1 (BamHI/BsrGI fragment).

Plasmid pSCFP3A-NES encoding SCFP3A with a nuclear
export sequence (SELQNKLEELDLDSYK; J. Goedhart,
unpublished) fused to the C-terminus. Plasmid pSCFP1-NLS
encoding SCFP1 with a nuclear localization sequence fused
to the C-terminal lysine (GGPKKKRKV; J. Goedhart,
unpublished). All constructs were checked by DNA sequenc-
ing (Baseclear, Leiden, The Netherlands).

Fluorescent Protein Isolation.Fluorescent proteins were
isolated as GST-fusion proteins. Four hundred milliliters of
TY-medium (10 g/L bactotryptone, 5 g/L yeast extract, 5
g/L NaCl, and 3 mL/L 1 N NaOH), supplemented with 100
µg/mL ampicillin and 0.4% (w/v) glucose, was inoculated
with 8 mL of starter culture, which was grown overnight.
Bacteria were grown at 37°C until OD600 ≈ 0.6 and cooled
to room temperature. Protein synthesis was induced with 0.1
mM IPTG (Duchefa Biochemie BV, Haarlem, The Nether-
lands) for 5 h at 21°C. Bacteria were washed once with 40
mL of STE (20 mM Tris-HCl, 1 mM EDTA, 150 mM NaCl,
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pH 8) and stored at-70°C until further processing. Bacterial
pellets were thawed and resuspended in 10 mL of STE,
containing 1 mg/mL lysozyme, 5 mM DTT, 1 mM PMSF,
and 0.1% NP-40. Cells were disrupted by sonication. After
centrifugation for 30 min at 40000g, the supernatant was
passed through a 0.22µm filter and added to 2 mL of 50%
glutathione-agarose (Sigma-Aldrich, St. Louis, MO). After
1 h incubation, the glutathione-agarose with GST-tagged
protein was washed 3 times with 10 mL of STE, containing
5 mM DTT, 1 mM PMSF, and 0.1% Triton-X100, and 3
times with 10 mL of STE. The GST-tag was removed by
incubation overnight with 50 units of thrombin (Amersham
Bioscience, Uppsala, Sweden) at room temperature. Samples
were desalted over a Sephadex PD10 column using 20 mM
Tris-HCl, pH 8.5. Proteins were further purified by ion
exchange chromatography using a monoQ column on an
ÄKTA FPLC machine (Amersham Bioscience) and a linear
NaCl gradient (10 mM/mL, flow 1 mL/min) in 20 mM Tris-
HCl, pH 8.5. Fluorescent protein eluted around 250 mM
NaCl. Protein concentrations of all fluorescent fractions were
determined by the Pierce BCA protein assay (Pierce Bio-
technology, Rockford, IL), using a bovine serum albumine
standard as reference. Fractions were pooled and spectral
grade glycerol (Sigma-Aldrich) was added to 50% (v/v) for
long-term storage at minus 20°C. Sample purity was checked
by SDS-PAGE to be>95%.

Spectral Characterization.Spectral measurements were
done in 20 mM Tris-HCl, 1 mM EDTA pH 8. Absorbance
spectra were measured on a Uvikon293 dual beam spectro-
photometer (Bio-Tek Instruments, Winooski, VT). Extinction
coefficients were calculated by applying Beer’s law on the
absorbance spectra obtained from the fractions collected after
monoQ FPLC. For each VFP variant up to 3 fractions with
different concentrations (0.1< ODλmax < 1) of 3 independent
protein isolations were used for determining the extinction
coefficient. A molar mass of 27 kDa was used for all VFPs.
Fluorescence spectra were measured on a PTI QuantaMaster
2000-4 fluorescence spectrofluorometer (Photon Technology
International, Lawrenceville, NJ) and corrected for differ-
ences in excitation intensity and detector sensitivity. Fluo-
rescence quantum yield measurements were done on diluted
VFP solutions from 3 independent protein isolations with
similar OD (ODλex e 0.05) with fluorescein (Molecular
Probes, Eugene, OR) in borate buffer solution pH 9.1 (QY
0.92) (23) as quantum yield standard.

pKa Measurements.For pH titrations, fluorescent protein
was diluted to 25-75 nM in wells of a 96-well plate
containing 200µL of titration buffer. Titration buffers
contained 50 mM citric acid/Na citrate (pH 3-5.5), KH2-
PO4/Na2HPO4 (pH 6-8), or glycine/NaOH (pH 8.5-10).
Plates were analyzed using an FL600 fluorescence microplate
reader (Bio-Tek Instruments) equipped with custom ordered
filters. For YFP and CFP fluorescence, BP485/20 and BP430/
25 excitation filters and BP530/25 and BP485/40 emission
filters (Chroma Technology Corp., Rockinham, VT) were
used, respectively. The pKa was determined by fitting a
sigmoid equation using Igor Pro 5.0 software (Wavemetrix,
Portland, OR).

Bleach Measurements.Bleach experiments were per-
formed according to a modified protocol as described by
Patterson et al. (7). Fifty microliters of fluorescent protein
solution (∼0.25µM in 20 mM Tris-HCl, 1 mM EDTA, 5%

(v/v) poly(ethylene glycol) 4000, pH 8) was mixed with 450
µL of 1-octanol (Spectral grade, Sigma-Aldrich) and emulsi-
fied by passing 15 times through a 25G surgical syringe.
Four microliters of the emulsion was put on an object slide
and covered with an 18× 18 mm coverglass. Single
microdroplets were bleached under continuous widefield
illumination (0.22µW/µm2 for CFP and 0.026µW/µm2 for
YFP) on an Axiovert200M microscope (Zeiss, Jena, Ger-
many) fitted with a Zeiss plan Neofluar 40× 1.3NA, oil-
immersion objective, using a 100 W high pressure Hg lamp
for excitation. Repeatedly, the bleach kinetics of a uniform
reference layer (24) was measured, to verify the intensity of
excitation light. Bleach series were recorded on a Coolsnap
HQ CCD camera (Roper Scientific, Tucson, AZ). YFP or
CFP fluorescence was detected, using HQ500/20 and D436/
20 excitation filters, 525DCXR and 455DCLP dichroic
mirrors, and HQ545/30 and D480/40 emission filters,
respectively (Chroma Technology Corp.). Data analysis was
done by fitting a single-exponential decay.

