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Abstract

We report the identification and characterization of two new members of a family of bilirubin-
inducible fluorescent proteins (FPs) from marine chlopsid eels and demonstrate a key
region of the sequence that serves as an evolutionary switch from non-fluorescent to fluo-
rescent fatty acid-binding proteins (FABPs). Using transcriptomic analysis of two species of
brightly fluorescent Kaupichthys eels (Kaupichthys hyoproroides and Kaupichthys n. sp.),
two new FPs were identified, cloned and characterized (Chlopsid FP | and Chlopsid FP II).
We then performed phylogenetic analysis on 210 FABPs, spanning 16 vertebrate orders,
and including 163 vertebrate taxa. We show that the fluorescent FPs diverged as a protein
family and are the sister group to brain FABPs. Our results indicate that the evolution of this
family involved at least three gene duplication events. We show that fluorescent FABPs
possess a unique, conserved tripeptide Gly-Pro-Pro sequence motif, which is not found in
non-fluorescent fatty acid binding proteins. This motif arose from a duplication event of the
FABP brain isoforms and was under strong purifying selection, leading to the classification
of this new FP family. Residues adjacent to the motif are under strong positive selection,
suggesting a further refinement of the eel protein’s fluorescent properties. We present a
phylogenetic reconstruction of this emerging FP family and describe additional fluorescent
FABP members from groups of distantly related eels. The elucidation of this class of fish
FPs with diverse properties provides new templates for the development of protein-based
fluorescent tools. The evolutionary adaptation from fatty acid-binding proteins to fluorescent
fatty acid-binding proteins raises intrigue as to the functional role of bright green

PLOS ONE | DOI:10.1371/journal.pone.0140972 November 11,2015

1/20


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0140972&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0140972&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0140972&domain=pdf
http://creativecommons.org/licenses/by/4.0/

@'PLOS ‘ ONE

Evolution of Eel Fluorescent Proteins

J.S.S.) and the The John B. Pierce Laboratory (to V.

A.P.). The funders had no role in study design, data
collection and analysis, decision to publish, or
preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

fluorescence in this cryptic genus of reclusive eels that inhabit a blue, nearly monochro-
matic, marine environment.

Introduction

The photic marine environment is proving to be a crucible of evolution for novel biofluores-
cent molecules. With increasing depth in the ocean, the intensity of sunlight decreases in an
approximately exponential manner and the spectral quality of light also changes, becoming
increasingly restricted to a narrow range of wavelengths of blue light (470-490nm)[1]. This
was first qualitatively described by Beebe [2] whose firsthand account conveys how the red,
orange, yellow, and green components of sunlight disappeared during his bathysphere
descent into the mesopelagic zone, leaving a predominately blue environment. Marine organ-
isms biofluoresce by absorbing the dominant blue light, and reemitting it at a longer, lower
energy wavelength, visually resulting in green, orange, and red fluorescence. Following the
seminal discovery of green fluorescent protein (GFP) from a hydrozoan jellyfish in 1962 [3],
fluorescent proteins (FPs) have been found in numerous anthozoans, primarily scleractinian
corals [4,5], copepods [6], amphioxus [7,8], ctenophores [9] and most recently, fishes
[10,11].

Biofluorescence has been most extensively studied in scleractinian corals, where it has been
hypothesized to function in photoprotection [12], antioxidation [13], regulation of symbiotic
dinoflagellates [14], visual contrast [5], coral health [15] and photoacclimation [16]. The find-
ing that biofluorescence is phylogenetically widespread and phenotypically variable in marine
fishes [17] highlights many interesting new questions as to the role of biofluorescence in groups
with advanced visual capability. Many fishes have been shown to possess yellow intraocular
(lenses or cornea) filters [18], which could potentially function as long-pass filters and could
enable enhanced perception of biofluorescence.

We serendipitously imaged an intensely green fluorescent false moray (family Chlopsidae)
eel while studying biofluorescent coral during a 2011 expedition to Little Cayman Island in the
Caribbean Sea (Fig 1). To our knowledge, this marked the first time that a brightly green fluo-
rescent vertebrate was imaged in its natural habitat. Its fluorescence matched the intensity of
adjacent brightly fluorescent corals. This discovery led to a series of expeditions to the Carib-
bean and South Pacific where several species of biofluorescent eels, representing several anguil-
liform families, were collected and analyzed [17]. In this study, we report the discovery and
characterization of novel eel fluorescent proteins (Chlopsid FP I from Kaupichthys hyopror-
oides and Chlopsid FP II from Kaupichthys n. sp.) based on transcriptome analysis of the false
moray eels, Kaupichthys hyoproroides (Fig 2) and Kaupichthys n. sp., the later representing a
heretofore undescribed species (Fig 3).

