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ABSTRACT: The variant ofAequoreagreen fluorescent protein (GFP) known as blue fluorescent protein
(BFP) was originally engineered by substituting histidine for tyrosine in the chromophore precursor
sequence. Herein we report improved versions of BFP along with a variety of engineered fluorescent
protein variants with novel and distinct chromophore structures that all share the property of a blue
fluorescent hue. The two most intriguing of the new variants are a version of GFP in which the chromophore
does not undergo excited-state proton transfer and a version of mCherry with a phenylalanine-derived
chromophore. All of the new blue fluorescing proteins have been critically assessed for their utility in
live cell fluorescent imaging. These new variants should greatly facilitate multicolor fluorescent imaging
by legitimizing blue fluorescing proteins as practical and robust members of the fluorescent protein “toolkit”.

Fluorescence imaging of protein dynamics in live cells
now relies heavily on recombinant genes encoding fluores-
cent proteins (FPs1) cloned from cnidarian marine species
(1, 2). Recombinant FP expression vectors are commonplace
in biochemical research environments, and anyone with basic
molecular biology expertise can rapidly create a FP chimera
with their protein of interest. Subsequent imaging of trans-
fected cells with ubiquitous and relatively inexpensive
fluorescence microscopy equipment provides insight into the
subcellular localization and spatiotemporal dynamics of the
protein of interest. While wild-type FP genes can certainly
be useful for such applications in and of themselves, they
are generally burdened with one or more of the following
suboptimal properties: poor folding efficiency at 37°C, dim
fluorescent brightness, oligomeric structure, or poor photo-
stability. Fortunately, protein-engineering efforts have re-
sulted in the creation of variants that retain the same hue,
but not the handicaps, of their wild-type precursor and are
thus far more suitable for use in live cell fluorescence
imaging (2).

Certain intrinsic photophysical properties of a FP, such
as quantum yield and propensity to photobleach, are neces-

sarily determined both by the covalent structure of the
chromophore (Figure 1A-H) and by the interactions of the
chromophore with the surrounding amino acid residues. The
extinction coefficient depends on these same factors as well
as on the folding and chromophore maturation efficiency.
A particular challenge facing protein engineers seeking bright
new hues of FPs is that the key mutation for creation of a
new color necessarily involves a dramatic change in the
chromophore structure or environment. This dramatic change
typically has severe adverse effects on the protein folding
and chromophore formation efficiency. Furthermore, when
the covalent structure of the chomophore has been altered
by the mutation (i.e., by replacement of Tyr66 with a
different aromatic amino acid, refer to Figure 1), the
surrounding residues generally require optimization to once
again maximize brightness. The growing number of reports
in which researchers have significantly modified a FP but
then optimized it for its new favorable properties could
understandably leave one with the impression that all new
colors of FP are readily amenable to improvement (3-5).
However, in our experience we have found that some
chromophore structures (e.g., mHoneydew (6), Figure 1F)
are seemingly more resistant to improvement than others
(e.g., mTFP1 (5)). This observation led us to question
whether certain suboptimal FP variants are limited by the
intrinsic properties of their chromophore or by insufficient
effort expended in their optimization.

A particularly interesting case study that epitomizes the
challenges described in the preceding paragraph is the
development of the protein now known as enhanced blue
FP (EBFP). Concurrent with the first reports detailing the
heterologous and functional expression of the GFP in
organisms other than jellyfish (7-9), researchers were
already working to create the GFP variant that would be
progenitor of EBFP (10). Introduction of the Tyr66His
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mutation (Figure 1C) into wild-type GFP (excitation maxima
at 395 and 475 nm and emission maximum at 508 nm)
produced a variant with a fluorescence emission wavelength
substantially blue-shifted (excitation maximum at 383 nm
and an emission maximum at 447 nm) from that of the wild-
type protein (10). As might be expected for such a radical
change in the chromophore structure, the resulting protein
had a relatively poor extinction coefficient (ε) of 13 500 M-1