Refolding and Oxidation of Fluorescent Proteins.Refold-
ing studies were performed as described (25). Fluorescent
protein was denatured by heating for 5 min at 95°C in the
presence of 8 M urea and 1 mM DTT and cooled to room
temperature. For chromophore reduction 5 mM sodium-
dithionite was added before denaturation. Refolding was
initiated by 100-fold dilution in refolding buffer (50 mM
Tris-HCl, 35 mM KCl, 2 mM MgCl2, 1 mM DTT, pH 7.5)
at 37 °C. Protein refolding and oxidation was followed in
time by measuring the recovery of fluorescence while
stirring. An equal amount of native protein was used to
determine the fluorescence intensity of nondenatured protein.
Rate constants for refolding (fast component) and reoxidation
(slow component) were obtained by fitting a double-
exponential equation.

Localization in E. coli.A 0.5 mL volume of a starter
culture which was grown overnight was used to inoculate
25 mL of TY-medium, supplemented with 100µg/mL
ampicillin and 0.4% (w/v) glucose and grown to OD600 ≈
0.6 at 37°C. Induction of protein synthesis was initiated
upon 10-fold dilution into medium containing 0.1 mM IPTG.
After 4 h incubation at 37°C, cells were fixed with 2.8%
formaldehyde/0.04% glutaraldehyde. Microscopy slides were
prepared by pipetting bacteria on an object slide containing
a thin layer of 1% agarose and sealed with a coverglass.
Images were recorded on a Coolsnap FX CCD camera
(Roper Scientific) connected to an Olympus BX60 fluores-
cence microscope (Japan) fitted with an Olympus U Plan Fl
100× 1.3NA oil immersion phase contrast objective. YFP
or CFP fluorescence was detected, using HQ500/20 and
D436/20 excitation filters, Q515LP and 455DCLP dichroic
mirrors, and HQ535/30 and D480/40 emission filters,
respectively (Chroma Technology Corp.).

RelatiVe Brightness in E. coli.Bacteria were grown to
OD600 ≈ 0.6 as described above. Cultures were diluted to
OD600 ) 0.1 in triplicate and used to inoculate wells of a
flat bottom 96-well plate (Greiner Bio-One, Frickenhausen,
Germany) in quadruplicate. Per well, 180µL of medium
containing 0.1 mM IPTG was inoculated with 20µL of
diluted bacteria. Bacteria were grown at 37°C in the
fluorescence microplate reader while shaking. Fluorescence
was measured every 5 min as described under “pKa Mea-
surements”.
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Transient Transfection HeLa Cells.HeLa cells growing
on glass coverslips were transfected with plasmid DNA,
using Lipofectamine2000 (Invitrogen, Breda, The Nether-
lands) according to the manufacturer’s protocol. To obtain
mixed populations of cells expressing different DNA con-
structs, cells were transfected separately, trypsinized, and
mixed 8 h after transfection. For microscopy, the growth
medium was replaced with extracellular-like buffer (140 mM
NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM
glucose, and 20 mM Hepes, pH 7.4).

Fluorescence Brightness in HeLa Cells.HeLa cells grow-
ing in tissue culture treated 35 mm dishes were transfected
with 0.3 µg of plasmid DNA as described above. Fluores-
cence imaging was done 18 h posttransfection. For micros-
copy, the growth medium was replaced with extracellular-
like buffer. Fluorescence images were collected using a
Coolsnap HQ CCD camera (Roper Scientific) mounted on
a Leica MZ FLIII stereofluorescence microscope, fitted with
a Planapo 1× objective, a 100 W high pressure Hg lamp for
excitation, and excitation and emission filters as described
for under “Localization in E. coli”. Cells were imaged
through the bottom of the 35 mm dishes at 3.2× magnifica-
tion, using exposure times of 1500 ms and 1250 ms for YFP
and CFP variants, respectively. For a single experiment, 3
dishes per VFP variant were used and from each dish 6
images were recorded. Single images contained 100-150
cells, and in total between 1800 and 2300 cells were imaged
for each VFP variant. The experiment was repeated in
triplicate. Fluorescent cells were identified by image process-
ing as follows. Of each image, background fluorescence was
subtracted and fluorescent cells were identified as spots more
than 100 pixels in size. The fluorescence per cell was
calculated as the sum fluorescence divided by the cell size
in pixels. The fluorescence brightness of each VFP variant
was defined as the average mean fluorescence of all cells.
Image processing was done in Matlab 6.1 (The Mathworks,
Natick, MA) using the image processing library DIPlib
(Pattern Recognition Group, TU Delft, The Netherlands,
http://www.ph.tn.tudelft.nl/DIPlib/).

