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ABSTRACT: Fluorescent proteins have become an invaluable tool in cell biology. The green fluorescent
protein variant EGFP is especially widely applied. Use of fluorescent proteins, including EGFP, however
can be hindered by inefficient protein folding, resulting in protein aggregation and reduced fluorescence.
This is especially profound in prokaryotic cells. Furthermore, EBFP, a blue fluorescent variant of EGFP,
is rarely used because of its dim fluorescence and fast photobleaching. Thus, efforts to improve properties
such as protein folding, fluorescence brightness, and photostability are important. Strongly enhanced green
fluorescent (SGFP2) and strongly enhanced blue fluorescent (SBFP2) proteins were created, based on
EGFP and EBFP, respectively. We used site-directed mutagenesis to introduce several mutations, which
were recently shown to improve the fluorescent proteins EYFP and ECFP. SGFP2 and SBFP2 exhibit
faster and more efficient protein folding and accelerated chromophore oxidation in vitro. For both strongly
enhanced fluorescent proteins, the photostability was improved 2-fold and the quantum yield of SBFP2
was increased 3-fold. The improved folding efficiency reduced the extent of protein aggregation in
Escherichia colithereby increasing the brightness of bacteria expressing SGFP2 7-fold compared to the
brightness of those expressing EGFP. Bacteria expressing SBFP2 were 16-fold more fluorescent than
those expressing EBFP. In mammalian cells, the improvements were less pronounced. Cells expressing
SGFP2 were 1.7-fold brighter than those expressing EGFP, which was apparently due to more efficient
protein expression and/or chromophore maturation. Mammalian cells expressing SBFP2 were 3.7-fold
brighter than cells expressing EBFP. This increase in brightness closely resembled the increase in intrinsic
brightness observed for the purified recombinant protein. The increased maturation efficiency and
photostability of SGFP2 and SBFP2 facilitate detection and extend the maximum duration of fluorescence
imaging.

After the first green fluorescent protein (GERd been maxima arise from the protonated (395 nm) and deprotonated
cloned from the jellyfishAequoreavictoria (1), a whole (475 nm) state of the chromophore. The emission spectrum
family of visible fluorescent proteins (VFPs) covering the of wild-type GFP exhibits a single emission maximum at
visible spectrum from blue to (far) red has been isolated from 504 nm. In contrast, EGFP has only a single excitation
various kinds of organism2( 3). Nevertheless, the most maximum at 488 nm because of the S65T mutation that
frequently used fluorescent protein still is a modified version prevents chromophore protonation. The emission spectrum
of A. victoria GFP, known as enhanced GFP (EGFP). of EGFP closely resembles that of wild-type GFP. Further-

The excitation spectrum of wild-type GFP peaks at 395 more, EGFP contains an F64L mutation and has a codon
nm with a secondary maximum at 475 nm. These two usage optimized for expression in mammalian cells. These

features improve protein synthesis and increase the rate of
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chromophore for histidine7). The Y66H mutation results  previously (5). After protein expression fo5 h atroom

in a blue-shifted fluorescence with excitation and emission temperature, fluorescent proteins were purified using glu-
maxima at 380 and 446 nm, respectively. BFPs are interest-tathione-bound agarose (Sigma-Aldrich, St. Louis, MO) for
ing because they can be used for multicolor imaging together GST-tagged proteins and His-bind Resin (Novagen, Darm-
with EGFP. BFPs, however, display weak fluorescence and stadt, Germany) for Histagged proteins. Protein concentra-
suffer from fast photobleachin@). Several attempts have tions of all fluorescent fractions were determined with the
been made to improve their fluorescence brightness. ThePierce BCA protein assay (Pierce Biotechnology, Rockford,
brighter BFP variant P4-3 contains the additional Y145F IL), using a bovine serum albumin standard as a reference.
point mutation, which increases the fluorescence quantumSample purity was checked by SBBAGE.

yield (QY) and accelerates chromophore formati@). ( Protein Characterization.Spectral measurements were
Furthermore, enhanced BFP (EBFP) has been developed byaken in 20 mM Tris-HCI and 1 mM EDTA (pH 8).
introducing mutations Y66H and Y145F into EGFP, resulting Absorbance spectra were measured on a Uvikon293 dual-
in a blue fluorescent protein with mammalian optimized beam spectrophotometer (Bio-Tek Instruments, Winooski,
codon usagelQ). EBFP has a higher extinction coefficient VT). Extinction coefficients were calculated by applying
and becomes more fluorescent in mammalian cells than P4-Beer’'s law to the absorbance spectra of at least three
3. EBFP nonetheless still has a relative low QY and is independent protein samples (610D < 1). Fluorescence
therefore weakly fluorescent. In addition, EBFP remains very spectra were measured on a PTlI QuantaMaster 2000-4
sensitive to photobleaching. fluorescence spectrofluorometer (Photon Technology Inter-

