
RESEARCH ARTICLE

A Catalog of Proteins Expressed in the AG
Secreted Fluid during the Mature Phase of
the Chinese Mitten Crabs (Eriocheir sinensis)
Lin He, Qing Li, Lihua Liu, Yuanli Wang, Jing Xie, Hongdan Yang, QunWang*

School of Life Science, East China Normal University, Shanghai 200241, China

* qwang@bio.ecnu.edu.cn

Abstract
The accessory gland (AG) is an important component of the male reproductive system of

arthropods, its secretions enhance fertility, some AG proteins bind to the spermatozoa and

affect its function and properties. Here we report the first comprehensive catalog of the AG

secreted fluid during the mature phase of the Chinese mitten crab (Eriocheir sinensis). AG
proteins were separated by one-dimensional gel electrophoresis and analyzed by reverse

phase high-performance liquid chromatography coupled with tandem mass spectrometry

(HPLC-MS/MS). Altogether, the mass spectra of 1173 peptides were detected (1067 with-

out decoy and contaminants) which allowed for the identification of 486 different proteins

annotated upon the NCBI database (http://www.ncbi.nlm.nih.gov/) and our transcritptome

dataset. The mass spectrometry proteomics data have been deposited at the ProteomeX-

change with identifier PXD000700. An extensive description of the AG proteome will help

provide the basis for a better understanding of a number of reproductive mechanisms,

including potentially spermatophore breakdown, dynamic functional and morphological

changes in sperm cells and sperm acrosin enzyme vitality. Thus, the comprehensive cata-

log of proteins presented here can serve as a valuable reference for future studies of sperm

maturation and regulatory mechanisms involved in crustacean reproduction.

Introduction
Accessory glands in the male reproductive system secrets proteins or other molecules that can
support sperm improve fertility. For example, in mammals, the epididymis has numerous
inter-related functions, including reabsorption of the fluid secreted by the seminiferous
tubules, as well as the maturation and storage of sperm. During epididymal transit, spermato-
zoa bind to proteins that were secreted by the epididymis via epididymosomal transport. These
proteins can regulate the sperm motility or maturation [1]. The AG is responsible for the syn-
thesis and secretion of a large number of seminal fluid proteins (SFPs). When transferred dur-
ing mating, these molecules exert wide-ranging effects on female reproductive activities, and
they improve the male's chances of siring a significant proportion of the female's offspring
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[2,3]. AG secretions can potentially affect virtually all aspects of the female's reproductive activ-
ity. In Drosophila melanogaster, transfer of SFPs from male to female during mating induces
physiological changes in mated females, including increased egg production and reduced
receptivity to remate [4].

Eriocheir sinensis, the Chinese mitten crab (Milne Edwards, 1853) is an economically
important aquaculture species in China. Research on male reproductive biology of this crab
mainly has focused on its spermatogenesis, spermatophore formation, spermatozoa ultrastruc-
ture, or spermatozoa metabolism. Transcriptome analysis of Chinese mitten crab testis [5] and
AG [6] are newly available, opening up opportunities to learn more about these tissues’ func-
tions. In the E. sinensismale, the reproductive system consists of a pair of testes with vas defer-
ens, seminal vesicles, a pair of AG and a single ejaculatory duct (Fig 1). Mature male Chinese
mitten crabs have a pair of well-developed AGs that open at the junction of seminal vesicles
and the ejaculatory duct. Secretions of the AGs, along with spermatophores from the seminal
vesicle and spermatic fluid, enter into the female spermatheca via the ejaculatory duct during
mating. Within the female spermatheca, the spermatophores are gradually broken down, and
free spermatozoa are released to encounter oocytes, leading to fertilization [7]. In a previous
study, we found that the AG secreted protein can effectively digest the spermatophore wall to
release free spermatozoa and interact with proteins from the spermatheca to increase the acro-
somal enzyme activity of free spermatozoa [8]. We also found that there are many small and
large vesicles in the crab AG [9], that are visible under transmission and scanning electron

Fig 1. Photograph of the male reproductive system in the E. sinensis. The male reproductive system of
this crab consists of a pair of testes (T), vas deferens (VD), seminal vesicles (SV), accessory glands (AG) and
ejaculatory duct (ED).

doi:10.1371/journal.pone.0136266.g001
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microscopy. These vesicles are thought to contain the enzymatic proteins or other activation
factors, which may be required for spermatophore rupture or other function in fertilization.

Recent advances in molecular imaging, genomic and proteomic technologies offer signifi-
cant potential not only for gaining a better mechanistic understanding of E. sinensis reproduc-
tion, but also for achieving better aquaculture yields. Alternative strategies using multi-
dimensional liquid chromatography separations coupled with tandem mass spectrometry
(LC-MS/MS) have recently been applied to proteomic profiling of diverse organisms [10, 11,
12]. However, few studies have focused on the Chinese mitten crab, and none on its reproduc-
tive tissues. As many AG secreted proteins have not been structurally or functionally character-
ized in this animal, we identified them in E. sinensis using the highly efficient time- and labor-
saving shotgun method. By utilizing SDS-PAGE to separate proteins by molecular weight, fol-
lowed by in-gel digestion of proteins and LC-MS/MS analysis, we identified 486 proteins from
the mature crab’s AG and established the first such reported experimental dataset for the AG
proteome of the Chinese mitten crab, E. sinensis. This work lays a foundation for further stud-
ies of crustacean reproduction, as better knowledge of the crab reproductive biology is impor-
tant for improving artificial control of breeding for commercial purposes and will contribute to
the sustainable production and management of natural resources.

