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a b s t r a c t

Zebrafish is a powerful model to analyze vertebrate embryogenesis and organ development. Although a
number of genes have been identified to specify embryonic development processes, only a few large-
scale proteomic analyses have been reported in regard to these events to date. Here the total proteins
of a single embryo were analyzed by urea-, sodium deoxycholate (SDC)-, and performic acid (PA)-assisted
trypsin digestion strategies coupled to capillary liquid chromatography–tandem mass spectrometry
(CapLC–MS/MS) identification. In total, 509 and 210 proteins were detected from the embryos at 72
and 120 hours postfertilization (hpf), respectively, with a false identification rate of less than 1%. Approx-
imately 95% of those proteins could be observed by combining the urea- and SDC-assisted digestion strat-
egies, suggesting that these two methods are more effective than the PA-assisted method. Compared with
0.5% SDC, 1% SDC was more effective to identify proteins in zebrafish embryos. In addition, removal of the
predominant yolk proteins could significantly improve protein identification efficiency. Our study repre-
sents the first overview of the protein expression profile of a single zebrafish embryo at 72 or 120 hpf.
More important, this single individual proteome methodology could be applied to multiple development
stages of wide-type or mutant embryos, providing a simple and powerful way to further our understand-
ing of embryonic development.

� 2009 Published by Elsevier Inc.
1 Abbreviations used: MS, mass spectrometry; hpf, hours postfertilization; 2-D
PAGE, two-dimensional gel electrophoresis; MALDI–TOF/TOF, matrix-assisted laser
desorption/ionization–tandem time-of-flight; 1-D, one-dimensional; LC, liquid chro-
matography; MS/MS, tandem MS; PA, performic acid; SDC, sodium deoxycholate;
Introduction

Zebrafish (Danio rerio) is currently a common and powerful
model offering numerous opportunities to understand vertebrate
embryogenesis and organ development due to its many advanta-
geous innate qualities (e.g., optical clarity of the embryo, rapid
embryonic development, large clutch sizes, ease of manipulation,
permeability to small molecules) [1–6]. The immense significance
of using zebrafish as a model for the human disease and drug dis-
covery studies has been receiving increasing attention [7–10]. The
zebrafish genome has been sequenced and interrogated with re-
gard to gene transcription patterns during various stages of devel-
opment, and many genes with potential functions in various
developmental processes have been identified [4,9,11]. The impor-
tance of engaging proteomics in zebrafish study to derive biologi-
cal value at the protein level was highlighted by a previous review
[12]. Surprisingly, large-scale proteomic analysis has rarely been
reported [13–18]. The few available proteome studies, however,
clearly show that the comparison of protein levels or isoform shifts
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during different zebrafish development stages can provide crucial
information on translational and posttranslational regulation that
is undetectable by gene expression analysis alone [16,19].

Most zebrafish proteomic studies have employed gel-based pro-
tein separation coupled to mass spectrometry (MS)1 identification.
For example, Tay and coworkers identified 55 unique proteins from
108 protein spots in gel by MS [13], and 348 unique proteins at
72 hours postfertilization (hpf) and 317 unique proteins at 120 hpf
were identified using two-dimensional gel electrophoresis (2-D
PAGE) and matrix-assisted laser desorption/ionization–tandem
time-of-flight (MALDI–TOF/TOF) MS [14]. Although the 2-D PAGE
approach has led to important findings, it has obvious limitations.
First, low-abundant proteins might not be detected given that the
amount of sample that can be loaded on a 2-D gel is limited and
CapLC, capillary LC; DTT, dithiothreitol; IAA, iodoacetamide; TFA, trifluoroacetic acid;
PMSF, phenylmethylsulfonyl fluoride; HCCA, a-cyano-4-hydroxycinnamic acid; SDS,
sodium dodecyl sulfate; HPLC, high-performance LC; MeOH, methanol; ACN, aceto-
nitrile; TPCK, L-(tosylamido 2-phenyl)ethyl chloromethyl ketone; KF, Potassium
fluoride; IPI, International Protein Index; GO, gene ontology; GRAVY, grand average
hydropathy; ER, endoplasmic reticulum; MW, molecular weight.
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the cellular concentrations of proteins vary widely [19,20]. Second,
proteins with certain properties, such as high hydrophobicity, are
difficult or even impossible to be resolved on a 2-D gel [20,21]. Third,
the high abundance of yolk proteins in the early zebrafish embryos
interferes with the application of 2-D PAGE. To avoid these obstacles,
shotgun proteomics provides a good alternative approach in which
the protein mixture is first digested into more soluble fragments
and then the resulting peptide mixture is separated by various
means and analyzed by MS [22–24].

