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We have cloned six fluorescent proteins homologous to the green fluorescent protein (GFP) from
Aequorea victoria. Two of these have spectral characteristics dramatically different from GFP, emitting at yel-
low and red wavelengths. All the proteins were isolated from nonbioluminescent reef corals, demonstrating
that GFP-like proteins are not always functionally linked to bioluminescence. The new proteins share the
same (3-can fold first observed in GFP, and this provided a basis for the comparative analysis of structural fea-
tures important for fluorescence. The usefulness of the new proteins for in vivo labeling was demonstrated by
expressing them in mammalian cell culture and in mMRNA microinjection assays in Xenopus embryos.
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Green fluorescent protein (GFP) from the luminescent jellyfish
Aequorea victoria has become an excellent marker of gene expression
and protein localization in various biological systems!'. Despite this
advance, the mechanism of GFP fluorescence and the structural fea-
tures that determine its parameters are not fully understood.
Cloning and comparative analysis of GFP homologs from other
species could further our understanding of these proteins. Since the
first reports on GFP?, it has generally been thought that any
homologs would also function in bioluminescence systems as sec-
ondary emitters converting the short-wavelength light of primary
emission into light of a longer wavelength*®. Thus, the search has
been limited to species exhibiting bioluminescence’”. Moreover, it
has been generally supposed that GFP homologs should also emit
green light. A single GFP homolog—the green fluorescent protein
from Renilla reniformis has been sequenced and purified?, but its
sequence has not been reported.

We hypothesized that GFP-like proteins are not necessarily
linked to bioluminescence. Although the basic physical principles
of the phenomenon are the same throughout the animal kingdom,
there are wide variations in its molecular implementation®. This
suggests that bioluminescence evolved independently and relative-
ly recently in different phylogenetic groups, most probably by
combination and adjustment of preexisting functional domains'®.
If so, such ancestral domains could still be present in nonbiolumi-
nescent organisms.

Our consideration of possible original functions of GFP
domains led us to the enormous variety of colors present in coral
reefs. In particular, many Anthozoa species exhibit bright fluores-
cent colors. The most common color is green, but other hues are
also found'!2. This fluorescence is assumed to provide protection
from strong solar radiation>—quite an important consideration in
shallow tropical waters. For organisms living in deeper habitats,
where light is significantly depleted of low-energy components and
thus is mostly blue, Schlichter et al.'* suggested a different function
of the fluorescence: conversion of the blue light into a longer wave-
length more suitable for photosynthesis by algal endosymbionts.
The fluorescence of reef corals has generally been attributed to
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unidentified pigments; however, we hypothesized that this fluores-
cence may be due to GFP-like fluorescent proteins, and therefore
attempted to isolate homologous cDNAs.

Results and discussion

Isolation of target cDNAs. Five brightly fluorescent Anthozoa
species from the Indo-Pacific area were studied (Table 1; images of
the animals can be found in ref. 15). We used a modified method for
Rapid Amplification of 3" cDNA ends (3'-RACE) employing degen-
erate primers to amplify cDNA fragments from samples prepared
from the colored body parts. Sets of 3'-directed degenerate primers
were synthesized, corresponding to amino acid sequences of A. vic-
toria GFP that, in our view, were more likely to be conserved among
GFP-like proteins. The primers covered several regions of the fluo-
rophore-bearing a-helix and tight turns between [-strands. A spe-
cific cDNA fragment was amplified from Anemonia majano cDNA
using a primer for the tight turn region at positions 19-25 of A. vic-
toria GFP. After this, additional sets of degenerate primers targeted
for the actual conserved regions were designed as the project pro-
gressed. The 5’ ends of the cDNA fragments were amplified using a
step-out RACE strategy'®. The full-length proteins (with the excep-
tion of the protein from Clavularia, see below) were then expressed
in Escherichia coli with Hisg tags at their N termini and purified
using metal affinity chromatography.

