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GFP-like chromoproteins as a source of far-red fluorescent proteins!
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Abstract We have employed a new approach to generate novel
fluorescent proteins (FPs) from red absorbing chromoproteins.
An identical single amino acid substitution converted novel
chromoproteins from the species Anthozoa (Heteractis crispa,
Condylactis gigantea, and Goniopora tenuidens) into far-red FPs
(emission Ay, =615-640 nm). Moreover, coupled site-directed
and random mutagenesis of the chromoprotein from H. crispa
resulted in a unique far-red FP (HcRed) that exhibited bright
emission at 645 nm. A clear red shift in fluorescence of HcRed,
compared to drFP583 (by more than 60 nm), makes it an ideal
additional color for multi-color labeling. Importantly, HcRed is
excitable by 600 nm dye laser, thus promoting new detection
channels for multi-color flow cytometry applications. In addition,
we generated a dimeric mutant with similar maturation and
spectral properties to tetrameric HcRed. © 2001 Published by
Elsevier Science B.V. on behalf of the Federation of European
Biochemical Societies.
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1. Introduction

Green fluorescent protein (GFP) from Aequorea victoria is
an excellent marker for gene expression in vivo [1-4]. Despite
considerable efforts to generate GFP-based red fluorescence,
the most red-shifted GFP variant displayed emission at 529
nm, in the green—yellow region [5]. The real ‘red’ break-
through was the discovery of GFP-like fluorescent proteins
(FPs) from the species Anthozoa [6]. Two FPs showed fluo-
rescence emission in the orange-red region of the visible spec-
trum at 583 nm and 593 nm [6,7]. Extensive mutagenesis of
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these proteins generated a red-shifted mutant, with emission
maximum at 616 nm [7].

Red-shifted FPs are in high demand for various applica-
tions. Firstly, far-red FPs provide an additional color for
multi-color labeling. Secondly, animal tissues are almost
translucent to far-red light (typically near infra-red window
at around 650-900 nm [8]), but effectively absorb shorter-
wave light. Thus, efficiency of fluorescence detection greatly
depends on the color, i.e. the longer the light wavelength, the
higher the sensitivity. At present, the discovery of additional
natural far-red FPs seems unlikely. Current data on the fluo-
rescence of live coral (observed emission at 590-620 nm) in-
dicate that maximum red shift is probably attained in the
cloned red FPs [9,10].

We previously described a GFP-like non-fluorescent chro-
moprotein (CP) and it’s mutant emitting red fluorescence at
595 nm [11]. Here, we suggest a general strategy to generate
far-red FPs, by mutagenesis of novel non-fluorescent GFP-
like CPs. Following this procedure, we have successfully pro-
duced the most red-shifted FP known to date, with an emis-
sion maximum at 645 nm.

2. Materials and methods

2.1. Cloning, expression and mutagenesis

Total RNA from the colored tissues of Heteractis crispa, Condylac-
tis gigantea, Condylactis passiflora and Goniopora tenuidens was iso-
lated by guanidine thiocyanate extraction [12]. Synthesis, amplifica-
tion of fragments of interest using degenerate primers, and generation
of full-length cDNA were performed as described in [6]. To produce
c¢DNA of C. passiflora, we employed PCR with primers corresponding
to C. gigantea cDNA, due to high sequence homology between their
CP coding regions. For heterological expression of novel CPs and
their mutants, full-length coding regions were cloned into the
pQE30 vector (Qiagen). Proteins fused to an N-terminal 6 X His tag
were expressed in Escherichia coli (at 37°C for cgCP, cpCP and gtCP,
and at 20°C for hcCP), and purified using the TALON metal-affinity
resin (Clontech). Site-directed mutagenesis was performed by PCR
using the overlap extension method, with primers containing appro-
priate target substitutions [13]. The Diversity PCR Random Muta-
genesis kit (Clontech) was used for random mutagenesis of hcCP-
C148S, in conditions optimal for four to five mutations per 1000
bp. E. coli expressing mutant proteins were grown at 37°C and visu-
ally screened with a fluorescent microscope. The brightest variants
were selected and subjected to the next round of random mutagenesis.

2.2. Spectroscopy

Absorption spectra were recorded on a Beckman DUS520 UV/vis
Spectrophotometer. A Perkin-Elmer LS50B Fluorescence Spectropho-
tometer was used for measuring excitation—emission spectra. Spectra
were corrected for photomultiplier response and monochromator
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transmittance. The brightness of hcCP-C148S and HcRed proteins
was compared by measurement of relative fluorescence intensity of
the purified proteins at the same concentration.

A fluorescent microscope (Nikon Optiphot) equipped with 546/10
band-pass excitation filter and 580 long-pass suppression filter was
used for imaging E. coli colonies expressing FPs.

2.3. Flow cytometry analysis

pDsRed-N1 (Clontech) and analogous vector containing HcRed
instead of DsRed were used. HEK 293T cells were transfected with
DsRed (drFP583) or HcRed expressing plasmids and analyzed after
48 h, using highly modified double laser (488 nm and 600 nm) FACS
Vantage SE, available at the Stanford shared FACS facility.