Numerous mutations that enhance the fluorescence bright-national, Lawrenceville, NJ) and corrected for differences
ness ofA. victoria GFP-derived fluorescent proteins have in excitation intensity and detector sensitivity. Quantum
been reported. These mutations act by improving, for yields were determined for diluted VFP solutions from three
example, chromophore formation (F64L), protein folding independent protein isolations with a similar optical density
(S72A, V163A, and S175G), and solubility (M153T and (OD < 0.05). For GFP variants, fluorescein (Molecular
V163A) or abolishing the tendency to dimerize (A206K) (  Probes, Eugene, OR) in a borate buffer solution (pH 9.1)
5, 11-14). Most of these mutations were found indepen- (QY 0.92) 1) was used as a quantum yield standard and
dently by random mutagenesis of GFP. Recently, introduction for BFP variants quinine sulfate in 50 mM8O, (QY 0.51,
of the combined S72A, M153T, V163A, S175G, and A206K Fluka/Sigma-Aldrich, Zwijndrecht, The Netherlands). For pH
mutations has been shown to improve the protein folding titrations, fluorescent protein was diluted to-2B6 nM in
and fluorescence brightness of EYFP and ECER 16). In 96-well plates containing 200L of titration buffer ranging
the study presented here, we describe the results of a similafrom pH 3 to 10 (5). Plates were analyzed using a FL600
strategy for developing improved green and blue fluorescentfluorescence microtiterplate reader (Bio-Tek Instruments)
protein variants. In line with the previously described SYFP equipped with custom-ordered filters. For GFP and BFP
and SCFP variants, we named these improved fluorescenfluorescence, BP485/20 and BP360/40 excitation filters and
proteins SGFPs and SBFPs to indicate the upgrade from theBP530/25 and BP460/40 emission filters (Chroma Technol-
well-known enhanced fluorescent proteins EGFP and EBFP.ogy Corp., Rockinham, VT) were used, respectively. The

pK, was determined by fitting the data to the Henderson
EXPERIMENTAL PROCEDURES Hasselbalch equation.

Construction of Plasmid VectorSVFP variants were Bleach Measurementddicrodroplets containing~0.25
obtained by multiple rounds of site-directed mutagenesis on uM fluorescent protein [20 mM Tris-HCI, 1 mM EDTA, and
the yellow fluorescent protein variant Venus as described 5% (v/v) polyethylene glycol 4000 (pH 8)] were created as
previously (5). A list of oligonucleotides used for mutagen- an emulsion in 1-octanol as described previoush).(Single
esis is shown in Table S1 of the Supporting Information. microdroplets were bleached under continuous widefield
For bacterial expression, all VFP variants were cloned into illumination on an Axiovert200M microscope (Zeiss, Jena,
pPGEX-MCS to produce glutathion&transferase (GST)- Germany) fitted with a Zeiss plan Neofluar 40 1.3 NA
tagged fusion proteins. SGFP2(E222Q) was cloned into oil-immersion objective using a 100 W high-pressure mer-
pRSETb (Invitrogen, Breda, The Netherlands) to produce cury lamp for excitation. Bleach series were recorded with
Hise-tagged protein. Mammalian expression vectors were a Coolsnap HQ CCD camera (Roper Scientific, Tucson, AZ).
created by exchanging EGFP from plasmid pEGFP-C1 GFP or BFP fluorescence was detected using HQ470/40 and
(Clontech, Palo Alto, CA) for the VFP variants. All vectors D365/10 excitation filters, a Q495LP dichroic mirror, a 20/
were checked by DNA sequencing. 80 beam splitter, and HQ515/30 and GG400LP emission

To obtain SGFP2-cyt, a nuclear export sequence was fusedilters, respectively (Chroma Technology Corp.). Data analy-
to the C-terminus of SGFP2. To create mCherry-nuc, a sis was done by curve fitting a single-exponential decay to
sequence encoding a polybasic stretch of amino acids waghe mean fluorescence over time.
fused to the C-terminus of mCherry/d). SCFP3A-golgi was Refolding and Oxidation of Fluorescent Proteifduo-
made by fusion of the pleckstrin homology domain of rescent protein was denatured by being heated for 5 min at
oxysterol binding protein (PH-OSBP§) to the C-terminus 95 °C in 8 M urea and 1 mM DTT. For chromophore
of SCFP3A (5). A nuclear export sequence was used as a reduction, 5 mM sodium dithionite was present during
linker between SCFP3A and PH-OSBP. mVenus-pm con- denaturation. Refolding was initiated by 100-fold dilution
sisted of the PH domain of phospholipaseC-delted, 20) in refolding buffer [50 mM Tris-HCI, 35 mM KCI, 2 mM
fused to the C-terminus of mVenus. MgCl,, and 1 mM DTT (pH 7.5)] at 37C. Fluorescence

Fluorescent Protein Isolatior-luorescent proteins were recovery was normalized to the fluorescence intensity of an
isolated fromEscherichia colstrain BL21(DE3) as described  equal amount of native protein. Rate constants for refolding
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and OXida_tion were obtained by fitting the data to a double- Table 1: Overview of Mutations in GFP and BFP Varidnts
exponential equatiornlp).