Immunolabeling of HeLa Cells.HeLa cells were fixed with
1% formaldehyde, permeabilized with 0.5% TritonX-100,
and blocked with 1% BSA. Incubation with primary antibody
against GFP (Molecular Probes) was done overnight at 4
°C, and incubation with Cy5-labeled secondary antibody was
done for 30 min at room temperature. Cells were embedded
in Mowiol. Fluorescence microscopy was performed using
a Zeiss LSM510 confocal laser scanning microscope, imple-
mented on a Zeiss Axiovert100 inverted microscope. Images
were aquired using a Zeiss plan Neofluar 40× 1.3NA, oil-
immersion objective. For imaging of YFP, CFP, and Cy5,
the 514 and 458 nm argon-laser lines and the 633 nm line
of a helium-neon laser were used for excitation. A series
of dichroic mirrors was used to divide fluorescence into
separate YFP, CFP, and Cy5 channels. Fluorescence was
detected through BP530-550 (YFP), BP470-500 (CFP), and
LP650 (Cy5) emission filters. To obtain cross-talk-free
images, consecutive images were recorded, using a single
laser line for excitation and activation of a single detection
channel. The intensity of the excitation light was measured
to correct for variations in laser power. Colocalization images
of VFP fluorescence and Cy5 fluorescence were recorded.
For each image the ratio of VFP fluorescence and Cy5

fluorescence was determined by line fitting on the scatterplots
of VFP fluorescence intensity versus Cy5 fluorescence
intensity. For each VFP variant, the brightness per amount
of protein was defined as the average ratio of VFP
fluorescence and Cy5 fluorescence.

Fluorescence Lifetime Imaging Microscopy (FLIM).For
frequency-domain wide-field FLIM measurements, the FLIM
setup as described by Van Munster et al. (26) was used. For
imaging of CFP and YFP, a helium-cadmium laser (442
nm, 125 mW) or argon-ion laser (514 nm, 150 mW) (Melles-
Griot, Carlsbad, CA), a 455DCLP or 525DCXR dichroic
mirror, and a D480/40 or HQ545/30 band-pass emission filter
(Chroma Technology Corp.) were used, respectively. The
frequency of modulation was 75 MHz. Reference phase and
modulation were obtained using a reference filter cube
reflecting 0.1‰ of the excitation laser light directly onto the
detector. FLIM stacks of 12 phase images were acquired with
an exposure time of 250-1000 ms per image, depending of
the brightness of the samples, using a Zeiss plan Neofluar
40× 1.3NA, oil-immersion objective. To minimize artifacts
due to photobleaching (always<5% for CFP and<10% for
YFP), a permutated recording sequence was used (27).
Software for control, acquisition, processing, and analysis
of the data was written in C++, using Matlab 6.1 and the
image processing library DIPlib. The FRET efficiency was
calculated using the equation

whereτDA is the donor lifetime of a heterodimer andτD is
the donor lifetime of the corresponding unfused CFP variant.
FRET efficiencies were calculated, based on phase lifetimes.

RESULTS

Construction of NoVel CFP and YFP Mutants.Site-
directed mutagenesis was used to convert Venus into a cyan
fluorescent protein (Table 1). First, a monomeric Venus
(mVenus) was made by introducing the mutation A206K to
abolish the tendency to dimerize (18). Second, mVenus was
converted into a cyan fluorescent protein by reversing
mutations F46L and T203Y and introducing mutations G65T,
Y66W, and N146I. This cyan fluorescent protein was named
SCFP1 and contained the common folding mutations not yet
present in ECFP (S72A and A175G), as well as mutations
V68L and A206K. SCFP2 was made by changing leucine68
back to valine. Finally, H148D and Y145A/H148D were
incorporated into SCFP2 to create SCFP3A and SCFP3B,
respectively. SYFP2 was created by changing leucine68 in
mVenus back to valine.

Spectral Analysis of Fluorescent Proteins.The different
VFP variants showed only minor changes in absorbance and
emission spectra (Figure 1, Table 2). For previously pub-
lished VFP variants, the results of our spectral analysis results
resembled closely those already reported (see Table S2,
Supporting Information). For all optimized YFP variants, the
absorbance spectra displayed a slight reduction at 490 nm
compared to EYFP(Q69K), while the emission spectra were
identical with the emission maximum at 527 nm. The CFP
variants displayed a small decrease in absorbance at the
secondary maximum (452 nm), and a slight reduction in

E ) 1 -
τDA

τD
(5)
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fluorescence at the secondary maximum at 500 nm compared
to ECFP. These changes were most profound for SCFP3A
and SCFP3B, both containing mutation H148D. The emission
spectrum of SCFP1 was 3 nm red-shifted (477 nm), but
changing leucine68 back to valine returned the emission
maximum to 474 nm. The QY of SCFP1 was 0.24 and nearly
30% reduced compared to ECFP (0.36) (Table 2). This QY
reduction was most likely caused by leucine68, because
changing leucine68 back to valine increased the QY of
SCFP2 to 0.41. For SCFP3A the QY was further increased
to 0.56 as a result of mutation H148D. A similar effect of
this mutation on ECFP QY was described by Rizzo et al.

(17). Introduction of Y145A in SCFP3B caused a slight
decrease in QY as described for Cerulean (17); however,
we did not observe an increase in extinction coefficient.
SCFP3B and Cerulean(A206K) had similar extinction coef-
ficient and QY, and because these VFPs differ by only one
point mutation, S175G, we can conclude that S175G has little
effect on these properties. Overall only minor changes in
extinction coefficient were observed, ranging from 28 000
to 33 000 (Table 2).