Shotgun proteomic analysis involves solution-based digestion
that leads to proteolytic degradation of cell or tissue lysates or sub-
fractions, followed by analysis of the resulting complex peptide
mixtures by one-dimensional (1-D) or 2-D liquid chromatography
(LC) coupled with tandem MS (MS/MS) [25–28]. Several studies
have shown that this approach is capable of detecting proteins
over a very wide dynamic range of concentrations [29–32]. The
digestion efficiency of proteins directly affects the efficiency of
protein identification. Incomplete digestion retards the identifica-
tion of proteins. Effective digestion of proteins, particularly the
hydrophobic integral membrane proteins, often requires enhance-
ment of their denaturation and solubilization. Therefore, the dena-
turation and solubilization of proteins are not only the initial step
but also the critical step. To effectively identify the proteins in a
complex mixture, many different methods designed to improve
digestion efficiency by enhancing the denaturation and solubiliza-
tion of proteins have been reported, including thermal denatur-
ation [33], chemical denaturation (detergents or organic solvents)
[34–36], and microwave irradiation [37,38].

Urea is a chaotropic agent that can bind proteins and destroy
native interactions. It actively participates in the unfolding process
of proteins without interfering with peptide analysis by standard
LC–MS/MS because it does not bind to ion exchange or reversed-
phase resins and, thus, is readily removed before the peptides are
eluted from the column [39]. With an amphipathic characteristic,
sodium dodecyl sulfate (SDC) is able to disrupt hydrophobic inter-
actions to improve the unfolding and solubilization process of pro-
teins, exposing more cleavage sites to tryptic digestion [35,40].
Performic acid (PA) completely oxidizes methionine to methionine
sulfone and cysteine to cysteic acid, increasing the hydrophilicity
of the oxidized proteins, especially for the transmembrane pro-
teins, and thereby increasing the accessibility for proteolytic attack
[41]. Our previous work has demonstrated that sodium deoxycho-
late (SDC) and PA could significantly improve the efficiency of the
identification of membrane proteins [35,40]. In the current study,
we carried out a proteome analysis of a single zebrafish embryo
based on urea-, SDC-, and PA-assisted trypsin digestion strategies
coupled to capillary LC (CapLC)–MS/MS identification. Our study
represents the first overview of the protein expression profiles of
single zebrafish embryo at two different developmental stages,
72 and 120 hpf, and comparing these two profiles would further
our knowledge in zebrafish embryogenesis.
Materials and methods

Materials

Trypsin (proteomic sequencing grade), dithiothreitol (DTT),
iodoacetamide (IAA), trifluoroacetic acid (TFA), phenylmethylsul-
fonyl fluoride (PMSF), SDC, and a-cyano-4-hydroxycinnamic acid
(HCCA) were purchased from Sigma–Aldrich (St. Louis, MO, USA).
Acrylamide, bisacrylamide, thiourea, urea, glycine, Tris, and so-
dium dodecyl sulfate (SDS) were obtained from Amresco (Solon,
OH, USA). High-performance LC (HPLC)-grade formic acid, acetone,
methanol (MeOH), and acetonitrile (ACN) were obtained from Fish-
er Scientific Canada (Edmonton, Canada). L-(Tosylamido 2-pheny-
l)ethyl chloromethyl ketone (TPCK)-modified porcine trypsin was
purchased from Promega (Madison, WI, USA). Water was obtained
from a Milli-Q Plus purification system (Millipore, Bedford, MA,
USA). All other reagents were domestic products of the highest
grade available.