2.4. Gel filtration

Purified protein samples (~ 1 mg/ml) were loaded onto a Sephadex-
100 column (0.7 X 60 cm). Proteins were eluted from the column with
50 mM phosphate buffer (pH 7.0), 100 mM NacCl, and absorbance
was monitored at the appropriate wavelength, using a multi-wave-
length detector.

3. Results and discussion

We selected four Indo-Pacific Anthozoa species, specifically
sea anemone H. crispa, C. gigantea and C. passiflora and
stony coral G. tenuidens, to generate novel GFP-like CPs.
Specimens displayed clearly visible coloration on the tentacles.
For each organism, cDNA encoding the novel GFP-like pro-
tein was cloned, using the procedure described in [6]. Each
protein was designated lower-case letters identifying the spe-
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cies, followed by CP. Thus, novel proteins were denoted
hcCP, cgCP, cpCP, and gtCP, and the protein earlier identi-
fied as FP595 was designated asCP. Sequence comparisons of
novel CPs and FPs revealed conserved amino acids at two
characteristic positions that distinguish between these groups.
An invariant Phe occupies position 64 in all FPs (GFP num-
bering, see Fig. 1 for details), while CPs contain a small res-
idue (Cys or Ser) at this position. Furthermore, all Anthozoa
FPs display Ser at position 148 (or His in GFP), while in CPs,
this is occupied by Ala, Cys, or Asn. This residue variation at
position 148 is probably structurally significant, since in GFP
and drFP583, His/Ser-148 serves to stabilize the fluorescent
state of the chromophore by hydrogen bonding with phenolic
oxygen [5,14,15].

E. coli-purified CPs displayed similar absorption spectra,
with peaks at 570-580 nm (Fig. 2A). However, minor differ-
ences in the position of the absorption maxima evidently al-
low the eye to distinguish between protein colors. The hue
changes from purple for asCP, through to mauve for cgCP
and cpCP and lilac for hcCP and gtCP.

In an earlier study on non-fluorescent asCP, we showed
that a single substitution at position 148 to Ser (A148S) makes
the protein fluorescent [11]. To verify the effect of this mod-
ification on spectral properties of novel CPs, we placed a
serine residue at position 148 in hcCP, cgCP, and gtCP (we
did not mutate cpCP because cgCP and cpCP are very similar
to each other and we do not expect any significant differences
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Fig. 1. Multiple alignment of GFP, drFP583, and GFP-like CPs. Numbering is based on A. victoria GFP. Protein names are shaded in colors
corresponding to their normal coloration. All CP sequences are compared with hcCP. Residues identical to the corresponding amino acids in
hcCP are represented by dashes. Gaps introduced in the sequence are represented by dots. Residues with side-chains that form the interior of
the b-can are shaded in blue. Mutated residues are shaded in pink. In the hcCP sequence, position 126, differentiating between dimeric HcRed-

2 and tetrameric HcRed, is shaded in yellow.
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Fig. 2. Spectral characteristics of the CPs and fluorescent mutants.
A: Absorption spectra for wild-type CPs (note that the spectrum
for cpCP is not shown, since cgCP and cpCP display very similar
absorption curves). B: Excitation (dashed lines) and emission (solid
lines) spectra for the fluorescent mutants of the CPs.

in their properties). The mutation invariably induced the ap-
pearance of red fluorescence in all three CPs. Moreover, the
novel FPs were considerably red-shifted compared to all
known natural FPs to date. Emission spectra showed peaks
at 615, 622, and 640 nm for gtCP, cgCP, and hcCP mutants,
respectively (Fig. 2B).

Random mutagenesis was employed to progressively en-
hance the most red-shifted FP, hcCP-C148S. The main aim
of the first round of mutagenesis was to generate a protein
that maturates at 37°C, since both wild-type hcCP and hcCP-
Cl148S are expressed in E. coli at low temperatures only
(20°C). A mutant (hc-4) containing two additional substitu-
tions, ASS and P208L, was selected. This protein possessed
similar spectral characteristics to parental hcCP-C148S, but
was not temperature-sensitive, and attained maximum bright-
ness after overnight growth at 37°C in E. coli. A second round
of random mutagenesis on hc-4 yielded a clone (hc-44) con-
taining additional substitutions, T39A and L181H. This mu-

N.G. Gurskaya et al.IFEBS Letters 507 (2001) 16-20

tant protein was 3-fold brighter than hc-4, and displayed
slightly more red-shifted fluorescence that peaked at 645
nm. Subsequently, hc-44 was subjected to a third round of
mutagenesis that resulted in a 2-fold brighter variant, contain-
ing one additional substitution, K211E. The protein, denoted
HcRed (from Heteractis crispa Red FP), contained six substi-
tutions, specifically, ASS, T39A, C148S, L181H, P208L, and
K211E, was selected as the final mutant, since no further
improvement in far-red fluorescence was observed with fur-
ther rounds of mutagenesis.