Mutations V68L and A206K had little effect on the
spectral properties of YFP. Changing leucine68 back to
valine in SYFP2 resulted in a slight increase in QY as well

Table 1: Overview of the Mutations in YFP and CFP Variantsa

mutations

EYFP(Q96K) S65G V68L Q69K S72A T203Y
Venus F46L F64L S65G V68L S72A M153T V163A S175G T203Y
mVenus F46L F64L S65G V68L S72A M153T V163A S175G T203Y A206K
SYFP2 F46L F64L S65G S72A M153T V163A S175G T203Y A206K
ECFP F64L S65T Y66W N146I M153T V163A
SCFP1 F64L S65T Y66W V68L S72A N146I M153T V163A S175G A206K
SCFP2 F64L S65T Y66W S72A N146I M153T V163A S175G A206K
SCFP3A F64L S65T Y66W S72A N146I H148D M153T V163A S175G A206K
SCFP3B F64L S65T Y66W S72A Y145A N146I H148D M153T V163A S175G A206K
Cerulean(A206K) F64L S65T Y66W S72A Y145A N146I H148D M153T V163A A206K

a Annotation based on wtGFP amino acid sequence, GenBank Accession number M62653 (1).

FIGURE 1: Absorbance and emission spectra. Comparison of absorbance (dotted lines) and emission spectra (solid lines) between YFP (A)
and CFP (B) variants. Excitation wavelengths were 480 and 430 nm for YFPs and CFPs, respectively. The spectra represent the average
of at least 3 measurements from 3 independent protein isolations.

Table 2: Characterization of VFP Variants

brightnessc

HeLa lifetimes (ns)e

ε × 103

(λmax)a
QY

(λmax)b pKa ε*QY E. coli VFP-fluor
immuno-
labeling

Kfold

(10-2 s-1)
Kox

(10-4 s-1) τbleach
d phase (æ) mod

EYFP(Q96K) 72 (514) 0.76 (526) 5.8 1 1 1( 0.1 1( 0.2 0.4 1 2.8( 0.1 3.1( 0.1
Venus 110 (515) 0.63 (527) 5.6 1.3 6.5 1.5( 0.3 1.3( 0.2 1.5 1.7 1.0 2.8( 0.1 3.0( 0.1
mVenus 105 (515) 0.64 (527) 5.5 1.2 7.5 1.3( 0.2 1.4( 0.2 2.2 1.6 1.0 2.7( 0.1 2.9( 0.1
SYFP2 101 (515) 0.68 (527) 6.0 1.3 12.0 1.4( 0.1 1.5( 0.2 1.0 2.1 0.7 2.9( 0.1 3.1( 0.1

ECFP 28 (434) 0.36 (474) 4.8 1 1 1( 0.1 1( 0.2 1.1 1 2.3( 0.2 3.0( 0.1
SCFP1 29 (434) 0.24 (477)<3.5 0.7 2.9 0.7( 0.1 1.0( 0.2 2.7 1.6 1.1 1.5( 0.1 2.0( 0.1
SCFP2 29 (434) 0.41 (474)<3.5 1.2 5.0 1.0( 0.1 1.2( 0.2 1.3 1.5 1.0 2.3( 0.1 3.0( 0.1
SCFP3A 30 (433) 0.56 (474)<4.5 1.7 9.0 1.0( 0.2 1.5( 0.2 1.1 1.4 1.1 2.6( 0.1 3.2( 0.1
SCFP3B 30 (433) 0.50 (474)<4.5 1.5 7.6 0.9( 0.2 1.1( 0.2 1.6 1.2 2.3( 0.1 3.1( 0.1
Cerulean(A206K) 33 (434) 0.49 (475)<4.5 1.6 7.4 1.0( 0.1 1.3( 0.3 1.5 1.1 2.3( 0.1 3.1( 0.1
Cerulean(206A) 2.2( 0.1 2.9( 0.1

a Extinction coefficient (M-1 cm-1) with excitation maximum (nm) in parentheses.b Quantum yield with emission maximum (nm) in parentheses.
c Relative brightness based on quantum yield and extinction coefficient (ε*QY) and expression inE. coli and HeLa cells. VFP-fluor represents the
fluorescence intensity relative to EYFP(Q69K) and ECFP, respectively (n ) 3). Immunolabeling represents the VFP/Cy5 fluorescence ratio, relative
to EYFP(Q69K) and ECFP, respectively (n ) 10). Numbers indicate mean values and standard deviation.d Time needed to bleach 1/e of total
fluorescence relative to EYFP(Q69K) or ECFP (higher numbers reflect higher photostability).e Fluorescence lifetimes in HeLa cells. Lifetime
measurements represent the average and standard deviation of at least 10 measurements, except for SCFP2 (n ) 4).
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(Table 2), but the effect was less profound than for the CFP
variants. Addition of A206K did not change the QY of
mVenus, and neither addition of A206K nor changing
leucine68 to valine influenced the extinction coefficient,
ranging from 110 000 for Venus to 101 000 for SYFP2
(Table 2).

The fluorescence intensity of fluorescent proteins is pH
dependent, and a pKa well below physiological pH is
recommended to prevent artifacts in fluorescence due to pH
changes inside cells. Early YFP variants have pKa values
close to pH 7, and hence their fluorescent properties in cells
were highly pH dependent. EYFP(Q69K) (28) and Venus
(16) are relatively pH insensitive, and we measured pKa

values of 5.8 and 5.6, respectively (Table 2), slightly lower
than reported before (compare Table S2). Changing leucine68
back to valine in SYFP2 increased the pKa by 0.5 unit. Of
the CFP variants, only ECFP displayed a sigmoidal pH
dependence (pKa 4.8). All other CFP variants were insensitive
to changes in pH between pH 5.0 and 9.5 (data not shown).
As for the YFP variants, V68L reduced the pH sensitivity
of SCFP1 compared to ECFP. Introduction of mutation
H148D in SCFP3A increased the pKa by 1 unit, similar to
the results observed for GFP(S65T) (29).