cm-1 and quantum yield (φ) of 0.21. In the first reported
effort to improve the brightness, screening of∼104 colonies
expressing randomly mutated versions of the Tyr66His
variant was sufficient for the identification of the 2-fold
brighter Y66H/Y145F double mutant (3) which was desig-
nated blue fluorescent protein (BFP). The utility of BFP was
further improved by introducing these two mutations into a
codon optimized synthetic gene encoding GFP-F64L/S65T
(known as enhanced GFP or EGFP) (11). The resulting
protein, known as EBFP, remained essentially uncontested
as the best available example of a blue fluorescing FP until
very recently (12). Initially, the EBFP/EGFP pair was the
only option for dual color imaging and fluorescence reso-
nance energy transfer (FRET) experiments. However, with
the advent of the brighter, more photostable, and distinguish-
able FP hues of cyan (CFP) and yellow (YFP), there was no
longer any need for researchers to tolerate the dim fluores-
cence and fast photobleaching of the EBFP half of the EBFP/
EGFP pair. The relevance of EBFP has been further
diminished by the relatively recent and explosive growth in
the availability of red hues of FPs, most notably the mFruit
series of variants (6). The mFruit series provides a number

of new distinguishable colors that can be paired with EGFP
for 2-color imaging or FRET, or with CFP and YFP for
3-color imaging.

A bright and reasonably photostable FP with fluorescence
at ∼450 nm has long remained a conspicuous absence from
the selection of FPs that are recommended for use in live
cell imaging (2). However, this situation appears to have
changed with the recent report of Azurite, a new BFP isolated
from a computationally designed library by flow cytometry
(12, 13). The photostability of Azurite is improved 40-fold
relative to BFP, putting Azurite on par with some of the
less photostable of the more popular and practical FPs
commonly used in live cell imaging (2). It is reasonable to
expect that Azurite will find widespread use as a distinct
third color (e.g., when used in combination with EGFP and
mCherry) in cytometry and fluorescence imaging applica-
tions. However, blue fluorescent variants with further
improvements in both brightness and photostability would
be desirable.

In our own efforts to develop a superior alternative to
EBFP we have investigated the potential utility of a variety
of alternative blue-fluorescing FPs with chemically distinct
chromophore structures. Herein we describe the creation of
a variety of novel FPs including a blue-fluorescing variant
of GFP with a tyrosine-derived chromophore, improved
versions of EBFP, and blue-fluorescing variants ofDisco-
soma red FP (RFP). These efforts have resulted in the
creation of variants that are both brighter and more photo-
stable than Azurite. The usefulness of our new BFPs in
fluorescence imaging applications is compared, and recom-
mendations are made.

MATERIALS AND METHODS

General Methods. All routine molecular biology proce-
dures were carried out as previously described (5). Synthetic
DNA oligonucleotides for cloning and library construction
were purchased from Integrated DNA Technologies (Cor-
alville, IA). PCR products and products of restriction digests
were routinely purified using the QIAquick PCR purification
kit (Qiagen) according to the manufacturer’s protocols.
Restriction endonucleases were purchased from either In-
vitrogen or New England Biolabs. The cDNA sequences for
all FP variants and fusion constructs were confirmed by dye
terminator cycle sequencing using the DYEnamic ET kit
(Amersham Biosciences). Sequencing reactions were ana-
lyzed at the University of Alberta Molecular Biology Service
Unit. All filters for fluorescence screening and imaging were
purchased from Chroma Technology (Rockingham, VT).

Library Construction and Mutagenesis.Gene libraries with
saturation mutagenesis at a particular residue and libraries
of randomly mutated genes were constructed as previously
described (5). PCR products were digested withXhoI and
EcoR1 and ligated into similarly digested pBAD/HisB vector
(Invitrogen). ElectrocompetentEscherichia colistrain DH10B
(Invitrogen) was transformed and plated on Luria-Bertani
(LB)/agar plates supplemented with ampicillin (0.1 mg/mL)
andL-arabinose (0.02%). Plates were incubated for 14 h at
37°C prior to screening. To create the gene encoding Azurite
(12), site-directed mutagenesis was used to introduce the
T65S (reversion to wild type), V150I, and V224R mutations
in EBFP.