Localization in E. coli.Protein expression was induced mutations

; o ; : EGFP F64L, S65T
w!th 0.1 mM IPTG fa 4 h at 37°C. Bacteria were fixed SGFPL F6aL. S65T, V6BL, ST2A. M153T, V163A, S1750,
with 2.8% formaldehyde and 0.04% glutaraldehyde and A206K
prepared for microscopy as described previoush).(Images SGFP2 F64L, S65T, S72A, M153T, V163A, S175G, A206K

Were recorded with lsnan EX CCD camera (Roper SGFP2(206A)  F64L, S65T, S72A, M153T, VI63A, S175G
ere recorded with a Coolsnap FX CCD camera (Roper oeob e on,  coal' SoaT. $72A, M1S3T, V163A, S175G, A206K,

Scientific) connected to an Olympus BX60 fluorescence E222Q

microscope (Japan) fitted with an Olympus U Plan Fl 100 SGFP2(T65G)  F64L, S65G, S72A, M153T, V163A, S175G, A206K

x 1.3 NA oil-immersion phase contrast objective. GFP or EBFP F6AL, S65T, Y66H, Y145F

BFP fluorescence was detected, as described in Bleach""* F%‘fgg?ﬂﬂgf"’ ST2A, Y143F, M153T, VI63A,

Measurements. SBFP2 F64L, Y66H, S72A, Y145F, M153T, V163A, S175G,
Relative Brightness in E. coliBacteria were grown to A206K

ODgg 0f ~0.6 as described above. Cultures were diluted to  * Annotation based on the wild-type GFP amino acid sequence
an ODyoo of 0.1 in triplicate and used to inoculate wells of ~[GenBank accession number M62653](
flat bottom 96-well plates (Greiner Bio-One, Frickenhausen, )
Germany) in quadruplicate. Per well, 18@ of medium MM Hepes (pH 7.4)]. Confocal microscopy was performed
containing 0.1 mM IPTG was inoculated with 20. of on a Zeiss LSM510 confocal laser scanning microscope
diluted bacteria. Bacteria were grown at 3T in the ~ implemented on an inverted microscope (Axiovert 100,
fluorescence microtiterplate reader while being shaken. Z€iss) and fitted with a Plan-Neofluar 40 1.3 NA oil-
Fluorescence was measured every 5 min using the filter setdmMmersion objective. Excitation was provided by two argon
as described for the pH titrations. lasers (364 nm or 458, 488, and 514 nm) and a HeNe laser
Transient Transfection of Mammalian CelGells growing (543 nm). One primary dichroic mirror (HFT) and three
on glass coverslips (& 24 mm) were transfected with 02 secondary dichroic mirrors (NFT3) were used to separate
0.4ug of plasmid DNA using 1.&L of Lipofectamine2000 excitation from emission and to direct fluorescence into
(Invitrogen). Cells were used for experiments-18} h after ~ different detector channels (ChB). The light path in the
transfection. microscope was as follows. The excitation light is reflected
Flow CytometryHeLa cells transfected with equal amounts ©ONto the sample by the HFT. Fluorescence from the sample
of DNA were analyzed by flow cytometry on a LSRIl Passes the HFT and is split by NFT1. Light that is reflected
cytometer (Becton Dickinson, San Jose, CA). GFP fluores- Py NFT1 is split once more by NFT2. Light reflected by
cence was excited at 488 nm and collected through a 530/NFT2 is filtered and detected in Ch1, and transmitted light
30 nm bandpass filter. BFP fluorescence was measured usinds filtered and detected in Ch2. Light that is passed by NFT1
a 407 nm diode laser for excitation and a 440/40 bandpass'S SPlit by NFT3. Light transmitted by NFT3 is filtered and
filter. detected in Ch3. Images with minimal cross-talk were aquired
Fluorescence Lifetime Imaging (FLIMFor frequency by operating in multitracking mode. For three-color imaging

domain wide field FLIM measurements, the FLIM setup as ©f SBFP2, SGFP2, and mCherry, the following settings were
described by reP2was used. For imaging of GFP, an argon Used: HFT UV/488/543/633, NFT1 545, NFT2 490, NFT3

laser (488 nm, 150 mW) (Melles-Griot, Carlsbad, CA), a 635. SBFP2, SGFP2, and mCherry were excited at 364, 488,