Bleach Rates.Besides brightness, the photostability of a
fluorescent protein is a very important property, because
bleaching limits the time a fluorescence signal can be
detected. Minor changes in photostability were observed for
the CFP variants and none for the YFP variants containing
V68L (Table 2). However, changing leucine68 back to valine
decreased the relative bleaching time of SYFP2 by 30%.
Thus, mutationV68L contributes to the photostability of YFP.

Protein Folding and Chromophore Oxidation.During
protein isolation, we observed that protein isolates of VFPs
were brightly colored immediately after protein extraction,
with the exception of isolates of Venus, mVenus, and SCFP1,
which were faintly colored after protein extraction and
required overnight incubation to reach vivid coloration. The
delay was caused by mutation V68L, since it was absent in
SYFP2 and SCFP2. This prompted us to study protein
refolding and chromophore oxidation in vitro. For Venus,
refolding was approximately 4 times faster compared to
EYFP(Q69K) and the percentage of fluorescence recovery
also was about 4-fold higher (Figure 2A, Table 2). Addition
of A206K in mVenus had little effect on refolding and per-
centage recovery. Surprisingly, changing leucine68 to valine

in SYFP2 decreased the rate of protein refolding by a factor
of 2 and reduced the percentage of recovery. This was unex-
pected, because of the observed delay in fluorescence devel-
opment for V68L containing VFPs during protein isolation.
For SCFP1 the rate of protein refolding increased 2.5 times
compared to ECFP and the amount of correctly refolded
protein doubled (Figure 2B, Table 2). Again mutation V68L
increased the rate and efficiency of refolding, because chang-
ing leucine68 back to valine in SCFP2 resulted in a rate and
efficiency of refolding similar to those for ECFP. The im-
provements in protein folding of SCFP1 were less pro-
nounced than for mVenus, probably because ECFP already
contained the folding mutations F64L, M153T, and V163A.
For SCFP2, SCFP3A, SCFP3B, and Cerulean(A206K) the
rate of protein refolding was similar to that for ECFP, but
the efficiency was highest for SCFP3A. The rates of chromo-
phore oxidation were similar for all VFPs studied (Table 2).

Localization in E. coli.During protein isolation we found
a large portion of GST-EYFP(Q69K) and GST-ECFP in the
insoluble fraction. Indeed, GST-EYFP(Q69K) was present
in fluorescent spots at the poles of the bacteria, also visible
in phase contrast (Figure 3A,B) and likely representing
aggregates or inclusion bodies. The fluorescence of the GST-
EYFP(Q69K) and GST-ECFP aggregates indicated that, in
these inclusion bodies, part of the protein was correctly
folded. GST-Venus localized in aggregates but in addition
displayed a spotted pattern (Figure 3C). Introduction of
A206K resulted in a cytosolic localization for GST-mVenus
(Figure 3D), although some barely fluorescent aggregates
remained, probably due to the high level of protein expres-
sion. GST-ECFP was localized mainly in aggregates as well,
despite the presence of folding mutations M153T and V163A
(Figure 3E,F). GST-SCFP1 (Figure 3G) and the other GST-
SCFP variants were distributed evenly throughout the cytosol,
identical to GST-mVenus. Protein aggregates or inclusion
bodies generally consist of misfolded protein.

RelatiVe Brightness in E. coli.The brightness of fluorescent
proteins in vivo is an important indicator for the quality of
a fluorescent protein. Therefore, we measured the time course
of fluorescence development inE. coli cultures expressing
VFP variants as GST-tagged fusion proteins at 37°C (Figure
4, Table 2). The growth rate of allE. coli cultures was similar
(data not shown); therefore no correction for bacterial growth
was required.

FIGURE 2: Refolding of fluorescent proteins after denaturation. Representative refolding curves with curve fits for the YFP variants (A)
EYFP(Q69K) (O), Venus (0), mVenus (2), and SYFP2 ([), and for the CFP variants (B) ECFP (O), SCFP1 (9), SCFP2 (2), SCFP3A
([), SCFP3B (×), and Cerulean(A206K) (0). Fluorescence intensities are normalized to the fluorescence of an equal amount of native
protein.
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Bacteria expressing GST-EYFP(Q69K) became barely
fluorescent. In contrast,E. coli expressing GST-Venus
developed bright fluorescence and after 9 h were 6.5 times
more fluorescent than bacteria expressing GST-EYFP-
(Q69K). Fluorescence was elevated further by introduction
of A206K in mVenus and by changing leucine68 back to
valine in SYFP2. After 9 h, bacteria expressing GST-SYFP2
were most fluorescent and 12 times brighter than GST-
EYFP(Q69K). Bacteria expressing GST-ECFP became barely
fluorescent, similar to GST-EYFP(Q69K), and fluorescence
reached a plateau after approximately 5 h. After 9 h, bacteria
expressing GST-SCFP1 became 3 times more fluorescent
than those expressing GST-ECFP. Changing leucine68 back
to valine increased the brightness of the bacteria 5-fold
(compare SCFP2 and ECFP). Addition of H148D increased
this brightness even 9-fold (compare SCFP3A and ECFP).
Incorporation of Y145A (in SCFP3B) led to a slight decrease
in the fluorescent yield of the bacteria. Bacteria expressing
Cerulean(A206K) or SCFP3B, both containing Y145A, were
equally bright, thus Y145A did not increase the brightness.
By comparing SCFP3B and Cerulean(A206K), we concluded
that S175G did not affect the fluorescent yield inE. coli.
Thus SCFP3A, yielding 9 times more fluorescence than
ECFP, was the brightest CFP variant inE. coli. Measuring
the time course of fluorescence development revealed a delay

for all CFP and YFP variants containing mutation V68L, as
also observed during protein isolation.