FIGURE 1: Representative covalent structures of chromophores. (A)
Wild-type GFP ground state (24) and mKalama1 (phenol), EGFP
(25) and mTFP1 (5) (phenolate); (B) ECFP (10); (C) EBFP variants;
(D) GFP-Y66F; (E) Keima ground state (26) (phenol), DsRed (22)
and most mFruit variants (6) (phenolate); (F) mHoneydew (6); (G)
mCherry2-Y67His; and (H) mBlueberry variants. Although they
are not represented in this figure, noncovalent interactions between
the protein and the chromophore (e.g., the cationic imidazole ring
of His197 in mTFP1 (5)) are also important determinants of the
fluorescence hue.
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Screening.The screening system has been described
previously (14). Briefly, the light from a 175W xenon-arc
lamp (Sutter) is passed through a 375 to 415 nm bandpass
filter and into a bifurcated fiber optic bundle (Newport). Light
exiting the fiber optic bundle illuminates a 10 cm dish placed
in a recessed holder on the bench top. Colony fluorescence
was screened by imaging with a Retiga 1300i 12-bit CCD
camera (QImaging) fitted with a 440 to 480 nm bandpass
filter. A 500 to 520 nm bandpass filter was used to measure
GFP channel signal during ratiometric screening.

Colonies with more intense fluorescence or higher blue/
green ratio were picked and cultured overnight in 4 mL of
LB medium containing ampicillin and arabinose. The fol-
lowing day 0.1 mL of each culture was dispensed into a 96-
well plate (Nunc) and the full emission spectra of each
variant measured with a Safire2 plate reader (Tecan).
Variants with the most blue-shifted and/or intense emission
peak were used as templates in the subsequent round of
library construction.

Protein Purification. E. colistrain LMG194 was trans-
formed with the pBAD/His B expression vector containing
the FP gene of interest. A single colony was used to inoculate
a 4 mL culture that was allowed to grow overnight (37°C,
225 rpm) before being diluted into 1 L of LB medium
containing ampicillin (0.1 mg/mL) andL-arabinose (0.2%).
The culture was allowed to grow for 12 h before cells were
harvested by centrifugation and lysed by French Press.
Proteins were purified by Ni-NTA chromatography (Amer-
sham).

Protein Characterization.Absorption spectra were re-
corded on a DU-800 UV-visible spectrophotometer (Beck-
man). A QuantaMaster spectrofluorometer (Photon Tech-
nology International) was used to acquire the fluorescent
excitation and emission spectra. Quantum yields for all blue
FP variants were measured using quinine sulfate in 0.1 M
H2SO4 as the reference standard (15). Protein concentrations
used in the calculation of extinction coefficients were
determined by the BCA method (Pierce). For fluorescence
pKa measurements, the protein of interest was first dialyzed
into dilute buffer (5 mM Tris HCl, pH 7.5) before dilution
into a series of 200 mM buffers. Fluorescent intensity was
measured using a fluorescence plate reader equipped with
monochromators (Tecan).

Photostability measurements were performed essentially
as previously described (2, 5). Briefly, microdroplets of each
blue FP were generated by vortexing the protein solution
(100 µM) with mineral oil. Approximately 5µL of this
suspension was sandwiched between a glass slide and a glass
cover slip. Single drops were identified at low light levels
(2.5% neutral density filters) on a wide-field microscopy
instrument equipped with a 75 W HBO lamp. Neutral density
filters were removed, and the protein drop was imaged with
a 50 ms exposure time and without closing the shutter.
Typical frame rates were 1 image/s, though it was necessary
to go as fast as 3 images/s for the fast bleaching proteins
and as slow as 0.03 image/s for the slow bleaching proteins.
Bleaching curves were normalized to the photon emission
rate of 1000 photon/s/molecule at the starting time. For all
experiments, T-Sapphire (2, 16) was subjected to bleaching
under identical conditions and used as a reference standard.