Q495LP dichroic mirror, and a HQ515/30 bandpass emission 21d 543 nm, and fluorescence was collected through BP385
filter (Chroma Technology Corp.) were used. FLIM stacks 470 (Ch1), BP505530 (Ch2), and LP585 (Ch3) emission
of 12 phase images were acquired with an exposure time offilters, respectively. For four-color imaging of SBFP2,

250-1000 ms per image depending on the brightness of the SCFP3A, mVenus, and mCherry, the same settings that are
samples, using a Zeiss plan Neofluar 401.3 NA oil- described above were used for SBFP2 and mCherry, except

immersion objective. To minimize artifacts due to photo- that mCherry fluorescence was collected through an LP650
bleaching, a permutated recording sequence was @8d ( €mission filter. For imaging SCFP3A and mVenus, HFT was
Fluorescence decay curves were recorded using time-changed to 458 and 514 nm and NFT2 to 515 nm. SCFP3A
correlated single-photon counting (TCSPC) on a Nikon C1 and mVenus were excited at 458 and 514 nm, and fluores-
confocal microscope (Nikon) equipped with a TimeHarp C€nce was collected through BP47800 (Ch1) and BP540/
TCSPC board (PicoQuant GmbH). A 405 nm pulsed 20 (Ch2) emission filters, respectively.
picosecond diode laser (PicoQuant GmbH) was used to eXCiteRESULTS
the sample. Emission was selected using a 414 nm dichroic
mirror and emission filters (420 nm long-pass and 460/50 Construction of Noel GFP and BFP VariantsOptimized
nm bandpass filter) and detected with a GaAsP photocathodeGFP and BFP variants were created by converting Venus, a
photon-counting PMT (Hamamatsu). The fluorescence life- recently described optimized folding variant of YFEg),
times were determined from the TCSPC decay curves byinto green and blue fluorescent proteins. First, SGFP1 and
fitting the curves to a sum of exponential functions using a SBFP1 were developed (Table 1). SGFP1 and SBFP1 still
nonlinear least-squares Levenbelarquardt fit algorithm contained the V68L mutation which is not considered one
(24). In the fitting procedure, the measured system time of the folding mutations but rather a remnant of Venus and
response was taken into account. EYFP. Leucine 68 was therefore changed back to valine to
Confocal MicroscopyFor microscopy, the cells were create SGFP2 and SBFP2. In addition, the S65T mutation
placed in extracellular-like buffer [140 mM NaCl, 5 mM was removed from SBFP1 and SBFP2 since it was not
KCI, 1 mM CaCh, 1 mM MgChk, 10 mM glucose, and 20  present in BFP variant P4-3.
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properties, SGFP2 was the brightest SGFP variant despite
the partial chromophore protonation. The intrinsic brightness
(i.e., the product of molar extinction coefficient and QY) of
SGFP2, however, was lower than that for EGFP.

For the blue fluorescent proteins, the absorbance and
emission spectra were similar, except for the high absorbance
of SBFP1 around 280 nm (Figure 1C). The molar extinction
coefficients of EBFP and SBFP2 (Table 2) were comparable,
whereas for SBFP1, the molar extinction coefficient was
severely reduced. This was caused by the presence of
denatured protein after purification, as identified by SDS
PAGE (data not shown). The contribution of denatured
protein also explained the high absorbance of SBFP1 at 280
nm. Remarkably, the QY of SBFP2 (0.47) was increased
3-fold compared to that of EBFP (0.15). For SBFP2, the
intrinsic brightness was therefore approximately 3.5-fold
higher than that for EBFP.

pKa MeasurementsThe fluorescence intensity of VFPs
is decreased at a reduced pH. To minimize the effects on
VFP fluorescence as a result of changes in the intracellular
pH, pK, values well below physiological pH are recom-
mended. The Ig, values of the SGFP variants were well
below the physiological pH, ranging from 5.9 to 6.0 (Table
2), except for SGFP2(T65G), for which an increase ka p
(6.7) was observed. Furthermore, for the blue fluorescent

. . T . . . 1 variants, the K, of SBFP2 was nearly 1 unit lower compared
0030 A gt oy %0 to that of EBFP (5.5 and 6.3, respectively).
Ficure 1: Normalized absorbance and fluorescence emis- Bleach RatesPhotobleaching is a major restriction for the
sion spectra of purified proteins. (A) Spectra of EGFR,(SGFP1  application of fluorescent proteins. Use of EBFP especially
(- - -), and SGFP2(-). (B) Spectra of SGFP2(206A)), SGFP2- has been limited because of its sensitivity to bleaching.
EE§2§(B?'):FE-1 -(-), ?ngn(?ggig(zT?)Scé)rﬁ?s.si(g Ssgifrt;aofggg';ﬁd Bleaching of microdroplets containing purified protein
BFP variants were recorded with excitation gt 460 and 380 nm, showed th.a.‘t SBFP1 bleached 3 times faster than EBFI_D' The
respectively. photostability of SBFP2 on the oth_er_han_d was 2-f(_)|d higher
than that of EBFP (Table 2). A similar increase in photo-

Spectral Characterization of GFP and BFP Variarithe stability was observed for SGFP2 (Table 2). Hence, SGFP2
absorbance of SGFP1 and SGFP2 peaked at 495 nm whickand SBFP2 were both more photostable than their established
was shifted to the red by 7 nm compared to that of EGFP variants.