Materials and Methods

Protein extraction from the E. sinensis AG
Healthy sexually mature male Chinese mitten crabs (E. sinensis, 150–200 g) that had reached
the stage of rapid AG development were obtained from a commercial aquaculture crab farm
(Caojing Town, Jinshan District near Shanghai, China) in October, November and December
of 2011. Male crabs were placed in an ice bath for 1–2 min until they were lightly anesthetized.
Crabs were dissected on ice, and AGs were immediately removed. AGs tissues from three dif-
ferent individuals were taken on three occasions for the three different development stages,
and these nine pairs of AGs tissue were pooled as a single sample for protein collection. AGs
were excised in 5 mM Tris-HCl (pH 7.5) containing peptidase inhibitors (Complete, Mini,
EDTA-free, Roche Diagnostics Ltd, Shanghai, China). The AGs were then centrifuged at
10,000 × g at 4°C to separate secreted AG proteins from the tissue. The supernatant was then
removed and stored at-80°C until required. Protein samples were processed using a 2D clean-
up kit (GE Healthcare, Shanghai, China). Total protein concentration was determined using a
commercial kit based on the Bradford method according to the manufacturer’s instruction
(Invitrogen, Shanghai, China).

SDS-PAGE separation and in-gel tryptic digestion of proteins
AG proteins (30 μg) were solubilized in buffer (urea 7 M, thiourea, CHAPS 2%, SDS 4%, Tris
0.1 M pH 6.8, glycerol 30%, mercaptoethanol 12.5% and bromophenol blue 0.0062%) and sep-
arated using 10 cm 12% SDS-PAGE gels for 1 h at 120 V. The gel was stained with Coomassie
Brilliant Blue G250 (Invitrogen) following the manufacturer’s instructions. The protein lane of
the stained gel was cut into ten pieces of equal size (Fig 2). After being destained, the proteins
were reduced in-gel, alkylated and digested with trypsin as previously reported [13]. Subse-
quently, each protein sample was analyzed by mass spectrometry.

Nano-LC MS/MS analysis
Nano-LC MS/MS was performed on an HPLC system consisting of two LC-20AD nano-flow
LC pumps, an SIL-20 AC auto-sampler and an LC-20AB micro-flow LC pump (all from
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Shimadzu, Tokyo, Japan) connected to an linear trap quadrupole (LTQ)-Orbitrap mass spec-
trometer (ThermoFisher, San Jose, CA). The sample was loaded onto a CAPTRAP column (0.5
x 2 mm, MICHROM Bioresources, Auburn, CA) over 3 min at a flow rate of 15 μL/min. The
sample was subsequently separated by a C18 reverse-phase column (0.1 x 150 mm, packed
with 3 μmMagic C18-AQ particles, MICHROM Bioresources) at a flow rate of 400 nL/min.

Fig 2. SDS-PAGE pattern of AG proteins in E. sinensis. AG proteins (30 μg) were separated using 10 cm
12% SDS-PAGE gels for 1 h at 120 V. The gel was stained with Coomassie Brilliant Blue G250 (Invitrogen)
and the protein lane of the stained gel was cut into ten pieces of equal size.

doi:10.1371/journal.pone.0136266.g002
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The mobile phases were 5% acetonitrile with 0.1% formic acid (phase A and loading phase)
and 95% acetonitrile with 0.1% formic acid (phase B). To achieve proper separation, a 90-min
linear gradient from 5 to 45% phase B was employed. The separated sample was introduced
into the mass spectrometer via an ADVANCE 30 μm silica tip (MICHROM Bioresources). The
spray voltage was set at 1.0 kV and the heated capillary was kept at 180°C. The mass spectrom-
eter was operated in data-dependent mode. Each cycle of duty consisted of one full MS survey
scan at the mass range of 350~1800 Da with resolution power of 60,000 using the Orbitrap, fol-
lowed by MS/MS analysis for the 10 strongest peaks using the LTQ. Peptides were fragmented
in the LTQ section using collision-induced dissociation with helium, and the normalized colli-
sion energy value set at 35%. Only 2+ and 3+ peaks were selected for the MS/MS run, and pre-
viously fragmented peptides were excluded for 60 s.

Protein database construction and searches
An in-house database was constructed with FASTA protein sequences downloaded from NCBI
(http://www.ncbi.nlm.nih.gov/), including those of the crustacean suborder Pleocyemata
(http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=6692), along
with the transcriptome data from E. sinensis published by He et al. [6] (208425 entries,
42305KB). Construction of the reference protein sequence databases included the target
sequence, a decoy sequence and a contaminating-protein sequence. The target sequence is a
valid protein sequence identified, the decoy sequence is the reverse of a given target sequence
and is used to evaluate the results of the identification, and the contaminating-proteins
sequence is a mix of the sequences of 248 contaminating proteins, a total of 150kb [14]. Protein
searches were performed with Mascot 2.2.07 software (www.matrixscience.com) against the
constructed database. The acceptance criterion for peptide identifications was a false positive
identification rate of less than 1%. Database searches were performed with the following
parameters: peptide mass tolerance of 20 ppm precision, charge state of 1+ and a maximum
number of missed cleavages of 2. Carbamidomethylation of cysteines was used as a fixed modi-
fication and oxidation of methionine as a variable modification. Peptide identifications with a
minimum peptide length of 6 amino acids, Mascot peptide identification score�60 and signifi-
cant for peptide mass fingerprint with a p<0.05 were considered valid.

Gene Ontology (GO) categories and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis
The predicted subcellular locations and functions of the identified proteins were suggested by
their GO component and function terms, respectively, which were downloaded as text-based
annotation files from the GO database ftp site: ftp://ftp.geneontology.org/pub/go/ [15]. The
query FASTA protein sequences were also searched against the KEGG GENES database using
the BLASTP program with a BLOUSM62 scoring matrix (http://blast.genome.jp/). The
Enzyme Commission (EC) number (if available) of the best matched protein (E-value< e-15)
was accepted and exported. The obtained EC numbers from each dataset were subjected to a
pathway search against the KEGG reference pathway database (http://www.genome.jp/kegg/
tool/search_pathway.html). Each selected pathway met the criterion of having at least three
ECs. Pairwise comparison of the pathways were undertaken and then classified according to
the KEGG definition (http://www.genome.ad.jp/kegg/pathway.html).