RelatiVe Brightness in HeLa Cells.Differences in fluo-
rescence intensity were also observed upon expression of
the VFP variants in HeLa cells, although these variations
were less pronounced than in bacteria. For the YFP variants,
the differences in HeLa cells (Table 2) correlated well with
the intrinsic brightness (i.e. the product of extinction coef-
ficient and QY) of the purified recombinant protein. Upon
expression of the CFP variants, only a decrease in total
fluorescence for HeLa cells expressing SCFP1 was observed,
in agreement with its reduced QY. In order to correct for
differences in expression levels (if any), we also performed
immunolabeling studies using Cy5-labeled antibodies. The
VFP fluorescence intensity was compared to the (Cy5)
immunofluorescence so that the fluorescence per expressed
protein in HeLa cells (i.e. native fluorescent and denatured
or immature nonfluorescent protein) could be determined.
For all VFP variants, a linear correlation between VFP and
Cy5 fluorescence intensity was observed. For the SYFP
variants, the VFP/Cy5 fluorescence ratios closely correlated
with the differences in average fluorescence intensity (Table
2). For the SCFP variants, SCFP3A displayed a clearly
improved VFP/Cy5 ratio. Again, the VFP/Cy5 ratio cor-
related well with the intrinsic brightness (Table 2). Because

FIGURE 3: Localization of GST-tagged VFP variants inE. coli. After 4 h of protein expression, EYFP(Q69K) was present in large spots
visible in phase contrast (A) and fluorescence (B). Venus (C) was localized in large spots at the poles of the cell and many smaller spots
throughout the cytosol. mVenus (D) was mainly cytosolic. ECFP (E and F) was localized in large spots and to some extent in the cytosol.
SCFP1 (G) was present mainly in the cytosol. Scale bar) 5 µm.

FIGURE 4: Expression of GST-tagged VFP variants inE. coli at 37°C. (A) YFP variants: EYFP(Q69K) (O), Venus (0), mVenus (2), and
SYFP2 ([). (B) CFP variants: ECFP (O), SCFP1 (9), SCFP2 (2), SCFP3A ([), SCFP3B (×), and Cerulean(A206K) (0). Bacteria expressing
only the GST-tag (+) were included to measure the levels of autofluorescence. Bars indicate the standard deviation (n ) 12). Induction of
protein expression was att ) 0 h. Fluorescence is in arbitrary units (AU).
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SCFP3A and ECFP gave nearly identical overall fluorescence
in HeLa cells, it appears that SCFP3A expression levels in
HeLa cells were somewhat reduced.

Fluorescence Lifetime Measurements.ECFP/EYFP is a
widely used donor/acceptor pair for VFP-based FRET
applications (10). One of the most robust techniques for
quantifying FRET in living cells is FLIM (30). However,
because of the multiexponential lifetime decay, it is hard to
obtain quantitative data on protein distributions from FRET
measurements, using ECFP (22, 31). Rizzo et al. (17) created
Cerulean, a bright CFP variant with a fluorescence lifetime
best fitted by a monoexponential decay as a result of a single
point mutation H148D. We measured the fluorescence
lifetimes of fluorescent proteins expressed in HeLa cells,
using frequency-domain FLIM (27), and lifetimes were
calculated based on the phase shift (τæ) and change in
modulation depth (τmod). In the case of a single-exponential
lifetime decay,τæ equalsτmod, whereas for multiexponential
decaysτæ < τmod (12, 22, 32). In this way single-exponential
and multiexponential decays are very easily discriminated
in frequency-domain FLIM even working at a single
modulation frequency.

All YFP variants had comparable lifetimes of about 3 ns,
and τæ and τmod were very similar, indicating a nearly
monoexponential lifetime decay (Table 2), as observed before
(Table S2) (27, 33). In contrast,τæ andτmod lifetimes of all
CFP variants differed considerably (Table 2). Compared to
ECFP (τæ ) 2.3 ns,τmod ) 3.0 ns), a decrease in lifetime
was observed of approximately 1 ns for SCFP1 (τæ ) 1.5
ns, τmod ) 2.0 ns) and an increase of about 0.3 ns for
SCFP3A (τæ ) 2.6 ns, τmod ) 3.2 ns). These changes
correlated well with the fluorescence quantum yields. The
decrease in lifetime of SCFP1 was due to mutation V68L,
because changing leucine68 back to valine in SCFP2 yielded
a lifetime identical to that of ECFP. Also for Cerulean-
(A206K), a clear difference betweenτæ and τmod was
observed withτæ < τmod, demonstrating multiexponential
fluorescence decay. To exclude the possibility that mutation

A206K in Cerulean(A206k) disrupted the monoexponential
lifetime decay, we removed this mutation to create Cerulean
as described by Rizzo et al. (17). Nevertheless mutation
A206K had a negligible effect on the fluorescence lifetime
and the difference betweenτæ andτmod persisted.

FRET Efficiency of YFP-CFP Dimers.To determine the
best CFP/YFP pair for FRET experiments, the FRET
efficiency of tandem fusions of YFP and CFP variants was
measured. In each heterodimer, donor and acceptor were
separated by a flexible linker of 12 amino acids. FRET
efficiencies were determined by the lifetime decrease in HeLa
cells expressing a heterodimer, compared to cells expressing
only donor CFP (Figure 5A,B). Cells expressing a tandem
YFP-CFP fusion were identified by the presence of YFP
fluorescence and by the decrease in fluorescence lifetime
(Figure 5A-D). The change in lifetime (∆τ) due to FRET
was largest for SYFP2-SCFP3A (0.70( 0.10 ns), followed
by EYFP-ECFP (0.56( 0.12 ns) and SYFP2-ECFP (0.53
( 0.08 ns) (Table 3). However, the FRET efficiency of
SYFP2-SCFP3A did not increase.