(Figure 1A). Furthermore, a secondary absorbance maximum Protein Folding and Chromophore Oxidatidntroduction
was observed at 398 nm, indicating chromophore protonation.of folding mutations has been shown to enhance protein
To prevent chromophore protonation, additional mutagenesisfolding of cyan and yellow fluorescent protein$5( 16).

was preformed on SGFP2 (Table 1). Chromophore proto- Analogous to those results, the rate and efficiency of protein
nation was effectively abolished by E222Q and T65G refolding of SGFP2 (1.84 102s%; ~35%) were improved
mutations. The absorbance spectrum of SGFP2(E222Q) wasompared to those of EGFP (0.87 1072 s% ~20%),
identical to that of SGFP2 except for the absorbance at 398although refolding of SGFP1 was fastest and most efficient
nm, whereas for SGFP2(T65G), the absorbance maximum(3.15 x 1072 s™%; ~60%) (Figure 2 and Table 2). Further-
was shifted to 501 nm and the shape of the absorbancemore, chromophore oxidation was accelerated several-fold
spectrum resembled closely that of yellow fluorescent for the SGFP variants (3-46.1 x 10“ s™) compared to
proteins (Figure 1B). Despite the changed absorbance spectrédEGFP (1.3x 104 s™%). Only for SGFP2(E222Q) was the
the emission spectra of all GFP variants were remarkably rate of oxidation reduced 10-fold. Refolding of SBFP2 was
similar, and the only difference was a small shift in the improved over that of EBFP, and the changes resembled
emission maxima of all SGFP variants (512 nm) (Table 2). those for SGFP2. For SBFP2, the rate of chromophore

The molar extinction coefficient of SGFP1 and SGFP2 oxidation was 1.7 104 s %; however, we were unable to
decreased compared to that of EGFP (Table 2). This decreaseletermine the rate of chromophore oxidation for EBFP
correlated with the extent of chromophore protonation. For because no fluorescence recovery was observed after chro-
SGFP2(E222Q), the molar extinction coefficient was similar mophore reduction.
to that of EGFP (Table 2). The T65G mutation on the other  Localization in E. coli.Folding of VFPs inE. coli at
hand increased the molar extinction coefficient of SGFP2- 37 °C can be inefficient, resulting in a large amount of
(T65G) to 90 000 M cm™t. The QY of SGFP1 and SGFP2 misfolded protein4, 25, 26). Bacteria expressing EGFP and
ranged between 0.62 and 0.70, which was comparable toEBFP as GST fusion proteins became barely fluorescent, and
that of EGFP (0.65) (Table 2). In contrast, the QY of SGFP2- fluorescence was observed almost exclusively in large
(T65G) was only 0.35, thereby counteracting the increasedfluorescent spots at the poles of the bacteria (Figure 3A,E).
molar extinction coefficient. On the basis of the spectroscopic These spots were identified as aggregates or inclusion bodies
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Table 2: Spectroscopic Characterization of GFP and BFP Variants

brightnes$

é(x108M~tecm?) QYP pKa €x QY E.coli HelLa 7Theac! Kioa(x102s1) Kox(x104s™)
EGFP 63 (488) 0.65 (509) 5.8 1 1 1 1 0.87 1.3
SGFP1 42 (495) 0.62 (512) 6.0 0.6 35 1.3 1.7 3.15 5.1
SGFP2 46 (495) 0.70 (512) 5.9 0.8 7.3 1.7 1.9 1.84 43
SGFP2(206A) 44 (496) 0.69 (512) 6.0 0.7 5.8 1.6 21 1.68 34
SGFP2(E222Q) 67 (496) 0.52 (512) 6.0 0.8 3.8 1.2 143 0.4
SGFP2(T65G) 90 (501) 0.35(512) 6.7 0.6 1.6 1.2 1.0 1.50 5.0
EBFP 31 (380) 0.15 (446) 6.3 1 1 1 1 0.75
SBFP1 2.3 (380) 0.40 (446) 0.2 0.6 0.3
SBFP2 34 (380) 0.47 (446) 5.5 3.5 16.4 3.7 2.1 2.56 1.7
literature
EGFP 55-57 (488) 0.60 (509511) 6 0.24 15
P4-3 14-22.3 (381) 0.36-0.38 (445)
EBFP 31(380) 0.170.25 (450) 5.8