Embryo maintenance and sample preparation

Zebrafish maintenance and embryo collection were carried out
as described previously [42]. Briefly, embryos were grown until 72
or 120 hpf and collected. To evaluate the effect of the deyolking
process, the embryo at 72 hpf was deyolked with deyolking buffer
(½ Ginzburg Fish Ringer) without calcium [43,44]. Subsequently, a
single embryo was immersed in liquid nitrogen and then lysed in
10 ll of buffer containing 8 M urea, 25 mM NH4HCO3, 5 mM
Na3PO4, 1 mM potassium fluoride (KF), 1 mM sodium orthovana-
date, and 1 mM PMSF at pH 8.2. This sample was then sonicated
with a KQ 5200DE sonicator (400 W, 40 kHz, Kunshan Sonicator,
Kunshan, China) in an icewater bath using four 10-s bursts, with
a 1-min rest between bursts, followed by centrifuging at 14,000g
for 30 min at 4 �C to pellet cellular debris. Protein concentration
was determined by a BCA protein assay kit according to the manual
(Beyotime Biotechnology, Jiangsa, China). The samples were stored
at �80 �C for later analysis.

PA-assisted trypsin digestion

A 6% PA solution was prepared with 200 ll of H2O2, 60 ll of
HCOOH, and 740 ll of water and heated at 50 �C for 3 min. A 10-
ll sample was first dissolved in formic acid and then stepwise di-
luted with water and the 6% PA solution. The final concentration of
both H2O2 and formic acid was 3% (v/v). The mixture was incu-
bated on ice for 4 h, followed by the addition of 2 volumes of cold
Milli-Q water, and then lyophilized. After the oxidized sample was
dissolved in 40 ll of 50 mM NH4HCO3, TPCK-modified porcine
trypsin (Promega) was added to a final trypsin/protein ratio of
1:40 (w/w), and finally the mixture was incubated for 14 h at 37 �C.

Urea-assisted trypsin digestion

The reduction of disulfide bonds and thiol group alkylation
were carried out as described previously [45]. Briefly, a 10-ll sam-
ple was reduced with DTT (2 mM final concentration) for 1 h at
56 �C. Free thiol groups were blocked by adding a double volume
of IAA (4 mM final concentration) and incubating for 1 h at room
temperature in the dark. After urea was added to a final concentra-
tion of 2 M, tryptic digestion was performed immediately for 14 h
at 37 �C using a 1:40 (w/w) trypsin/protein ratio in a 40-ll reaction
volume. The resulting solution was lyophilized.

SDC-assisted trypsin digestion

A 10-ll sample was reduced by 2 mM DTT at 56 �C for 1 h and
alkylated by 4 mM IAA at room temperature in the dark for 1 h.
Tryptic digestion (1:40 [w/w] enzyme/protein ratio) was per-
formed separately at 37 �C for 14 h in 40 ll of 50 mM NH4HCO3

solution (pH 8.0) containing 0.5 or 1.0% SDC. To quench the enzy-
matic reactions and remove SDC prior to mass spectrometric anal-
ysis, the solutions were acidified by adding TFA (0.1% final
concentration) and centrifuged at 15,000g for 15 min.