LiVe Cell Imaging.To create the nuclear localization
plasmid for mammalian expression, the gene encoding each

blue FP was PCR amplified with a 5′ primer encoding an
NheI site and a 3′ primer encoding anXhoI site. The purified
and digested PCR product was ligated into the pEYFP-Nuc
vector (Clontech) digested with the same restriction enzymes.
DNA was purified by Plasmid Midi kit (Qiagen). HeLa cells
in 35 mm imaging dishes were transfected with 2µg of
plasmid DNA encoding the blue FP and 2µg of pEGFP-
Actin (Clontech). Cells were treated with the DNA mixed
with 10 µg of PEI in 0.5 mL of OptiMEM (Invitrogen), and
serum was added after 30 min. The next day the medium
was exchanged for PBS and the cells were imaged on an
Axiovert 200M (Zeiss) equipped with a 75 W xenon-arc
lamp. Blue fluorescence was imaged using a 375 to 415 nm
bandpass excitation filter, a 425 nm long-pass beamsplitter,
and a 440 to 480 nm bandpass emission filter. Green
fluorescence was imaged using a 450 to 490 nm bandpass
excitation filter, a 495 nm long-pass beamsplitter, and a 500
to 550 nm bandpass emission filter.

RESULTS

Aequorea GFP Variants with a Tyrosine-DeriVed Chro-
mophore.GFP S65G/S72A/T203F (denoted T203F) is a
yellow fluorescing GFP variant that has a strong absorption
peak at 510 nm and a weak absorption peak at 405 nm (17).
By analogy with wild-type GFP (with absorption peaks at
475 and 396 nm), the species that gives rise to the two
absorption peaks of T203F is an equilibrating mixture of the
lower energy anionic phenolate and higher energy neutral
phenol forms of the chromophore, respectively. If wild-type
GFP is excited at either absorbance peak, a single fluores-
cence emission peak, attributable to the excited state of the
anionic chromophore, is observed at 508 nm. In contrast,
excitation of the T203F variant at the 405 nm peak produces
a fluorescence peak at 455 nm while excitation at the 510
nm peak produces a fluorescence peak at 525 nm. The
dramatically different fluorescence peaks resulting from
excitation of the nominally identical neutral phenol cho-
mophores of wild type and T203F is explained by a fast
excited-state protein transfer (ESPT) that occurs in wild type
but not in T203F. PS-CFP, a photoswitchable variant of a
GFP homologue fromAequorea coerulescens(18), does not
undergo ESPT prior to photoactivation.

It occurred to us that a non-photoswitchable variant of GFP
that existed solely in the neutral phenol form in the ground
state and that was incapable of ESPT would be a promising
alternative to EBFP. With EGFP as our template, we created
an initial gene library of∼4000 variants in which Thr65
was mutated to all amino acids and an additional 3 residues
in close proximity to the chromophore (His148, Thr203, and
Ser205) were simultaneously mutated to a subset of hydro-
phobic residues. Fluorescence imaging-based screening of
this library in bacterial colonies was undertaken to find
variants with strong blue fluorescence (excitation at 400/20
nm and emission 460/40 nm). To screen against variants that
existed partially in an anionic phenolate ground state or that
were partially capable of ESPT, we performed ratiometric
screening for colonies that had high blue fluorescence and
low green fluorescence (emission at 525/20 nm when excited
with either 400/20 nm or 470/20 nm light). Exhaustive
screening of our initial library resulted in the identification
of EGFP T65S/H148G/T203V/S205V that exhibited strong
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blue fluorescence and essentially no green fluorescence
(Figure 2B). Subsequent rounds of both (semi)saturation
(positions 30/39/63/64/105/145/147/153/163/171/175/181)
and random mutagenesis were undertaken and halted only
when no further improvement had been observed for several
rounds of screening. The most brightly fluorescent variant
discovered during the directed evolution process had 22
mutations relative to EGFP (Table 1). In addition, the
“monomerizing” A206K mutation (19) and the Azurite-
derived V224R mutation (12) (discussed below) were
introduced by site-directed mutagenesis. We have named the
protein mKalama1 after the bright blue waters of Kalamalka
lake of southern British Columbia (the preceding “m” denotes
the presence of the A206K mutation). mKalama1 (ε )
36 000 M-1 cm-1 and φ ) 0.45) is 3.6-fold brighter and
25-fold more photostable than EBFP (Table 2).

ImproVed Versions of Aequorea-DeriVed EBFP.We had
initially presumed that EBFP was close to the maximum
achievable fluorescent brightness for its particular chro-
mophore structure (Figure 1C). However, the recent report
from Waldo and co-workers (20) that introduction of the
“superfolder” mutations into BFP improved the fluorescent
brightness in bacterial colonies galvanized us to explore
whether these mutations could also benefit EBFP. Mutations
S30R/Y39N/T65S/S72A/N105T/I171V/N198S/A206V were
introduced into EBFP by site-directed mutagenesis to produce
EBFP1.2 (EBFP1.2). The fact that EBFP1.2 (ε ) 41 000
M-1 cm-1 and φ ) 0.45) was 4-fold brighter than EBFP
caused us to ask whether further improvements might be
realized by directed evolution. Starting from the EBFP1.2
template, we undertook several rounds of library creation
and screening with particular focus on residues in close
proximity to the chromophore. This effort resulted in the
identification of EBFP1.2-F145H/H148N/M153A, which was
designated EBFP1.5 (ε ) 43 000 M-1 cm-1 andφ ) 0.53).

Azurite is a recently described BFP variant with improved
brightness and photostability (12). The two key mutations,
V150I and V224R, responsible for the favorable properties
of Azurite were introduced into both EBFP1.2 and EBFP1.5.
Disappointingly, these substitutions greatly diminished the
fluorescence of our most highly optimized EBFP1.5 variant.
When introduced into EBFP1.2, these substitutions caused
only ∼30% decrease in brightness but conferred a remarkable
increase in photostability. Additional rounds of random
mutagenesis and screening recovered the lost brightness to
produce EBFP2 (Table 1), a variant that is 4-fold brighter
and 550-fold more photostable than EBFP (Table 2). Relative
to Azurite, EBFP2 is 1.4-fold brighter and 2.9-fold more
photostable. Neither Azurite nor EBFP2 contains the A206K
mutation (19). Consequently, both proteins may retain wild-
type GFP’s tendency to dimerize at high concentrations.
However, it has been suggested that the A206V “superfolder”
mutation of EBFP2 could hinder dimerization (20).

FIGURE 2: Spectral characterization of new variants. Shown in each panel are the absorbance (green), excitation (black), and emission (red)
spectra for the indicated protein. (A) EBFP, (B) mKalama1, (C) EBFP2, (D) mBlueberry2, (E) mCherry2-Tyr67His immediately after
purification, (F) fluorescence emission spectrum (excitation at 450 nm) for mCherry2-Tyr67His after 1 day at 4°C.

Table 1: Overview of Mutations in Blue-Fluorescing FPs

protein mutations

mKalama1 EGFP-L18M/H25R/S30R/E32V/
Y39H/T50S/T65S/N105S/E124V/
I128T/Y145M/S147V/H148G/
M153T/V163A/K166E/I171V/
S175G/P192S/T203V/S205V/
A206K/V224R/L231P

EBFP EGFP-Y66H/Y145F
EBFP1.2 EBFP-S30R/Y39N/T65S/S72A/

N105T/I171V/N198S/A206V
EBFP1.5 EBFP1.2-F145H/H148N/M153A
EBFP2 EBFP1.2-I128V/V150I/ D155V/

V224R
mBlueberry1 mCherry2-M66L/Y67F/K70R/

Q137R/C138R/Y151C/Q163L/
K168R

mBlueberry2 mCherry2-D6aN/M18V/A57T/
Y67F/A71V/V73I/L83F/N92R/
E117V/S146F/G159S/Q163T/
L202V

Azurite EBFP-T65S/V150I/V224R

Improved Blue Fluorescent Proteins Biochemistry, Vol. 46, No. 20, 20075907



Discosoma RFP Variants. DiscosomaRFP (also known
as DsRed or dsFP583) is a GFP homologue (21) that harbors
a chromophore in which the conjugation has been extended
through an additional acylimine moiety derived from main
chain atoms (Figure 1E) (22). The additional conjugation
results in a substantial red-shift in the absorbance (558 nm)
and fluorescence peaks (583 nm) relative to GFP. Extensive
engineering and directed evolution ofDiscosomaRFP has
resulted in a series of monomeric variants known as the
“mFruits”, where each variant is named for a fruit of similar
color (6). For GFP variants it is known that the series of
variants in which Tyr66 is replaced with Trp (Figure 1B),
His (Figure 1C), or Phe (Figure 1D) results in new chro-
mophore structures with increasingly blue-shifted absorbance
and fluorescence (1). A monomeric Tyr67Trp variant known
as mHoneydew (Figure 1F) has previously been investigated
and shown to have broad yellow fluorescence (6).

With the expectation of obtaining further blue-shifted
variants we introduced the Tyr67His and Tyr67Phe mutations
into theDiscosomaRFP variant known as mCherry2 (N.C.S.
and R.Y.T., unpublished results). The mCherry2-Tyr67Phe
variant had absorption (405 nm) and emission peaks (467
nm) (Figure 2D) significantly red-shifted from the GFP-
Tyr66Phe (absorption at 360 nm and emission at 442 nm),
indicating that this variant was still capable of all post-
translational steps necessary for chromophore formation
(Figure 1H). Starting from mCherry2-Tyr67Phe, we initiated
directed evolution as described above. The resulting protein,
which we have named mBlueberry1 (Table 1), as it is a new
member of the mFruit series, has a very good quantum yield
(φ ) 0.48) but a disappointingly low extinction coefficient
(ε ) 11 000 M-1 cm-1) (Table 2). In the hopes that an
alternative template would be more amenable to improve-
ment, we introduced the Tyr67Phe mutation into mApple, a
recent addition to the mFruit series that was derived from
mCherry2 (N.C.S. and R.Y.T., unpublished results). Directed
evolution of this variant resulted in the creation of mBlue-
berry2 (Table 1), which is 4.6-fold brighter than mBlueberry1
(Table 2). For the sake of consistency, mutations in both
mBlueberry1 and mBlueberry2 are listed in Table 1 relative
to their common ancestor, mCherry2. The higher brightness
of mBlueberry2 relative to mBlueberry1 is attributed to
improvements in extinction coefficient (ε ) 51 000 M-1

cm-1). A particularly interesting feature of mBlueberry2 is
that its fluorescent intensity is unchanged over pH values
ranging from less than 2.5 to greater than 10 (Table 2).

By analogy with GFP variants, we expected the mCherry2-
Tyr67His mutant to have a fluorescent hue intermediate

between mHoneydew and mBlueberry. The freshly purified
protein has a fluorescence peak at 464 nm when excited at
400 nm. However, within 24 h of being purified, a new minor
absorbance peak at 450 nm becomes apparent. Excitation
of this peak produces an unexpectedly long wavelength
fluorescence emission peak at 550 nm (Figure 2F). Unfor-
tunately this intriguing protein stubbornly resisted improve-
ment by directed evolution with selection for mutants with
improved brightness at either the 464 nm or 550 nm emission
peaks. It has previously been shown that the isolated BFP
chromophore has a pKa of 12.0 for formation of its
red-shifted anionic form (23). The acylimine extension off
the mCherry2-Tyr67His chromophore should enable greater
delocalization of the negative charge and may thereby cause
a significant decrease in the pKa. We tentatively speculate
that the 550 nm peak may arise from the anionic form of
the histidine-derived chromophore. Alternatively, the chro-
mophore may be undergoing an additional post-translational
modification that extends the conjugation.

DISCUSSION

Intrinsic fluorescent brightness is, ostensibly, the most
obvious characteristic by which to compare FPs. By this
criterion, four of the new FPs (EBFP1.5, EBFP2, mKalama1,
and mBlueberry2) and the recently reported Azurite variant
(12) are all significantly improved relative to EBFP. The
brightest of the new variants is mBlueberry2, followed
closely by EBFP1.5. However, it is important to note that
the primary limitation of EBFP was not its brightness but
rather its susceptibility to photobleaching. We determined
the rates of photobleaching (2) for each of the new variants
in microdrops of purified protein (Figure 3). Unfortunately,
the brightest variant, mBlueberry2, was notable for a
remarkably fast rate of photobleaching that was comparable
with EBFP. At light intensities that would typically be used
for widefield fluorescence imaging, the fluorescence of
mBlueberry2 (and mBlueberry1) decreased to less than 20%
in less than 100 ms of total exposure time. This characteristic
renders mBlueberry2 impractical for use in routine imaging
experiments but is intriguing with regard to future studies
of the mechanism of chromophore bleaching. In contrast,
the other 3 new variants exhibited rates of photobleaching
that were significantly improved relative to EBFP. The most
spectacular improvements were observed with EBFP2, which
exhibits a 550-fold improvement in photostability relative
to EBFP. These benefits stem from the presence of the V150I
and V224R mutations to which the similarly impressive
photostability of the Azurite variant has been attributed

Table 2: Properties of New Blue-Fluorescing FPs

parent protein λab (nm) λem (nm) εa φ brightnessb pKa photostability (s)c

EGFP mKalama1 385 456 36 0.45 16 5.5 2.5
EBFP EBFP2 383 448 32 0.56 18 5.3 55

EBFP1.5 381 449 43 0.53 23 4.8 2.4
EBFP1.2 379 446 41 0.45 18 6.6 0.95

mCherry mBlueberry2 402 467 51 0.48 25 <2.5 <0.05
mBlueberry1 398 452 11 0.48 5 ndd <0.02
mCherry2-Y67He 402 464 6 0.06 0.3 nd nd

previous workf Azurite 384 450 22 0.59 13 5.0 19
EBFP 377 446 30 0.15 4.5 6.3 0.10

a Units of mM-1 cm-1. b Product ofε andφ in mM-1 cm-1. For comparison, the brightness of EGFP is 34 mM-1 cm-1 (2). c Time to photobleach
from 1000 to 500 photons/s/molecule.d Not determined.e Wavelength values are given for the initially purified protein.f All values measured in
this laboratory.
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(Figure 3) (12). Azurite, EBFP1.5, and EBFP2 each display
a biphasic rate of photobleaching in which the magnitude
of the fast component increases with increasing intensity of
illumination (data not shown). In contrast, mKalama1
displays a single exponential decrease in fluorescence
intensity.

To determine whether the most promising of the new blue
FPs were suitable for use in live cell fluorescence imaging,
the genes encoding mKalama1, mBlueberry2, EBFP1.5, and
EBFP2 were expressed in HeLa cells as a fusion with a
nuclear localization sequence. A 6-fold longer exposure time
was typically necessary to obtain satisfactory images of the
bright but fast-bleaching mBlueberry2 variant. All of the new
FPs correctly localized to the nucleus and did not exhibit
significant fluorescence in the EGFP emission channel that
was used for imaging of a cotransfected EGFP-actin fusion
(Figure 4A-D). Blue FPs, such as the improved versions
described in this manuscript, have excitation and emission
maxima at wavelengths distinct from those of EGFP (excita-
tion maxima at 488 nm and emission maximum at 507 nm)
(2). However, because the absorbance profile of EGFP tails
well below 400 nm, EGFP will fluoresce green with 10-
20% of its maximum brightness when illuminated at
wavelengths used for excitation of blue FPs (approximately
400 nm). This UV-excited fluorescence limits the utility of
EGFP for multicolor imaging with the UV-excitable green
variant T-Sapphire (excitation maxima at 399 nm and
emission maximum at 511 nm) (16) but does not adversely
affect multicolor imaging with blue FPs due to the distinctly
different emission wavelengths.

Despite the fact that it has neither the highest intrinsic
brightness nor the best photostability of the new variants
(including Azurite), mKalama1 is the brightest blue FP when
expressed in bacteria (Figure 4E-H). This result suggests
that the intensive directed evolution effort that produced
mKalama1 selected for efficient protein folding and chro-
mophore maturation in bacteria in addition to high intrinsic
brightness.

In conclusion, by exploring the potential of a variety of
distinct FP chromophore structures, we have arrived at 3 new
blue FPs (mKalama1, EBFP1.5, and EBFP2) that are vastly
superior alternatives to EBFP. All 3 new FPs are also brighter
than Azurite, but only EBFP2 has better photostability and
is thus the blue FP of choice for use in live cell fluorescence
imaging. For applications in which photostability is not
particularly important, such as use as a reporter of gene
expression in mammalian cells or bacterial colonies, mKala-
ma1 may provide a higher fluorescent signal than EBFP2

due to its high folding and chromophore maturation ef-
ficiency.
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