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Abstract

The secretome is a functionally rich proteome subset, including cellular membrane and extracellular
proteins processed through the secretory pathway. In this study, Danio rerio and Homo sapiens RefSeq
proteins were analyzed with SignalP, TargetP, Phobius, and pTarget algorithms. About 16.5% of the
zebrafish proteome and 17.0% of the human proteome possessed predicted N-terminal signal sequences.
Nearly half of these proteins were subsequently classified as soluble, as they lacked predicted trans-
membrane domains. The soluble proteins were further subclassified, predicting 1345 (3.8%) zebrafish and
1207 (3.2%) human proteins as extracellular. Comparison of the zebrafish and human soluble secretome
proteins identified 372 as orthologs, on the basis of reciprocal BLAST best hits. The computational char-
acterization of the zebrafish proteins found many more members of the secretome than annotated in the
SwissProt database. Only 180 of the 2078 zebrafish SwissProt protein entries, and 995 of the 19,294 human
SwissProt protein entries were annotated with secreted protein locales. A specific investigation of the
fibroblast growth factor and matrix metalloproteinase (MMP) protein families confirmed the prediction
data and generated annotation of three additional putative MMP zebrafish proteins. This study presents
the first known published description of the zebrafish secretome since the completion of the zebrafish
genome sequencing project.

Introduction

Secreted proteins represent a function-
ally rich subset of the proteome actively

involved in many functions, including inter-
cellular signaling, chemoattractant cellular re-
cruitment, disease–host response, embryonic
development, and organogenesis.1–4 Clinically,
this class of proteins has been extensively stud-
ied for roles in disease onset, as therapeutic
targets, and as diagnostic and prognostic bio-
markers. These proteins are also important
factors in developmental biology, and a large
number were recently characterized in a reverse
genetics screen in zebrafish.4 To facilitate ongo-
ing research involving secreted proteins, a com-
prehensive survey of the zebrafish secretome
would be beneficial. Here, we revisit the com-

putational prediction of secreted proteins in ze-
brafish using RefSeq protein sequences derived
from the sequenced zebrafish genome. These
results are compared to the results obtained in a
pre-genome sequencing study of the zebrafish
secretome, and contrasted with the results of a
mirrored characterization of the human secre-
tome. The complete sequencing of the zebrafish
genome has created an immense sequence-
based resource for investigators and improved
our ability to characterize the zebrafish secre-
tome. However, it is clear there is a substantial
deficiency in annotated zebrafish sequence data.
The results of this study demonstrate how com-
putational methods may be applied to further
annotate the zebrafish genome and proteome.
The term ‘‘secretome’’ was first coined to de-

scribe the components for protein secretion and
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the secreted proteins in Bacillus subtilis.5 The
subsequent adaptation of this term to eukaryo-
tes has described different subsets of the pro-
teome, including all proteins processed through
the secretory pathway, only those proteins
processed through the secretory pathway that
lack transmembrane domains, and only those
proteins secreted from the cell. For the purpose
of this study, the secretome will refer to pro-
teins processed through the secretory pathway.
Classically secreted proteins are characterized
by an N-terminal signal sequence that medi-
ates the cotranslational translocation (CTT) of
the nascent peptide chain into the endoplas-
mic reticulum (ER).6 Proteins possessing trans-
membrane domains become membrane bound
during the CTT process.7 The CTT proteins
are subsequently directed from the ER to their
terminal cellular destinations via secondary
signal sequences and chaperone protein in-
teractions.8–9 The terminal cellular destinations
include the cell membrane, the extracellular
region, the ER, the Golgi apparatus, and other
organelles.
There are many tools publicly available that

computationally predict the cellular localiza-
tion of proteins.10 A common method for
identifying classically secreted proteins is to
predict the presence or absence of the N-
terminal signal sequence. The N-terminal
signal sequences are not primary-sequence
conserved, but possess a conserved set of sec-
ondary characteristics that are identifiable by
supervised learning algorithms.11,12 SignalP13

and TargetP14 are two prediction programs
that historically have been accurate predictors
of N-terminal signal sequences. The combined
prediction accuracy of these two programs was
shown to have added value,15 and will be used
in this study to identify CTT proteins. The
Phobius16 prediction algorithm can be used to
further classify the CTT proteins into those
membrane bound and those in circulation. Fi-
nally, the pTarget17,18 prediction program can
classify the circulating CTT proteins into those
retained within the ER or Golgi, those secreted
into the extracellular environment, and those
localized to other cellular compartments. When
applying these algorithms to full-length protein
sequence databases, an accurate depiction of
the secretome can be generated.