Primary structures of the isolated proteins. Our approach yield-
ed six remote homologs of GFP. The overall identity with GFP was
26-30%. To facilitate discussion, we introduced the following
nomenclature. Each protein was designated by lowercase letters
identifying the species, FP for fluorescent protein, and a number
identifying the major emission maximum. Using this nomenclature,
GFP from A. victoria would be named avFP509.

The alignment of the amino acid sequences of the novel proteins
with GFP (Fig. 1A) was constructed manually, paying special atten-
tion to the following specific features of the GFP fold. First, there is
a clear tendency for amino acids to alternate between hydrophobic
and hydrophilic along (-strands. Second, the “inside” (mostly
hydrophobic) positions are less variable as they constitute the pro-
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tein core. In addition, good landmarks for correct alignment were
provided by turn motifs (stretches of one to two Asp, Glu, or Asn
residues and one to three Gly). On the basis of the alignment, it
appears that the overall B-can fold'”'® is well conserved, as all the

key secondary structure elements observed in GFP can be
detected in the newly isolated proteins in the same arrange-
ment. Remarkable similarity can be observed in the stretches
forming the “caps” of the can: positions 82-91 form the
“top” cap (corresponding to the side where both N and C
termini of the protein are located), and positions 129-140
form the “bottom” cap. The key sites for degenerate primers
used in this work corresponded to the tight turn formed by
residues 19-25, the “void” B-strand (positions 31-35; the
“inside” positions of this stretch are occupied by glycines
only in all the fluorescent proteins), and the bottom cap
(positions 127-131 and 133-137).

Five of the novel proteins have N termini exactly as long as
the N terminus of GFP. One, cFP484 from Clavularia, has 37
additional residues at its N terminus (Fig. 1B), of which the
first 19 constitute a putative signal peptide!®. Truncation of
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Figure 1. (A) Multiple alignment of fluorescent
proteins. The numbering is based on A. victoria
GFP. Two proteins from Zoanthus and two from
Discosoma are compared pairwise: in the second
protein of the pair the residues identical to the
corresponding ones in the first protein are
represented by dashes. Introduced gaps are
represented by dots. In the sequence of A. victoria
GFP, the stretches forming [-sheets® are
underlined; the residues whose side chains form
the interior of the B-can'® are shaded. In the
consensus sequences (“cns.”), “O” marks an
aromatic residue (Phe, Tyr, Trp, His); “@” = bulky
hydrophobic residues (Val, Leu, lle, Met, Phe, Trp);
“+” = positively charged residues (His, Arg, Lys);
“~? = negatively charged residues (Asp, Glu). (B)
The N-terminal part of cFP484, which has no
homology with the other proteins. The putative
signal peptide is underlined.

either the signal peptide alone or the entire 37
additional residues did not affect the spectral
properties of the protein.

Fluorescent features. The excitation-emission
spectra of the proteins expressed in E. coli are
shown in Figure 2. The corresponding fluores-
cence characteristics are summarized in Table 2.
The emission spectra closely matched the fluores-
cence observed in vivo in the corresponding
organisms (data not shown). The only exception
was dsFP483 from Discosoma striata: The protein
is mostly green, and the living organism exhibits
both cyan and green fluorescence. This suggests
the presence of a second fluorescent protein (like
in Zoanthus sp.) that was not detected in our
experiment. All the proteins exhibited fluores-
cence that was more similar to Renilla GFP> and
mutant variants of Aequorea GFP than to the wild-
type GFP. Specifically, there was always a single
(though sometimes quite structured) excitation
peak in the visible band, so the excitation and
emission spectra were more or less mirror images.