Validation of Es-serpin function as a decapacitation factor
Approximately 35–40g of ovaries were harvested from female crabs that were beginning to
ovulate (about 300g), and then cut them into pieces. The shredded ovaries were soaked in
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about 200ml of pre-cooling artificial seawater for 24 hours at 4°C. Then the supernatant (“eggs
water”) was used to induce the acrosome reaction (AR). The AR was induced by eggs water in
the dark at room temperature in a 1.5-mL Eppendorf tube. For indirect immunofluorescence
studies of Es-serpin in sperm were prepared according to Ye Bi et al. [16]. The reaction was
then terminated with 4% paraformaldehyde at 10 min, 20 min, 30 min, and 40 min. Sperm
samples were then washed and fixed with 4% paraformaldehyde (W/V) for 30min, permeabi-
lized with 1% Triton X-100 in PBS for 15 min on ice (this step was omitted from the indirect
immunofluorescence experiments with non-permeabilized sperm), followed by blocking with
10% BSA at room temperature for 1 hr. After incubation with primary antisera (1:500) over-
night at 4°C, the fixed sperm were incubated with fluorescein isothiocyanate (FITC; Beijing
Zhongshan Biotechnology Co.)—conjugated anti-Rabbit IgG at a dilution of 1:100 for 1h at
room temperature. Finally, DAPI (4’,6-diamidino-2-phenylindole; Beijing Zhongshan Biotech-
nology Co.) was applied for 5 min without subsequent washing. The samples were then applied
to slides, mounted in ~100uL antifade mounting medium (Beyotime Institute of Biotechnol-
ogy) and photographed using a fluorescence microscope (Leica DM4000 B LED).

Results and Discussion

Protein identification and annotation
We report the first successful identification of AG secreted proteins from E. sinensis. Mass
spectra of a total of 1173 peptides generated (1067 without decoy and contaminants) allowed
for the identification of 486 different proteins (S2 and S3 Tables). The average length of the
peptides and proteins were 15 aa and 273 aa, respectively. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium (http://www.
proteomexchange.org) via the PRIDE partner repository [17] with the dataset identifier
PXD000700.

GO and pathway annotation
To help determine the potential function of the 486 proteins identified by LC-MS/MS, we per-
formed GO analysis based on their predicted GO hierarchy or on the GO hierarchy of similar
proteins annotated in other species [18]. GO protein classification is based on three different
categories: biological process, cellular component and molecular function, with 20, 8 and 8 sub-
sets, respectively. Some of the E. sinensis AG proteins fell into included in more than one cate-
gory. The cellular component category included 129 proteins most of which fell into three
subgroups: those from the cell (31.0%), the cell part (31.0%) and organelles (17.8%). Based on
the annotated molecular functions, most of the proteins identified possessed predicted catalytic
activity (49.1%) or protein binding capabilities (39.3%). Within the biological process category,
the greatest percentages of proteins were involved in “metabolic processes” (24.6%) and “cellu-
lar processes” (19.3%). Only 4.3% of the proteins were previously annotated as being related to
reproduction (Fig 3). Since there has been little basic research on the Chinese mitten crab and
there is no genome sequence information for this animal, proteomic data analysis is limited,
but finding such as ours provide a basic protein dataset for reproductive study in this species.

Biochemical pathway information was collected by downloading relevant maps from the
KEGG database (http://www.genome.jp/kegg/) [19]. A total of 394 proteins were associated
with 150 predicted KEGG metabolic pathways, and the number of different pathways ranged
from 1 to 125 (S4 Table). The top pathways with highest protein numbers were metabolic path-
ways (125, 31.73%), pathogenic Escherichia coli infection (27,7.11%), phagosome (25, 6.35%),
proteasome (24, 6.09%), tyrosine metabolism (22, 5.58%) and protein processing in the endo-
plasmic reticulum (ER) (21, 5.33%). Finding these pathways represented suggests that the
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reproductive related MAPK signaling pathway, Wnt signaling pathway and Notch signaling
pathway all exist in E. sinensis and suggests that their further analysis is warranted; our results
also provide the first step to allow this analysis.

AG proteins related to reproductive processes
Protein components of the seminal fluid play significant roles in a wide range of sexual repro-
ductive phenomena. Recent studies have shown an increasing interest in obtaining proteomic
information on both male reproductive glands from different species [10,20,21], but detailed
proteomic profiles at the individual tissue level have not be reported for E. sinensis. Male gam-
etes are produced in the testes, and mature sperm are stored in the seminal vesicles until ejacu-
lation. Components of male seminal fluids of E. sinensis are secreted by the vas deferens and
AGs. Each secreted seminal component plays a distinctive role in the success of reproduction.
The most relevant proteins identified in the AG involved in reproduction or in the interaction
with spermatozoa according to the literature are shown in S1 Table. These proteins fall into
five main groups: protease and protease inhibitors, folding and stress response proteins, crusta-
cean molting protein, signaling pathway factors and structural and ubiquitin system proteins
function in reproductive system. Below, we discuss these five categories in the context of
understanding AG function in of E. sinensis reproduction (Table 1).