a Extinction coefficient with the absorbance maximum (nanometers) in parentfigdeantum yield with the emission maximum (nanometers)
in parentheses.Brightness determined as the intrinsic brightness of the purified prateinQY) and upon expression . coli and Hela cells,
relative to EGFP and EBFP, respectively. The intrinsic brightness of the GFP variants is corrected for the excitation efficiency at Z88enm.
needed to bleach 1/e of total fluorescence relative to EGFP or EBFP (higher numbers reflect a higher photoSt@h#iyliterature on EGFP
(5, 6, 11, 39, 40), P4-3 0—11), and EBFP §, 10, 39).
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Ficure 2: In vitro refolding of urea-denatured protein. (A)
Fluorescence recovery of EGFP)( SGFP1 M), SGFP2 @),
SGFP2(206A) &), SGFP2(E222Q)4), and SGFP2(T65G)X). FicURe 3: Localization of GST-ta - -
: -tagged VFP variants i coli.
(B) Fluorescence recovery of EBFROY and SBFP2 @). The ki qrescence micrographs of bacteria expressing GST-tagged EGFP
recovery is relative to the fluorescence of an equal amount of native (A), SGFP2(206A) (C), SGFP2 (D), EBFP (E). and SBFP2 (F)
protein. Traces and curve fits are representative curves of three(B)’ Phase-contrast mi’crograph of banel A E;<posure times for
individual experiments. fluorescence micrographs of the GFP and BFP variants were 15
] ] and 750 ms, respectively. Insets in panels A and E show contrast-
by phase-contrast microscopy (Figure 3B). In contrast, enhanced images of the dashed regions of interest. The scale bar is
bacteria expressing most SVFP variants became brightly2 um.

fluorescent. SGFP2(206A), containing all folding mutations
except A206K, accumulated in inclusion bodies at the poles Figure 4A exhibits an increased fluorescence for all bacteria
of the cells but was also found in numerous small fluores- expressing SGFP variants. coli expressing SGFP2 were
cent spots throughout the cells (Figure 3C). SGFP2 was most fluorescent and became 7.3-fold brighter than bacteria
distributed most homogeneously throughout the bacteriaexpressing EGFP (Table 2). Bacteria expressing SGFP1 were
(Figure 3D), although some aggregation remained at the polesonly half as bright as those expressing SGFP2, and fluores-
of most cells. A similar localization pattern was observed cence development was delayed. The largest increase in
for SBFP2 (Figure 3F). After protein induction for 4 h, fluorescence brightness was observedEocoli expressing
SBFP1 fluorescence could not be detected above autofluo-SBFP2, which became 16-fold more fluorescent than bacteria
rescence (data not shown). expressing EBFP (Figure 4B and Table 2). In contrast, only
Relatve Brightness in E. coliTo study protein folding in after a prolonged time could SBFP1 fluorescence be detected
living cells, we monitored the development of fluorescence above the level of autofluorescence, and bacteria expressing
upon expression of GST-tagged VFP variantsEincoli. SBFP1 remained less bright than those expressing EBFP.
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A ox10° - nential and mainly determined by a short lifetime component
~ (0.86 ns). For SBFP1 and SBFR2[lwas 2.07 and 2.35 ns,
2 30 respectively. Biexponential lifetime analysis showed that the
g 20 increase in average lifetime was caused by an increased
% contribution of the long lifetime component. For SBFP2, both
2 10 lifetime components increased also. Like the GFP variants,
olm the average fluorescence lifetime of the BFPs reflected the
e T T T T T . differences in QY.
° 2 1 ﬁme(h; oo Multicolor Confocal Imaging with SBFP2pplication of
B . EBFP in confocal laser scanning microscopy has been limited
8x10"

because of the weak fluorescence and fast photobleaching
of EBFP in combination with the low photon detection
efficiency of confocal laser scanning microscopy. We tested
whether our improved SBFP2 can be used for multicolor
confocal microscopy in HelLa cells together with SGFP2 and
= the red fluorescent protein mCherid/7j. To obtain distinct
[ S A A localization patterns from SBFP2, SGFP2 was targeted to
Time (hrs) the cytoplasm (SGFP2-cyt) and mCherry was targeted to the
FiIGURE 4: Time course of fluorescence development during VFP nucleus (mCherry-nuc). Hela cells were imaged using
expression irk. coli. (A) Fluorescence development of bacteria confocal laser scanning microscopy with optimized filter

