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Analysis of the Zebrafish Proteome during
Embryonic Development*s
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The model organism zebrafish (Danio rerio) is particularly
amenable to studies deciphering regulatory genetic net-
works in vertebrate development, biology, and pharma-
cology. Unraveling the functional dynamics of such net-
works requires precise quantitation of protein expression
during organismal growth, which is incrementally chal-
lenging with progressive complexity of the systems. In an
approach toward such quantitative studies of dynamic
network behavior, we applied mass spectrometric method-
ology and rigorous statistical analysis to create compre-
hensive, high quality profiles of proteins expressed at two
stages of zebrafish development. Proteins of embryos 72
and 120 h postfertilization (hpf) were isolated and analyzed
both by two-dimensional (2D) LC followed by ESI-MS/MS
and by 2D PAGE followed by MALDI-TOF/TOF protein iden-
tification. We detected 1384 proteins from 327,906 peptide
sequence identifications at 72 and 120 hpf with false iden-
tification rates of less than 1% using 2D LC-ESI-MS/MS.
These included only ~30% of proteins that were identified
by 2D PAGE-MALDI-TOF/TOF. Roughly 10% of all detected
proteins were derived from hypothetical or predicted gene
models or were entirely unannotated. Comparison of pro-
teins expression by 2D DIGE revealed that proteins involved
in energy production and transcription/translation were rel-
atively more abundant at 72 hpf consistent with faster syn-
thesis of cellular proteins during organismal growth at this
time compared with 120 hpf. The data are accessible in a
database that links protein identifications to existing re-
sources including the Zebrafish Information Network data-
base. This new resource should facilitate the selection of
candidate proteins for targeted quantitation and refine sys-
tematic genetic network analysis in vertebrate development
and biology. Molecular & Cellular Proteomics 7:981-994,
2008.

Embryonic development is governed by highly coordinated
changes in the expression of large protein sets. Resolving the
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programs controlling these changes at the molecular level can
provide important insights into the principles of human biol-
ogy and disease. The zebrafish (Danio rerio) is an attractive
vertebrate model organism for studies into the molecular
mechanisms of development (2), pathology (3), and pharma-
cology (4, 5). Its high fecundity and short generation times
render it particularly amenable to large scale forward genetics
approaches (6), which study gene-function relationships free
of a priori assumptions using genome-wide random chemical
(7) or retroviral (8) mutagenesis. Subsequent mapping and
positional cloning of mutated genes can link them to observed
phenotypes. Definitive proof for such gene-function relation-
ships is typically afforded by reverse genetics experiments.
These depress gene expression either transiently using anti-
sense morpholinos or using stable mutants systematically
identified in a gene of interest by a method referred to as
“targeting induced local lesions in genomes” (TILLING) (9).
Zebrafish genetics has been facilitated substantially by the
increasing availability of genome sequence information
(Sanger Institute’s D. rerio sequencing project) as assembly of
the 1.7-Gb genome sequence nears completion. The utility of
the genome sequence increases with the quality of annotation
of protein-encoding genes. Genome annotations are sup-
ported by alignments of experimentally documented tran-
script or protein sequences specific for the zebrafish genome,
by alignments of homologous transcript or protein sequences,
and ab initio by computational gene prediction (10). While
computational predictions tend to be rather imprecise, many
putative zebrafish genes have human orthologs, and large
regions of synteny exist between human and zebrafish chro-
mosomes underlining the relevance of the zebrafish to the
analysis of higher vertebrates (11). However, conservation
across species is not limited to protein-coding regions (12);
thus, these annotations are not compelling. Currently
~17,300 genes have been annotated based on the highest
quality of evidence (species-specific transcript data such as
expressed sequence tags), ~2500 are unknown or predicted
on the basis of evidence from closely related species, and
~1500 genes are computationally predicted (Ensembl As-
sembly Zv7, April 2007 (13)). Direct detection of translated
peptides by tandem mass spectrometry methods has proved
valuable in the annotation of genomes as they allow predic-
tion or refinement of gene structures and can resolve difficul-
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ties in annotating from cDNA alternative splice forms and
overlapping gene sequences (14-18).

Genetic screens for perturbed phenotypes have generated
numerous mutants with defects in pathways affecting devel-
opment, physiology, and behavior (6). Many mutant pheno-
types are reminiscent of human disease and have proved
invaluable in deciphering signaling cascades implicated in
cardiovascular (3, 19), renal (20), and gastrointestinal biology
(21) and in cancer (22). Initial forward genetic screens have
phenotyped embryos based on morphology as optical clarity
during external zebrafish embryogenesis facilitates visual
analysis during their rapid development (6). More recently,
assays visualizing biological functions in vivo such as the
metabolic processing of fluorescent marker lipids (23) or the
regenerative response to injury (24) and assays detecting
dysregulated gene expression (25) have discovered mutant
phenotypes not primarily amenable to visual inspection. Met-
abolic screens based on the accurate quantitation of biomar-
kers (e.g. using highly sensitive MS) that have been performed
in chemically mutated mice (26, 27) have yet to be applied to
zebrafish (28). Studies into the genetics of protein expression
are largely constrained by the availability of specific antibod-
ies. Mass spectrometry-based proteomics methods have the
potential to overcome these hurdles; however, this requires
first an accurate characterization of proteins accessible to
targeted quantitative analysis (29).

We applied mass spectrometric proteomics methodology
and statistical analysis (30) to create profiles of proteins ex-
pressed during zebrafish embryonic development. A major
problem in two-dimensional chromatography-tandem mass
spectrometry (“shotgun”) proteomics approaches is that
many protein identifications have low reproducibility if the
sensitivity of detection is not carefully balanced against rates
of false identification error by using multiple replicates and
rigorous statistics (31). Thus, we applied a novel empirical
Bayesian algorithm to integrate data sets from multiple search
programs and multiple biological replicates (30). The data are
accessible in a fully searchable database (see supplemental
data for the URL database link under Instructions for Download-
ing) that links protein identifications to existing resources includ-
ing the Zebrafish Information Network (ZFIN)' database (32).

EXPERIMENTAL PROCEDURES

Sample Preparation—Methods for breeding and raising zebrafish
embryos were followed as described previously (33). Embryos were
obtained from natural matings of wild-type tail long fin fish. Embryos
from four independent matings were collected 72 and 120 h postfer-
tilization (hpf), snap frozen in liquid nitrogen, and stored at —80 °C.

" The abbreviations used are: ZFIN, Zebrafish Information Network;
EBP, Empirical Bayes Protein Identifier; GO, Gene Ontology; hpf,
hours postfertilization; HSP, heat shock protein; IPI, International
Protein Index; 2D, two-dimensional; PMF, peptide mass fingerprint;
ACTH, adrenocorticotropic hormone; BLAST, Basic Local Alignment
Search Tool.

Sample preparation, protein digestion, and chromatographic separa-
tion were performed as described previously (30). Briefly, five tubes of
20-30 embryos were lysed (7 M urea, 2 M thiourea, 4% CHAPS (all
Amersham Biosciences), 100 mm DTT (Bio-Rad), Phosphatase Inhib-
itor Mixture 11 (Sigma), Complete protease inhibitor (Roche Applied
Science)) and homogenized (TissuelLyser, Qiagen; 2 X 3 min, 30 Hz),
and proteins were precipitated and resuspended in 0.2% (w/v)
RapiGest™ SF (Waters Co., Milford, MA) in 50 mm ammonium bicar-
bonate (Sigma). Samples containing 2.0 mg of protein were reduced
(5 mm DTT, Bio-Rad), alkylated (5 mm iodoacetamide; Bio-Rad), and
trypsin-proteolyzed using a 1:20 (w/w) enzyme-to-protein ratio (Pro-
mega, Madison, WI) at 37 °C for 16 h. Prior to strong cation exchange
chromatography the pH was lowered to 3.

Two-dimensional Chromatography and Mass Spectrometry— Off-
line fractionation and LC-MS/MS were performed as described pre-
viously (30). The sample was loaded onto a PolySulfoethyl A column
(100 mm X 4.6 mm, 5 um, 300 A; PolyLC, Columbia, MD) at a flow
rate of 0.2 ml/min with mobile phase A (10 mm ammonium formate,
25% acetonitrile, pH 3). A linear gradient for 80 min was run to 100%
mobile phase B (500 mm ammonium formate, 25% acetonitrile, pH
6.8). Sixty 1.6-min fractions were collected with a Foxy Jr. (Dionex,
Sunnyvale, CA) automated fraction collector. Fractions with low pep-
tide concentration were combined to yield a total of 40 fractions,
which were lyophilized and stored at —80 °C. Lyophilized peptides
were reconstituted with 0.1% formic acid, 5% acetonitrile for re-
versed phase liquid chromatography onto a Thermo Finnigan liquid
ion trap mass spectrometer (Thermo Finnigan, San Jose, CA) using
electron spray ionization. Each fraction was injected onto a Vydac C,4
column (Everest 150 mm X 1 mm inner diameter, 300 A, 5 um;
Bodmann, Aston, PA) with mobile phase A (0.1% formic acid, 0.01%
trichloroacetic acid in water). A gradient (30 wl/min) was run over 180
min from 3 to 70% mobile phase B (0.1% formic acid, 0.01% trichlo-
roacetic acid in acetonitrile). Nitrogen was used as the sheath (75 p.s.i.)
and auxiliary (10 units) gas with the heated capillary at 180 °C. The mass
spectrometer was operated in a data-dependent MS/MS mode (m/z
300-2000) in which the top seven ions were subjected to fragmentation
at 27% normalized CID energy. Dynamic mass exclusion was enabled
with a repeat count of 2 every 45 s for a list size of 250.

Analysis of LC-MS/MS Data—The data sets of each sample were
searched against the International Protein Index (IPI) D. rerio protein
sequence database (version 3.07; number of protein sequences,
45,388; number of amino acid residues, 23,104,717) for peptide se-
quences using two independent algorithms, SEQUEST 3.1 (Ther-
moFinnigan, San Jose, CA) and MASCOT 2.1.04 (Matrix Sciences,
Boston, MA). Raw mass spectra were converted to DTA peak lists
using BioWorks Browser 3.2 (ThermoFinnigan) with the following
parameter settings: peptide mass range, 300-5000 Da; threshold, 10;
precursor mass, *=1.4 Da; group scan, 1; minimum group count, 1;
minimum ion count, 15. Searches specified that peptides should have
a maximum of two internal tryptic cleavage sites with methionine
oxidation and cysteine carbamidomethylation as possible modifica-
tions. SEQUEST searches specified that peptides should possess at
least one tryptic terminus and used a peptide mass tolerance of 1.4
Da and a fragment ion tolerance of 0. MASCOT searches specified
tryptic digestion and used a peptide mass tolerance of =1.5 Da and
a fragment ion tolerance of +0.1 Da. The search results were con-
verted into pepXML format. Peptide identification probabilities for
both SEQUEST and MASCOT searches were calculated by executing
PeptideProphet as implemented in the Trans-Proteomic Pipeline ver-
sion 2.8 (Institute for Systems Biology, Seattle, WA) (34). SEQUEST
results were processed using the “-Ol” tag, which uses ACn* values
unchanged.

Results from both searches (SEQUEST and MASCOT) and all
biological replicates were combined in a single statistical analysis of
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protein expression per developmental stage using Empirical Bayes
Protein Identifier (EBP) 1.0 as described previously (30). Briefly EBP
estimates both sensitivity and false identification rate and has been
validated empirically for analysis of zebrafish liquid ion trap mass
spectrometry data using a reversed/forward sequence database
search approach (30). EBP combines the probabilities of correct
peptide identification across multiple peptide searches using a func-
tion that returns the maximum probability from consensus identifica-
tions and penalizes non-consensual identifications. Different charge
states of the same peptide are treated as a single identification. The
statistical model parameters include protein length, estimated protein
abundance, the size of the search database, and the number of
peptide sequence identifications in the data set. For each protein in
the database, an expression probability is estimated using an “ex-
pectation-maximization” algorithm. Replicates are integrated by si-
multaneously estimating multiple sets of model parameters. Peptides
whose sequence matches multiple proteins are integrated in the
analysis using “Occam’s razor,” a principle by which the smallest set
of probable proteins is chosen that is sufficient to explain the peptide
sequence identifications. When proteins cannot be reliably distin-
guished by unique peptides, they are reported as a protein group.
EBP analyses were run on combined SEQUEST and MASCOT results
and biological replicates for each developmental stage using its de-
fault settings except for the calculation of the number of trypsin
digests per protein, which specified peptides with at least one tryptic
terminus. The default settings specify that only peptide identifications
with probabilities greater than 0.5 are used in the calculation of
protein identification probabilities. This is equivalent to using only
those spectra for which SEQUEST and MASCOT reached consensus
for the most likely peptide identification. Only proteins with expres-
sion probabilities corresponding to a false identification rate of less
than 0.01 (1%) were reported. This was equivalent to expression
probabilities of p > 0.77 and p > 0.87 in the given data sets, 72 and
120 hpf (Fig. 1). Spectra of protein identifications that met these
criteria but were based on a single unique peptide were manually
inspected. Thirty-eight such protein identifications were excluded
after inspection. All single unique peptide identifications that re-
mained in the data set are summarized in supplemental Table 3 as
specified by the MCP data submission guidelines. Graphical repre-
sentations of the corresponding annotated MS/MS spectra were ex-
tracted from the Trans-Proteomic Pipeline (Institute for Systems Bi-
ology, Seattle, WA) and the EBP plug-in using the Ruby 1.8.5 scripting
language. Thus, result files were parsed for the peptide sequence with
the highest PeptideProphet probability score for each charge state.
Up to three such spectra were extracted if multiple spectra shared the
highest probability value. HTML pages were created to display the
resulting spectra images and hyperlinks included in supplemental Table
3 that open these pages. These pages and the table are included in the
compressed (zipped) file (Lucitt_Supplemental_Table_3.zip) that in-
stalls the table and correct subfolder structure for viewing the linked
MS/MS spectra when unpacked.

Two-dimensional Gel Electrophoresis—Two biological replicate
samples of each developmental stage were analyzed. Proteins were
resuspended in 30 mm Tris, pH 8.5, 7 M urea, 2 M thiourea, 4% CHAPS
(GE Healthcare) for differential display using the DIGE technology (GE
Healthcare) and in 7 m urea, 2 M thiourea, 4% CHAPS, 40 mm DTT for
preparative gels. Fifty micrograms of protein from 72- and 120-hpf
embryos were labeled with 400 pmol of Cy3 and Cy5 DIGE fluoro-
phores (GE Healthcare), respectively. Reverse labeling was used to
normalize for label differences. An internal control containing 25 ug of
protein from both 72- and 120-hpf embryos was labeled with 400
pmol of Cy2 and included in each analytical gel. Samples were
rehydrated into 24-cm, pH range 3-10, non-linear IPG strips (GE
Healthcare) for 14 h at 30 V. A step and hold isoelectric focusing was

completed as follows: 500 V for 500 Vhrs, 1000 V for 1000 Vhrs, 3000
V for 6000 Vhrs, 5000 V for 10,000 Vhrs, and 8000 V for 70,000 Vhrs.
The cysteine sulfhydryl groups were reduced and carbamidomethyl-
ated (50 mm DTT for 15 min, 240 mm iodoacetamide for 15 min room
temperature). IPG strips were then placed on top of an 8-16%
precast polyacrylamide gel (Jule, Inc., Milford, CT). SDS-PAGE (Ethan
DALT Twelve, GE Healthcare) was carried out at 2 watts/gel for 30 min
followed by 4 watts/gel until the bromphenol dye front ran off the gel.
Preparative gels contained 500 g of unlabeled protein for identifica-
tion of differentially regulated protein spots. These samples were
dialyzed against 7 M urea, 2 M thiourea for 2 h prior to tow-dimensional
(2D) PAGE, and gels were stained with Novex Colloidal Blue stain
(Invitrogen). DIGE gels were imaged (Typhoon 9410, GE Healthcare)
using excitation/emission wavelengths of 488/520 nm for Cy2, 532/
580 nm for Cy3, and 633/670 nm for Cy5. The Colloidal Blue-stained
gels were imaged using a wavelength of 633 nm.

Image Analysis—Images were analyzed with Progenesis PG200
software (Nonlinear Dynamics, Newcastle, UK) according to the man-
ufacturer’s instructions applying a “cross-stain analysis” on the DIGE
gels. Thus, two multiplex groups (groups of images derived from the
same gel) were defined as follows: multiplex group one: gel 1, 72-hpf
Cy3, 120-hpf Cy5, and internal control Cy2; multiplex group two: gel
2, 72-hpf Cy5, 120-hpf Cy3, and internal control Cy2). Three replicate
groups were defined as replicate 1 (72-hpf Cy3 from gel 1 and 72-hpf
Cy5 from gel 2), replicate 2 (120-hpf Cy5 from gel 1 and 120-hpf Cy3
from gel 2), and replicate 3 (internal standard labeled with Cy2 from
gels 1 and 2). A reference gel was automatically selected by the
software using the default settings and is based on an internal stand-
ard image. The maximum number of gels in which a spot was allowed
absent within the replicate group parameters was selected to be 0.
Spot detection, background subtraction, warping, matching, and nor-
malization were all set at the default settings of the software. Where
possible, unmatched spots were edited on each multiplex group
based on a three-dimensional view of the spot, afterward normaliza-
tion was restored, and the reference gels were updated. Differences
in average normalized volume between 72 and 120 hpf of 3-fold or
more were considered for protein identification.

Protein Identification from 2D Gels—A total of 164 spots consid-
ered differentially regulated based on the above criteria and 379 spots
that were considered not to be differentially regulated were excised
for identification by MALDI-TOF/TOF. Spots of interest were roboti-
cally excised into 96-well plates using an Ettan Spot Picker (GE
Healthcare). Gel plugs were washed with 100 ul of Milli-Q water for 15
min and three times with 100 ul of 25 mM ammonium bicarbonate,
50% ACN for 30 min while Vortex mixing. Plugs were then dehydrated
in 100% ACN for 10 min and allowed to air dry. This was followed by
reduction with 10 mm DTT in 50 mm ammonium bicarbonate at 60 °C
for 30 min followed by alkylation with 100 mm iodoacetamide in 50 mm
ammonium bicarbonate for 45 min at room temperature in the dark.
Wash steps as mentioned above were repeated, and gel plugs were
dehydrated with 100% ACN. Twenty micrograms of sequencing
grade modified trypsin (Promega) was solubilized in 40 mm ammo-
nium bicarbonate, 5% ACN to a concentration of 20 ng/ul. Ten
microliters of the trypsin solution was added to each plug and allowed
to rehydrate the gel plugs on ice for 30 min and then incubated at
37 °C overnight. Digestion buffer was removed to a new 96-well plate,
and 50 ul of 1% TFA in 50% ACN was added to the gel plugs and
sonicated for 30 min. This extract was removed and combined with
the digestion buffer and dried in a SpeedVac concentrator (Jouan,
RC1022, Thermo Savant, Milford, MA) for 45 min. Peptides were then
resuspended in 15 ul of 0.5% TFA in Milli-Q water. Peptides were
solid phase-extracted (Millipore reverse phase ZipTipg4g) according
to the manufacturer’s instructions. Samples were eluted into a 96-well
plate with 4 ul of a 0.1% TFA, 50% ACN solution.
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One microliter of the eluate was premixed with 2 pul of a-cyano-4-
hydroxycinnamic acid matrix (3 mg/ml in 10 mmM ammonium phos-
phate, 50% acetonitrile, 0.1% TFA) and spotted in duplicate on a
MALDI target plate (Opti-TOF® 192-well insert, Applied Biosystems,
Foster City, CA). MALDI-TOF MS and tandem TOF/TOF MS were
performed on a Voyager 4700 instrument (Applied Biosystems). Thus,
two peptide mass fingerprint (PMF) spectra per gel spot were gener-
ated from separate MALDI plate wells. The spectra were acquired in
the reflector mode by averaging 3000 laser shots per spectrum (mass
range, 800—-4000 Da; focus mass, 2000 Da). Spectra were smoothed
(Gaussian filter width, 9; target resolution at 1300 m/z, 20,000) for
internal calibration to trypsin autolytic peptides (m/z 842.510,
1045.564, 1940.935, 2211.105, 2239.136, 2299.179, and 2807.300)
and only peaks that exceeded a signal-to-noise ratio of 100 (local
noise window, 200 m/z) and a half-maximal width of 2.9 bins were
considered. A minimum of two monoisotopic trypsin peaks were
required to calibrate each spectrum to a mass accuracy within 20
ppm. Failure to meet these criteria resulted in the application of the
external plate calibration that was performed prior to each run and
required matching of six standard peptide ion masses (m/z 904.468,
1296.685, 1570.677, 2093.087, 2465.199, and 3657.929) from six
calibration spots (4700 Mass Standard kit, catalog number 4333604,
Applied Biosystems). The laser power for PMF acquisition was ad-
justed to produce an average intensity of ~7000 for the m/z 2093.087
standard ion (ACTH-(1-17)) across the six calibration spots prior to
each run. Data-dependent MS/MS analyses, using PSD on one rep-
licate PMF spectra set and CID on the other replicate, was performed
on the 15 most abundant peptide ions (excluding trypsin autolysis
ions) to generate amino acid sequence information. MS/MS spectra
were integrated over 3000 laser shots in the 1-kV positive ion mode
with the metastable suppressor turned on. Air at the medium gas
pressure setting (1.25 X 10~ torr) was used as the collision gas in the
CID on mode. An internal calibration of MS/MS spectra was at-
tempted on at least two ions of the immonium ion series and the y1
ions of arginine, lysine, and histidine (m/z: Arg immonium, 70.066,
87.081, 100.088, and 112.088; Arg y1, 175.119; Lys immonium,
84.081, 101.108, and 129.103; Lys y1, 147.113; His immonium,
110.072 and 138.067) or reverted to the external calibration, which
was performed prior to each PSD or CID run on four fragmentation
ions of Glu'-fibrinopeptide B (m/z: precursor, 1570.677; y1, 175.120;
y4, 480.257; y6, 684.347; y9, 1056.475). The laser intensity for the
MS/MS spectra acquisition was adjusted to an intensity of ~4000 of
the y9 ion (m/z 1056.475) prior to each run.

The Global Proteome Server (GPS) Explorer 3.5 build 321 software
(Applied Biosystems) was used to extract peaks from raw spectra
using the following settings: MS peak filtering: mass range, 800-4000
Da; minimum signal-to-noise ratio, 10; peak density filter, 50 peaks/
200 Da; maximum number of peaks, 65; MS/MS peak filtering: mass
range, 60-20 Da below precursor mass; minimum signal-to-noise
ratio, 10; peak density filter, 50 peaks/200 Da; maximum number of
peaks, 65. A combined MS peptide fingerprint and MS/MS peptide
sequencing search was performed against the IPI D. rerio version
3.07 database (number of protein sequences, 45,388; number of
amino acid residues, 23,104,717) using the MASCOT 2.1.04 search
algorithm. These searches specified trypsin as the digestion enzyme
and allowed for carbamidomethylation of cysteine, partial oxidation of
methionine residues (all variable modifications), and one missed tryp-
sin cleavage. The monoisotopic precursor ion tolerance was set to 50
ppm, and the MS/MS ion tolerance was set to 0.05 Da. The output
was limited to the 10 best hits. MS/MS peptide spectra with a mini-
mum ion score confidence interval =95% were accepted; this was
equivalent to a median ion score cutoff of ~27 in the data set. Protein
identifications were accepted with a statistically significant MASCOT
protein search score =65 that corresponded to an error probability of

p < 0.01 in our data set. All possible protein identifications from
replicate analyses that met the above criteria were reported for each
gel spot. However, the protein identification with the highest score
was selected in the case of redundant protein identifications.

The raw mass spectra were exported to mzXML using the PzM-
sXML script (Nathan Edwards, University of Maryland Center for
Bioinformatics and Computational Biology, College Park, MD). Anno-
tated PMF spectra were produced by combining the spectra file
formats for raw and processed peaks, mzXML and Mascot generic
format, respectively. Peak annotations and modification information
for identified peptides was extracted from the result summary table
(supplemental Table 4). The Ruby scripting language was used to parse
these files, send the spectra and annotation information to the R sta-
tistical tool (The R Project for Statistical Computing) for plotting, and
creation of the HTML result pages. Annotated spectra for the tandem
mass spectrometry experiments were obtained by transforming the
dynamic MASCOT Web pages into static content using Ruby and saved
locally to the drive. Hyperlinks to both PMF and MS/MS pages are
included in supplemental Table 4. These pages and the table are in-
cluded in a compressed (zipped) file (Lucitt_Supplemental_Table_4.zip)
that installs the table and correct subfolder structure for viewing the
linked spectra when unpacked.

Protein Classification—Proteins were classified using the Gene
Ontology (GO) functional annotations for cellular component, molec-
ular function, and biological process (35). Annotation categories were
taken from level three in the GO trees. GO enrichment analysis was
conducted by calculating for each category the probability that the
number of annotations in the protein list could have arisen by chance,
assuming an underlying hypergeometric distribution (36). Pathway
analysis (Ingenuity Systems, Redwood City, CA) was used to search
for enrichment of proteins in canonical and metabolic signaling path-
ways. IPI protein sequences were BLAST searched against the Ref-
Seq human and mouse protein sequence databases, and BLAST
results were used for mapping in the Ingenuity Systems pathway
database.

Zebrafish Proteomics Database—A database was constructed
parsing IPI records, GenBank™ records, the NCBI taxonomy, and
GO ontology into a BioSQL relational database schema. The schema
was extended to include the experimental result data and key word
searching capabilities as well as optimized for the Web application.
The web site itself was constructed using the Ruby on Rails web
application framework. The zebrafish proteomics database can be
accessed on line (see supplemental data for the URL database link
under Instructions for Downloading).

RESULTS

Zebrafish Embryonic Protein Expression Profiles—We per-
formed 2D LC-MS/MS experiments to generate an accurate
repository of proteins reliably detectable in zebrafish embryos
at 72 and 120 hpf. Replicate samples for each embryonic
developmental stage were analyzed. The acquired raw mass
spectra data sets for each replicate were matched to peptide
sequences in the IPI D. rerio database using the search en-
gines MASCOT and SEQUEST. This generated 327,906 pos-
sible peptide identifications. Peptide sequence identifications
generated from both search algorithms for each replicate
were combined in an integrated analysis using the EBP algo-
rithm for protein assignment to augment sensitivity and error
control (30).

This approach identified 1112 unique proteins at 72 hpf and
867 unique proteins at 120 hpf with false identification rates of
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less then 1% and sensitivities of 91.7 and 88.2% (Fig. 1 and
supplemental Tables 1, 2, and 3). An additional 45 proteins at
72 hpf and 31 proteins at 120 hpf were as likely to be ex-
pressed but were indistinguishable from homologous proteins
based on the peptide evidence. Eighty-six percent of the
identified proteins at 72 hpf and 82% at 120 hpf were based
on gene models derived from transcript or protein sequences
specific for the zebrafish genome (Ensembl Assembly Zv7,
April 2007 (13)). Hypothetical proteins or proteins predicted by
comparison with other genomes constituted 13% of the de-
tected proteins at 72 hpf and 17% at 120 hpf.

The separation of proteins at the peptide level by 2D LC-
MS/MS may preclude discrimination of homologous proteins,
such as distinct isoforms or modified forms of a protein.
Gel-based proteomics techniques allow more readily the dis-
tinction of similar proteins based on their migration pattern in
the electrical field. Thus, we ran protein samples from both
developmental stages on 2D gels. In total, 348 unique pro-
teins at 72 hpf and 317 unique proteins at 120 hpf were
identified from 2D gels using MALDI-TOF/TOF tandem mass
spectrometry with an error probability of less than 0.01 (Fig. 2
and supplemental Table 4). Approximately 85% of the de-
tected proteins were annotated at the highest level of quality,
and 15% were hypothetical or predicted proteins with simi-
larity to sequences of other species (Ensembl Assembly Zv7,
April 2007 (13)).

Proteins with high quality annotations identified by either
method included structural proteins (e.g. myosin, tubulin, ac-
tin, annexin, lamin B2, matrilin 4 precursor, septin 6, cofilin 2,
and cytokeratin), heat shock proteins (e.g. HSP 70-kDa pro-
tein 5, HSP 8, HSP 9B, and HSC 70), molecular chaperone
proteins (e.g. chaperonin containing TCP1 subunit 2, calreti-
culin-like protein, chaperone protein GP96, and retinoblasto-
ma-binding protein 4), cell cycle proteins (e.g. cell division
cycle gene CDC48 and prohibitin), and multiple forms of the
yolk protein vitellogenin. Annotated proteins involved in organ
functions included those specific to kidney (e.g. intraflagellar
protein IFT81), skeletal muscle (e.g. creatine kinase), liver (e.g.
basic fatty acid-binding protein and 6-phosphofructokinase),
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Fic. 2. 2D PAGE reference images of 72- and 120-hpf protein
lysates. Annotated 2D gels for 72-hpf (a) and 120-hpf (b) zebrafish
embryo proteins based on DIGE expression differences are shown.

central nervous system (e.g. synaptosome-associated protein
and brain-type fatty acid-binding protein), heart (e.g. ATPase
2A), and lens proteins (crystallin yN2 and gB1). Proteins reg-
ulating developmental processes included proteins such as
B-catenins 1 and 2, staufen homolog 2, and kelch-like 1.
About 50% of all identified proteins were detected at both
embryonic stages (Fig. 3). Interestingly a large fraction of
proteins were exclusively identified by 2D PAGE (248 and 231
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a. 72 hpf 2D-LC-MS/MS
1112 (total)

120 hpf 2D-LC-MS/MS
867 (total)

b. 2D-PAGE 72 hpf
345 (total)

2D-PAGE 120 hpf
317 (total)

C.  2D-LC-MS/MS 72 hpf
1112 (total)

2D-PAGE 72 hpf
345 (total)

d.  2D-LC-MS/MS 120 hpf 2D-PAGE 120 hpf
867 (total) 317 (total)

Fic. 3. Comparison of proteins identified by 2D LC-MS/MS and
from 2D PAGE. a and b, Venn diagram illustration of the overlap
between proteins identified by 2D LC-MS/MS (a) or from 2D PAGE (b)
at 72 and 120 hpf. ¢ and d, overlap between 2D LC-MS/MS- and 2D
PAGE-identified proteins at 72 hpf (c) and at 120 hpf (d).

at 72 and 120 hpf, respectively) but not by 2D LC-MS/MS.
Only a total of 97 proteins at 72 hpf and 86 at 120 hpf were
detected by both 2D PAGE and 2D LC-MS/MS at either stage
(Fig. 3). Thus, ~70% of the proteins identified on gels were
not detected by 2D LC-MS/MS. A potential explanation for
this discrepancy is that the gel separation method may favor
proteins that are not well digested in solution.

Differential Protein Expression during Development—Ze-
brafish embryonic development between the hatching period
(72 hpf) and the larval stage (120 hpf) is characterized by rapid
maturation of primal organs to form a viable organism. We
assessed relative protein expression changes during this pe-
riod by DIGE. Protein lysates of both stages were differentially

fluorescently labeled, and an internal control was included to
which protein spot intensities of both stages were normalized.
A total of 148 of 789 resolved protein spots were in excess of
3-fold more abundant at 120 hpf than at 72 hpf. The expression
intensity of 236 spots was below a third of that observed at 72
hpf. Sixty-one spots with a more than 3-fold increase and 103
spots with a more than 3-fold decrease in relative expression at
120 versus 72 hpf were identified with an error probability of less
then 0.05 (Table | and supplemental Table 4).

Annotated proteins included primarily structural protein iso-
forms, which were resolved in multiple spots, such as actin,
myosin, tropomyosin, and tubulin isoforms. For example, ac-
tin isoforms were resolved in 17 spots (13 increased and four
decreased at 120 hpf); myosins were identified in 27 spots
(eight increased and 19 decreased at 120 hpf) representing
multiple distinct isoforms and post-translationally modified or
partially truncated variants. Vitellogenin (IPI00496717 and
IP100607465) was identified in 10 spots, also indicative of the
existence of multiple modified variants. As expected, this yolk
protein was decreased at 120 hpf as it is consumed for energy
and protein production during development.

Proteins involved in energy production and metabolism
(muscle-specific creatine kinase, IPI00507087; L-lactate de-
hydrogenase B chain, IPI00495855; aldolase c fructose-
bisphosphate, IPI00490850; creatine kinase mitochondrial 2,
IP100485952; and enolase 3 protein, IPI00490877) were be-
tween 5- and 50-fold less abundant at 120 hpf than at 72 hpf.
Transcription/translation proteins (ribosomal protein SA,
IP100508284; RNA binding motif protein 4, IPI00615024; eu-
karyotic translation initiation factor 3, IPI00496845; and het-
erogeneous nuclear ribonucleoprotein that binds to nascent
RNA polymerase |l transcripts and plays a role in both tran-
script-specific packaging and alternative splicing of
pre-mRNAs, IPI00491050) were 4-18-fold more abundant at
72 hpf than at 120 hpf, consistent with the faster synthesis of
cellular proteins during organismal growth at the earlier de-
velopmental stage. Similarly prohibitin (IPI00480889), chap-
eronin containing TCP1 subunit 5 (IPI00498630), and heat
shock protein Hspd1 (IPI00508003), which are all involved in
cell cycle control, were more abundant (5-10-fold) at 72 hpf
than at 120 hpf. All four lens proteins (crystallin yN2,
IPI00495773; B-crystallin B1, 1PI00502990; B-crystallin A4,
IPI00490966; and B-crystallin A1-2, IPI00504818) were more
prominent (6-19-fold) at the earlier stage relative to total
protein, consistent with the relatively larger volume of the eyes
in comparison with the whole organism at this stage. Three
embryonic proteins, novel B-type globin (IPI00513361), novel
protein similar to embryonic 1 (IPI00502256), and novel pro-
tein similar to vertebrate apurinic/apyrimidinic endonuclease
(APEX) (IPI00498781), were also decreased at 120 hpf
(8-9-fold).

Apart from the structural proteins, several proteins that
were more abundant at 120 hpf than at 72 hpf fell into the
hypothetical/predicted or unknown categories. Other up-reg-
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TABLE |
Protein spot identifications with 3-fold change or more in relative expression at 120 versus 72 hpf

h., heavy; L., light; mitochondr., mitochondrial; Eukar. transl. init. fact., eukaryotic translation initiation factor; Het., heterogeneous; contain.,
containing; prot., protein; APEX, apurinic/apyrimidinic endonuclease.

Pep.

Spot®  Accession® Protein name Score® Molgcular pl ID 4 count Unmtfch. Cov.9 -Fold B

weight Spec. (n)° (n) change

%

1699 IPI00503469  Actin 152 41947 5.22 590 11 61 40 241
2270 IPI00551966  Actin, a1, skeletal muscle 90 41955 5.23 607 8 54 31 10.8
2124 IPI00482295  Actin, cytoplasmic 1 74 41739 5.3 580 6 71 18 10.3
1709 IPI00503469  Actin 101 41947 5.22 601 7 54 23 10
2071 IPI00503469  Actin 134 41947 5.22 593 12 57 36 8.5
2068 IPI00503469  Actin 135 41947 5.22 587 10 56 35 7
1752 IPI00503469  Actin 115 41947 5.22 571 10 64 38 5
2001 IPI00503469  Actin 103 41947 5.22 606 9 53 32 4.7
2315 IPI00503469  Actin 90 41947 5.22 568 7 64 21 4.6
2298 IPI00503469  Actin 85 41947 5.22 608 7 52 21 4.4
2096 IPI00503469  Actin 113 41947 5.22 564 7 69 27 4.2
1466 IPI00503469  Actin 219 41947 5.22 569 12 60 41 3.3
2049 IPI00503469  Actin 85 41947 5.22 577 9 66 32 3.1
1510 IPI00551966  Actin, a1, skeletal muscle 103 41955 5.23 63 8 63 30 —-4.4
1392 IPI00503469  Actin 89 41947 5.22 613 9 58 33 -13.7
1379 IPI00503469  Actin 102 41947 5.22 611 9 50 29 -16.8
1393 IPI00503469  Actin 222 41947 5.22 636 12 49 44 -19.2
1919 IPI00483287  Fast skeletal myosin h. chain 3 94 51813 5.49 583 13 50 29 27.3
1713 IPI00497758  Fast myosin heavy chain 4 74 222067 5.54 566 12 40 9 145
1861 IPI00483287  Fast skeletal myosin h. chain 3 91 51813 5.49 572 13 63 31 11.6
1834 IPI00483287  Fast skeletal myosin h. chain 3 88 51813 5.49 603 14 58 31 7
1766 IPI00497758  Fast myosin heavy chain 4 76 222067 5.54 582 20 55 11 6.4
1803 IPI00509014  «-Tropomyosin 226 32720 4.7 592 18 58 47 5.3
1822 IPI00497758  Fast myosin heavy chain 4 65 222067 5.54 610 18 57 12 3.7
1605 IPI00509014  «-Tropomyosin 241 32720 4.7 117 20 51 49 3.3
1338 IPI00483287  Fast skeletal myosin h. chain 3 79 51813 5.49 638 13 58 29 -3.2
1519 IPI00497758  Fast myosin heavy chain 4 165 222067 5.54 674 19 23 10 -3.3
1975 IPI00499941  Fast skeletal myosin I. chain 1a 138 20918 4.63 668 10 54 61 -3.4
1467 IPI00497758  Fast myosin heavy chain 4 139 222067 5.54 657 21 33 10 -3.4
1495 IPI00483287  Fast skeletal myosin h. chain 3 105 51813 5.49 666 14 41 30 -3.7
1595 IPI00483287  Fast skeletal myosin h. chain 3 74 51813 5.49 667 9 23 19 -4.8
1530 IPI00509014  «-Tropomyosin 272 32720 4.7 81 21 53 53 -4.8
1885 IPI00509014  «-Tropomyosin 79 32720 4.7 663 11 57 31 -6.3
1414 IPI00497758  Fast myosin heavy chain 4 71 222067 5.54 640 14 23 6 -6.6
1491 IPI00497758  Fast myosin heavy chain 4 92 222067 5.54 664 20 28 10 -7.6
1235 P100483287  Fast skeletal myosin h. chain 3 117 51813 5.49 622 15 40 32 -8.3
2158 IP100488085  Myosin light chain 2 216 18853 4.68 654 12 45 69 -8.6
1531 IPI00497758  Fast myosin heavy chain 4 92 222067 5.54 659 16 26 7 -9
1109 IPI00497758  Fast myosin heavy chain 4 100 222067 5.54 649 27 43 17 =111
1029 IPI00497758  Fast myosin heavy chain 4 131 222067 5.54 615 22 48 10 -11.2
1392 IPI00483287  Fast skeletal myosin h. chain 3 184 51813 5.49 613 7 61 23 -13.7
1133 IPI00483287  Fast skeletal myosin h. chain 3 103 51813 5.49 643 15 52 31 -14.2
1104 IPI00497758  Fast myosin heavy chain 4 79 222067 5.54 629 22 52 14 -15.4
1405 IPI00500057  Myosin, heavy polypeptide 2 66 221742 5.55 626 10 45 31 —24.5
2022 IPI00607465 Vg1 protein 276 36409 9.23 46 11 61 36 —44.4
2026 IPI00607465 Vg1 protein 179 36409 9.23 55 11 61 37 -82.4
2028 IPI00607465 Vg1 protein 264 36409 9.23 67 12 61 37 —40.5
2040 IPI00607465 Vg1 protein 225 36409 9.23 60 11 61 35 -7.3
2046 IPI00607465 Vg1 protein 161 36409 9.23 78 10 57 32 -6.7
1539 IPI00496717  Vitellogenin 1 68 149452 8.68 64 11 50 10 -10.6
1666 IPI00513217  Vitellogenin 1 88 21118 9 75 7 53 40 -16.1
1695 IPI00513217  Vitellogenin 1 65 21118 9 34 8 54 52 -5.2
1712 IPI00513217  Vitellogenin 1 130 21118 9 36 7 56 39 -14.9
1734 IPI00513217  Vitellogenin 1 84 21118 9 50 6 59 32 -192.6
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TABLE |— continued

Pep.

Spot®  Accession® Protein name Score® Molepular ID 4 count Unmtfch. Cov.9 -Fold h
weight Spec. () (n) change
%

2022 IPI00496717  Vitellogenin 1 240 149452 8.68 46 14 56 11 —44.4
2026 IP100496717  Vitellogenin 1 155 149452 8.68 55 16 56 14 -82.4
2028 IP100496717  Vitellogenin 1 228 149452 8.68 67 16 55 12 —40.5
2040 IPI00496717  Vitellogenin 1 192 149452 8.68 60 15 56 12 -7.3
2046 IP100496717  Vitellogenin 1 148 149452 8.68 78 16 51 15 -6.7
1624 IPI00507087  Muscle creatine kinase 75 42797 6.32 65 9 55 27 -5.7
1532 IP100495855  L-Lactate dehydrogenase B 130 36089 6.43 48 11 39 36 -10.5
1423 IP100490850 Aldolase ¢ 193 39234 6.21 54 16 55 55 —-34.1
1322 IP100485952  Creatine kinase, mitochondr. 2 87 46265 6.49 19 9 33 24 —24.1
1231 IP100490877  Eno3 protein 118 47402 6.2 20 13 57 45 —-50.3
1363 IP100508284  Ribosomal protein SA 74 33990 4.75 30 5 36 30 -12.9
1285 IPI00501593  RNA-binding protein 4 100 46105 6.81 18 10 16 29 -18
1285 IPI00615024  RNA binding motif protein 4 76 46089 6.81 17 8 16 23 —-18
1501 IP100496845  Eukar. transl. init. fact. 3 87 38572 5.53 73 11 44 40 -4
1495 IPI00491050  Het. nuclear ribonucleoprotein 78 37087 5.76 35 7 51 22 -3.7
1819 IP100480889  Prohibitin 126 29666 5.28 37 9 60 38 -5
1029 IP100498630  Chaperonin contain. TCP1 S5 125 59925 5.33 26 17 50 22 -11.2
1064 IPI00508003 Hspd1 protein 90 61157 5.56 32 12 30 29 -10.4
2062 IPI00495773  Crystallin, yN2 194 21730 586 660 hh| 47 62 —-18.6
1921 IPI00502990  Crystallin, gB1 183 26797 6.44 52 10 58 46 -4
2002 IPI00490966  BA4-Crystallin 216 23013 6.25 40 13 58 85 -8.4
1979 IPI00504818  BA1-2-Crystallin 83 24521 6.4 77 9 62 67 —-6.4
2478 IPI00513361  Novel B-type globin 111 11951 6.81 95 7 70 77 -3.2
2478 IP100502256  Similar to embryonic 1 124 16151 6.89 95 8 68 63 -3.2
1531 IPI00498781  Similar to vertebrate APEX 97 34874 5.77 68 9 65 32 -9
2743 IPI00510181  Ubiquitin ribosomal prot. S27a 71 17987 9.68 89 5 37 30 9.3
2743 IPI00619743  Ubiquitin C 117 26486 7.85 89 5 37 40 9.3
2010 IP100483436 NADH dehydrogenase 66 23687 5.74 104 8 56 38 5.3

2 Gel spot number (also reference to supplemental Table 4.
b 1Pl accession number.
¢ MASCOT protein score.

9 Mass spectrum ID (as reference to view the annotated mass spectrum in supplemental Table 4).

¢ Number of unique peptides matched to mass peaks.
" Number of unmatched mass peaks.
9 Sequence coverage in percent.

h -Fold change of normalized spot volume between embryonic stage (120 vs. 72 hpf).

ulated proteins were ubiquitin C (IPI00619743; 9-fold) and
ribosomal protein S27a (IPI00510181; 9-fold), which are in-
volved in targeting cellular proteins for degradation (Table I).

Pathway Membership of Detected Proteins—We sought to
categorize protein identifications using a pathway enrichment
analysis based on a database that describes signaling path-
ways and network relationship (Ingenuity Systems). As this
resource does not include D. rerio sequences, we performed
a BLASTP search of all protein identifications against the
RefSeq human and mouse databases. This resulted in 731
RefSeq cross-references for 120 hpf (83% of total identifica-
tions from IPI) and 883 for 72 hpf (80% of total identification
from IPI). The network and pathway database contained func-
tional annotations for 461 proteins at 120 hpf (55% of original
protein identifications) and 561 proteins at 72 hpf (561% of
original identifications). These were analyzed for their mem-
bership in collated canonical and metabolic signaling path-

ways. A total of 163 proteins for each time point, 120 and 72
hpf, were mapped to a canonical signaling pathway. Meta-
bolic pathway information existed for 366 proteins for 120 hpf
and 397 proteins for 72 hpf (supplemental Tables 5 and 6).

The distribution of proteins mapped to the canonical path-
ways is illustrated in Fig. 4. Pathways with the most contrib-
uting proteins were related to calcium, integrin, extracellular
signal-regulated kinase (ERK)/mitogen-activated protein ki-
nase, and vascular endothelial growth factor signaling. Pro-
teins associated with morphogenesis such as the WNT/B-
catenin pathway were less prominent but present at both
120 and 72 hpf (not shown). Indeed the developmental
stages were relatively similar in their functional associations
with the notable exception of the calcium signaling path-
way, which was detected at 120 hpf (23 proteins) but was
absent at 72 hpf.

Proteins associated with metabolic signaling pathways are
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Fic. 4. Pathway analysis. The number of proteins associated with
canonical signaling pathways as defined by Ingenuity Pathway anal-
ysis is shown. Only pathways with five or more protein associations
are shown. ERK, extracellular signal-regulated kinase; MAPK, mito-
gen-activated protein kinase; PI3K, phosphatidylinositol 3-kinase;
VEGF, vascular endothelial growth factor; SAPK, stress-associated
protein kinase; JNK, c-Jun NH,-terminal kinase; GABA, y-aminobu-
tyric acid.

represented in supplemental Fig. 1. Again the numbers of
proteins classified as pathway members were similar for both
embryo stages. More proteins identified at 72 hpf were
grouped into the two metabolic pathways oxidative phospho-
rylation and ubiquinone biosynthesis than at the 120-hpf
stage (12 and eight more proteins, respectively).

BLASTP analysis of protein sequences identified from 2D
PAGE resulted in 235 RefSeq cross-references for 120 hpf
(73%) and 262 cross-references for 72 hpf (75%). A total of 86
proteins for 120 hpf (26%) and 96 proteins at 72 hpf (27%)
were annotated with canonical and signaling pathway infor-
mation in the Ingenuity Systems pathway database. Fewer
pathways were detected compared with 2D LC-MS/MS iden-
tifications. However, the pathway profile was again similar
between the stages (Fig. 4 and supplemental Fig. 1).

A second approach to the functional analysis of the embry-
onic zebrafish proteins was based on GO annotations. Anno-

tated proteins were categorized into the broad GO classes
biological process, molecular function, and cellular compo-
nent. A graphical representation of these categories for each
embryonic stage is shown in Fig. 5 and supplemental Fig. 2
for 72 hpf and supplemental Fig. 3 for 120 hpf. The protein
identifications at both 120 and 72 hpf were categorized sim-
ilarly using GO. Approximately 30% of proteins had GO an-
notation to cellular metabolism, 13% had GO annotation to
transport, 4% had GO annotation to cell organization and
biogenesis, and 2% had GO annotation to translation/tran-
scription and signal transduction. About 1% of proteins were
annotated with functions relating to morphogenesis, cell differ-
entiation, and development. Structural molecule activity, a cat-
egory that is often over-represented in proteomics analyses,
was associated with 8% of the proteins at 120 hpf and 6% at 72
hpf. Enzyme inhibitor activity, signal transducer activity, and
motor activity all had 1% or less associated proteins at both 120
and 72 hpf. Cellular component information was unavailable for
60% of proteins. Association to organelles was ~20%, associ-
ation to intracellular localization was 10%, and association to
membrane localization was 8% at both stages.

Some of the GO categories were more frequently repre-
sented than expected from a random distribution. Such en-
richment of functional groups points to protein classes that
are either specifically expressed in embryos of the selected
developmental stages or preferentially detected by the se-
lected methodologies. Enriched GO classes are shown in
supplemental Tables 7 and 8. GO categories with the most
significant enrichment at 72 hpf were “development” (p =
0.009), “cellular metabolism” (p = 0.022), and “cell death”
(p = 0.027). Cell differentiation, cell organization, biogenesis,
and transport were less significantly enriched (0.05 > p >
0.027). GO categories significantly enriched at 120 hpf were
cellular metabolism (p = 0.007), cell death (p = 0.021), and
“growth” (p = 0.021). Others enriched with 0.05 > p > 0.025
were development, “transport,” “cell organization,” “biogen-
esis,” and “signal transduction.” In the GO category “molec-
ular function,” “catalytic activity” (GO:0003824; p = 0.005)
and “binding” (GO:0005488; p = 0.018) were most prominent
at 120 hpf. Both “intracellular complex” (GO:0005622; p =
0.005 72 hpf) and “protein complex” (GO:0043234; p = 0.028)
were most enriched at 72 hpf.

Zebrafish Proteomics Database — A relational database was
constructed by combination of IPl, GenBank, the NCBI tax-
onomy, GO assignments, and the experimental data. A Web
application interface was developed for user-friendly ad hoc
queries of the sequence annotation as well as perusal of the
experimental and data mining results. The zebrafish proteom-
ics database is available on line. The source code and asso-
ciated database are also available for download at the site
(see supplemental data for the URL database link under In-
structions for Downloading).
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a. 72 hpf 2DLCMSMS

Transport 13%

Cellular
metabolism 29%

No annotation 47 %

Fic. 5. Gene Ontology classification.
Gene Ontology biological process clas-
sification of proteins identified at 72 and
120 hpf from 2D LC-MS/MS and 2D

- C 120 hpf 2DLCMSMS
PAGE is shown.

Transport
13%
Cellular metabolism
31%

No annotation 46%

DISCUSSION

Sequencing of the genome has fostered various initiatives
to catalog the proteome of genetic model organisms such as
yeast (37), Caenorhabditis elegans (38), Drosophila (39, 40),
and the mouse (41). Similarly a collaborative program has
been established to explore systematically the human pro-
teome (42, 43). Such initiatives afford the opportunity to refine
gene models created during the genome annotation process,
recognize genes that may give rise to multiple proteins by
means of alternative splicing or post-translational modifica-
tion, assess tissue- and/or process-specific protein regula-
tion, and avail a resource for the selection of specific proteins
such as candidate disease biomarkers. The zebrafish has
emerged as a tractable model organism for high throughput
screening in vertebrate biology and genetics (6) due to its
large clutch size, external development, transparency during
development, and ease of husbandry. More recently, small
chemical compound screens targeting organ systems, such
as the cardiovascular system (44), central nervous system (45),
and the blood-forming organs (46), have illustrated the utility of
zebrafish in drug development. lts genome has been se-
quenced, and about 40% of its genes have been comprehen-
sively annotated (Vertebrate Genome Annotation (VEGA) 49).

We used a bimodal strategy, shotgun proteomics and 2D
PAGE, to analyze expressed zebrafish proteins during two
advanced stages of development. The approach was in-
formed by a number of considerations including (i) the selec-
tion of developmental stages that will likely be screened for
dysregulated protein expression in large scale mutagenesis or
chemical screens, (ii) the simplicity of sample preparation and
analytical methodology (mindful of their possible adaptation
to high throughput screening), (i) the eminent quality of mass
spectrometric protein identifications, (iv) the accessibility of

b. 72 hpf 2DPAGE

Cellular
metabolism 17%

Cell organization and biogenesis 4%
Transcription/translation 3%

Signal transduction 2%

Cell division/death 1%
Morphogenesis 1%

Other < 1%

Cell organization and biogenesis 17%

/ Transport 5%

Transcription/translation 1%
=~ Morphogenesis 1%

No annotation 59%

d. 120 hpf 2DPAGE

Cellular metabolism
Cell organization and biogenesis 4% %
Transcription/ translation 2%
Signal transduction 2%
Morphogenesis 1%
Others 1%

Cell organization and biogenesis 4%

Transport 13%
Signal transduction 2%
Morphogenesis 1%
Others 1%

No annotation 46%

the protein data in a fully searchable database and their
integration with existing genomics and genetics resources
provided to the zebrafish research community through the
ZFIN database (32), and (v) the comprehensive categorization
of proteins by functional classes to facilitate the selection of
candidate proteins, for example for the design of targeted
quantitative mass spectrometry assays (29). Our approach
yielded 1384 unique proteins at 72 or 120 hpf by 2D LC-ESI-
MS/MS and 477 unique proteins at 72 or 120 hpf by 2D
PAGE-MALDI-TOF/TOF, which showed an overlap of about
30%. More unique proteins were identified by LC-MS/MS at
72 hpf (1112 proteins) than at 120 hpf (867 proteins), although
equal amounts of protein were analyzed. While the precise
cause for this disparity remains unknown, this may reflect
developmental differences in the complexity of the protein
samples favoring a larger number of high confidence identifi-
cations in the less developed embryo.

Shotgun proteomics studies produce hundreds of thou-
sands of mass spectra derived from fragmented peptide ions
that include the amino acid sequence information. These se-
quences are typically inferred automatically by matching the
fragmentation ion spectra to theoretical or empirical spectra in
peptide sequence databases, a process that may result in the
generation of large numbers of false identifications (31) even if
the error rate is small. Abundant proteins are generally de-
tected with a high degree of confidence, whereas many lower
abundance protein identifications have low reproducibility
(81). Combining multiple biological and/or technical replicates
improves markedly the sensitivity of protein identifications
from MS/MS data, and both sensitivity and specificity are
enhanced further by a combined spectra analysis with com-
plementary database search algorithms, such as SEQUEST
plus MASCOT (30, 47). These algorithms use distinct assess-
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ments of the plausibility of the inferred peptide sequences.
SEQUEST uses heuristic metrics of the fit between the meas-
ured and theoretical spectra; MASCOT estimates a probability
that the fragment ions in the spectrum could be generated by
chance from sequences in the database. Thus, we integrated
data from both biological replicates and such “orthogonal”
dual data base searches to maximize the confidence in the
protein identifications. We used an algorithm, EBP, that esti-
mates accurately sensitivity and the false identification rate for
complex protein samples and uses a function to combine
data from replicate samples and multiple database search
algorithms (30). This strategy identified from 327,906 potential
peptide sequence calls proteins at both developmental
stages with false identification rates of less than 1%.

Roughly 10% of the identified proteins were hypothetical,
predicted, or unannotated proteins (based on Ensembl As-
sembly Zv7, April 2007 (13)). Thus, our analysis provides
evidence in support of high quality annotations for numerous
additional zebrafish genes. Comprehensive annotation of pro-
tein-coding genes remains challenging (48). Indeed most an-
notation pipelines, including the automated Ensembl pipeline
(13) and the manual Vertebrate Genome Annotation (VEGA)
pipeline (49) used for zebrafish, require confirmation of com-
putationally predicted genes by independent evidence and/or
manual validation for highest quality annotation. The addi-
tional evidence can take the form of experimentally docu-
mented transcription within the species (such as expressed
sequence tags) or conservation across distant organisms.
Indeed computational gene finding increasingly incorporates
cross-species homology between closely related genomes to
produce improved gene models (50). However, this evidence
may not be sufficient as conservation across species is not
limited to protein-coding regions (12). Similarly alternative
splicing and overlapping genes present particularly complex
annotation problems, and indeed, some estimates suggest
that the majority of genes undergo alternative splicing (51, 52).
Direct mass spectrometric identification of peptide se-
quences can resolve such ambiguities (40) as it generates an
independent line of evidence at the translational level with
error sources distinct from nucleotide-based approaches.
Here we provided rigorous peptide level evidence for ~1500
genes of the zebrafish genome. Given an estimated total
number of zebrafish genes of about 22,000-23,000, our ab-
solute coverage is in the range of 7%. As such peptide level
information adds an important element to the repertoire of
available annotation evidence (18) a larger collaborative effort,
similar to the human and mouse proteome organizations, to
enhance markedly the coverage of the zebrafish proteome
seems warranted. Indeed one might expect that proteomics
studies might accompany vertebrate genome annotation
projects routinely in the future just like microbial genome
annotation projects have been accelerated by proteomics
investigations (14, 15).

The applicability of protein mass spectrometry in zebrafish

has been explored in 2D-PAGE based investigations, which
have detected small sets of zebrafish proteins mass spectro-
metrically with variable measures of error control (53-57). A
more comprehensive shotgun proteomics investigation fo-
cused on the identification of protein in livers of adult fish as
a resource for toxicological studies (58). Here we provide
comprehensive 2D PAGE and shotgun proteomics identifica-
tions obtained from whole zebrafish embryos. A likely appli-
cation of these data is the design of targeted quantitative
mass spectrometry assays that might be used in mutagenesis
or chemical screens. Targeted quantitative proteomics ap-
proaches are based on stable isotope dilution LC/multiple
reaction monitoring-MS methods (59-64) and allow quantita-
tion of compounds with high specificity and precision (29, 63).
Although the sensitivity of immunoassays for protein quanti-
tation still exceeds most mass spectrometry assays, stable
isotope analogs normalize for selective losses of analytes as
well as act as carriers for trace amounts of analytes subjected
to complex isolation procedures (29). The development of
such assays, however, requires detailed prior knowledge of (i)
which proteins are expressed in the sample and are reliably
detectable, (ii) which peptides are uniquely diagnostic for the
targeted proteins, and (iii) under which experimental condi-
tions they can be detected (i.e. in which strong cation ex-
change chromatography fractions do they elute). Our data set
provides this information.

Analysis of known or predicted protein functions within the
data set revealed a similar representation of protein classes
relevant for cell function at both developmental stages, in-
cluding proteins related to structure, transcription/translation,
cell cycle, nucleotide metabolism, ion transport, carbohydrate,
energy, and lipid metabolism. Proteins associated with organ
systems such as central nervous system, heart, and skeletal
muscle were represented in both stages. Analysis of relative
expression changes revealed that proteins involved in energy
production, transcription/translation, and cell cycle control were
relatively more abundant at 72 hpf, consistent with the faster
synthesis of cellular proteins during organismal growth at this
time compared with 120 hpf. A large fraction, greater than 50%
for both data sets, lacked functional information such as Gene
Ontology classifications. More than 40 and 60% had no infor-
mation relating to “molecular and biological function” and “cel-
lular processes,” respectively. Thus, all protein assignments at
both stages were aligned with sequences in the human or
mouse RefSeq protein databases. This revealed alignment of
83% at 120 hpf and 80% at 72 hpf. However, these homolo-
gous sequences also had poor annotation in Ingenuity Pathway
analysis. Thus, many of the identified proteins may represent
candidates for the exploration of their protein functions.

Our large scale proteome analysis of embryonic zebrafish
tissue revealed expression of previously uncharacterized pro-
teins and detected developmentally regulated functional pro-
tein classes. The data are accessible on line in a fully search-
able database that links protein identifications to existing
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resources including the ZFIN database (32). This new re-
source should allow the selection of candidate proteins for
targeted quantitation (29) in mutagenesis and chemical
screens and may refine systematic genetic network analysis
in vertebrate development and biology.
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