CapLC–MS/MS analysis and protein identification

The resultant digest was completely dried by a SpeedVac (Ther-
mo Savant, New York, NY, USA) and dissolved in 30 ll of 0.1% for-
mic acid. Then it was analyzed by an Agilent 1200 capillary system
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(Agilent, Waldbronn, Germany) coupled to an ion trap mass spec-
trometer (HCTultra, Bruker Daltonics, Bremen, Germany) with an
electrospray ionization source. Before separation, digest was de-
salted and concentrated with 0.1% formic acid at a flow rate of
20 ll/min on a short C18 precolumn (Zorbax SB, 500 lm i.d.,
3.5 cm, Agilent) connected in the front of an analytical capillary
C18 PepMap column. When separating peptides on the capillary
column (180 lm i.d., 15 cm, LC Packings, Sunnyvale, CA, USA),
the flow rate of elution solution was 3 ll/min, which was gener-
ated by a cap-flow splitter cartridge (3/500) from an initial pump
flow rate of 500 ll/min. The injection volume for each sample
was 30 ll in all experiments. For peptide elution, the following sol-
vents were used: solvent A (98% H2O, 1.9% ACN, and 0.1% formic
acid) and solvent B (95% ACN, 4.9% H2O, and 0.1% formic acid).
The eluting gradients used to separate tryptic digests were 5–
35% solvent B in 147 min, 35–80% solvent B in 15 min, followed
by 80% solvent B in 10 min and then to 5% solvent B in 10 min.
The mass spectrometer was operated in the positive ion mode at
a 4000-V capillary voltage. The nebulizer pressure was 10 psi.
The flow rate of drying gas was 5 ll/min. The temperature of dry-
ing gas was 300 �C. The full MS scan mode was standard enhanced
(m/z 350–1600). The five most abundant ions detected in each MS
scan were selected for collision-induced dissociation (CID) with
Fig. 1. LC–MS/MS spectra of the tryptic peptide IEDEQSLGAQLQK (precursor m/z 729.9, 2
assisted tryptic digestion; (B) SDC-assisted tryptic digestion; (C) PA-assisted digestion.
1.0 V collision energy using the data-dependent MS/MS mode over
the m/z range of 100–2000. System control and data collection
were made by Esquire Control software (version 6.0, Bruker
Daltonics).

Data analysis and bioinformatics

Raw spectrum data were processed and Mascot-compatible
files were created using Data Analysis 3.4 software (Bruker Dalton-
ics) with the following parameters: compound threshold, 10,000;
maximum number of compounds, 100,000; retention time win-
dow, 1.0 min. Searches were performed using Mascot software
(version 2.1, Matrix Science, London, UK), and the International
Protein Index (IPI) zebrafish database (version 3.41, 44,226 protein
sequences, http://www.ebi.ac.uk) was used for peptide and protein
identification [46]. Search parameters were set as follows: enzyme,
trypsin; allowance of up to one missed cleavage; mass tolerance,
2.0 Da; MS/MS mass tolerance, 0.8 Da; fixed modification parame-
ter, carbamidomethylation (C); variable modification parameters,
oxidation (at Met). For the PA-treated samples, cysteic acid of cys-
teine residues and oxidization of methionine to methionine sulfone
were set as fixed modifications and H,W oxidation was set as a var-
iable modification. Proteins were generally identified on the basis
+) identified in the samples prepared by three different digestion methods: (A) urea-

http://www.ebi.ac.uk
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of two or more peptides whose ion scores exceeded the threshold
of P < 0.05, indicating identification at the 95% confidence level. If
proteins were identified by a single peptide, the spectrum was in-
spected manually. For a protein to be confirmed, the assignment
needed to be based on four or more y- or b-series ions (e.g., y4,
y5, y6, y7). A Perl Script was written in-house to parse Mascot out-
put files (html files) into XML files suitable for subsequent data
analysis. For each of the digestion strategies, five biological repli-
cate samples were analyzed. False-positive rates were calculated
as described previously [47]. In brief, the exported mass spectra
were searched using Mascot against a composite database consist-
ing of the zebrafish IPI and a duplicate of the same database in
which the amino acid sequence of each protein entry was reversed.
Protein hits up to an accumulated false-positive rate of 1% were
considered as true-positive protein identifications. All identified
proteins had IPI database accession numbers, and many of these
proteins had assigned Gene Ontology (GO) numbers [46] that were
used to retrieve the protein information in the database. The grand
average hydropathy (GRAVY) value for identified proteins was cal-
culated using ProtParam software [48] available at http://
cn.expasy.org.
Fig. 2. Comparison of protein identification results from three digestion methods.
(A) In total, 509 proteins were identified in the single zebrafish embryo proteome at
72 hpf (379, 378, and 181 proteins from the urea-, SDC-, and PA-assisted digests,
respectively). (B) In total, 210 proteins were identified at 120 hpf (153, 147, and 127
proteins from the urea-, 0.5% SDC-, and 1% SDC-assisted digests, respectively).
Results

Comparison of three trypsin digestion strategies

In this experiment, a single zebrafish embryo at 72 hpf was first
deyolked with deyolking buffer without calcium and was then
lysed and sonicated. After the samples were solubilized separately
and digested in 2 M urea, 3% PA, or 1% SDC, the proteins were iden-
tified by CapLC–MS/MS (model HCT; Bruker). The results of these
protocols were subjected to Mascot search, and the identification
efficiency was evaluated based primarily on the total number of
the identified proteins.

Fig. 1 shows three MS/MS spectra of the same tryptic peptide
(IEDEQSLGAQLQK, precursor m/z 729.9, 2+) from the three digests
of zebrafish embryos at 72 hpf. Fig. 1A and C show the spectra of
the peptides from the urea and PA digestion strategies, respec-
tively, and Fig. 1B shows the spectrum of the peptide from the
SDC method. It was found that, compared with Fig. 1A and C, the
peptide detected in SDC digest has a larger number of y-fragment
ions with an excellent signal/noise ratio (Fig. 1B). This result indi-
cates that the SDC method is able to efficiently digest proteins and
facilitate protein identification from zebrafish embryos, allowing
large-scale proteome analysis of zebrafish larvae.

Five replicates of single zebrafish embryo proteome were sub-
jected to each of the three digestion methods. We combined data
from these replicates and selected only those proteins with a false
identification rate of less than 1% (the detailed data analysis meth-
od is described in Materials and methods and in Ref. [47]). In total,
proteome analysis using the three digestion protocols led to the
identification of 509 proteins at 72 hpf (see Supplemental Tables
1 and 2 in the supplementary material). The total numbers of non-
redundant proteins identified based on digestion in 2 M urea, 1%
SDC, and 3% PA were 379, 378, and 181, respectively. Among these
proteins, 121 (or 23.8%) proteins were found in all three digests,
whereas 86 (or 16.9%), 89 (or 17.5%), and 26 (or 5.1%) proteins
were observed uniquely in the urea-, SDC-, and PA-assisted digests,
respectively (Fig. 2A). Of the 509 proteins, 483 (or 94.9%) could be
identified using a combination of the urea- and SDC-assisted tryp-
tic digestion strategies.

To further optimize the concentration of SDC to increase the
efficiencies of proteolysis and protein identification, we used 0.5
and 1% SDC to digest single zebrafish larva at the 120-hpf stage.
As shown in Fig. 2B, 210 proteins with a false rate of less than 1%
were identified by 2 M urea, 0.5% SDC, and 1% SDC digestion strat-
egies in total (see Supplemental Table 3). Among those proteins,
127 and 147 proteins were identified in the 0.5 and 1% SDC digests,
respectively, with 24 (or 14.0%) and 44 (or 25.7%) of these proteins
being observed exclusively in their corresponding digest (Fig. 2B).
These findings suggest that 1% SDC is more effective than 0.5%
SDC in the protein identification from zebrafish larvae.

Effects of deyolking

A major obstacle in applying proteomics to analyze zebrafish
embryos is the high proportion of yolk proteins in early zebrafish
larvae [43]. To evaluate the effects of deyolking, we compared
the protein profile of whole (or undeyolked) embryo with that of
a deyolked one under the same experimental conditions. As shown
in Fig. 3A, 336 and 201 proteins were identified in the deyolked
and undeyolked embryos, respectively, when urea-assisted diges-
tion was employed. In total, 179 unique proteins were identified
exclusively in the deyolked larva, whereas only 44 unique proteins
were detected distinctively in the undeyolked larva. The subcellu-
lar localization of the proteins identified in the deyolked and unde-
yolked embryos is shown in Fig. 3B. Obviously, the deyolking
method enabled us to identify more proteins, especially those with
currently unknown localization (114 in deyolked and 54 in unde-
yolked), nuclear proteins (66 in deyolked and 34 in undeyolked),
and ribosome proteins (19 in deyolked and 7 in undeyolked).
Fig. 3C represents the biological process classification of the pro-
teins identified in the deyolked and undeyolked embryos at

http://cn.expasy.org
http://cn.expasy.org


Fig. 3. Comparison of protein identification results between the deyolked sample and the untreated one at 72 hpf in the urea method: (A) overlap between the identified
proteins; (B) subcellular localizations; (C) biological processes of the proteins. The numbers under the name of each group indicate the proteins numbers identified from the
specific sample. The numbers of overlapped proteins are given in parentheses.
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72 hpf. The proteins involved in protein metabolism, signal, cell cy-
cle, and cellular organization/biogenesis are relatively enriched in
the deyolked sample (Fig. 3C). In addition, SDC- and PA-assistant
digests were also employed to analyze zebrafish larvae at the 72-
hpf stage, and similar phenomena were observed (see Supplemen-
tal Fig. 1). These results indicate that removal of the predominant
yolk proteins benefits the identification of zebrafish embryonic
proteins.

Physicochemical characterization

The physicochemical properties (predicted pI, molecular weight
[MW], and GRAVY) of the proteins identified by three different
methods were analyzed. As shown in Fig. 4A and B, there was no
significant difference in the average pI and the average MW among
the three methods. GRAVY is a commonly used parameter to gauge
the hydropathy of proteins or peptides. It is generally accepted that
proteins with a negative GRAVY value are classified as hydrophilic
proteins, whereas those with a positive value are classified as
hydrophobic proteins [49]. In our experiments, we categorized all
of the identified proteins into three groups according to their GRA-
VY index: the proteins with GRAVY index lower than �0.5 were
considered as strongly hydrophilic, those with GRAVY index be-
tween�0.5 and 0 were considered as mildly hydrophilic, and those
with GRAVY index higher than 0 were considered as hydrophobic.
The GRAVY index distribution for the proteins found in each digest
is summarized in Fig. 4C. Hydrophilic proteins were found to be the
major part in each digestion (Fig. 4C). In total, 343 (or 90.5%), 335
(or 88.6%), and 159 (or 87.8%) proteins were identified in urea-,
SDC-, and PA-assisted digests, respectively. The relatively smaller
number of the proteins identified as hydrophobic probably results
from the isolation procedure. Most hydrophobic proteins locate in
membranes. In general, to analyze these proteins by proteomic
methods, the membrane components should be isolated by specific
processes. However, in our protocol, we did not employ such steps.
Therefore, we would not expect to find a large number of hydro-
phobic proteins in our experiments.

Differential protein expression during development

Zebrafish embryonic development between the hatching period
(72 hpf) and the larval stage (120 hpf) is characterized by rapid
maturation of primal organs [14]. Our approach yielded 256 un-
ique proteins at 72 hpf and 210 unique proteins at 120 hpf from



Fig. 4. Comparison of proteins identified by three different methods based on
physicochemical parameters from the 72-hpf embryos: (A) predicted pI; (B)
predicted MW; (C) predicted GRAVY.
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undeyolked embryos under the same experimental conditions (see
Fig. 5A and Supplemental Table 4). Interestingly, a large fraction of
the proteins, 120 of 330 (or 36.4% of the total identified proteins),
were identified exclusively at 72 hpf (Fig. 5A), including myeloid
leukemia-associated SET translocation protein (Setb) and brain-
type fatty acid-binding protein (Fabp7), which play an important
role in the early nervous system development [50–52]. On the
other hand, 73 proteins (or 22.4% of the total identified proteins)
were identified exclusively at 120 hpf, including parvalbumin 4,
fast muscle troponin I, and TnC. The former is a calcium-binding
protein and is correlated with the maturation of locomotor activity
in developing striated muscle [53]. The latter two are involved in
muscle development [54,55].