Previously, a bilirubin inducible fluorescent protein, UnaG, was identified from Anguilla
japonica, a species of eel used extensively in aquaculture [10], and was later fully characterized
[11]. Here we identify, clone and characterize two new members of this FP family and demon-
strate that fluorescent FABPs have a unique tri-peptide sequence motif (Gly-Pro-Pro) inserted
in a loop between two [ sheets, which is not found in other non-fluorescent FABPs. Chlopsid
FP I and Chlopsid FP II exhibit blue shifted emission spectra when compared to UnaG. We
show using analysis of dN/dS skew (MEME option in Datamonkey) [19] that this sequence
motif arose from a duplication event of the FABP brain isoforms and was under strong purify-
ing selection during the evolution of the family leading to this new florescent protein family. In
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Fig 1. Biofluorescent Chlopsidae (lower right) photographed in Little Cayman Island.
doi:10.1371/journal.pone.0140972.g001

addition, residues adjacent to the motif are shown to be under strong positive selection, which
we suggest is a further refinement of the fluorescent properties of the proteins in eels. Here we
expand on the identification, biochemical characterization, and phylogentic grouping of this
new family of fluorescent eel proteins as first identified by Kumagai et al. [11].

Fig 2. Kaupichthys hyoproroides collected in Bahamas and used in this study. A) White light; B) Green fluorescence.

doi:10.1371/journal.pone.0140972.g002
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Fig 3. Details of green fluorescence of Kaupichthys sp. A) Head fluorescence, B) Cross-section through
demonstrating fluorescence in the musculature. C) Close up of skin revealing dark pigmented regions
interspersed with fluorescence arising from both the skin and internal musculature.

doi:10.1371/journal.pone.0140972.g003

Material and Methods
Fluorescent eel collection and identification

Research, collecting and export permits were obtained from the government of the Bahamas,
from the Ministry of Fisheries and Ministry of Environment, Honiara, Solomon Islands, and
from the Department of Environment, Cayman Islands. This study was approved and carried
out in strict accordance with the recommendations in the Guidelines for the Use of Fishes in
Research of the American Fisheries Society and the American Museum of Natural History's
Institutional Animal Care and Use Committee (IACUC). Fishes were collected via SCUBA,
using both standard open circuit systems and closed circuit rebreathers, via the application of
rotenone and quinaldine to a targeted variety of shallow water to deep (mesophotic) habitats in
each sampling location where collecting was permitted.
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Fluorescent Macro Photography

Both of the chlopsid eel specimens utilized for the transcriptome and protein work described
herein (Kaupichthys hyoproroides and Kaupichthys n. sp.) were immediately placed on ice to
preserve coloration and digitally imaged upon return to shore. Prior to imaging, the specimens
were subsequently scanned for fluorescence using bright LED light sources equipped with exci-
tation filters and observed using emission filter glasses/goggles. Kaupichthys hyoproroides and
Kaupichthys n. sp. were placed in a narrow photographic tank and held against a thin plate
glass front. Fluorescent macro images [4928 x 3264 (Nikon D7000); 2180 x 1800 pixel (Nikon
D300S)] were produced in a dark room by covering the flash (Nikon SB 600 and SB 800) with
band-pass (BP) excitation filters (Omega Optical, Brattleboro, VT) and attaching long-pass
(LP) (Semrock, Rochester, NY) filters to the front of the camera lens. Two different excitation/
emission filter pairs were tested on each sample to stimulate the strongest fluorescence emis-
sion: excitation 450-500 nm, emission 514 LP; excitation 500-550 nm, emission 555 and 561
LP. All images were obtained within two hours of collection and the sample was immediately
frozen in a liquid nitrogen dry shipper for transport. Cross-sectional images of specimens were
generated using a Zeiss-Axio Zoom V16 stereo fluorescent microscope affixed with a Nikon
D4 camera (Fig 3).

Fluorescent Protein Isolation from Kaupichthys Tissue

A native protein extract was prepared from a small cross-section of eel musculature and was
run on a non-denaturing PAGE gel stained with Coomassie Brilliant Blue. Using fluorescent
imaging, two bands were observed that exhibited strong green fluorescence (Fig 4).

RNA Extraction and Transcriptome Sequencing

Total RNA was extracted from the caudal musculature of two distinct species of chlopsid eel K.
hyoproroides and an undescribed species referred to as Kaupichthys n. sp. Muscle tissue was
homogenized in TriZol reagent (Life Technologies, Carlsbad, CA), and the total RNA was pre-
cipitated with isopropanol and dissolved in ddH,O. The quality of RNA was assessed on a
2100 Bioanalyzer and with agarose gel electrophoresis. The total RNA was pooled for library
preparation using a Hi-seq RNA sample preparation kit (Illumina Inc, San Diego, CA) accord-
ing to the manufacturer’s protocol. Sequencing was performed in a multiplexed lane of a flow
cell using Illumina Hi-seq 2000. FASTQ file generation was performed by CASAVA ver. 1.8.2
(llumina). Reads were quality checked with FASTQC [20]. Low quality reads and reads con-
taining Illumina adapters were trimmed with Trimmomatic [21]. Reads contaminated with
vectors were removed using the NCBI vector database with in-house Perl scripts [22]. Clean
reads were uploaded into the NCBI (SRA: SRS493036, Biosample: SAMN02378295).