An equivalent comparison of E. coli colonies expressing
drFP583 and HcRed under the fluorescence microscope re-
veals a marked difference between the orange color of
drFP583 and the truly red color of HcRed (Fig. 3). Addition-
ally, HcRed maturates more rapidly than drFP583, as con-
firmed by the brighter fluorescence displayed by colonies con-
taining the former protein after overnight expression in E.
coli. However, it must be noted that the ultimate fluorescence
intensity of mature drFP583 is considerably higher (about 5-
fold) than that of HcRed.

Spectral properties of HcRed (excitation maximum at 592
nm, emission maximum at 645 nm, Fig. 2B) make it suitable
for FACS analysis with the 600 nm dye laser. HEK 293 cells
transfected with drFP583 were readily detected with a 488 nm
argon ion laser (PE channel), but not with a 600 nm dye laser.
Conversely, HcRed-transfected cells displayed no fluorescence
when excited at 488 nm, but were clearly visible with the 600
nm laser (TxRed and APC channels) (Fig. 4). Our data in-
dicate that the mutant HcRed may be employed for additional
far-red color in multi-color flow cytometry applications.

Recently, Baird and coworkers showed that drFP583 is an
obligate tetramer [16]. We tested the oligomeric state of the
novel proteins by gel filtration analysis, using EGFP (en-
hanced GFP) and drFP583 as monomer and tetramer stan-
dards, respectively. All proteins behaved chromatographically
in a similar manner to drFP583. Results showed that all wild-
type CPs and nearly all the fluorescent mutants (including
HcRed) were tetrameric. A single dimeric mutant of hcCP
(denoted hc-41) was detected, which migrated between
EGFP and drFP583. This protein contained eight amino
acid substitutions, specifically, ASS, S43G, E65A, L126H,
K141E, C148S, R186K and P208L. Within these substitu-
tions, only one mutation, L126H, may be responsible for
modifying the oligomeric state of the protein, since the Ile
residue at this position participates in formation of the tetra-
meric interface in drFP583 [14,15]. As hc-41 possessed rela-

Fig. 3. E. coli colonies expressing HcRed (left) or drFP583 (right)
after overnight growth, as viewed by fluorescence microscopy. The
colors of these colonies are plainly distinguishable.
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Fig. 4. Flow cytometry analysis of HEK 293 cells transfected with HcRed (C, D), DsRed (E, F) or mock-transfected (A, B) 48 h post-transfec-
tion. The 488 nm laser was used in A, C, E and 600 nm laser was used in B, D, F. Contour plots (5% probability with outliners) are shown.
Dead cells were excluded from analysis. Standard compensations and filter sets for Vanford FACS machine were used.

tively blue-shifted fluorescence (emission Ay.x =625 nm), we
introduced the L126H mutation into HcRed. The resultant
mutant was designated HcRed-2. Gel filtration analyses re-
vealed the dimeric nature of this protein. Following random
mutagenesis of HcRed-2 resulted in brighter dimeric variant
HcRed-2A containing two additional amino acid substitu-
tions, specifically, R176H and E211K. Spectral and matura-
tion properties of HcRed-2A were similar to those of HcRed.
E. coli-expressed HcRed-2A maturated nearly completely dur-
ing overnight growth and displayed excitation and emission
maxima at 590 and 640 nm, respectively. However, further

site-directed and random mutagenesis failed to generate a
bright monomeric mutant of HcRed.

Oligomerization does not significantly limit the use of FPs
simply as reporters of gene expression, but is a very serious
problem in many potential applications where FP is fused to a
host protein. Despite this, several examples of successfully
expressed drFP583-fused proteins were published last year
[17-20]. Recently, Lauf and coworkers suggested an approach
to rescue the function of DsRed-tagged proteins [21]. We be-
lieve that dimeric HcRed-2A is more suitable than tetrameric
drFP583 for functional fusion protein construction.
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The discovery of yellow and red FPs from Anthozoa dis-
closed a novel prospect for developing multi-color in vivo
labeling [6,7]. From both scientific and practical standpoints,
it would be interesting to ascertain limitations in the fluores-
cence color of GFP-like proteins towards the far-red region.
In 1995, Mazel quantitatively measured the fluorescence of a
diverse group of Caribbean live corals [9]. Despite the large
sampling population, emission at wavelengths longer than 590
nm was never detected (except the 680 nm fluorescence of
chlorophyll from symbiotic algae). Recently, Salih and co-
workers [10] described fluorescence of coral tissues that dis-
played emission maxima between 480 and 620 nm. The large
number of diverse specimens analyzed in these experiments
suggests that a further quest for natural far-red Anthozoa
FPs is not likely to be successful. In the present study, we
demonstrate a new strategy for generating novel far-red
FPs, by mutagenesis of non-fluorescent CPs. Using this
method, we have successfully created the most red-shifted
GFP-like protein known to date, which significantly exceeds
the probable wavelength limit of naturally existing FPs.
As different-colored CPs are widespread in coral [22], they
are a good natural resource for generating further red-shifted
FPs.
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