The cellular distribution of the proteins identified at the two
stages is shown in Fig. 5B. Compared with 120 hpf larva, more pro-
teins with clear subcellular localizations (e.g., cytoplasm, extracel-
lular, ribosome, nucleus, membrane, endoplasmic reticulum [ER])
were identified from 72 hpf larva, 188 to 142 proteins (Fig. 5B).
Furthermore, we classified the identified proteins according to bio-
logical processes. As shown in Fig. 5C, the proteins showed a sim-
ilar distribution, with 40 to 44% proteins annotated to cellular
organization/biogenesis, 13 to 15% annotated to metabolism/en-
ergy pathways, 12 to 14% annotated to transport, approximately
10% annotated to signal, 7 to 9% annotated to protein metabolism,
approximately 2% annotated to cell cycle, 1 to 2% annotated to oth-
ers, and 8 to 10% annotated to unknown functions. However, we
also noticed that the proteins involved in metabolism/energy path-
ways and protein metabolism were relatively more abundant at
72 hpf than at 120 hpf.
Discussion

In a typical shotgun proteomic analysis, proteins are digested
with proteases such as trypsin into a complex peptide mixture
and then analyzed by MS. Digestion is the key step; therefore,
effective digestion could significantly increase the efficiency of
protein identification, particularly for hydrophobic integral mem-
brane proteins. In this work, we compared the effects of three dif-
ferent digestion strategies on the protein identification of a single
zebrafish embryo at 72 hpf. As a result, of the 509 proteins identi-
fied from the embryo at 72 hpf, 378 (or 74.3%) proteins were iden-
tified after SDC-assisted trypsin digestion. Another 105 (or 20.6%)
proteins were identified after urea-assisted trypsin digestion. The
use of PA resulted in the identification of only the remaining 26
(or 5.1%) proteins. These results demonstrate that, compared with
the other two methods, the SDC-assisted digestion protocol pro-
vides the largest proteome coverage of the zebrafish embryo, a
meaningful mixture consisting of various proteins with a wide
range of concentrations and with different susceptibilities to tryp-
tic proteolysis, whereas the PA-assisted digestion protocol is obvi-
ously unsuitable for the analysis of zebrafish embryo proteins. In
addition, compared with 0.5% SDC, 1% SDC could identify even
more unique proteins through assisting protein digestion. This re-
sult is consistent with our previous report that SDC can be used in a
high concentration in solubilizing proteins because it is well com-
patible with trypsin and dilution is unnecessary prior to trypsin
digestion [40].

The presence of the high proportion of yolk proteins in early
zebrafish embryo retards the application of proteomics [43]. To
date, only three groups have reported the proteomic analysis of
zebrafish larva at the 72- or 120-hpf stage without deyolking steps
[15,56,57]. All of these groups employed gel-based protein separa-
tion, and one group showed the protein spots pattern only in gel
without identification [56]. Therefore, it remains unclear whether
those previous proteome analyses without deyolking provide ade-
quate information regarding the proteins involved in embryo
development. Our data showed that, in the urea method, 336 un-
ique proteins were identified in the deyolked embryo, among
which 179 (or 47.1% of the total identified proteins from both em-
bryos) proteins could not be identified in the undeyolked embryo
at the same stage. Consistently, the deyolking process also enabled
us to identify more proteins in the SDC and PA methods. These re-
sults indicate that the removal of the predominant yolk proteins is
essential before the embryonic proteins can be identified.

In the current study, a larger number of unique proteins were
identified at 72 hpf (256 proteins) than at 120 hpf (210 proteins)
from undeyolked wide-type larva. We analyzed the physicochem-
ical and biological characteristics of the identified proteins, which
are summarized in Supplemental Table 4. When the proteins were
sorted according to biological process, we found a similar distribu-
tion of functional categories at both developmental stages (Fig. 5C).
In total, 45 proteins related to metabolism and energy production
were observed at both stages, whereas 18 and 7 proteins were
found uniquely at 72 and 120 hpf, respectively (Fig. 5C). The pro-



Fig. 5. Comparison of identified proteins from the single zebrafish proteome at 72 and 120 hpf: (A) overlap between 72 and 120 hpf; (B and C) subcellular localizations (B)
and biological processes (C) of the proteins at 72 and 120 hpf. The numbers under the name of each group indicate the proteins numbers identified from the specific larval
stages. The numbers of overlapped proteins between the two examined stages are given in parentheses.
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teins involved in protein metabolism were relatively more abun-
dant at 72 hpf (23 proteins) than at 120 hpf (14 proteins). These re-
sults may reflect the developmental differences between the two
larval stages. In other words, this is consistent with the faster syn-
thesis of cellular proteins during organismal growth at 72 hpf com-
pared with that at 120 hpf [14].