Trinity [23] was used to generate de novo assembled sequences for downstream analyses
(Table 1). Cleaned, assembled contigs have been deposited into the NCBI Transcriptome Shot-
gun Assembly database under the following accession numbers: PRINA192511 for Kaupichthys
hyoproroides and accession PRINA223153 for Kaupichthys n. sp.

In Silico Quantification of Transcripts

In order to identify the transcript quality, we mapped the reads of Kaupichthys hyoproroides
back onto the non-redundant set of assembled transcripts using Bowtie [24]. Gene coverage
levels were determined using a Perl script to calculate the RPKM [25]. A total of 109,268,961
(76.67%) reads had at least one reported alignment. The minimum coverage of a transcript was
0.03 FPKM and the maximum was 62,622, with an average of 9.44, indicating a wide range of
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Fig 4. Native gel of tissue homogenate from Kaupichthys hyoproroides. A) Coomassie stained gel; B)
Fluorescent bands imaged under illumination with blue light.

doi:10.1371/journal.pone.0140972.g004

gene expression (Table 2). Contigs with a RPKM smaller than one were removed for down-
stream analysis. Among these, 65,877 (77.85%) transcripts had a FPKM >1, with an average of
11.93. Also, two transcripts had FPKMs larger than 20,000, with homology to parvalbumin
and muscle related actin, with a FPKM of 24,006 and 62,622, respectively. This level of abun-
dance is expected given that these transcripts were generated from muscle tissue. The EMBOSS
package [26] was used to generate all possible open reading frames (ORFs) from stop to stop
for each assembled contig.

Table 1. Summary statistics for individual assemblies of Kaupichthys hyoproroides and Kaupichthys n. sp. (Chlopsid | and Chlopsid II, respectively).

Eel Assembly Transcripts >200bp N50 (bp) Mean contig length (bp) Max contig length (bp) Total number of bases
K. hyoproroides TransABySS 206,683 877 672 8,547 138,913,931

K. hyoproroides Trinity 84,610 880 641 13,309 54,235,411

Kaupichthys n. sp.  Trinity 74,448 610 502 7,558 37,356,156

doi:10.1371/journal.pone.0140972.t001
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Table 2. Summary statistics of read counts and coverage of Kaupichthys hyoproroides.

Total number of reads 142,526,414

Number of read used reads for assembly 109,268,961 (76.67%)
Number of unused reads 33,257,453 (23.33%)
Number of non-redundant transcripts (>200 bp) 84,610

Number of transcripts with coverage fpkm >1 65,877

Average coverage for contigs with coverage fpkm >1 11.93

Average number of reads mapped per contigs 1,649.71

doi:10.1371/journal.pone.0140972.t002

Protein Search

The EMBOSS package [26] was used to generate all possible open reading frames (ORFs) from
stop to stop for each assembled contig. ORF sequences were searched for FABP using BlastP
[27]. Target ORFs with an unusual sequence motif (Gly-Pro-Pro motif) on a loop between two
beta sheets in the FABP sequence were selected as potential fluorescent sequences. An align-

ment of the FPs is shown in Fig 5.

81 -y A4 B2 B
MVEKFVGTWKIADSHNFGEYLKAIGAPKELSDGGDATTPTLYISQKDGDK
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Fig 5. Sequence alignment of fluorescent FABPs from eels with a non-fluorescent FABP from Kaupichthys hyoproroides (Chlopsid NFP) and
human brain FABP-7. Residues highlighted in blue show areas of homology. The GPP sequence motif is highlighted in red.

doi:10.1371/journal.pone.0140972.9005
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Phylogenetic Analysis