Proteases and protease inhibitors. Approximately 18% of the proteins in the Drosophila
melanogaster ejaculate are predicted proteases or protease inhibitors. LaFlamme et al. found
that proteases in the seminal fluid can destroy, activate or otherwise modulate the function of
other proteins [4]. Several seminal proteins in this organism are activated or degraded after
mating, and proteolysis is an effective way to accomplish this process since these proteins act
outside of the cell where most other regulatory processes cannot be used. Proteases and prote-
ase inhibitors are known to be major constituents of the male seminal fluid, and RNAs encod-
ing 120 predicted proteases and 8 protease inhibitors were identified in our previous AG
transcriptome analysis in E. sinensis [6]. During epididymal transit, sperm bind new proteins,
and proteins already present in the membrane are modified [22]. Enzymes in addition to prote-
ases also likely play key roles in membrane transformations, and several of these were detected

Fig 3. GO annotation of AG proteins in E. sinensis. The subcellular locations and functions of the identified proteins were determined by their GO
component and function terms, respectively, available for download as text-based annotation files from the GO database ftp site: ftp://ftp.geneontology.org/
pub/go/

doi:10.1371/journal.pone.0136266.g003
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in the present study, including cathepsin A, B, protein-disulfide isomerase, inorganic pyropho-
sphatase, AICAR transformylase, cystathionine-beta-synthase and cytoplasmic manganese
superoxide dismutase.

In the mammalian cauda epididyma, protease activity is modulated by protease inhibitors.
We identified several predicted protease inhibitors among E. sinensis AG proteins. These
included predicted SERPINs (serine protease inhibitors), glycoprotein, pacifastin and serine
collagenase 1 precursor. We propose that such components of the seminal fluid are likely
important for regulating proteolysis for essential processes or to preserve sperm and tissue
integrity [23]. Proteins in mammal seminal fluid include serpin 6 and HongrES1, which func-
tions as a decapacitation factor (DF) for sperm, preventing capacitation. HongrES1 is specifi-
cally expressed in the cauda epididymis of rat and guinea pig [24,25] where it is important for
fertility. Given our findings of predicted serpins in Chinese mitten crab AGs, we used antibod-
ies to HongrES1 to test if there is similar protein associated with sperm of Chinese mitten crab.
We further examined the amount of this Es-serpin on sperm before and after the AR. The
results (Fig 4) showed that after the occurrence of AR, Es-serpin cross reactivity on the sperm
surface gradually decreased. This is consistent with the variation of DF in sperm, and suggests
that we may have identified a DF in E. sinensis.

Other protease inhibitors that we detected included Pacifastin, which is a serine peptidase
inhibitor [26], that is found in insects and arthropods. Some studies have shown that crusta-
cean pacifastin plays a key role in the immune response, whereas insect pacifastin-like peptides
have multiple regulatory functions including ones related to immunity, reproduction and
phase transition [27]. There are five additional members (SGPI-1–5) of this family from ovar-
ian tissue of the desert locust Schistocerca gregaria. All of these peptides possess the cysteine
pattern that is characteristic of the pacifastin light chain domains (PLD 1–9) and the locust
inhibitors PMP-D2, PMP-C and HI. Further, there is evidence that transcripts of these protease
inhibitors are differentially regulated during the molting and reproductive cycles of the locust,
suggesting that the encoded peptides have distinct physiological roles in a variety of physiologi-
cal processes [28]. Previously the mRNA expression of the pacifastin gene of E. sinensis was
analyzed in different tissues of the crab [29]. Here, we identified the pacifastin protein in

Fig 4. Changes in immunofluorescence staining patterns of antibodies against human Es-serpin in E.
sinensis sperm during the acrosome reaction. Sperm were incubated in eggs water for 40min, and the
reaction was terminated by 4% paraformaldehyde respectively at 10min, 20min, 30min, 40min.

doi:10.1371/journal.pone.0136266.g004
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extracts from the AG, implying that it may also have a reproductive function in E. sinensis. Fur-
ther analyses using mutants or RNAi will provide insights into the function and physiological
roles of these proteins in crustacean reproduction.

Glycolytic enzymes detected in the present study include predicted glutamate dehydroge-
nase, alpha glucosidase 2, fructose 1, 6-bisphosphatase, fructose-6-phosphate aminotransferase
and UDP-glucose 4-epimerase. These enzymes may hydrolyze sugar moieties present on mem-
brane glycoproteins during epididymal sperm maturation and thus potentially mediate sperm/
oocyte interactions [30], they could also hydrolyze sugar moieties on Sfps or even on female
reproductive tract proteins, thus potentially playing roles in sperm maturation and physiologi-
cal regulation of fertilization in crustaceans.

Protein folding and stress response proteins. We identified some chaperone molecules
such as predicted heat shock protein in the AG proteome. Most of these types of proteins func-
tion in protein folding or stress response reactions. Glucose-regulated protein 78 (GRP78), a
member of the heat shock protein 70 family, is an ER-resident protein responsible for protein
folding and assembly [31]. The 94-kDa glucose-regulated protein (GRP94), also known as
endoplasmin, 96-kDa glycoprotein (GP96) or HSP108, belongs to the HSP90 family, is an ER
chaperone and was first identified in a screen for proteins influenced by glucose starvation.
GRP94 mainly localizes to the ER and is thought to be required for the folding and maturation
of secretory and membrane proteins [32]. Therefore, the presence of these molecular chaper-
ones among AG proteins suggests that they play roles in aiding the correct folding and assem-
bly of proteins in the AG, and protecting them from stress responses. Endoplasmic reticulum
protein 29 (Erp29) plays an important role in the processing of secretory proteins within the
ER, possibly by participating in the folding of proteins [33]. HSP70–3 is a BiP homolog
involved in assembling protein complexes inside the ER [34]. Indeed, recent studies have
shown that cell-surface chaperone proteins can have important roles in reproduction by func-
tioning as intercellular signaling molecules that facilitate sperm-oocyte interactions [35].

Two other interesting proteins that we found were a predicted catalase and a predicted
cyclophilin. These are interesting to find in AG secretions. Maturation of sperm involves mem-
brane remodeling and changes in sperm metabolism. For example, when sperms are stored in
the cauda segment of the epididymis in mammalian, they must be protected against oxidative/
peroxidative reactions, immune attack and damage caused by substances released by dying
cells [10]. Catalase serves to protect against toxic effects of hydrogen peroxide by promoting
growth of cells, including T-cells, B-cells, myeloid leukemia cells, melanoma cells, mastocy-
toma cells and normal and transformed fibroblast cells [36]. Here, we identified a predicted
catalase in the AG proteome from E. sinensis.

Cyclophilins possess a peptidyl-prolyl cis-trans isomerase (PPIase) activity that rotates the
polypeptide chain around a proline between a cis and a trans configuration. They have multiple
roles in the folding, assembly and trafficking of cellular proteins [37]. Although considered to
be primarily intracellular proteins, some mammalian cells secrete cyclophilins into the extra-
cellular environment, where they have an important role in mediating cellular responses to oxi-
dative stress and in modulating immunity. We also identified cyclophilin A protein in our
dataset.

Proteins associated with crustacean molting protein. Crustaceans possess a calcified
exoskeleton that is replaced during growth and development by molting, which occurs periodi-
cally under the control of neuropeptide hormones and ecdysteroids. We previously identified
64 unigenes related to hormones in our transcriptome analysis of the testis and AG [6]. Some
crustacean molting related proteins in the AG proteome were also identified and will be dis-
cussed below.

Reproductive Function of AG Proteins
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Cryptocyanin, a crustacean molting protein, has an evolutionary link with arthropod hemo-
cyanins and insect hexamerins [38]. In the Dungeness crab, Cancer magister, hemocyanin
reversibly binds oxygen at its highly conserved copper-oxygen binding sites and supplies the
crab’s tissues with oxygen. Expression analysis of hemocyanin subunits from the megalopa to
adult crab have indicated that there are dramatic changes in subunit composition and oxygen
affinity that are correlated with developmental changes in salinity tolerance and ion regulation
[39,40]. Cryptocyanin closely resembles hemocyanin in sequence, but lacks several critical cop-
per-binding amino acids and has lost the ability to bind oxygen. Its presence in high concentra-
tions, particularly at specific times in the molt cycle, suggests it has been exploited to carry out
new functions. Studying the dynamics of synthesis of hemocyanin and cryptocyanin at the
molecular, tissue and organismal levels, including differential responses to hormonal regula-
tion will be an interest area in crustaceans. In this study we identified two cryptocyanin pro-
teins and one hemocyanin protein among secreted AG proteins of male E. sinensis.

Marine invertebrates demonstrate a rich diversity in form and function of their oxygen
transport proteins, reflecting how the evolution of new proteins resulting from gene duplica-
tions and subsequent mutations is an important process in the adaptive ability of organisms.
Phenoloxidase, a third member of the oxygen-transport protein family, functions in sclerotiza-
tion of the new exoskeleton after molting as well as in immune defense. Its copper-oxygen
binding sites are similar to those of hemocyanin, but it is an intracellular protein that is found
in circulating hemocytes [41]. Hemocyanin itself has phenoloxidase activity, along with poten-
tial anti-microbial activity, which suggests additional functions in response to environmental
stressors. The quaternary structure of hemocyanin affects its reactivity as phenoloxidase. It was
suggested that prophenoloxidase is released from hemocytes and moves across the epidermis
into new exoskeleton during the pre-molting stage and is activated in the early post-molting
stage [42]. In crustaceans and insects, 1,3-P-glucan binding proteins (PGBPs) have been puri-
fied from plasma [43] and are also found in crustacean blood. These proteins enhance the glu-
can-mediated activation of the prophenoloxidase activating system (proPO-system) [44].
Vitellogenin may serve one of two functions, as a yolk protein precursor in its classical role and
potentially to shuttle iron to developing germ cells.

Functions of signaling pathway factors. Signaling molecules like phospholipase A, cal-
cium calmodulin, phosphatidylinositol 3-kinase, MAPK signaling pathways and Wnt signaling
pathways have been associated with cell proliferation and differentiation as well as with meta-
bolic processes in mammalian granulosa and Sertoli cells [45]. Here, we identified three MAPK
signaling pathway proteins (Rap1, FLNA and HSP72) and twoWnt signaling pathway proteins
(PP2A and Rho A) among AG proteins of E. sinensis. ERKs and p38 have been demonstrated
to be involved in the acrosome reaction and function in spermatogenesis. We also validation
the function of p38 in acorosome reaction in sperm of E. sinensis [46]. Gpr48 (G protein-cou-
pled receptor 48) participates in the development of the male epididymis and efferent ducts
through regulation of ERα expression via the cAMP/PKA signaling pathway [47].

The 14–3–3 protein positively regulates Ras-mediated pathways and acts downstream or
parallel to Raf, but upstream of nuclear factors in Ras signaling [48]. The fibrillarin protein,
involved in pre-rRNA processing, is a component of several ribosomal [49] and nucleolar pro-
tein complexes and interacts with DDX5 (belonging to the DEAD box protein family) [50]. In
mammals, past-1 is highly expressed in the testis and acts in early endocytic membrane fusion
and membrane trafficking of recycling endosomes [51]. A recent report demonstrated that the
single Drosophila EHD ortholog Past1 is expressed ubiquitously during early embryogenesis,
exhibits both plasma membrane associated and punctate cytosolic staining, and is capable of
binding in vitro to the adaptor protein Numb [52]. Numb is a conserved membrane-associated
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protein that antagonizes Notch signaling, a pathway which carry out important functions dur-
ing oogenesis as well as spermatogenesis [53].

ADP-ribosylation factors (ARFs) are small GTP-binding proteins that play essential roles in
intracellular trafficking and organelle structure. ARFs were originally identified as a protein
cofactor involved in membrane transport, maintenance of organelle structures and remodeling
of the cytoskeleton [54]. Although all ARFs have the ability to regulate the budding and forma-
tion of vesicles in the endocytic and exocytic pathways, different ARFs seem to possess different
intracellular localizations and functions depending on the specific membrane to which it binds
by virtue of recruitment of diverse proteins. Recently, Ran, Rab and Rho proteins, small
GTPases in shrimp, were reported to be involved in host defense responses [55]. ARF GTPases
are well known to play critical roles in intracellular vesicular trafficking, signal transduction,
phagocytosis, endocytosis and remodeling of the cytoskeleton [56]. Here, we identified an ADP
ribosylation factor 4 in the E. sinensis AG proteomic analysis. The ecto-ADP-ribosyltransferase
5 (ART 5) protein identified in the AG belongs to a class of enzymes that catalyze the transfer
of an ADP-ribose group from NAD to arginine residues on target proteins, such as G proteins,
rho, actin, CD44 and integrins [57]. ADP-ribosyltransferases (ARTs) are normally expressed
in immune cells and ART5, in the testis [58].

Structural and ubiquitin system proteins. The heparan sulfate proteoglycan core protein
is an integral component of the glomerular basement membrane (GBM), which is responsible
for the fixed negative electrostatic membrane charge and provides a barrier that is both size-
and charge-selective. It serves as an attachment substrate for cells playing essential roles in vas-
cularization, such as normal heart development, regulating the vascular response to injury and
avascular cartilage development [59]. We identified a related protein (Basement membrane-
specific heparan sulfate proteoglycan core) in our proteomic analysis, but further analysis is
required to determine the function of this protein in AG.

Actin is involved in the initiation of sperm motility, and during epididymal storage in mam-
mals it forms a barrier preventing a premature acrosome reaction [60]. Profilin binds to actin
and affects the structure of the cytoskeleton. At high concentrations, profilin prevents the poly-
merization of actin, whereas it enhances it at low concentrations. By binding to PIP2 (Plasma
membrane intrinsic protein 2), profilin inhibits the formation of IP3 (inositol 1,4,5-triphos-
phate) and DG (diacylglycel). Profilin also can inhibit the androgen receptor (AR) and hun-
tingtin aggregation, and binding of G-actin is essential for its inhibition of AR [61].

In Drosophila reproduction, lectin and cysteine-rich secretory proteins (CRISP) and lipases
may play roles in providing energy to the sperm by producing free fatty acids for β-oxidation
[62]. Our proteomic analysis detected a predicted lectin in E. sinensis. The laminin receptor
can bind to cells via a high affinity receptor, and laminin is thought to mediate the attachment,
migration and organization of cells into tissues during embryonic development by interacting
with other extracellular matrix components. Fragments of laminin chains can act as biologi-
cally active peptides to perturb the blood–testis barrier (BTB) permeability function by acceler-
ating protein endocytosis (e.g., occludin) at the site, thereby destabilizing the BTB integrity to
facilitate the transit of preleptotene spermatocytes [63]. Our identification of a predicted lami-
nin receptor in the E. sinensis AG proteome suggests that laminin may be involved in such a
process in this crab.

The coatomer is a cytosolic protein complex that binds to dilysine motifs and reversibly
associates with Golgi non-clathrin-coated vesicles, which further mediate biosynthetic protein
transport from the ER, via the Golgi up to the trans Golgi network [64]. The coatomer protein
complex (COP) is required for budding from Golgi membranes and is essential for the retro-
grade Golgi-to-ER transport of dilysine-tagged proteins. The complex also influences the Golgi
structural integrity, as well as the processing, activity and endocytic recycling of LDL (low-
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density lipoprotein) receptors [66]. It is involved in the Golgi disassembly and reassembly pro-
cesses during the cell cycle and in autophagy by playing a role in an early endosome function
[65]. Kitazawa et al. suggested that COP plays an important role in Drosophilamale meiosis,
not only through vesicle transport to the cleavage furrow region, but also through the forma-
tion of ER-based structures [67]. Required for limiting storage in lipid droplets, COP is
involved in lipid homeostasis by regulating the presence of perilipin family members PLIN2
and PLIN3 at the lipid droplet surface. Furthermore, it promotes the association of adipocyte
triglyceride lipase (PNPLA2) with the lipid droplet surface to mediate lipolysis, suggesting a
relevant role in providing energy for reproduction. Interestingly, we identified four coatomer
subunits in the E. sinensis AG proteome.

We also identified components of the ubiquitin proteasome system in the AG proteomic
analysis, including 24 proteasome pathway proteins and 2 ubiquitin mediated proteolysis pro-
teins (UBE1 and UBE2D_E). The omnipresent ubiquitin–proteasome system (UPS) is an
ATP-dependent enzymatic machinery that targets substrate proteins for degradation by the
26S proteasome by tagging them with an isopeptide chain composed of covalently linked mole-
cules of ubiquitin, a small chaperone protein. UPS has been suggested to play a role in fertiliza-
tion in humans and some other animals during the process of sperm penetration through the
egg’s vitelline coat (VC) [68]. In ascidians, spermatozoa release ubiquitin-activating and conju-
gating enzymes, proteasomes and unconjugated ubiquitin to first ubiquitinate and then
degrade the sperm receptor on the VC. In echinoderms and mammals, the VC [zona pellucida
(ZP) in mammals] is ubiquitinated during oogenesis and its sperm receptor is degraded or
inactivated during fertilization. Various proteasome subunits and associated enzymes have
been detected in spermatozoa and localized to sperm acrosome and other sperm structures
[69]. Fertilization is the process whereby individual gametes from the female (egg) and male
(sperm) unite to produce offspring. Interaction with the egg is restricted to the sperm head,
which contains a large secretory vesicle, the acrosome, overlying the sperm nucleus. Exocytosis
of the acrosome (during the AR) is a terminal morphological alteration that must occur prior
to penetration of the extracellular coat of the egg (ZP). As is the case with regulated exocytosis
in somatic cells, Ca2+ is an essential mediator of the AR [70].

Conclusions
The proteomic profiles of AG provide us with information about reproductive proteins in E.
sinensis and supply the basis for future studies. This is the first report of AG protein identifica-
tion, annotation and GO pathway analysis in E. sinensis. Even if the identification method and
dataset only reflect the mature stage of AG, but the clues give us informative candidates for
study their function in sperm maturation and fertilization. The candidate proteins identified
here will be interesting candidates for further functional studies for their roles in reproduction
of E. sinensis, Of particular interest are the proteases and protease inhibitors and the proteins
associated with crustacean molting, sperm capacitation and acorosome reaction. Functions are
known for some seminal fluid proteins in some animals. For example, in Drosophila or in
mammals, specific seminal proteins have been shown to influence, female sperm storage, ovu-
lation and post-mating behaviors. It will be interesting to determine the function of individual
SFPs in sperm binding in reproduction of E. sinensis in the future.

Supporting Information
S1 Table. Important protein functions in reproduction in E. sinensis. (PEP is the probability
of an individual match).
(DOC)

Reproductive Function of AG Proteins

PLOS ONE | DOI:10.1371/journal.pone.0136266 August 25, 2015 15 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136266.s001


S2 Table. Identified peptides in AG proteomics from E. sinensis.
(XLS)

S3 Table. Identified protein Groups in AG proteomics from E. sinensis.
(XLS)

S4 Table. KEGG analysis for AG proteomics from E. sinensis. The Enzyme Commission
(EC) number of the best match protein (E-value< e-15) was accepted and exported.
(DOC)

Acknowledgments
We thank Professor Mariana fromMBG in Cornell university help us to improve the manu-
script during review. We also thank Beijing Genomics Institute (Beijing, China) for its enthusi-
astic technological support and for the theory of LCMS. We are very grateful to the
Instruments Sharing Platform of School of Life Sciences, East China Normal University.

Author Contributions
Conceived and designed the experiments: LH QW. Performed the experiments: LL QL. Ana-
lyzed the data: LH. Contributed reagents/materials/analysis tools: YW JX HY. Wrote the paper:
LH.

References
1. Gadella BM. Spermmembrane physiology and relevance for fertilization. Animal Reproduction Sci-

ence. 2008; 107(3–4):229–36. doi: 10.1016/j.anireprosci.2008.05.006 PMID: 18556155

2. Avila V1 FJ, Quesada H, Caballero A. An experimental evaluation with Drosophila melanogaster of a
novel dynamic system for the management of subdivided populations in conservation programs.
Heredity. 2011; 106(5):765–74. doi: 10.1038/hdy.2010.117 PMID: 20823908

3. Walker M, Rylett C, Keen J, Audsley N, Sajid M, Shirras A, et al. Proteomic identification of Drosophila
melanogaster male accessory gland proteins, including a pro-cathepsin and a soluble gamma-glutamyl
transpeptidase. Proteome Science. 2006; 4(1):9. doi: 10.1186/1477–5956–4–9 PMID: 16670001

4. LaFlamme BA, Ravi Ram K, Wolfner MF. The Drosophila melanogaster Seminal Fluid Protease “Semi-
nase” Regulates Proteolytic and Post-Mating Reproductive Processes. PLoS Genet. 2012; 8(1):
e1002435. doi: 10.1371/journal.pgen.1002435 PMID: 22253601

5. He L, Wang Q, Jin X, Wang Y, Chen L, Liu L, et al. Transcriptome Profiling of Testis during Sexual Mat-
uration Stages in Eriocheir sinensis Using Illumina Sequencing. PLoS ONE. 2012; 7(3):e33735. doi:
10.1371/journal.pone.0033735 PMID: 22442720

6. He L, Jiang H, Cao D, Liu L, Hu S, Wang Q. Comparative Transcriptome Analysis of the Accessory Sex
Gland and Testis from the Chinese Mitten Crab (Eriocheir sinensis). PLoS ONE. 2013; 8(1):e53915.
doi: 10.1371/journal.pone.0053915 PMID: 23342039

7. Sun X, Mao H-T, YangW-X. Gene expression pattern of myosin Va during spermatogenesis of Chinese
mitten crab, Eriocheir sinensis. Gene. 2012; 508(1):78–84. doi: http://dx.doi.org/10.1016/j.gene.2012.
07.035 PMID: 22846366

8. Hou X-L, Mao Q, He L, Gong Y-N, Qu D, Wang Q. Accessory Sex Gland Proteins Affect Spermato-
phore Digestion Rate and Spermatozoa Acrosin Activity in Eriocheir sinensis. Journal of Crustacean
Biology. 2010; 30(3):435–40. doi: 10.1651/09–3177.1

9. Sullivan R, Frenette G, Girouard J. Epididymosomes are involved in the acquisition of new sperm pro-
teins during epididymal transit. Asian J Androl. 2007; 9(4):483–91. doi: 10.1111/j.1745–7262.2007.
00281.x PMID: 17589785

10. Moura AA, Souza CE, Stanley BA, Chapman DA, Killian GJ. Proteomics of cauda epididymal fluid from
mature Holstein bulls. Journal of Proteomics. 2010; 73(10):2006–20. doi: 10.1016/j.jprot.2010.06.005
PMID: 20601273

11. de Godoy LMF, Marchini FK, Pavoni DP, Rampazzo RdCP, Probst CM, Goldenberg S, et al. Quantita-
tive proteomics of Trypanosoma cruzi during metacyclogenesis. PROTEOMICS. 2012; 12(17):2694–
703. doi: 10.1002/pmic.201200078 PMID: 22761176

Reproductive Function of AG Proteins

PLOS ONE | DOI:10.1371/journal.pone.0136266 August 25, 2015 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136266.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136266.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136266.s004
http://dx.doi.org/10.1016/j.anireprosci.2008.05.006
http://www.ncbi.nlm.nih.gov/pubmed/18556155
http://dx.doi.org/10.1038/hdy.2010.117
http://www.ncbi.nlm.nih.gov/pubmed/20823908
http://dx.doi.org/10.1186/1477&ndash;5956&ndash;4&ndash;9
http://www.ncbi.nlm.nih.gov/pubmed/16670001
http://dx.doi.org/10.1371/journal.pgen.1002435
http://www.ncbi.nlm.nih.gov/pubmed/22253601
http://dx.doi.org/10.1371/journal.pone.0033735
http://www.ncbi.nlm.nih.gov/pubmed/22442720
http://dx.doi.org/10.1371/journal.pone.0053915
http://www.ncbi.nlm.nih.gov/pubmed/23342039
http://dx.doi.org/10.1016/j.gene.2012.07.035
http://dx.doi.org/10.1016/j.gene.2012.07.035
http://www.ncbi.nlm.nih.gov/pubmed/22846366
http://dx.doi.org/10.1651/09&ndash;3177.1
http://dx.doi.org/10.1111/j.1745&ndash;7262.2007.00281.x
http://dx.doi.org/10.1111/j.1745&ndash;7262.2007.00281.x
http://www.ncbi.nlm.nih.gov/pubmed/17589785
http://dx.doi.org/10.1016/j.jprot.2010.06.005
http://www.ncbi.nlm.nih.gov/pubmed/20601273
http://dx.doi.org/10.1002/pmic.201200078
http://www.ncbi.nlm.nih.gov/pubmed/22761176


12. Wasbrough ER, Dorus S, Hester S, Howard-Murkin J, Lilley K, Wilkin E, et al. The Drosophila melano-
gaster sperm proteome-II (DmSP-II). Journal of Proteomics. 2010; 73(11):2171–85. doi: 10.1016/j.
jprot.2010.09.002 PMID: 20833280

13. Huang Q-Y, Huang H-Q. Differential expression profile of membrane proteins in zebrafish (Danio rerio)
brain exposed to methyl parathion. PROTEOMICS. 2011; 11(18):3743–56. doi: 10.1002/pmic.
201100084 PMID: 21761560

14. Elias JE, Gygi SP. Target-decoy search strategy for increased confidence in large-scale protein identifi-
cations by mass spectrometry. Nat Meth. 2007; 4(3):207–14. doi: 10.1038/nmeth1019 PMID:
17327847

15. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene Ontology: tool for the unifi-
cation of biology. Nat Genet. 2000; 25(1):25–9. doi: 10.1038/75556 PMID: 10802651

16. Bi Y XW,Wong HY, Zhu H, Zhou ZM, Chan HC, Sha JH. NYD-SP27, a novel intrinsic decapacitation
factor in sperm. Asian J Androl. 2009; 11(2):229–39. doi: 10.1038/aja.2009.6 PMID: 19252507

17. Vizcaíno JA CR, Csordas A, Dianes JA, Fabregat A, Foster JM, Griss J, et al. The PRoteomics IDEntifi-
cations (PRIDE) database and associated tools: status in 2013. Nucleic Acids Res. 2013; 41:D1063–
D9. doi: 10.1093/nar/gks1262 PMID: 23203882

18. Conesa A, Götz S, García-Gómez JM, Terol J, Talón M, Robles M. Blast2GO: a universal tool for anno-
tation, visualization and analysis in functional genomics research. Bioinformatics. 2005; 21(18):3674–
6. doi: 10.1093/bioinformatics/bti610 PMID: 16081474

19. Kanehisa M, Goto S. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Research.
2000; 28(1):27–30. doi: 10.1093/nar/28.1.27 PMID: 10592173

20. Takemori N, Yamamoto M-T. Proteomemapping of the Drosophila melanogaster male reproductive
system. PROTEOMICS. 2009; 9(9):2484–93. doi: 10.1002/pmic.200800795 PMID: 19343724

21. Xu J, Baulding J, Palli SR. Proteomics of Tribolium castaneum seminal fluid proteins: Identification of
an angiotensin-converting enzyme as a key player in regulation of reproduction. Journal of Proteomics.
2013; 78(0):83–93. doi: 10.1016/j.jprot.2012.11.011 PMID: 23195916

22. Dacheux JL GJ, Dacheux F. Contribution of epididymal secretory proteins for spermatozoa maturation.
Microsc Res Tech. 2003; 61:7–11. PMID: 12672118

23. Rawlings ND, Tolle DP, Barrett AJ. Evolutionary families of peptidase inhibitors. Biochem J. 2004; 378
(3):705–16. doi: 10.1042/bj20031825 PMID: 14705960

24. Ni Y, Zhou YC, ChenWY, Zheng M, Yu JM, Li CY, et al. HongrES1, a Cauda Epididymis-Specific Pro-
tein, Is Involved in Capacitation of Guinea Pig Sperm. Mol Reprod Dev. 2009; 76(10):984–93. doi: 10.
1002/Mrd.21063 PMID: 19565644

25. Zhou Y, Zheng M, Shi Q, Zhang L, ZhenW, ChenW, et al. An Epididymis-Specific Secretory Protein
HongrES1 Critically Regulates Sperm Capacitation and Male Fertility. PLoS ONE. 2008; 3(12):e4106.
doi: 10.1371/journal.pone.0004106 PMID: 19116669

26. Simonet G, Claeys I, Broeck JV. Structural and functional properties of a novel serine protease inhibit-
ing peptide family in arthropods. Comparative Biochemistry and Physiology Part B: Biochemistry and
Molecular Biology. 2002; 132(1):247–55. doi: 10.1016/S1096–4959(01)00530–9 PMID: 11997226

27. Breugelmans B, Simonet G, van Hoef V, Van Soest S, Vanden Broeck J. