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Abstract

As research progresses, fluorescent proteins useful
for optical marking will evolve toward brighter,
monomeric forms that are more diverse in color. We
previously reported a new fluorescent protein from
Aequorea macrodactyla, GFPxm, that exhibited
many characteristics similar to wild-type green
fluorescent protein (GFP). However, the application
of GFPxm was limited because GFPxm expressed
and produced fluorescence only at low temper-
atures. To improve the fluorescent properties of
GFPxm, 12 variants were produced by site-directed
mutagenesis and DNA shuffling. Seven of these
mutants could produce strong fluorescence when
expressed at 37-C. The relative fluorescence inten-
sities of mutants GFPxm16, GFPxm18, and
GFPxm19 were higher than that of EGFP (enhanced
GFP) when the expression temperature was between
25 and 37-C, and mutants GFPxm16 and
GFPxm163 could maintain a high fluorescence
intensity even when expressed at 42-C. Meanwhile,
at least 4 mutants could be successfully expressed
in mammalian cell lines. The fluorescence spectra
of 6 of the 12 mutants had a progressive red shift.
The longest excitation-emission maximum was at
514/525 nm. In addition, 3 of the 12 mutants had
two excitation peaks including an UV-excitation
peak, while another mutant had only one UV-
excitation peak.

Keywords: Fluorescence spectra — green fluores-
cent protein — variants

Introduction

Green fluorescent protein (GFP) from the jellyfish
Aequorea victoria and its variants have been used to

track and quantify individual or multiple protein
species, monitor protein-protein interactions, and
describe biological events. The application of GFP
has revolutionized many areas of cell biology and
biotechnology (Lippincott-Schwartz and Patterson,
2003).

To expand the use of fluorescent probes, a great
deal of effort is directed to engineering new reporter
classes with novel fluorescent properties. More than
100 GFP homologs have been obtained from non-
bioluminescent Anthozoa species since 1999. These
proteins exhibit color diversity that includes green,
yellow, and red fluorescence, as well as purple-blue
nonfluorescence (Labas et al., 2002). Generation of
photoactivatable and photoswitchable derivatives
enabled researchers to selectively activate individu-
al molecules or groups of molecules and easily track
their behavior in vivo (Ando et al., 2002; Chudakov
et al., 2003, 2004; Verkhusha and Sorkin, 2005).
Dronpa, a GFP-like protein with sensitive and
reversible on-off switching capabilities, represents
a new generation of specialized fluorescent tools for
studying protein movement and trafficking inside
cells (Ando et al., 2004).

Although the aforementioned GFP-like proteins
from nonbioluminescent Anthozoa are useful as
fluorescent labels, their application is limited by
their oligomeric state. These proteins are tetramers,
which poses a problem when they are used as fusion
proteins with other oligomeric proteins, while GFPs
from jellyfish are fluorescent as 28-kDa monomers.
Attempts have been made to produce their mono-
meric derivatives (Campbell et al., 2002; Karasawa
et al., 2003; Shaner et al., 2004). However, the ex-
tinction coefficients, quantum yields, or photosta-
bilities of some are currently far from optimal.

It is important to obtain fluorescent proteins
that are bright, monomeric, photoconvertable with
high efficiency and specificity, and diverse in color.
We report here engineering studies of a GFP-like
protein from Aequorea macrodactyla and show thatCorrespondence to: Ning-Shao Xia; E-mail: nsxia@xmu.edu.cn
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the new variants can be produced with distinct
fluorescent properties and are applicable for imaging
of mammalian cells.

Materials and Methods

Enzymes and Chemicals. Fluorescein isothiocy-
anate (FITC), T4 ligase, and restriction endonucle-
ases were purchased from Promega (Madison, WI). A
gel extraction kit was purchased from Watson
(Shanghai, China). Taq polymerase and dNTPs were
purchased from Sangon (Shanghai, China). DNase I
was purchased from Takara (Kyoto, Japan). Lip-
ofectAMINEi 2000 transfection reagent was pur-
chased from Invitrogen (Carlsbad, CA).

Bacterial Strains and Plasmids. E.coli strain
ER2566 was purchased from Promega. Plasmids
pEGFP, pGFPuv, pEYFP, and pEBFP were purchased
from Clontech Laboratories (Palo Alto, CA), while
pTO-T7, pTO-T7EGFP, and pTO-T7GFPxm were
constructed in our laboratory as described previ-
ously (Luo et al., 2000; Xia et al., 2002).

Site-Directed Mutagenesis and Protein Expres-
sion. The encoding cDNA was cloned into the
BamHI/HindIII site of expression vector pTO-T7.
Site-directed mutagenesis was performed via po-
lymerase chain reaction (PCR) using the overlap
extension method, with primers containing ap-
propriate target substitutions. The 50 primer T7F
matched the T7 promoter sequence of the vector.
The 30 primer T7T was complementary to the T7
terminator sequence of the vector. Appropriate mu-
tagenic primers (sense) that partially matched the
gfps sequences were designed, and mutations were
introduced where the nucleotide should be replaced.
The other 30 primers (antisense) were completely
complementary to the 50 of the mutagenic primers.
The amino acids for the replacement of F64, S65,
Q69, and T203 of GFPxm are: F or L (F64); A, G, T,
or S (S65); L, Q, or K (Q69); and Y, C, F, H, R, L, Q, or
W (T203). The amplified fragments were pooled,
digested with BamHI and HindIII, and then ligated
to the pTO-T7 vector cleaved with the same en-
zymes. The ligation mixture was transformed into
the bacterial strain ER2566. Colonies were selected
and then incubated at 37-C in 3 ml of LB medium
(100 mg/ml of kanamycin) until reaching an optical
density of 0.8 at 600 nm. Isopropyl-b-d-thiogalacto-
pyramoside (IPTG) was added to a final concentra-
tion of 0.2 mmol/L, and the cultures were further
incubated at 25-C for 6 h. Excitation and emission
spectrum of various expressed GFPxm mutants
were measured by fluorescent panorama (Fluorat-

02 Panorama Lumaex, Russia). The sequences were
verified by DNA sequencing at Bioasia (Shanghai,
China).

DNA Shuffling. The encoding sequences for
fluorescent proteins in pEGFP, pEYFP, pGFPuv, and
pEBFP were subcloned into the BamHI/HindIII site
of pTO-T7 to produce pTO-T7EGFP, pTO-T7EYFP,
pTO-T7GFPuv, and pTO-T7EBFP. Equal amounts
of these plasmids and those of pTO-T7GFPxm,
pTO-T7GFPxm16, pTO-T7GFPxm18, and pTO-
T7GFPxm19 (described in the Results and Table 1)
were mixed as the templates in PCR with T7F/T7R
primers. The resulting DNA fragments of about
850 bp were purified and used for DNA shuffling
(Crameri et al., 1996). The library of in vitro-re-
combined GFP genes were recloned in the pTO-T7
vector at the BamH I/HindIII sites and transformed
to ER2566.

Effects of Culture Temperature and Time on
the Expression Level and the Fluorescent Intensity
of GFPxm Mutants. ER2566 cells containing
various constructs of GFPxm mutants were grown
to an optical density of 0.25 at 600 nm and then
induced with 0.2 mM IPTG at 25, 32, and 42-C for
6 h, or at 37-C for 10 h. When induced in 37-C,
samples were withdrawn at indicated times. For
each sample, the fluorescence of an equal optical
density of 0.225 at 600 nm was measured. F-4500
Hitachi fluorescence spectrophotometer was used
for spectral measurements. The excitation and
emission slits were set at 5 nm. The amounts of
intracellular recombinant protein were determined
by quantification of band intensities by UVIBAND
software for windows (version 99) and the total bac-
terial proteins were regarded as 100. Fluorescence
values were then normalized against the amount of
recombinant protein present in the cell to give a
relative measure of the proportion of intracellular
GFP that is fluorescent for each culture.

Purification and Analysis of Various Re-
combinant GFPxm Mutants. The purification and
the analysis of fluorescence properties of the
expressed GFPxm mutants were performed accord-
ing to the methods described previously (Xia et al.,
2002).

Expression of GFPxm Mutants in Mammalian
Cells. DNA fragments of GFPxm16, GFPxm18,
GFPxm19, GFPxm163, GFPxm19uv, and OFPxm
were inserted into expression vector pcDNA3.1
and digested with BamHI and XhoI. Resultant
plasmids were transfected into CHO, Hela, and
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HepG2 cells according to the manufacturer’s
instructions for LipofecTAMINEi transfection
reagent. Twenty-four hours after transfection, the
cells were collected and fluorescence was observed
with a Nikon Diaphot 300 microscope.

Analysis of DNA and Amino Acid Sequence.
DNASTAR and Clustalx software was used to iden-
tify the open reading frames and the amino acid
sequences of various GFPxm mutants.

GenBank Accession Nos. GFPxm, AY013824;
GFPxm16, AY013825; GFPxm18, AY013826;
GFPxm19, AY013827; GFPxm161, AF435427;
GFPxm162, AF435428; GFPxm163, AF435429;
GFPxm191uv, AF435430; GFPxm19uv, AF435431;
OFPxm, AF435432; and ShG24, AF435433.

Results

Generation of GFP Mutants with Different Absorp-
tion and Emission Spectra. GFPxm mutants were
generated after site-directed mutagenesis or DNA
shuffling. After they were transferred into ER2566
and induced with IPTG at 37-C for 4 h, all mutants
could be expressed to high levels and amount to as
much as 32% of total cellular protein (data not
shown). The fluorescence characteristics and ab-

sorption and emission spectra of the mutants are
summarized in Table 1 and Figure 1.

GFPxm Mutants with Enhanced Fluorescence
at Higher Temperature. For most applications, it
would be desirable if GFPs were highly expressed and
correctly folded at 37-C. However, the fluorescent
wild-type GFPxm was obtained only after 24 h of
expression at 15-C, but no fluorescence was observed
with expression at higher temperature despite a
higher level of protein production. To overcome this
problem, site-directed mutagenesis was performed at
positions 64 to 66 of GFPxm, based on the results of
GFP mutation (Cubitt et al., 1999). The mutagenesis
produced two mutants, GFPxm18 and GFPxm19,
with enhanced green fluorescence when expressed
in E. coli at 37-C and a very small shift of excitation
and emission maxima (Figure 1A and Table 1).

Mutants with UV-Excited Peak. As shown in
Figure 1C and D, mutants GFPxm191uv,
GFPxm19uv, and GFPxm181uv had two excitation
peaks. GFPxm191uv had an emission peak at 510
nm and a major excitation peak at 498 nm in which
fluorescence intensity was about two times higher
than the minor excitation peak (394 nm). The
spectra of GFPxm181uv were similar to that of
GFPxm19uv but with lower fluorescence intensity.

Table 1. Fluorescent Characteristics of GFPxm and Its Mutants

Mutation Common name lexcit/nm lemit/nm
Quantum
yield

Relative fluorescence
intensitiesa

Mixture of neutral phenol and anionic phenolate
F64L GFPxm19uv 393 (476) 505 100
F64L Q69L T203C GFPxm191uv 498 (394) 510 23
F64L S65A T203H GFPxm181uv 398 (500) 514 4.7
F220L
Phenolate anion
None GFPxm 476 496 1 –
F64L S65A GFPxm18 472 502 0.96 100
F64L Q69L GFPxm19 475 502 0.7 72
F64L S65G GFPxm16 485 506 0.74 75
I11V V14I I16V ShG24 486 506 60
F64L S65G Q69L
F64L S65G T203L GFPxm161 500 510 –
Neutral phenol
F64L S65A T203H GFPxm18uv 400 513
Phenolate anion with stacked p-electron system
F64L S65G T203F GFPxm162 514 525 11
F64L S65G T203Y GFPxm163 512 523 1 100
I11V V14I I16V OFPxm 509 523 0.25 3.5
F64L S65G Q69L
T203Y

aExpression results at 37-C. They have been arbitrarily normalized to 100 for the brightest member of each class and cannot be used
to compare different classes. The fluorescent intensity measurements of the first class were under the condition of UV excitement. –,
Extremely low. The other parameters were not detected.
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GFPxm18uv was obtained after T203H substitution
in GFPxm18. This mutant had a single excitation
peak at 400 nm and an emission peak at 513 nm.

Mutants with Red Shift Spectra. Seven
mutants had red shifts in their spectra. Double
mutation of F64L and S65G in GFPxm16 led to a
small shift of excitation and emission maxima to
485 nm and 506 nm, respectively. Another mutant,

ShG24, containing six amino acid substitutions
produced by DNA shuffling had similar excitation-
emission spectra with GFPxm16 (Figure 1B). Both
GFPxm16 and ShG24 could be produced efficiently
at high temperature with enhanced fluorescence in-
tensities. The longest emission maximum (525 nm)
was obtained when F replaced T in position 203 of
GFPxm16. This mutant, however, had low fluo-
rescence intensity and was named GFPxm162. Mu-

Fig. 1. Excitation-emission spectra for GFPxm mutants. Spectra for the wild-type GFPxm are shown for comparison.
Within each pair of lines the excitation spectrum is the one at shorter wavelengths (dotted lines) and the emission
spectrum is the one at longer wavelengths (solid lines). (A) Spectra of wild-type GFPxm (grey thick lines), GFPxm18
(black thick lines), and GFPxm19 (thin lines). (B) Spectra of GFPxm16 (thick lines) and ShG24 (thin lines). (C) Spectra of
GFPxm19uv (thick lines) and GFPxm191uv (thin lines). (D) Spectra of GFPxm18uv (thin lines) and GFPxm181uv (thick
lines). (E) Spectra of OFPxm (thick lines) and GFPxm163 (thin lines).
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tant GFPxm163, with excitation peak at 512 nm and
emission peak at 523 nm, was the result of T203Y
substitution in GFPxm16 (Figure 1E).

Mutant OFPxm was the result of T203Y substi-
tution in ShG24. OFPxm and GFPxm163 had simi-
lar excitation-emission spectra (Figure 1E). It is
interesting to note that although both mutants had
similar spectra, GFPxm163 exhibited yellow-green
fluorescence while OFPxm showed an orange color
(Figure 2). Theoretically, wavelength at 523 nm
belongs to the green spectrum. The yellow appear-
ance of GFPxm163 was caused by an emission tail
at longer wavelengths. OFPxm had the same emis-
sion peak at 523 nm and the tail at longer wave-
lengths, but its fluorescence was orange without a
trace of green.

Effect of Expression Temperature on the
Fluorescence Intensity of GFPxm Mutants. Figure 3
shows the normalized fluorescence intensity of
five GFPxm mutants when expressed at different
temperatures with EGFP and EYFP as controls
(Lippincott-Schwartz et al., 2003). Our results
showed that GFP fluorescence intensity decreased
with increased temperature at expression. However,
the fluorescence intensity of GFPxm16, GFPxm18,
and GFPxm19 was higher than that of EGFP when
the temperature was 25, 32, and 37-C. GFPxm18
had the strongest intensity in class 2 (Table 1,
phenolate anion) at 37-C, which was one and a
half times higher than that of EGFP. When the
temperature increased to 42-C, GFPxm16 had the
strongest intensity in class 2 that was 2.3 times
higher than that of EGFP. The fluorescence of
OFPxm did not change significantly with the in-
creasing of temperature, but the intensity was com-
paratively low (Figure 3A). In contrast, GFPxm163

had the strongest fluorescence intensity among all
GFPxm mutants even expressed at 42-C, but the
intensity was lower than that of EYFP (Figure 3B).

Effects of Expression Time on the Fluorescence
Intensity of GFPxm Mutants. ER2566 strains
transformed with different GFPxm mutants were
cultured at 37-C to an optical density of 0.2 to 0.3.
Protein expression levels in different mutants were
similar (data not shown). After IPTG induction at
37-C for half an hour, GFPxm16, GFPxm18, and
GFPxm19 showed high fluorescence intensity
(Figure 4A). The fluorescence of GFPxm18 could
even be observed by eye at this time. The
fluorescence intensity of GFPxm18 was about 1.6
times higher than that of EGFP at different time

Fig. 2. Purified GFPxm18, GFPxm163, and OFPxm. GFP
xm18 fluoresces green, GFPxm63 fluoresces yellow-green,
and OFPxm fluoresces orange.

Fig. 3. Relative fluorescence intensity of wild-type and
mutant GFPxms induced at different temperatures.
ER2566 cells harboring plasmids encoding the wild-type
or mutant GFPxm were induced with IPTG and incubated
for 6 h at 25, 32, 37, and 42-C. The cell samples were
diluted to give an OD value of 0.225 at a wavelength of
600 for determination of fluorescence in a Hitachi fluo-
rescence spectrophotometer. GFP content of the cells was
estimated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and expressed as fraction of total cellular
protein. Relative fluorescence intensity was calculated as
a ratio of fluorescence to fraction of GFP.
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points, while GFPxm16 and GFPxm19 were almost
equal to EGFP. The shapes of all intensity curves in
Figure 4A are similar. The fluorescence intensity of
GFPxm163 increased quickly with incubation
time, but the intensity was slightly lower than
that of EYFP (Figure 4B). The orange fluorescence
fromOFPxm and GFPxm162 was not apparent until
4 h after induction but the fluorescence signal was
still very weak. For all GFPxm mutants the fluo-
rescence intensity reached a peak at 6 to 7 h after
induction with IPTG at 37-C.

Expression of GFPxm Mutants in Mammalian
Cells. Six GFPxm mutants were cloned into
mammalian expression vector pcDNA3.1 and the
resultant plasmids were transfected into CHO,
Hela, and HepG2 cells. Mutants GFPxm16,
GFPxm18, GFPxm19, and GFPxm163 could be
successfully expressed in all of the three cell lines
with fluorescence intensities comparable to that of
EGFP. However, the fluorescence signal from
GFPxm19uv was weaker and it was difficult to

distinguish the fluorescence of OFPxm from a red
background under green light illumination.

Discussion

In this study, 12 GFPxm mutants were generated by
site-directed mutagenesis and DNA shuffling. The
mutants showed shifted spectrum, enhanced fluo-
rescence, or changed color compared to wild-type
GFPxm. Most of the GFPxm mutants with high
fluorescence intensity at 37-C resulted from replace-
ment of bulky residues with smaller ones, such as
the change of F64L, S65A, S65G, or Q69L. Similar
results were also obtained with GFP (Tsien, 1998). As
a marker in the application in living cells, GFPs
should have the ability to fold correctly and produce
fluorescence at high temperature. Our results
showed that at least four variants can be well ex-
pressed at higher temperature and in several kinds
of mammalian cells.

Tsien had divided the known GFP variants into
seven classes on the distinctive component of their
chromophores. These mutants of GFPxm can be
divided into four classes of the seven (Table 1). The
chromophores of GFPxm162, GFPxm163, and
OFPxm belong to the class of phenolate anion with
a stacked p-electron system. According to the mu-
tagenesis studies on GFP and crystal structure of
S65T GFP by Ormo et al. (1996), we postulate that
the replacement of Ser at 65 by Gly promotes
ionization of the chromophore, with an aromatic
ring from aromatic residue at position 203 (Phe or
Tyr) stacked next to the phenolate anion of the
chromophore. The p-stacking interaction of the chro-
mophore with aromatic ring causes the red shift of
spectra.

OFPxm contains four different amino acids
compared to GFPxm163. Three of them are local-
ized at the N-terminal of the protein and within the
first b-strand, and belong to the same kind of amino
acid as GFPxm163. Because mutation data from
wild-type GFP showed that the change of residues
in the N-terminus of the protein would not cause a
change of fluorescence signal, the mutation of these
three residues in OFPxm should not be the reason
for the fluorescence change. The fourth different
residue in OFPxm is in position 69 and is near the
chromophores site. Q in position 69 of GFPxm163 is
a polar amino acid while L in position 69 of OFPxm
is a hydrophobic amino acid. Therefore, it is pos-
sible that the residue difference in position 69
together with the same T203Y replacement leads
to different microenvironments of the two chromo-
phores and produces different colors.

Fig. 4. Kinetics of induction of wild-type and mutant GF
Pxm. ER2566 cells harboring plasmids encoding the wild-
type or mutant GFPxm were induced with IPTG and
incubated at 37-C. Cell samples were taken at different
times for determination of relative fluorescence intensity
as described in the legend to Figure 3.
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Several powerful fluorescent protein variants
have been generated for efficient, selective optical la-
beling. Four photoactivable fluorescent proteins, PA-
GFP (Patterson and Lippincott-Schwartz, 2002), KFP
(Chudakov et al., 2003), aceGFP-G222E (Gurskaya
et al., 2003), and PA-mRFP1s (Verkhusha and
Sorkin, 2005), can tag a fusion protein in living cells
in a timed and spatially controlled fashion. Two
photoswitchable variants, Kaede (Ando et al., 2002)
and PS-CFP (Chudakov et al., 2004), can change their
fluorescence color after intense illumination and have
the advantage that they are also detectable, at a
different wavelength, before photoconversion.

aceGFP-G222E is a mutant of a colourless green
fluorescent protein homolog, acGFPL, from the non-
fluorescent hydromedusa A. coerulescens. It can
undergo UV light-induced photoconversion and
reached a greater than 1000-fold increase of green
fluorescence intensity (Gurskaya et al., 2003).
Patterson and Lippincott-Schwartz found that sub-
stitution of histidine for threonine at position 203 of
A. victoria GFP generated PA-GFP, which exhibits
up to a 100-fold increase in green fluorescence
excitation at 488 nm when illuminated with UV or
violet light. Because the amino acid sequence
identities of GFPxm from A. macrodactyla and
acGFPL with A.victoria GFP are 84% and 92%
respectively, some mutants from GFPxm can be
engineered to have the exciting characters of
aceGFP-G222E and PA-GFP in a similar fashion. In
the present study, GFPxm18uv and GFPxm181uv
had the same T203H substitution and decreased
absorbance at 476 nm with the expectation of
photoactivation phenomena similar to that in PA-
GFP. We believe that they have the same photo-
activation phenomena as PA-GFP.
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