Sequences and Tree Construction. The phylogenetic matrix we eventually used has 210
terminals in it. These terminals were obtained using a BLAST search with human FABP7 with
an e-value cutoff of e-25. Once we determined that there were two FABP isomers in the major-
ity of the vertebrate taxa with hits at e-25 (one heart isomer and one liver), we then searched
the database further for the two paralogs for all of the taxa. This final search resulted in a
matrix of 210 terminals over 163 vertebrate species (See S1 Table for accession numbers and
abbreviations used in the matrix and phylogenetic trees). The DNA sequences were aligned
using TranslatorX [28], which provides both DNA and amino acid sequence alignments that
agree at all codons. The DNA sequences were translated into amino acid sequences and these
two data sets were formatted into Nexus (for use in PAUP)[29] and Phylip formats (for use in
RaxML Blackbox). The aligned sequences are provided in S2 Table. Maximum likelihood (ML)
and maximum parsimony (MP) trees were generated using RaxML blackbox [30] and PAUP.
Bootstrap trees for the two methods were also generated. We used Modeltest [31] to determine
the best model for the DNA sequence matrix and ProTest [32] for the amino acid sequence
matrix. The GAMMA +P-Invar model was used for DNA sequence ML analysis. The WAG
with GAMMA +P-Invar model was used for ML analysis of proteins. Bayesian analysis (BY)
use 1,000,000 generations with the GAMMA+P-Invar model with default priors (convergence
of chains was obtained with this number of generations). In all, ten trees were generated and
compared for congruence, where the data source [DNA or Protein] is listed first followed by a
slash, then the phylogenetic criterion [MP, ML or BY] listed second followed by a slash, and
finally the robustness criterion used [bootstrap or single best tree]). 1) DNA/MP/best tree, 2)
DNA/MP/bootstrap, 3) Protein/MP/best tree, 4) DNA/MP/bootstrap (S1 Fig); 5) DNA/ML/
best tree, 6) DNA/ML/bootstrap, 7) Protein/ML/best tree, 8) Protein/ML/bootstrap (S2 Fig); 9)
Protein/BY and 10) DNA/BY (S3 Fig).

Analysis of AN/dS ratios. For dN/dS skew detection at the residue level we used the
MEME option in Datamonkey (http://www.datamonkey.org/) and for examining dN/dS skew
on branches of the phylogeny (BREL) for these proteins we used HYPHY (http://hyphy.org/w/
index.php/Main_Page). The MEME option can use either a NJ tree or a user supplied tree.
Hence we used the MEME option with two input trees—the NJ tree and the ML tree obtained
by phylogenetic analysis of the data. A model of sequence evolution is also required for MEME
and so we used the default model as supplied in Datamonkey and the optimal model as derived
from the “automatic model selection tool” option in Datamonkey. The optimal model from
Datamonkey automatic model selection tool was 012032. This approach required four separate
MEME runs that resulted in from six to eight sites under positive Darwinian selection depend-
ing on the parameters of the analysis (raw results presented in S3 Table). The dN/dS branch
analysis (BREL) was accomplished with the HYPHY program using the ML tree as an input
tree and computing statistics only for internal branches. We also used the PRIME option in
Datamonkey to characterize the potential change in properties of the residues that experience
positive dN/dS skew. PRIME is a variation of MEME that detects residue changes that can be
categorized as changes in the original property of the amino acid. There are five categorical
changes that can be detected using prime—polarity index, secondary structure factor, volume,
refractivity/heat capacity and charge/iso-electric point [33].

Protein Expression and Purification

Candidate ORFs were selected from eel transcriptome data containing an unusual sequence
motif (Gly-Pro-Pro) on a loop between two beta sheets in the FABP sequence. The genes for
Chlopsid FP I (Kaupichthys hyoproroides) and Chlopsid FP II (Kaupichthys n. sp.) were
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synthesized (GenScript USA) and cloned into the Ndel-Zhol cloning site of a pET-24b(+) vec-
tor utilizing the C-terminal His-Tag. Recombinant protein was expressed in a soluble form in
BL21(DE3) E. coli cells and purified using Ni-affinity chromatography on an AKTA-Prime
FPLC, eluting with 50 mM Tris and 300 mM imidazole, pH 8.0. The protein was dialyzed
against 50 mM Tris and 20 mM NaCl to remove imidazole, and was concentrated using an
Amicon Ultra centrifugal concentrator (m.w.c.o. 3000). Protein purity was confirmed using
SDS-PAGE. Protein concentration was determined by A,gy measurements, using calculated
extinction coefficients of 15,300 M"'cm™ for Chlopsid FP I, and 16,600 M"'cm™* for Chlopsid
FP II. Bilirubin (Sigma-Aldrich, USA) was dissolved in 0.1 M NaOH and immediately diluted
in 50 mM Tris buffer, pH 8.0, for use in experiments.

Fluorescence Spectroscopy

Fluorescence excitation and emission spectra were recorded using a F-7000 Hitachi Fluores-
cence Spectrometer.

Expression of Chlopsid FP | in HEK293 Cells

A pCS2+ vector was used for cloning of Chlopsid FP I for expression in HEK293 cells (ATCC,
USA) using Kpn-Sphl cloning sites. Plasmids were prepared by Genscript USA, Inc. The
expression was driven in HEK293 cells (ATCC, USA) by CMV promotor. The HEK293 cell
line was maintained in Dulbecco’s Modified Eagle Medium (High Glucose) (DMEM) (Invitro-
gen, USA), supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich, USA), in a 37°C
incubator with 5% CO,. Transient transfection was performed using 2 ug of DNA per 35 mm
dish and 5pg of Lipofectamine 2000 (Invitrogen, NY). Cells were imaged on a custom-made
2-photon microscope using a Chameleon Ti-Sapphire laser (Coherent Inc, CA) and water
immersion 20x/0.95 N.A. objective (Olympus, Japan). Images were taken using 850nm laser
light with power of 15mW at the objective.