g’fﬁ’é?f{?@gﬁ%’%%’ﬁﬁzé%E%SGaFnlegﬁp‘?é(GT%Zé)?& sets to prevent cross talk between the fluorescent proteins
(B) Fluorescence’development of bacteria expressing G_ST-iagged(SFE';?:uPrg S.ll dOf dtT)e' Shur;)rlJortlng Informatlon).”E>épreSS|0|r|1 IOf
EBFP (), SBFP1 ), and SBFP2@). Dotted lines (-+) indicate ylelded bright blue fluorescence well above cellular

the autofluorescence of nontransformed bacteria. Traces represenautofluorescence which was easily distinguished from SGFP2-
the average of 12 independent growiBigcoli cultures. Standard ¢yt and mCherry-nuc fluorescence (Figure 5). We also
de\ﬁlatlons fall within the symbols. Bacteria were incubated at attempted quadruple-color imaging with SBFP2, SCFP3A-
37 °C, and protein expression was initiated at time zero. golgi, mVenus-pm, and mCherry-nuc. To obtain distinct
Relative Brightness in HeLa Cell3he relative brightness  subcellular localization patterns, SCFP3A-golgi was targeted
of HeLa cells expressing VFP variants was measured by flow to the Golgi apparatus and excluded from the nucleus and
cytometry. The relative brightness of all HeLa cells express- mVenus-pm was targeted to the plasma membrane. The
ing SGFP variants was higher than for cells expressing EGFPfluorescence spectra of SBFP2 and SCFP3A have con-
(Table 2). Cells expressing SGFP2 were the brightest andsiderable spectral overlap, and this increased the risk of
became 1.7-fold more fluorescent than cells expressingbleed-through between SBFP2 and SCFP3A fluorescence
EGFP. The relative brightness of HelLa cells expressing (Figure S2 of the Supporting Information). Nevertheless, the
SGFP variants was 2-fold higher than the value expectedfluorescence of all four fluorescent proteins was readily
on the basis of the intrinsic brightness determined for the detected without significant bleed-through (Figure 6).
purified VFPs. Cells expressing SBFP2 became 3.7-fold
brighter than those expressing EBFP which is similar to the DISCUSSION
increase in intrinsic brightness of the purified protein. Introducing S72A, M153T, V163A, S175G, and A206K
Fluorescence Lifetime Imaging of GFP and BFP Variants. mutations into EGFP and EBFP improved the amount of
Fluorescence lifetime imaging (FLIM) of fluorescent proteins correctly folded soluble fluorescent protein and increased the
is a powerful technique for sampling the environment inside efficiency of chromophore formation. The resulting increase
living cells, especially when using FRET applications to in fluorescence brightness was most profounéircoli, in
study protein interaction®27—31). We measured the fluo- accordance with the inefficient folding &. victoria (E)-
rescence lifetimese{, andzy,) of all GFP variants expressed VFPs in bacteria4, 12, 26). Bacterial expression of SGFP2,
in Swiss 3T3 cells using frequency domain FLIRD}. For taking into account the slightly reduced intrinsic brightness
all GFP variants except SGFP2(E222@Q)andz, were very of the purified protein, yielded approximately 9-fold more
similar (Table 3), indicating a nearly monoexponential fluorescence than expression of EGFP as a result of the
fluorescence decay. The fluorescence lifetimes correlatedcombination of enhanced protein expression and maturation.
well with the QY determined for purified recombinant For SBFP2, the increase in the level of protein expression
protein. Interestingly, the slightly higher QY of SGFP2 was and maturation was 4-fold compared to that of EBFP.
accompanied by a significant increase in the fluorescencelnitially, the presence of mutation V68L resulted in subop-
lifetime (r, = 2.61 ns;t, = 2.73 ns), compared to that of timal fluorescent proteins with reduced brightness. This effect
EGFP ¢, = 2.29 ns;t» = 2.41 ns). As expected, the low was detrimental for SBFP1, which was highly sensitive to
QY of SGFP2(T65G) was associated with a much shorter photobleaching and protein misfolding. No recovery of
lifetime (z, = 1.30 ns;tm = 1.51 ns). Due to the absence of SBFP1 fluorescence was observed upon refolding in vitro.
a modulated UV excitation source in our FLIM system, we For SGFP1, however, in vitro refolding was fastest and most
were unable to measure BFP lifetimes by frequency domain efficient of all GFP variants. Similar effects of the V68L
FLIM. Instead, time-correlated single-photon counting FLIM mutation were observed when this mutation was inserted into
was used for the BFP variants (Table 3). For EBFP, an YFP and CFP variantslp).
average lifetime[@0) of 1.42 ns was measured. Biexponential ~ The increase in brightness of mammalian cells expressing
lifetime analysis indicated that the decay was multiexpo- one of the SGFP variants or SBFP2 was less pronounced,

Fluorescence (AU)