Fluorophore and its environment. There are
two functional features of the GFP-like proteins
that make them particularly interesting for protein
science. The first is the ability to form a fluo-
rophore autocatalytically without the help of any
external agents other than molecular oxygen. It was

expected that this mechanism and the functional groups involved
should exhibit the highest degrees of conservation. In GFP, the fluo-
rophore is formed by residues 6567 (Ser-Tyr-Gly) as a result of con-
densation between the carbonyl carbon of Ser65 and the amino nitro-
gen of Gly67, followed by the dehydrogenation of the Tyr66 methyl-

Table 1. Anthozoa species used in this study.

Species

Taxonomy Fluorescent color

Anemonia majano

Zoanthus sp.

Discosoma striata

Discosoma sp. “red”

Clavularia sp.

Zoantharia, Actiniaria,

Zoantharia, Zoanthidea,

bright green
tentacle tips
yellow-green tentacles

Actiniidae

Zoanthidae and oral disk
Zoantharia, Corallimorpharia, blue-green stripes
Discosomatidae on oral disk
same as above orange-red spots
on oral disk
Alcyonaria, Stolonifera, bright green tentacles
Clavulariidae and oral disk
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Figure 2. The absorption (solid lines) and emission (dotted lines)
spectra for the identified proteins (as determined for the recombinant
products of expression in E. coli). The data for amFP486 is
representative of three proteins (amFP486, dsFP483, and cFP484) that
have almost identical spectra.

ene bridge!”!3%. The details of these events are not completely under-
stood. Ormé et al.'” have suggested that Arg96, which interacts with
the carbonyl of the imidazolidinone ring in GFP, may be one of the
key catalytic residues promoting ring closure. This idea is supported
by the fact that Arg96 is present in all the newly isolated fluorescent
proteins. As for the fluorophore-forming triad (positions 65-67),
only the last two residues (66 and 67, Tyr-Gly) were conserved in the
new fluorescent proteins. In particular, the perfect conservation of
the Gly67 is consistent with the previous mutational studies?"??, sup-
porting the idea that its rather nucleophilic and sterically unrestricted
NH group is essential for proper cyclization. Meanwhile, in the new
proteins, Ser65 is replaced by Gln, Lys, or Asn. In GFP, substitution of
Ser65 by Asn causes a dramatic drop in fluorescence, although a
number of other substitutions are tolerated (except the change of the
ratio between excitation peaks???). This suggests that the identity of

Table 2. Spectral properties of identified fluorescent proteins.
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Figure 3. Schematic outline of the fluorophore environment in GFP
and its putative variations in new Anthozoa proteins. The fluorophore
is represented as a “sticks” model; carbons are gray, nitrogens are
blue, and oxygens are red. Arrows represent side chains at positions
corresponding to the numbers on the arrows. An arrow points in the
approximate direction from the alpha carbon toward the distal side
chain atoms. Red balls represent buried water molecules. A green
letter near an arrow identifies the particular residue in GFP; red
letters identify equivalent residues in the newly identified proteins;
yellow letters identify strictly conserved residues (Glu222 and Arg96).
Lines represent polar interactions: Conserved interactions are
yellow; interactions found only in GFP are green; and the putative
interactions in the new proteins are red.

the residue at position 65 is dictated mostly by the structural pecu-
liarities of the particular protein core.

Another strictly conserved residue of GFP is Glu222. Its pro-
posed roles are maintaining the equilibrium between neutral and
anionic forms of the fluorophore (which absorb at 395 and 475 nm,
respectively) and serving as the acceptor in the excited-state proton
transfer mechanism??*. However, the presence of a single absorp-
tion band analogous to the 475 nm band of GFP in the spectra of the
newly identified proteins (Fig. 2) suggests that their fluorophores are
always deprotonated. Indeed, in Anthozoa fluorescent proteins,
Glu222 is unlikely to accept a hydrogen bond from a side chain at
position 65. In GFP this leads to almost complete fluorophore ion-
ization!”?124, Moreover, in GFP, the Glu222 carboxylate and the fluo-
rophore hydroxyl group are bridged into a single hydrogen-bonding
network with the help of Ser205 (ref. 24), whereas in the new pro-