The proteins with annotations identified at both stages included
structural proteins (e.g., myosin, actin, cytokeratin, tubulin), 40S
ribosomal proteins (e.g., 40S ribosomal protein S28, 40S ribosomal
protein S8), cell cycle proteins (e.g., ef1a, zgc:162932), and all of
the known forms of the yolk proteins (e.g., vitellogenin 1–7,
Vg1). Many proteins associated with the tissue and organ struc-
tures were represented at both stages, including troponin C, myo-
sin, heavy polypeptide 1/2, and actin alpha 1/2, which are specific
to skeletal muscle; creatine kinase, which is specific to brain; and
beta B1-crystallin, which is specific to lens. Apart from the proteins
identified at both stages, 120 and 74 proteins were observed un-
iquely at 72 and 120 hpf, respectively (see Fig. 5A and Supplemen-
tal Table 4). These differentially expressed proteins can then be
used to distinguish these two stages. For example, matrilin-4, apo-
lipoprotein eb precursor, and brain-type fatty acid-binding protein
were identified only at 72 hpf, whereas cdc48, parvalbumin 4, and
translationally controlled tumor protein were unique to 120 hpf. In
addition, some differentially expressed proteins reflect differences
in differentiation states of several tissues. For example, parvalbu-
min 4, fast muscle troponin I, and TnC, three proteins involved in
muscle maturation [53–55], were observed distinctively at
120 hpf, indicating that skeletal muscles become more and more
robust during the developmental period from 72 to 120 hpf. H-
FABP, a protein involved in cardiomyocyte growth and differentia-
tion in neonatal hearts [58], was detected only at 120 hpf. More-
over, Setb and Fabp7, two proteins involved in early
neurogenesis [50,52], were identified exclusively at 72 hpf. All of
the above observations are consistent with the early organogenesis
and body patterning known to occur at 72 hpf and with the late
organogenesis and late tissue differentiation known to occur be-
tween 72 and 120 hpf [59].

There are at least two important applications for our methodol-
ogy. First, a large number of genes have been reported to regulate
zebrafish development processes, but only a few large-scale pro-
teomic analyses have been employed to investigate these events
to date. The data here reflect only the proteins present at the
two examined development stages. However, when more early
embryonic stages were examined by this methodology, the pro-
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teins contributing specifically to certain developmental events are
expected to be resolved and then the zebrafish embryonic develop-
ment processes might be reconstructed at the view of protein level.
Second, the single embryo resolution enables us to compare the
proteome between wild type and mutants. This will further our
understanding of how the mutant protein impacts the embryonic
proteome and how the mutant protein executes its biological func-
tions, and knowing how the proteome changes in response to loss
of a particular protein may provide insight into the molecular
mechanism.
Conclusions

To our knowledge, this is the first report of a proteome study of
a single zebrafish embryo by shotgun proteomics. The samples
were subjected separately to three different trypsin digestions in
urea, SDC, and PA. The resultant digests were analyzed individually
by CapLC–MS/MS. In total, 509 unique proteins were identified at
72 hpf and 210 unique proteins were identified at 120 hpf. Approx-
imately 95% of all the detected proteins were generated by com-
bining the SDC- and urea-assisted trypsin digestions. Digestion in
the presence of 1% SDC led to broader proteome coverage of a sin-
gle zebrafish embryo than that in the presence of 0.5% SDC. The
proteins involved in energy production and protein metabolism
were relatively more abundant at 72 hpf than at 120 hpf, possibly
reflecting the faster synthesis of cellular proteins for organismal
growth at 72 hpf compared with that at 120 hpf [14]. This single
individual proteome methodology, when applied to multiple
embryonic stages or to compare the proteomes of individual
wild-type and mutant embryos, is expected to further our under-
standing of embryonic development and how a particular protein
impacts the protein profile.
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