Dual-Lifetime Imaging with SCFP1 and SCFP3A.SCFP1
and SCFP3A are spectrally identical and therefore cannot
be distinguished based on fluorescence. However, the large
difference in fluorescence lifetime enabled discrimination by
FLIM. HeLa cells expressing SCFP1-NLS, SCFP3A-NES,
or both could not be distinguished, based on localization of
fluorescence (see cells indicated by arrows, Figure 5E). In
contrast, the 3 cell populations were readily identified from
the lifetime image (Figure 5F). Even cells expressing both

FIGURE 5: FRET-FLIM and dual-lifetime imaging in HeLa cells. (A-D) Cells expressing SYFP2-SCFP3A dimer show a decreased
fluorescence lifetime, as a result of FRET. Cells expressing SYFP2-SCFP3A are recognized by the presence of both CFP fluorescence (A)
and YFP fluorescence (B) and by the strong decrease in phase lifetime (C). (D) Phase-lifetime histogram of panel C, showing 2 completely
separated lifetime populations with a large lifetime difference of 0.7 ns. (E-G) Dual-lifetime imaging with SCFP1 and SCFP3A. (E) Cells
expressing SCFP1-NLS, SCFP3A-NES, or both cannot be discriminated based on fluorescence intensity (compare cells indicated by
arrows). (F) Phase-lifetime image showing the presence of the 3 cell populations. (G) Phase-lifetime histogram of panel F showing the
lifetime distribution. Scale bar) 10 µm.

Table 3: FRET Efficiency of Heterodimersa

τD (ns) τDA (ns) ∆τ (ns) E (%)

EYFP(Q69K)-ECFP 2.23( 0.09 1.67( 0.04 0.56( 0.12 25.0( 4.4
SYFP2-ECFP 2.22( 0.06 1.69( 0.04 0.53( 0.08 23.8( 2.9
SYFP2-SCFP3A 2.64( 0.11 1.93( 0.07 0.70( 0.10 26.5( 2.9

a FRET efficiency (E) based on the phase lifetimes of HeLa cells
expressing either plain donor CFP (τD) or a heterodimer (τDA), using
eq 5. Values represent the average and standard deviation (n ) 11).

Super Fluorescent Cyan and Yellow Fluorescent Proteins Biochemistry, Vol. 45, No. 21, 20066577



fluorescent proteins were identified, by the difference in
fluorescence lifetime in the nucleus compared to the cyto-
plasm. These experiments provide, to our knowledge, the
first example of dual-lifetime imaging with spectrally identi-
cal (cyan) fluorescent proteins in living cells. Contrast by
FLIM has been reported before by Pepperkok et al.(33);
however, this involved spectrally similar, but not identical
(e.g. CFP, GFP, and YFP), fluorescent proteins.

DISCUSSION

The aim of this research was to study the effects of specific
mutations on the spectroscopic properties and folding
characteristics of CFP and YFP and create super yellow and
cyan fluorescent proteins for use inE. coli and mammalian
cells. The effective brightness of fluorescent proteins in cells
depends not only on spectroscopic properties, such as
extinction coefficient and quantum yield, but also on the rate
and efficiency of protein folding and chromophore formation.
In other words, not only is the fluorescence per molecule
important but also the fraction of correctly folded fluorescent
molecules produced is critical. This is best exemplified by
the results for SCFP1. Based on extinction coefficient and
quantum yield, a 30% reduction in fluorescence brightness
relative to ECFP was expected for SCFP1, due to the
presence of V68L. However,E. coli cultures expressing
SCFP1 were 3-fold brighter than those expressing ECFP,
because mutations S72A, S175G, and A206K greatly im-
proved protein folding and solubility and apparently enabled
more protein to become fluorescent.

When using fluorescent proteins, especially when studying
protein-protein interaction, it is important that the fluores-
cent proteins do not interact themselves, because this can
give rise to artifacts in localization and false positive
interactions. VFP variants were expressed as GST-fusion
proteins inE. coli. GST (glutathione S-transferase) is known
to form homodimers (Kd < 1 µM) in the cytosol ofE. coli
(34, 35). If a VFP has the tendency to dimerize, the presence
of two interaction sites in each GST-VFP molecule can lead
to oligomerization and hence induce aggregation. Aggrega-
tion of GST-VFP proteins can therefore indicate inefficient
protein folding, as well as a tendency of the VFP to dimerize.
Protein aggregates or inclusion bodies, as observed for
EYFP(Q69K) and ECFP, generally consist of misfolded
protein. Since the inclusion bodies were fluorescent, this
means that besides aggregated misfolded VFPs they also
contained correctly folded but aggregated VFPs. This
explains the overall reduced fluorescence in these bacteria
and the visibility of the inclusion bodies by fluorescence
microscopy.

Comparison of the localization of GST-EYFP(Q69K) and
GST-ECFP to that of GST-mVenus and GST-SCFP2 clearly
showed that mutations F64L, S72A, M153T, V163A, S175G,
and A206K reduce aggregation of both cyan and yellow
fluorescent GST-fusion proteins. The significance of A206K
was clear from the bacterial expression of YFP variants,
where introduction of the single mutation A206K into Venus
was required for a true cytosolic localization.

Because folding of fluorescent proteins inE. coli is
inefficient (36), fluorescence brightness greatly benefits from
mutations that facilitate protein folding. Eukaryotic cells on
the other hand can efficiently express and fold fluorescent
proteins, making folding mutations less necessary. The

improvements in apparent brightness of the VFPs in eukary-
otic cells were therefore much less pronounced than in
bacteria. Interestingly, the relative brightness of mammalian
cells expressing the VFP variants was correlated with the
intrinsic brightness derived from the spectral properties of
purified proteins. This indeed indicated that folding and
maturation efficiencies of the different VFP variants are
roughly the same in mammalian cells.

Mutation V68L delayed fluorescence development in
bacteria; however, we have a paradox, as protein folding in
vitro was accelerated. Chromophore formation requires
proper protein folding, followed by chromophore cyclization,
oxidation, and dehydration. The precise sequence of events
in chromophore maturation is still under debate (37, 38). Our
results indicate that V68L increases the rate of protein
refolding of denatured protein and does not affect the rate
of chromophore oxidation; therefore we assume that replac-
ing valine68 for the bulkier leucine causes a delay in
fluorescence development by hindering chromophore cy-
clization. However, recent studies on EGFP chromophore
formation have shown that backbone cyclization is an
energetically unfavorable reaction and chromophore oxida-
tion might be required for ring stabilization (37). If this is
true, then chromophore reduction results in ring opening and
consequently the kinetics of chromophore reoxidation rep-
resent both ring closure and oxidation. Because the kinetics
of fluorescence recovery after protein denaturation with
chromophore reduction are similar for all SVFPs studied,
this would disfavor an effect of V68L on backbone cycliza-
tion. Alternatively, the paradox might be explained by the
absence of certain cytosolic (protein) compounds in the in
vitro refolding assays, that influence folding and maturation
in vivo. Although interesting, the further exploration of these
compounds is beyond the scope of this article. In any case,
our data suggest that the kinetics, observed during in vitro
refolding/reoxidation assays, sometimes only partially reflect
VFP maturation in living cells.

The fluorescence lifetime decay is directly related to the
quantum yield of the chromophore (39). This correlation was
clear from the lifetime measurements of all VFP variants.
The low quantum yield of SCFP1 resulted in a short
fluorescence lifetime of 1.5 ns. And the high quantum yield
of SCFP3A increased the fluorescence lifetime to 2.6 ns.
The difference betweenτæ and τmod for all CFP variants
clearly shows that none of these fluorescent proteins,
Cerulean included, have a monoexponential lifetime decay.
Therefore we must conclude that mutation H148D is not
sufficient to create a true monoexponential lifetime decay.
The reason for the discrepancy with the published data is
unclear to us, but might be caused by the different experi-
mental setups, i.e. time-correlated single-photon counting
spectroscopy versus frequency-domain FLIM, and the dif-
ference in excitation wavelength, i.e. 442 nm versus 425 nm
by Rizzo et al. Although the lifetime decay of Cerulean is
fitted best by a monoexponential decay, this does not
necessarily mean the lifetime decay is actually monoexpo-
nential. Multiexponential lifetime decay for Cerulean, both
in frequency- and time-domain FLIM, has been found by
others as well (P. I. Bastiaens, K. Jalink, and F. S. Wouters,
personal communication2).

Based on eqs 3 and 4 and a measured FRET efficiency of
25% for EYFP(Q69K)-ECFP, the FRET efficiency of

6578 Biochemistry, Vol. 45, No. 21, 2006 Kremers et al.



SYFP2-SCFP3A was expected to be 38%. However the
FRET efficiency of SYFP-SCFP3A was similar to that of
EYFP(Q69K)-ECFP. This inconsistency was most likely
caused by the tendency of EYFP(Q69K) and ECFP to
dimerize. As shown by Zacharias et al. (18), affinity between
donor and acceptor will favor a conformation in which
donor and acceptor are in very close proximity, thereby
reducing the average distance between donor and acceptor
and in this way increasing the FRET efficiency. Further-
more, in such a preferred conformation, the assumption
of κ2 ) 2/3 in eq 2 is not valid. Depending on the actual
relative orientation of the donor and acceptor dipole mo-
ments, in the preferred conformation,κ2 can vary between
0 and 4, making the FRET efficiency unpredictable. This
orientation effect has been exploited by Nagai et al. to
improve the dynamic range of yellow cameleons (40), by
using circular permutated acceptors with markedly dif-
ferent dipole moment orientations. Hence, the absence of
an increase in FRET efficiency of SYFP2-SCFP3A despite
the high intrinsic brightness of both VFPs, compared to
EYFP(Q69K)-ECFP, is probably the result of the loss in
their tendency to dimerize, causing a less favorable orienta-
tion/distance of the tandem fusion for FRET. If orientation
effects can be ignored (κ2 ) 2/3 can be assumed), our
spectroscopic evaluation yields anR0 ) 5.4 nm for the
SCFP3A/SYFP2 FRET pair, being significantly higher than
that of ECFP/EYFP(Q69K) (R0 ) 4.7 nm). Hence, for
interaction studies, SCFP3A/SYFP2 is the preferred donor/
acceptor pair.

The decrease in QY of SCFP1 was unfavorable for the
fluorescence brightness; however, the associated decrease in
fluorescence lifetime together with the increased lifetime of
SCFP3A enabled separate detection of SCFP1 and SCFP3A
by FLIM. The main advantage of dual-lifetime FLIM with
spectrally identical fluorescent proteins is the ability to do
multiparameter imaging, without using additional spectral
channels (41).

With SCFP3A and SYFP2 we have created a set of
improved monomeric fluorescent proteins with optimized
folding and maturation. These properties make SCFP3A and
SYFP2 superior to other cyan and yellow VFP variants,
presently available for FRET or dual-color labeling. Fur-
thermore, with the development of SCFP1 and SCFP3A, we
show it is possible to detect two spectrally identical cyan
fluorescent proteins without the requirement of quenching
processes like FRET.
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