Results

Characterization of the proteome

The complete RefSeq protein sequence sets
for the zebrafish (35,668 proteins) and human
(37,862 proteins) were downloaded from NCBI.
96.5% of the zebrafish protein sequences were
initiated with a methionine, and 99.7% of the
human protein sequences were initiated with a
methionine. Based on the FASTA tag annota-
tion, 64.1% of the zebrafish protein sequences
were ‘‘PREDICTED,’’ and 55.0% were labeled
as ‘‘hypothetical proteins.’’ Conversely, only
33.4% of the human protein sequences were
annotated as PREDICTED, and 24.0% were la-
beled as hypothetical proteins. The mean and
median protein sequence lengths are 452 and
344 residues for the zebrafish proteins and 456
and 321 residues for the human proteins. Fig-
ure 1 is a density plot of the protein sequence
lengths in the zebrafish and human sequence
sets. The plots for the zebrafish and human
proteomes are nearly identical, suggesting that
the zebrafish protein sequences are equivalent
in length to the human proteins and likely to
represent complete proteins.

Sequence predictions

The N-terminal signal sequence predictions
are based on the consensus prediction of Sig-
nalP and TargetP. As illustrated in Table 1,
slightly more zebrafish and human proteins
were predicted to possess an N-terminal signal
sequence by TargetP than by SignalP, but the
combined predictions were highly similar. The
5905 zebrafish and 6419 human signal se-
quence positive proteins are referred to as CTT
proteins.
The CTT proteins were further analyzed to

segregate the membrane-bound proteins from

FIG. 1. Density plot of the RefSeq protein sequence
lengths for human (solid line) and zebrafish (dashed line).
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the soluble proteins, using Phobius. This pro-
gram predicts signal peptides and trans-
membrane domains, thereby differentiating
N-terminal signal sequences from N-terminal
signal anchors and identifying membrane-
bound proteins. Of the 5905 zebrafish CTT
proteins, 1630 (27.6%) were predicted to have a
signal peptide and encode for one or more
transmembrane domains (membrane proteins),
2786 (47.2%) predicted to have a signal peptide
and encode for no transmembrane domains
(soluble proteins), and 1489 (25.2%) did not
have a Phobius-predicted signal peptide (un-
determined proteins). Likewise, for the
6419 human CTT protein sequences, there were
2000 (28.0%) membrane proteins, 2874 (44.8%)
soluble proteins, and 1545 (24.1%) undeter-
mined proteins. The 2786 soluble zebrafish
proteins and 2874 soluble human proteins were
further subclassified as retained in the endo-
plasmic reticulum, retained in the Golgi appa-
ratus, secreted to the extracellular environment,
or localized to other cellular compartments,
using pTarget. As illustrated in Table 2, nearly
half of the zebrafish soluble CTT proteins are
secreted from the cell, while another quarter are
retained in the ER and Golgi. The human pro-
teins are similarly distributed, with a slightly
lower percentage of the soluble CTT proteins
predicted to be localized to the ER and Golgi. A
complete list of all zebrafish CTT proteins and

predictions are provided in the Supplemental
Table 1 (go to www.liebertpub.com=zeb).

Zebrafish to human comparisons

The soluble CTT proteins from the zebrafish
and human proteomes were compared using a
reciprocal BLAST method to identify putative
orthologs and estimate the overlap in the two
species soluble secretomes. Using an e-value
threshold of# 0.001, 372 protein sequences
were found to be reciprocal best hits between
the zebrafish and human protein sequence sets.
Additionally, 490 zebrafish soluble CTT pro-
teins did not match a human soluble CTT
protein, and 798 human soluble CTT proteins
did not match a zebrafish soluble CTT protein.
To determine whether the e-value threshold
was substantially biasing the results, the com-
parisons were repeated using a threshold of
0.01 and 0.0001, obtaining 380 and 362 recip-
rocal BLAST hits, respectively. As altering the
threshold had a minimal impact on the number
of orthologs identified, we were confident in
using the results obtained with a threshold of
0.001.

SwissProt annotations

To compare the predicted zebrafish and
human secretomes to the currently available
protein annotations, the SwissProt protein
knowledgebase was queried for zebrafish and
human protein sequences with defined cellular
localizations. Two thousand and seventy-eight
zebrafish protein sequences and 19,294 human
protein sequences were identified in the data-
base. One thousand four hundred and sixty-two
(70%) zebrafish sequences and 7987 (41%) hu-
man sequences possessed ‘‘SUBCELLLULAR

Table 1. Proteins with Predicted N-Terminal Signal

Sequences (CTT Proteins)

TargetP SignalP TargetP & SignalP

Zebrafish 6982 6254 5905
Human 7966 6969 6419

CTT, cotranslational translocation.

Table 2. Predicted Hierarchal Localization of CTT Proteins in Zebrafish and Humans

SignalP & TargetP Phobius pTarget

Number of proteins

Zebrafish Human

Membrane bound — 3027 3545

CTT proteins Secreted=extracellular 1345 1207
Soluble Endoplasmic reticulum 373 294

Golgi apparatus 304 233
Other 763 1140

CTT, cotranslational translocation.
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LOCATION’’ annotations in the ‘‘Comments’’
field. As described in Table 3, 533 (25.6%) zeb-
rafish proteins and 3516 (18.2%) human proteins
contained annotation indicative of being CTT
proteins. These annotations were first subdivi-
ded by subcellular location, into membrane-
bound and soluble (nonmembrane bound) pro-
teins. Secondarily, the soluble proteins were
subdivided into those retained within the endo-
plasmic reticulum, retained within the Golgi
apparatus, secreted to the extracellular environ-
ment, or localized to other cellular compartments.

Fibroblast growth factors

Fibroblast growth factors (FGF) consist of a
large gene family encoding secreted proteins
with extensive orthology between zebrafish and
human. These proteins have been extensively
studied and annotated in both species, provid-
ing a valuable protein subset in which the lo-
calization predictions made in this study can be
assessed and compared to annotated localiza-
tion data available in SwissProt.19 The RefSeq
protein database contains all known FGF pro-
teins, including 27 in zebrafish and 22 in hu-
man. Summaries of the FGF protein predictions
and SwissProt annotations are provided in
Supplemental Tables 2 and 3, for zebrafish and
human, respectively (go to www.liebertpub
.com=zeb). The predicted localizations of all
human to zebrafish FGF orthologs were iden-
tical. There are 18 predicted FGF zebrafish CTT
proteins and 9 non-CTT proteins, and 13 pre-
dicted FGF human CTT proteins and 9 non-CTT
proteins. Eight of the nine non-CTT proteins
found in human and zebrafish are identical.
FGF9 is the only human non-CTT protein not
found in the zebrafish non-CTT protein set, as

there is no ortholog in the zebrafish proteome.
Within zebrafish, there are two FGF20 proteins,
FGF20a and FGF20b (paralogs), where only a
single ortholog exists in human (FGF20).20 For
the predicted FGF human CTT proteins, all
zebrafish orthologs were predicted to be CTT
proteins. There are an additional five zebrafish
CTT proteins representing zebrafish paralog
proteins. Within SwissProt, 11 of the 13 FGF
human CTT proteins are annotated as ‘‘Se-
creted,’’ with the remaining 2 lacking subcellu-
lar location annotations. Conversely, only one
of the FGF zebrafish CTT proteins (FGF3) is
annotated as ‘‘Secreted.’’ The remaining 16 CTT
proteins lacked entries in the SwissProt data-
base. Of the nine FGF human non-CTT proteins,
three are annotated as ‘‘Secreted,’’ two as ‘‘Nu-
clear,’’ and four lack annotation. For the FGF
zebrafish non-CTT proteins, only one protein is
found in the database, and it lacks subcellular
localization annotation.

Matrix metalloproteinases

Proteins of matrix metalloproteinase (MMP)
family differ from the FGF proteins, as they are
well characterized in humans, but only mar-
ginally characterized in zebrafish. This provi-
des an opportunity to delve into the predicted
data described in this manuscript and gener-
ate hypotheses regarding new putative MMP
orthologs in zebrafish. MMPs are secreted
and membrane-associated endopeptidases.21–22

There are 25 MMP human proteins and 4
identifiedMMP zebrafish proteins in the RefSeq
database. Twenty-four of the 25 human MMPs
are predicted CTT proteins, with MMP24 the
only protein lacking a predicted N-terminal
signal sequence. All four of the zebrafishMMPs,

Table 3. SwissProt Annotated Subcellular Localization of CTT Proteins in Zebrafish and Humans

Subcellular location

Number of proteins

Zebrafish Human

Membrane bound Membrane 353 2521

CTT proteins Secreted=extracellular 82 630
Soluble Endoplasmic reticulum 64 237

Golgi apparatus 34 128
Non-CTT proteins Other 929 4471
Unknown No annotation 617 3058

CTT, cotranslational translocation.
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MMP2, MMP9, MMP13, and MMP14, are pre-
dicted CTT proteins. To look for additional
undefined, putative MMP proteins in the zeb-
rafish proteome, reciprocal BLAST orthologs
were identified between the human MMP
proteins and the zebrafish proteome. Three
zebrafish CTT proteins labeled as hypothetical
proteins in the zebrafish RefSeq database
(gi:94536884, gi:125805214, and gi:125812836)
were identified as putative orthologs to human
MMP proteins (MMP20, MMP24, and MMP17),
respectively.

Discussion

The computational characterization of the
zebrafish secretome is predicated on the avail-
ability of high-quality, full-length protein se-
quences. Predictions of cellular localization
made on truncated or incomplete peptides are
wrought with error and false findings.23 In our
last analysis of zebrafish-secreted proteins,
preceding the sequencing of the zebrafish ge-
nome, the secretome was estimated using se-
quence homology with secreted proteins in
other organisms.24 The subsequent full genome
sequencing has improved the characterization
of the zebrafish proteome, and led to the crea-
tion of a large RefSeq protein sequence set. In
this study, we characterized the zebrafish se-
cretome using the RefSeq database, making the
assumption that it primarily contained com-
plete protein sequences. To provide a cursory
estimate of the level of sequence completion in
this dataset, the distribution of sequence sizes
was compared to that of the well-characterized
human RefSeq protein sequence set. As illus-
trated in Figure 1 and reflected in the mean and
median sequence lengths, the zebrafish and
human RefSeq datasets contain a highly similar
distribution of protein sizes. While this is a
promising finding, it is also evident from the
sequence annotation that the zebrafish protein
sequence set contains a considerably larger
number of predicted and hypothetical proteins.
Taken together, this suggests that the zebrafish
protein sequence set is not over-populated with
short fragments, but may still undergo con-
siderable revision as the predicted and hypo-
thetical protein sequences are validated. The
predictions reported in this manuscript, there-

fore, should represent a vast improvement over
any pre-zebrafish genome sequencing data, but
may still require iteration and refinement as the
zebrafish proteome sequence set matures.
The predictive strategy employed in this

study was designed to follow the natural sort-
ing of proteins in the cell, a strategy employed
in other prediction programs.25 The first step
involved identifying proteins with N-terminal
signal sequences, which mediate CTT of the
nascent peptide chain into the ER, and entry of
the mature protein into the secretory path-
way. In the second step, these CTT proteins
were analyzed to predict the presence of trans-
membrane domains or N-terminal signal an-
chors, following the natural segregation of the
membrane-bound proteins during the CTT
process. Finally, the remaining soluble CTT
proteins were analyzed, distinguishing pro-
teins secreted to the extracellular environment
from those retained in the ER, Golgi, or other
cellular compartments. This approach creates a
layered description of the computationally
characterized secreted zebrafish proteins.
The similarity in the size of the predicted

zebrafish and human CTT protein sequence
sets is striking. Comprising 17% (5905) and
18% (6419) of the respective proteomes, there is
only a 1% difference between zebrafish and
human CTT protein representation in the re-
spective proteomes. These findings are highly
similar to what was reported in another study,
where 5310 (14%) predicted CTT proteins for
Takifugu rubripes (Fugu) and 6716 (20%) pre-
dicted CTT proteins for human were found.26

Likewise, the 2786 zebrafish and 2874 human
soluble CTT proteins identified in this study
are similar in number to that reported in the
secreted protein database (SPD).27 The SPD
predicts 2973 human, 2981 mouse, and 2317 rat
soluble CTT proteins in the respective RefSeq
protein sequence sets. LOCATE is an indepen-
dent database that reports a similar number of
soluble CTT protein sequences in mouse (2882)
and human (2487).28 The LOCATE database is
also one of the few studies to report the sub-
classification of soluble CTT proteins, identify-
ing 1079 mouse and 2025 human extracellular
proteins. The number of mouse proteins and
zebrafish extracellular proteins (1345) found in
this study are similar. However, the number of
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human proteins is considerably different, with
1207 human extracellular proteins found in this
study. This discrepancy may reflect the fact
that LOCATE includes data from both an ex-
perimental, immunofluorescence-based assay
and from a survey of the literature. By com-
bining these two alternative methods with the
de novo prediction method, it is entirely likely
that a larger subset of extracellular proteins
could be identified. Regardless, the results ob-
tained from this analysis of the zebrafish pro-
tein sequence set are very close to what have
been previously reported for other vertebrates,
suggesting that the findings are an accurate
depiction of the zebrafish secretome.
The only known published study of the

zebrafish secretome is the previous analysis we
performed using homology modeling of pro-
tein sequences derived from EST consensus
sequences.24 That study compared* 10,000
zebrafish sequences to* 2500 Drosophila mela-
nogaster CTT proteins and identified 560 ho-
mologous sequences. It was estimated from
these findings that the complete zebrafish
proteome may contain as many as 1000–2000
CTT proteins. On the basis of the observations
made in this study, it is evident that this was an
underestimation of the total number of CTT
proteins in the zebrafish proteome. The other
large source of protein localization data for the
zebrafish is found in the SwissProt knowl-
edgebase. While the annotations in that data-
base are often based on published experimental
data, it unfortunately only contains a subset of
the zebrafish proteome (2078 proteins), at pres-
ent. This clearly illustrates a strong need to
study and characterize the zebrafish proteome.
The FGF protein family is an extensively

studied set of proteins in both human and
zebrafish. The complete orthology between the
two species for this protein family has been de-
fined, and the cellular localization of the human
proteins annotated. Consequently, these pro-
teins provide a valuable positive control for the
evaluation of the predictions reported in this
study, and provided a way of assessing the
coverage of annotation in the SwissProt data-
base. The predicted status (CTT or non-CTT) of
all human and zebrafish orthologs was identi-
cal. However, the amount of subcellular local-
ization annotation in the SwissProt database

varied widely. All but two predicted human
CTT proteins possessed annotated subcellular
localizations, and these annotations agreed
with the predictions (FGF3 and FGF4 lacked
annotation). Conversely, only 1 of the 18 CTT
zebrafish protein (FGF3) was annotated, and
it too had agreement in the annotated and
predicted localization. Nine proteins in both
human and zebrafish were predicted to be non-
CTT proteins, including the four proteins
(FGF11–FGF14) known to function intracellu-
larly.20 Three of the nine non-CTT human pro-
teins (FGF9, FGF16, and FGF20) are annotated
in SwissProt as secreted. These have been ex-
perimentally shown to be secreted, despite the
absence of a well-defined N-terminal signal se-
quence.29 This highlights a limitation of the
approach used in this study. It is unable to
correctly predict the localization of proteins
secreted in a nonclassical manner. For the pre-
dicted non-CTT zebrafish proteins, only one
protein contains a database entry, and it does
not possess subcellular localization annotation.
This emphasizes one of the major benefits of
this study, providing researchers with clear in-
formation on zebrafish protein localization that
may not be available in the annotated data-
bases.
Evaluation of the MMP protein family data

illustrates one way hypotheses can be gener-
ated from the predictions reported in this
study. The MMPs are secreted and membrane-
associated (CTT proteins) endopeptidases in-
volved in extracellular matrix remodeling.21

These proteins have been extensively studied in
human morphogenesis, healing, cardiac dis-
ease, and cancer. There is a large (26 proteins)
and well-characterized set of human MMP
proteins. To date, only four zebrafish MMP
proteins have been defined and reported in the
literature. Based on the prediction localization
status and BLAST-defined orthology between
the human and zebrafish CTT proteins, we
identified three additional putative zebrafish
MMP proteins. These protein sequences align
with the human proteins MMP17, MMP20, and
MMP24. Using this data, these previously hy-
pothetical proteins in the zebrafish proteome
can be specifically studied and functionally
characterized, assessing their status as putative
MMPs. This is just one way in which the re-
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ported description of the zebrafish secretome
could be mined for de novo discoveries. The
results presented in this manuscript will pro-
vide investigators with an updated secretome
resource from which additional studies can be
constructed and the zebrafish proteome more
completely described.

Materials and Methods

Datasets

Protein sequences were obtained from the
NCBI RefSeq release 28 database. The D. rerio
protein sequences were downloaded on 4=22=
2008, and the H. sapiens protein sequences were
downloaded on 4=22=2008.
SwissProt sequence annotations were down-

loaded for all protein sequences with an an-
notated ‘‘Organism’’ term of ‘‘Danio rerio’’ and
‘‘Homo sapeins’’ on 4=22=2008.

Prediction

The subcellular localization of protein se-
quences was predicted using the online SignalP
version 3.0 and TargetP version 1.1 signal pep-
tide prediction servers at the Center for Bio-
logical Sequence Analysis, of the Technical
UniversityofDenmark.SignalPpredictionswere
performed using the No graphics and Short
output format options. TargetP predictionswere
performed with the cleavage site prediction op-
tion. For both the SignalP and TargetP analyses,
150 residue N-terminal sequences, divided into
sequence subsets of 1200, were submitted for
analysis. Default parameters were used for ana-
lyzing thepredictionalgorithmoutputs.Proteins
were considered to have a predicted N-terminal
signal sequence if the TargetP prediction re-
turned an ‘‘S,’’ and the SignalP D-score returned
a ‘‘Y.’’
Phobius was used to analyze full-length

protein sequences on the online server at the
Stockholm Bioinformatics Center, of Stockholm
University. The Short output format option
was selected. Protein sequences were classified
as soluble if they lacked predicted transmem-
brane domains, and Phobius predicted the
presence of an N-terminal signal sequence.
Secretome protein sequences that were pre-

dicted to be soluble on the basis of the TargetP,

SignalP, and Phobius predictions were subse-
quently analyzed by pTarget to differentiate
extracellular, endoplasmic reticulum, Golgi ap-
paratus, and other proteins. Proteins deemed
unanalyzable by pTarget or predicted to be
localized to a position other than extracellular,
Golgi apparatus, or endoplasmic reticulumwere
included in the other category.
All data analysis and abstracting of predic-

tion and annotation information was done
using PERL scripts.

Orthology

Reciprocal BLAST30 hits were used to define
zebrafish–human orthology. Comparisons were
made between the complete sequences of the
zebrafish and human predicted secreted pro-
tein sequence sets using the BLAST version
2.2.16, blastp method. The combination of soft
filtering (-F ‘‘m S’’) and Smith-Waterman final
alignment (-s T) options was used to obtain
optimal detection of orthologs.31 BLAST anal-
ysis was restricted to hits with an e-value
significance# 0.001.
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