Results

During a January 2011 fluorescent coral reef photomosaic-imaging trip to Bloody Bay Wall off
Little Cayman Island in the Caribbean, a green fluorescent chlopsid eel, likely belonging to the
genus Kaupichthys, was serendipitously photographed (Fig 1). This finding was presented in
the American Museum of Natural History exhibit, “Creatures of Light: Nature’s Biolumines-
cence” in 2012. The animal seen in the photograph was identified as belonging to the Chlopsi-
dae family of eels, one the most poorly known families of the order Anguilliformes. Chlopsids
exhibit extremely cryptic behavior and are rarely seen alive in their natural habitat [34]. Most
existing specimens were obtained using piscicides (e.g., rotenone).

Surprised by this animal’s bright, visible green fluorescence, we embarked upon a collection
expedition to Lee Stocking Island in the Bahamas where we ultimately collected single speci-
mens of two brightly biofluorescent chlopid eel species, Kaupichthys hyoproroides and Kau-
pichthys n. sp. (Figs 2 and 3). Kaupichthys hyoproroides reaches a maximum length of about
250 mm and spends most of its life hiding in holes or crevices of coral reef areas or sea grass
beds [34]. In cross-section, the fluorescence was found to be bright throughout the muscle tis-
sue and also within the skin in specimens of both species. Muscle tissue was dissected from
both species from which we isolated mRNA as well as a highly fluorescent soluble protein
extract. The mRNA was used for HiSeq transciptomic analysis.

We subjected muscle tissue extract from K. hyoproroides to NativeBlue (Invitrogen) non-
denaturing gel electrophoresis. Under blue light and imaged with a yellow filter, two bands
were observed that exhibited strong green fluorescence (Fig 4). In addition, upon boiling the
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extract, the fluorescence disappeared. These findings led us to conclude that the fluorescence
was most likely arising from a protein. However, transcriptome analysis of the muscle mRNA
failed to produce any GFP-like sequences and the fluorescence emission spectrum of the pro-
tein extract (not shown) differed from eGFP.

Hayashi and Toda reported that Anquilla japonica (heavily farmed in Japanese aquaculture
and a historical staple of Japanese cuisine) was weakly green fluorescent [10]. They purified a
fluorescent protein from A. japonica muscle tissue and isolated and sequenced several peptide
fragments. Some of the peptides isolated were found to be homologous to previously published
fish fatty acid binding proteins (FABPs). Based on these results, we performed a crude purifica-
tion of the fluorescent bands from the electrophoresis of eel muscle protein extract and sub-
jected it to mass spectroscopy. We identified the full-length sequences of these proteins in the
Kaupichthys transcriptome data and synthesized two genes exhibiting the highest homology to
the proteins identified by Hayashi and Toda [10]. However, expression of these proteins did
not produce visible fluorescence in either E. coli or mammalian cells. Then in 2013, Kumagai
et al., published a full characterization of the fluorescent protein from A. japonica [11]. The
protein, termed UnaG, is a novel member of the FABP family, and the fluorophore was found
to be a bound bilirubin molecule. Unlike the non-fluorescent FAP sequences we had synthe-
sized from Kaupichthys, we noticed that UnaG had an insertion of the tri-peptide Gly-Pro-Pro.
We then re-examined the Kaupichthys hyoproroides and Kaupichthys n. sp. data and found a
single transcript in each of the two species’ transcriptomes that encoded an FABP including
the Gly-Pro-Pro insertion. We synthesized the proteins containing this motif and both showed
strong green fluorescence in mammalian cells and E. coli upon addition of exogenous bilirubin.
These proteins, termed Chlopsid FP I and Chlopsid FP II, are orthologs of UnaG (Fig 5) and
have ex/em spectra of 489nm/523nm (Fig 6).

Phylogenetic Analysis

The phylogenetic patterns we observed (Fig 7; S1, S2 and S3 Figs) indicate that the FABP gene
family was generated by at least two duplication events. These duplications possibly coincide
with the 1R and 2R duplications in the common ancestor of vertebrates [35]. Alternatively it is
possible that a single duplication gave rise to the two major kinds of FABPs and independent
duplications in specific fish lineages led to the eel FPs and the Fish Liver-like FABPs. While
there is some variation as to the placement of the eel FPs in relation to the liver and brain
FABPs depending on the analysis parameters and optimality criteria, the DNA ML analysis
and the Bayesian and MP trees place the Eel FPs either sister to or within the brain FABPs. Our
phylogenetic analyses therefore suggest that the eel FPs are more closely related to the brain
FABPs than to the liver FABP proteins (Fig 7).

To examine if the neofunctionalization of the FPs as a result of duplications involved
sequence specific changes or dN/dS skew, and potentially natural selection, we examined
which branches are evolving under different dN/dS skew. The results of this analysis are shown
in Fig 7. Two nodes showed statistically significant difference in skew. The node leading to the
brain FABP7 in mammals and birds has a dN/dS ratio of > 2.0. The branch leading to the FPs
(both Kaupichthys and Anguilla FPs) has a dN/dS skew >14, indicating strong sequence
change in the common ancestor of these eel FPs, similar to what has been reported for opsins
[36,37].

A site-by-site analysis of dN/dS skew in the FABP7 family of proteins indicates several sites
in the protein that show significant skew using the MEME option in Datamonkey [19] under
different phylogenetic hypotheses and models of evolution. The number of sites under positive
dN/dS skew range from eight (for the NJ tree with the best model) to six (for both of the ML
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Fig 6. Excitation/emission spectra of Chlopsid FP | and UnaG.

doi:10.1371/journal.pone.0140972.g006

tree analysis regardless of model). We will discuss the more conservative results for the ML tree
here, but it should be noted that there is broad overlap in the inferences made regardless of tree
or model of sequence evolution. The Gly-Pro-Pro motif shows strong purifying selection as it
is a conserved motif (AN = 0; dN/dS = 0) in all organisms where it is found. Fig 8 maps the
location of the inserted Gly-Pro-Pro residues in residue positions 59, 60 and 61 of the eel FPs.
The two amino acids preceding the conserved Gly-Pro-Pro insertion sites in FPs (residue posi-
tions 57 and 58) appear to be under strong positive selection. This pattern might suggest that
these sites are actively affected by natural selection as a result of the Gly-Pro-Pro insertion in
this FP. In addition, there are four sites under positive selection in the carboxy terminus of the
protein. When we examine the six sites we observe to have positively skewed dN/dS ratios for
altered protein properties we find that the two residues that are adjacent to the Gly-Pro-Pro
motif that show dN/dS skew are changing in their refractivity and heat capacity. The other four
residues toward the carboxy terminus that show dN/dS skew are changing in their polarity
index, their secondary structure factor and in their volume as well as isoelectric point and
Refractivity/Heat Capacity.

Properties of fluorescent FABPs

Chlopsid FP I and Chlopsid FP II exhibit a slightly blue-shifted fluorescence excitation and
emission spectra compared to UnaG (498 nm/527nm for UnaG vs 489nm/523nm ex/em for
Chlopsid FP I and Chlopsid FP II (Fig 6). Previous work with UnaG showed that mutation of
asparagine-57 to an alanine preceding the GPP motif causes quenching of fluorescence [11]. In
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Archosaur Liver FABP

Fish Liver FABP

Fig 7. Phylogenetic tree generated by Maximum likelihood analysis in RaxML Blackbox. See text for
details of analysis. The arrows in the tree indicate potential branches where duplications occur to explain the
paralog patterns in the gene family. The purple circles indicate the two branches where significant dN/dS
skew occurs, and the number inside of the circle refers to the magnitude of the dN/dS skew.

doi:10.1371/journal.pone.0140972.g007
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Fig 8. Diagram showing the alignment of FABP’s and structure of UnaG. A) Alignment of human brain FABP-7, UnaG and Chlopsid FP |. Red rectangles
show residues that are inserted in the eel FP. Green rectangles show residues under dN/dS skew. Grey rectangles indicate polarity index. Blue highlights
secondary structure factors. Pink highlights volume. Light green highlights refractivity/heat capacity and purple highlights charge/iso-electric point. When
multiple colors appear at a site, this means that more than a single method detected changes or skew at those positions. B) Crystal structure of UnaG (pdb
413B) showing areas that are inserted in the eel FP as well as green showing residues under dN/dS skew.

doi:10.1371/journal.pone.0140972.9008

Chlopsid FP I and Chlopsid FP II this amino acid is a histidine. This difference in amino acid
sequence can potentially explain the fluorescence shift, due to an increase in the m conjugation
of the system. This change in fluorescence emission spectra demonstrates that it is possible to
make changes to the amino acids around the conjugated bilirubin, which can alter the fluores-
cence spectrum of the protein.

The fluorescence quantum yield of Chlopsid FP I was determined to be 0.47. Chlopsid FP II
had a quantum yield of 0.37. These values are close to the reported quantum yield for UnaG of
0.51 [11] (Table 3). Two prolines in the Gly-Pro-Pro sequence motif were mutated to glycine.
This mutation resulted in a decreased quantum yield of 0.11.