Strongly Enhanced Green and Blue Fluorescent Proteins Biochemistry, Vol. 46, No. 12, 2008781

Table 3: Fluorescence Lifetimes of GFP and BFP Variants
Frequency-Domain FLIM

Ty Tm n
EGFP 2.29t 0.03 2.41+ 0.03 8
SGFP1 2.42£0.03 2.54+ 0.02 8
SGFP2 2.6H1-0.02 2.73+0.02 8
SGFP2(206A) 2.64-0.02 2.72+0.02 8
SGFP2(E222Q) 2.08 0.04 2.58+ 0.06 8
SGFP2(T65G) 1.3@0.02 1.514+0.03 8
EGFP 2.364 0.06 2.42+0.03
Time Domain FLIM
0O x2 T o T2 o b n
EBFP 1.424-0.01 7.6 0.86+ 0.02 0.81£0.01 2.24+ 0.06 0.194+0.01 1.6 3
SBFPZ 2.07+£0.01 3.1 0.85+- 0.01 0.44+ 0.01 2.35+ 0.01 0.56+ 0.01 2.0 2
SBFP2 2.35- 0.03 3.8 1.13£ 0.05 0.43+0.03 2.69+ 0.02 0.57+0.03 1.3 4

a Fluorescent proteins were expressed in mammalian cells. Fluorescence lifetimes are the meantaberatgndard deviatiod.From ref37.
¢ For SBFP1, purified protein was used for fluorescence lifetime measurements, due to the low expression levels in mammalian cells.

A A

Ficure 6: Quadruple-color confocal imaging with SBFP2, SCFP3A,
mVenus, and mCherry. Fluorescence micrographs of HelLa cells
expressing SBFP2 (A), SCFP3A-golgi (B), mVenus-pm (C), and
mCherry-nuc (D). The scale bar is 20n.

A\

FIGURe 5: Triple-color confocal imaging with SBFP2, SGFP2, and . . . .
mCherry. Fluorescence micrographs of a Hela cell expressing chromophore is not excited at 488 nm, this resulted in a

SBFP2 (A), SGFP2-cyt (B), and mCherry-nuc (C). (D) DIC ~decrease in intrinsic brightness. We tested two mutations,
micrograph showing the presence of a transfected and a nontrans£222Q and T65G, which effectively prevented chromophore
fected cell. The scale bar is 20m. protonation in SGFP2. Mutation E222Q, however, severely
presumably because protein expression and maturation ofreduced the rate of chromophore formation in bacteria and
EGFP and EBFP were already relatively efficient. Mam- in vitro. This was in accordance with a recent study
malian cells have chaperone proteins which facilitate protein conducted by Sniegowski and co-worke82) who found
folding in mammalian cells, reducing the necessity of folding that at pH 7 chromophore formation in EGFP(E222Q) was
mutations 26). Comparing the brightness of mammalian cells attenuated approximately 30-fold. Alternatively, for SGFP2-
expressing SGFP2 or EGFP with the intrinsic brightness of (T65G), the absorbance spectrum was red-shifted, and its
purified protein implied a 2-fold improvement in the amount shape resembled closely that of the yellow fluorescent
of correctly folded protein, likely reflecting improved folding  protein. Similar changes have been observed for the GFP
and maturation characteristics (see Figure 2 and Table 2).variant GFPmut3, which contains mutations S65G and S72A
The same comparison between cells expressing SBFP2 and4). Although the molar extinction of SGFP2(T65G) was
EBFP suggested that the increased brightness of cellsenhanced, this was counteracted by a decrease in QY, and
expressing SBFP2 can be explained by the increase intherefore, SGFP2 and SGFP2(T65G) were expected to be
intrinsic brightness and did not necessarily involve improved more or less equally bright. Bacteria expressing SGFP2,
protein folding or maturation characteristics, even though however, became much more fluorescent than those express-
the latter improvements were observed during the in vitro ing SGFP2(T65G). To a certain extent, this decrease was
protein folding assays. caused by less efficient excitation of SGFP2(T65G), given
Introduction of the folding mutations in SGFP2 resulted its red-shifted absorbance. In addition, the SGFP2(T65G)
in partial chromophore protonation. Because the protonatedfluorescence could have been partially quenched due to its
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high pKa. In conclusion, chromophore protonation of SGFP2 ACKNOWLEDGMENT
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other means of eliminating chromophore protonation, for
example, high-throughput random mutagenesis methods like
molecular evolution¥3) or iterative somatic hypermutation
(34).

The increased QY and photostability of SBFP2 are

Oligonucleotides used for site-directed mutagenesis

(Table S1) and spectra and filter sets used for multicolor
confocal imaging (Figures S1 and S2). This material is
available free of charge via the Internet at http://pubs.acs.org.
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