Species Protein Number of Calculated Absorption  Emission Maximum Quantum Relative
name amino acids  molecular mass maximum  maximum extinction yield brightness?
kDa nm nm coefficient

Anemonia majano amFP486 229 25.4 458 486 40,000 0.24 0.43

Zoanthus sp. zFP506 231 26.1 496 506 35,600 0.63 1.02
zFP538 231 26.2 528 538 20,200 0.42 0.38

Discosoma striata dsFP483 232 26.4 443 483 23,900 0.46 0.50

Discosoma sp. “red”  drFP583 225 25.9 558 583 22,500 0.23 0.24

Clavularia sp. cFP484 266 30.4 456 484 35,300 0.48 0.77

Aequorea victoriaP GFP 238 27 397 509 27,600 0.80 1.0

2As compared to the brightness (maximal extinction coefficient multiplied by quantum yield) of A. victoria GFP.

bThe data for A. victoria GFP are from ref. 3.
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teins this residue is replaced by isoleucine or leucine. Therefore, in
the new proteins, Glu222 and the fluorophore hydroxyl are probably
always separated, and Glu222 probably cannot be involved in photo-
chemical reactions. Nevertheless, this residue is conserved, suggest-
ing an essential role in protein folding or function. One possibility is
that this residue, along with Arg96, is involved in catalysis of fluo-
rophore formation, specifically in cyclization and/or oxidation. A
possible arguement against this hypothesis is that Ehrig et al.?
demonstrated that the substitution of Glu222 by glycine (i.e., com-
plete removal of the side chain) does not abolish GFP fluorescence.
However, if the side chain is involved in autocatalysis, such substitu-
tion could result in much slower fluorophore maturation, but not
necessarily slow enough as to cause the complete loss of fluores-
cence. In other words, the mutation should primarily affect the yield
of the active protein, which was not teted by Ehrig et al.”

The factors determining fluorescence itself are expected to be
much more tunable (and therefore variable) than the components of
the autocatalytic reaction. On the basis of the alignment and the
crystal structure of GFP'"18, we predicted the variations in the fluo-
rophore environment in the newly isolated proteins (Fig. 3). Notable
conservation is observed in the key residues stabilizing the ionized
fluorophore state, since they are found at positions 148 and 203,
similar to GFP'7?. The proteins from Discosoma and Clavularia have
one more side chain that may participate in this interaction—histi-
dine or lysine residue at position 167.

Two specific features of the fluorophore environment can be
observed in the newly identified proteins. First, residue 69, located
very close to the fluorophore, is arginine or lysine instead of the glut-
amine found in GFP. A possible counterpart for this buried positive
charge may be a carboxyl group of Glu150, which is also present in all
the new proteins. A salt bond between these residues would not dis-
rupt—and might even favor—the function attributed to residue 69 in
GFP, which is to anchor the buried water molecules that solvate the
Glu222 carboxylate!”824, Second, in contrast to GFP, the new pro-
teins contain up to four tryptophan residues, two of which (positions
94 and 145) are located in the immediate vicinity of the fluorophore.
This may reflect the proposed ancestral function of these proteins,
namely protection from ultraviolet light, which could be absorbed by
tryptophan, transferred to the fluorophore, and emitted in the form
of nonhazardous, long-wavelength light. Indeed, in all the new pro-
teins, the major emission band has a pronounced ultraviolet excita-
tion peak corresponding to tryptophan absorption (Fig. 2).

It is difficult to correlate the spectral properties of each protein
with the amino acid composition of the fluorophore environment,
despite the fact that there are two pairs of proteins in the series that
seem especially suitable for comparative analysis. These are the two
proteins from Zoanthus (zFP506 and zFP538) and the two proteins
from Discosoma (dsFP483 and drFP583). Within each pair, there are
only a few amino acid replacements, but the spectra differ dramati-
cally. drFP583, in particular, has an excitation-emission maximum
shifted by 54 nm toward the red even in comparison with the most
red-shifted mutant of GFP (Q69K/T203Y/S65G/V68L/S72A, which
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Figure 4. Results of synthetic
mRNA microinjection assay. The
Xenopus embryo was injected
into the right and left dorsal
blastomeres (eight-cell stage)
with amFP486 and drFP583
mRNAs, respectively, and was
photographed at the tadpole
stage (one week of development)
under white light (A),
epifluorecsence with FITC (B),
TRITC (C), or successive FITC and
TRITC (D) filter sets. The embryo
is shown from the dorsal side,
anterior to the top.

emits at 529 nm; ref. 26). As the analysis of the putative fluorophore
environment gives no clear explanation for such a great red shift, it is
tempting to speculate that in red fluorescent proteins an additional
autocatalytic reaction, presumably inhibited in GFP, takes place dur-
ing fluorophore maturation and leads to the extension of its conju-
gated Te-system. This issue should be resolved by further structural
studies of the proteins.

Applications of new proteins as in vivo markers. To evaluate the
usefulness of the new proteins for biotechnological applications, we
tested some of them in eukaryotic expression systems. First,
amFP486 and drFP583 were expressed in the human adenovirus 5-
transformed embryonic kidney cell line 293 (American Type Culture
Collection CRL 1573). The genes were cloned into the retroviral vec-
tor pLNCX (ref. 27) under the control of the cytomegalovirus imme-
diate-early enhancer/promoter region. The fluorescence of amFP486
and drFP583 was easily detected in two to three days after transfec-
tion (data not shown). Furthermore, the proteins did not show any
toxic effect on the cells during selection of stable cell lines expressing
either amFP486 or drFP583.

Three of the new proteins (amFP486, zFP538, and drFP583) were
used in mRNA microinjection assays (performed exactly as
described?®). Synthetic mRNAs were microinjected into Xenopus lae-
vis embryos at the eight-cell stage, and the fluorescence produced by
the proteins was inspected in the developing tadpoles. In all cases,
bright fluorescence was observed. An example is shown in Figure 4:
left and right dorsal blastomeres of the same embryo were injected
with amFP486 and drFP583 mRNAs, respectively. The green- (Fig.
4B) or red-fluorescing (Fig. 4C) descendants of the injected blas-
tomeres were easily detected in the developed tadpole using epifluo-
rescence microscopy with commonly used filter sets. The regions
marked with both proteins appeared yellow (Fig. 4D). Thus, these
two proteins are well suited for double-labeling experiments. As in
the cell culture experiments, no visible toxic effects were detected
during at least the first three weeks of development, even though in
some cases as much as 1 ng of mRNA was injected per blastomere.
Moreover, the new proteins (or their mRNAs) seem to be more sta-
ble than EGFP (Enhanced GFP; Clontech, Palo Alto, CA) in Xenopus
cells. In the control microinjection assay with EGFP, the signal began
to decrease after the first week of embryonic development, whereas
the fluorescence produced by amFP486, zFP538, and drFP583 was
stable until at least the fourth week.

Experimental protocol

cDNA preparation. Total RNA was isolated as described®. First-strand cDNA
was synthesized from 1-3 pg of total RNA using the SMART PCR ¢cDNA
Synthesis Kit (Clontech). The protocol was followed with a single alteration:
The TN3 primer (5'-CGCAGTCGACCG(T),3) was used in place of the cDNA
synthesis primer (CDS) provided in the kit. The cDNA samples were ampli-
fied by PCR using the provided protocol and the TS (5'-AAGCAGTGGTAT-
CAACGCAGAGT) and TN3 primers, both in 0.1 pM concentration. We per-
formed 18-25 PCR cycles to amplify each ¢cDNA sample. The amplified
cDNA was diluted 20-fold in water, and 1 pl of this dilution was used in the
following procedures.
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Design of oligonucleotides. Four degenerate primers were designed to iso-
late ¢DNA fragments of GFP homologs: 5'-GA(C,T) GGC TGC
GT(A,T,G,C) AA(T,C) GG(A,T,G) CA for Asp-Gly-Cys-Val-Asn-Gly-His
(positions 19-25); 5'-GTT ACA GGT GA(A,G) GG(A,C) GA(A,G) GG, 5'-
GTT ACA GGT GA(A,G) GG(T,G) GA(A,G) GG, 5-GTT ACA GGT
GA(A,G) GG(A,C) AA(GC,T) GG and 5'-GTT ACA GGT GA(A,G) GG(T,G)
AA(C,T) GG for Val-Thr-Gly-Glu-Gly-(Glu/Asn)-Gly (positions 29-35); 5'-
TTC CA(C,T) GGT (G,A)TG AA(C,T) TT(C,T) CC for Phe-His-Gly-(Met-
Val)-Asn-Phe-Pro (positions 125-131); and 5'-CCT GCC (G,A)A(C,T) GGT
CC(A,T,G,C) GT(A,C) ATG and 5'-CCT GCC (G,A)A(C,T) GGT
CC(A,T,G,C) GT(G,T) ATG for Pro-Ala-(Asp/Asn)-Gly-Pro-Val-Met (posi-
tions 131-137). All oligos were gel-purified before use.

Isolation of 3'-cDNA fragments of fluorescent proteins. The target frag-
ments were isolated using a modified 3'-RACE strategy with two consecutive
PCR steps. The first PCR used a degenerate primer and the T7-TN3 primer
(5'-GTAATACGACTCACTATAGGGCCGCAGTCGACCG(T]3; the 3" half of
this primer is identical to the TN3 primer used for cDNA synthesis). The sec-
ond PCR involved the TN3 primer and nested degenerate primers.

The first PCR was performed as follows: 1 ul of 20-fold dilution of the
amplified cDNA sample was added into the reaction mixture containing 1x
Advantage KlenTaq Polymerase Mix (Clontech), the manufacturer’s 1 X reac-
tion buffer, 200 uM dNTPs, 0.3 uM of first degenerate primer (for Asp-Gly-
Cys-Val-Asn-His-Gly), and 0.1 pM of the T7-TN3 primer in a total volume
of 20 pl. Cycling was performed in a Hybaid OmniGene Thermocycler in
tube control mode: 1 cycle for 95°C, 10 s; 55°C, 1 min; 72°C, 40 s; 24 cycles at
95°C, 10 s; 62°C, 30 s; 72°C, 40 s. The reaction was then diluted 20-fold in
water, and 1 pl of the dilution was added to the second PCR, which contained
1 x Advantage KlenTaq Polymerase Mix, the manufacturer’s 1 X reaction
buffer, 200 uM dNTPs, 0.3 uM of second (nested) degenerate primer, and 0.1
uM of the TN3 primer in a total volume of 20 ul. The cycling profile was: 1
cycle at 95°C, 10 s; 55°C (for Val-Thr-Gly-Glu-Gly-[Glu-Asn]-Gly or Pro-
Ala-(Asp-Asn)-Gly-Pro-Val-Met series) or 52°C (for Phe-His-Gly-[Met-
Val]-Asn-Phe-Pro primer), 1 min; 72°C, 40 s; 13 cycles at 95°C, 10 s; 62°C
(for Val-Thr-Gly-Glu-Gly-(Glu-Asn)-Gly or Pro-Ala-(Asp-Asn)-Gly-Pro-
Val-Met series) or 58°C (for Phe-His-Gly-(Met-Val)-Asn-Phe-Pro primer),
30s; 72°C, 40s.

Purification of proteins and fluorescence spectroscopy. Proteins were
expressed in E. coli with Hiss tags at their N termini and purified using
TALON metal affinity resin (Clontech). Proteins were at least 95% pure
according to SDS-PAGE. Concentrations of the proteins were determined
as described®, using the average extinction coefficients of tryptophan,
tyrosine, and cysteine. We verified three described models for such calcula-
tion (those of Wetlaufer’!, Gill and Hippel®, and Mach et al.*?) by applying
them to A.victoria GFP and comparing the results to the published data.
Not excluding Tyr66 from the calculation, we observed 6.4% (Wetlaufer),
9.0% (Gill), and 0.4% (Mach) deviation of calculated extinction coefficient
at 280 nm from the one published (22,000 M-'cm’!, [ref. 3]). To calculate
the extinction coefficients at 280 nm for new proteins, the model by Mach
et al.”> was used. These values were then used to determine the concentra-
tions of proteins and therefore the molar extinction coefficients in the visi-
ble band. Quantum yields for novel proteins were determined relative to
wild-type GFP  (Clontech). Perkin-Elmer LS50B  spectrometer
(Beaconsfield, UK) was used for quantitative measurements. All samples
were excited at 470 nm, absorbance at this wavelength was 0.02, and excita-
tion and emission slits were 5 nm. The spectra were corrected for photo-
multiplier response and monochromator transmittance, transformed to
wave number and integrated.

Accession numbers. The accession numbers of genes described in this
report are: drFP583 (AF168419); dsFP483 (AF168420); amFP486
(AF168421); zZEP506 (AF168422); ZFP538 (AF168423); cCFP484 (AF168424).

Acknowledgments

We are especially grateful to Andrey Roman’ko, who generously provided the
necessary animals from his unique private collection. We thank Dr. Li Ding of
Clontech for technical support, and Dr. Andrey Osterman and Dr. Nick Grishin

NATURE BIOTECHNOLOGY VOL 17 OCTOBER 1999  http://biotech.nature.com

RESEARCH

for their critical comments on the manuscript. We also thank Tamara Matz and
David Gunn of Clontech for their help in manuscript preparation. This work
was supported by the Russian Foundation for Fundamental Research, Clontech
Laboratories, and the INTAS-RFBR grant to A.G.Z.

-

. Kendall, J.M. & Badminton, M.N. Aequorea victoria bioluminescence moves into

an exciting new era. Trends Biotechnol. 16, 216-224 (1998).

2. Johnson, FH. et al. Quantum efficiency of Cypridina luminescense, with a note
on that of Aequorea. J. Cell. Comp. Physiol. 60, 85-104 (1962).

3. Ward, W.W. in Green fluorescent protein: properties, applications, and protocols.
M. Chalfie & S. Kain. 45-75 (Wiley-Liss, New York; 1998).

4. Ward, W.W. Energy transfer processes in bioluminescence. Photochem.
Photobiol. Rev. 4, 1-57 (1979).

5. Morin, J.G. in Coelenterates biology. Reviews and new perspectives 397-438
(Academic Press, New York; 1974).

6. Prasher, D.C. Using GFP to see the light. Trends Genet. 11, 320-323 (1995).

7. Labas Y.A. On the mechanism of the calcium activated bioluminescence of
Ctenophora. Biophysics of Living Cell 4, 83-110 (1973).

8. Ward, W.W. & Cormier, M.J. An energy transfer protein in coelenterate biolumi-
nescence: characterization of the Renilla green-fluorescent protein. J. Biol.
Chem. 254, 781-788 (1979).

9. Hastings, J.W. & Morin, J.G. in Green fluorescent protein: properties, applica-
tions, and protocols. M. Chalfie & S. Kain. 17-41 (Wiley-Liss, New York; 1998).

10. Rees, J.F. et al. The origins of marine bioluminescence —turning oxygen defense-
mechanisms into deep-sea communication tools. J. Exp. Biol. 201, 1211-1221
(1998).

11. Mazel, C.H. Spectral measurements of fluorescence emission in caribbean
cnidarians. Mar. Ecol. Prog. Ser. 120, 185-191 (1995).

12. Catala, R. Fluorescence effect from corals irradiated with ultra-violet rays. Nature
183, 949 (1959).

13. Kawaguti, S. On the physiology of reef corals. VI. Study of the pigments. Palao
trop. Biol. Stn. Stud. 2, 617-674 (1944).

14. Schlichter, D., Meier, U. & Fricke, H.W. Improvement of photosynthesis in zoox-
anthellate corals by autofluorescent chromatophores. Oecologia 99, 124-131
(1994).

15. Delbeek, J.C. & Sprung, J. The reef aquarium: a comprehensive guide to the
identification and care of tropical marine invertebratesVol. 2. (Ricordea
Publishing, Coconut Grove, FL; 1994).

16. Matz, M. et al. Amplification of cDNA ends based on template-switching effect
and step-out PCR. Nucleic Acids Res. 27, 1558-1560 (1999).

17. Ormg, M. et al. Crystal structure of the Aequorea victoria green fluorescent pro-
tein. Science 273, 1392-1395 (1996).

18. Yang, F.,, Moss, L.G. & Phillips, G.N., Jr. The molecular structure of green fluores-
cent protein. Nat. Biotechnol. 14, 1246-1251 (1996).

19. Nielsen, H., Engelbrecht, J., Brunak, S. & von Heijne, G. Identification of prokary-
otic and eukaryotic signal peptides and prediction of their cleavage sites. Protein
Eng. 10, 1-6 (1997).

20. Cody, C.W., Prasher, D.C., Westler, W.M., Prendergast, F.G. &Ward, W.W.
Chemical structure of the hexapeptide chromophore of the Aequorea green-flu-
orescent protein. Biochemistry 32, 1212-1218 (1993).

21. Heim, R., Cubitt, A.B. & Tsien, R.Y. Improved green fluorescence. Nature 373,
663-664 (1995).

22. Delgrave, S., Hawtin, R.E., Silva, C.M., Yang, M.M. & Youvan, D.C. Red-shifted
excitation mutants of the green fluorescent protein. Bio/Technology 13, 151-154
(1995).

23. Chattoraj, M., King, B.A., Bublitz, G.U. & Boxer, S.G. Ultra-fast excited state
dynamics in green fluorescent protein: multiple states and proton transfer. Proc.
Natl. Acad. Sci. USA 93, 8362-8367 (1996).

24. Brejc, K. et al. Structural basis for dual excitation and photoisomerization of the
Aequorea victoria green fluorescent protein. Proc. Natl. Acad. Sci. USA 94,
2306-2311 (1997).

25. Ehrig, T., O’Kane, D.J. & Prendergast, F.G. Green-fluorescent protein mutants
with altered fluorescence excitation spectra. FEBS Lett. 367, 163—-166 (1995).

26. Tsien, R.Y. The green fluorescent protein. Annu. Rev. Biochem. 67, 509-544
(1998).

27. Miller, A.D. & Rosman, G.J. Improved retroviral vectors for gene transfer and
expression Biotechniques 7, 980-990 (1989).

28. Zaraisky, A.G. et al. The homeobox-containing gene XANF-1 may control devel-
opment of the Spemann organizer. Development 121, 3839-3847 (1995).

29. Chomcezynski, P. & Sacchi, N. Single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem. 162,
156-159 (1987).

30. Gill, S.C. & Hippel, P.H. Calculation of protein extinction coefficients from amino
acid sequence data. Anal. Biochem. 182, 319-326 (1989).

31. Wetlaufer, D.B. Ultraviolet spectra of proteins and amino acids. Adv. Protein
Chem. 17, 303-390 (1962).

32. Mach, H., Middaugh, C.R. & Lewis, R.V. Statistical determination of the average

values of the extinction coefficients of tryptophan and tyrosine in native proteins.

Anal. Biochem. 200, 74-80 (1992).

973