Origins and specificity of eel fluorescent FABPs

Chlopsid FP I and Chlopsid FP II are 94% homologous to each other, yet exhibit only 55%
sequence homology to UnaG (Fig 5). We sought to determine how unique the Gly-Pro-Pro
sequence is amongst the enormous number of FABPs that have been identified across the ani-
mal kingdom. The UnaG, Chlopsid FP I and Chlopsid FP II were used as bait for other verte-
brate FABPs. FABP DNA and protein sequences were used for analysis (S1 Table).
Phylogenetic trees were generated and we found that eel FPs from the families Anguillidae and
Chlopsidae are either sister to the FABP7 brain clade, which diverged from primitive fishes, or
nested within it. Although we found non-fluorescent FABPs in Kaupichthys and in the tran-
scriptome of Anguilla, these FABPs do not contain the Gly-Pro-Pro tri-peptide motif.

Table 3. Table of properties for fluorescent proteins.

Fluorescent Protein Ex/Em maxima Fluorescence quantum 0O, requirement Number of amino Molecular weight
(nm) yield acids (kDa)

Chlopsid FP | 489/523 0.47 no 142 15.8

Chlopsid FP Il 489/523 0.37 no 140 15.5

Chlopsid FP I-GGG 489/523 0.11 no 142 15.3

Mutant

UnaG [11] 498/527 0.51 no 139 16.5

doi:10.1371/journal.pone.0140972.t003
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Fluorescent proteins from Anguilla and Kaupichthys arose from a gene duplication event in
these fishes, probably in the common ancestor of the two species. The patterns we observed
(Fig 7; S1, S2 and S3 Figs) indicate that the larger gene family involved at least three duplication
events. Two of these duplications coincide with the 1R and 2R duplications in the common
ancestor of vertebrates. The third probably occurred in the common ancestor of eels, and
allowed for the neofunctionalization of the duplicated FABP protein into a FP. To examine if
the neofunctionalization of the FPs involved sequence specific changes and dN/dS skew, and
potentially natural selection, we examined which branches are evolving under different dN/dS
skews. The results of this analysis are shown in Fig 8. Two nodes showed statistically significant
difference in skew. The node leading to the brain FABP7 in mammals and birds appears to
have a dN/dS ratio of > 2.0. The branch leading to the FPs (both Kaupichthys and Anguilla
FPs) has a AN/dS skew >14, indicating strong sequence change in the common ancestor of
these eel FPs, such as has been reported for opsins [38] [39]. The fluorescent eel proteins are,
therefore, members of a novel family of FABP7 proteins.

A site-by-site analysis of dN/dS skew in the FABP7 family of proteins indicates several sites
in the protein that are showing significant skew using the MEME option in Datamonkey [19].
The Gly-Pro-Pro motif was positively selected for during the evolution of FABPs, leading to
the evolution of this new fluorescent protein family. It is interesting to note that this result was
inferred using different trees, and while not identical, they are overall very similar. Fig 8 maps
the location of the inserted Gly-Pro-Pro residues in the middle of the eel FPs. There is also sig-
nificant change in amino acid function very near to the insertion sites in the FPs. While the
skewed sites and changed function sites do not directly coincide with the inserts it is interesting
to note that regions adjacent to these do exhibit significant patterns. These results suggest that
several cluster sites in the protein are showing significant dN/dS ratio. Of these clusters two are
adjacent to residues that are responsible for the fluorescent property of these proteins.

Expression in Mammalian Cells

We expressed Chlopsid FP I in mammalian cells (HEK293) without the addition of bilirubin

(Fig 9). The cells exhibited bright fluorescence under single and two-photon imaging modali-
ties. The two-photon excitation was fairly flat from 700-1000 nm with a peak at 860 nm and

an unusual dip at 840 nm (54 Fig).

Discussion

The marine environment has proven to be the richest reservoir of novel FPs on the planet [40].
The upper photic ocean is stably monochromatic with downwelling daylight becoming primar-
ily blue (470-490nm) in color with increasing depth [1]. Over millions of years this stable
monochromatic spectral environment likely facilitated the evolution of fluorescent molecules
that absorb and re-emit high-energy blue wavelengths into longer, lower energy colors. To
date, the two major families of fluorescent molecules with sufficient molar brightness (high
cross sections and quantum yield) and expression to produce a fluorescent signal that is visu-
ally evident to humans, GFP and the current bilirubin binding proteins discussed here, have
evolved exclusively in marine organisms.

The first GFP was discovered in a hydrozoan jellyfish, Aequorea victoria, coupled to the bio-
luminescent apparatus [3], converting blue bioluminescent light to green [41]. GFP orthologs
were later found in non-bioluminescent anthozoas [4], primarily scleractinian corals [5]. GFP
orthologs have also been discovered in a few additional marine organisms including planktonic
copepods [6], lancelets [7], and a ctenophore [9]. However, it was recently discovered that
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Fig 9. Two photon image of eel fluorescence. UnaG distribution in HEK293 cells (top panel), two photon localization of Chlopsid FP | in HEK293 cells
(bottom panel) and confocal images of CiVSP-UnaG fusions in HEK293 cells.

doi:10.1371/journal.pone.0140972.9009

fluorescence is not only phylogenetically widespread, but is also phenotypically variable across
both cartilaginous and bony fishes [17].

In the present study, we demonstrate the phylogenetic origins of fluorescent fatty acid bind-
ing proteins (FABPs) from marine eels and show the key evolutionary motif switch from
FABPs to FPs. FABPs are members of the intracellular lipid binding protein family (iLBP) and
are involved in reversibly binding and trafficking a wide range of intracellular hydrophobic
ligands. FABPs are small (~16 kDa), structurally conserved cytosolic proteins consisting of a
interior binding pocket filled with water, surrounded by ten anti-parallel beta sheets forming a
beta barrel [42]. At the surface of the beta barrel, two alpha helices cap the pocket and are
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thought to be involved in regulating ligand binding [43]. In most vertebrates, there are two
major kinds of vertebrate FABPs, those found in the brain and those found in the heart. For
the fluorescent FABPs, there is a key Gly-Pro-Pro motif that is essential for fluorescence and is
present in all fluorescent FABPs (Fig 8). This family of fluorescent eel FABPs is considerably
smaller (~16 kDa) than GFP (26.9 kDa), requires bilirubin for fluorescence, and is oxygen
independent.

The order Anguilliformes, the true eels, comprises about 800 species that have traditionally
been classified in three major suborders and 111 genera. While Anguilla is known to undergo
vast migrations (thousands of kilometers) between growth habitats in freshwater and spawning
habitats in tropical and subtropical open ocean areas [44], the poorly studied chlopsid eels are
not reported to do so. Therefore, the hypothesis that fluorescence acts as a muscle tissue antiox-
idant mechanism in Anguilla, via the non-covalent binding of bilirubin [11], may not hold for
Kaupichthys. In Chlopsidae there is a possibility that fluorescence serves a visual function. Dur-
ing full moon spawning events, the moonlight could potentially stimulate fluorescence and
increase species contrast against the blue background of the ocean for these cryptically pat-
terned, and otherwise reclusive fishes. Little visual or reproductive data are available for Kau-
pichthys, however, calculations suggest that these eels exhibit a lunar cycle of reproduction and
that they synchronously spawn during or shortly after full moon periods [45]. It is reported for
some Anguilla species that as they transition during metamorphosis between an adult freshwa-
ter yellow eel and the sexually maturing oceanic silver eel, their visual system changes its spec-
tral sensitivity. The middle-wavelength-sensitive cones shifts from ~550 nm to ~525 nm [46].
Fluorescence in coral has been suggested as a means to increase visual contrast in the mono-
chromatic marine environment. [5][47][48][49] Fluorescence appears to play a role in certain
visually guided behaviors in reef fishes [50]. In addition, marine fish fluorescence is especially
common and morphologically variable in cryptically patterned lineages [17], providing addi-
tional support for the hypothesis that fluorescence serves a visual function for marine organ-
isms. Sexually dimorphic fluorescence patterning has also been observed in some species of
marine fishes [17].

However, it should also be noted however that biofluorescence in eels may be merely a sec-
ondary effect of the organisms unusual management of bilirubin as eels are known to manage
heme metabolites differently than other vertebrates. For example, unlike all other known verte-
brates, the blood plasma of A. japonica is blue-green [51] due a high stable concentration of bil-
iverdin [52]. Once produced, biliverdin is further metabolized into bilirubin. However, altered
heme metabolite dynamics are not always associated with the emergence of fluoresncece. For
example, lamprey exhibit life cycle dependent bilirubinemia and do not exhibit visible fluores-
cence, nor do they appear to have a Gly-Pro-Pro containing FABP.

The GFP family has proven to be one of the most useful tools in biomedical science [40].
This current report of the evolutionary consideration of fluorescent fatty acid binding proteins
from marine eels that can be autonomously expressed in mammalian cells will expand the
toolbox of fluorescent probes available for use in experimental biology. As with GFPs, we find
that variations in the primary amino acid sequence of this class of FPs alters the protein’s spec-
tral properties. This finding opens the door to mutagenesis investigations that could produce
spectral and structural variants (i.e. circular permutants) in which the fluorescence output can
be dynamically varied to produce fluorescent event sensors. These findings also raise questions
about the behavioral ecology of the poorly known chlopsid eels and if biofluorescence plays a
similar functional role (i.e. communication, predator avoidance, prey attraction) as
bioluminescence.
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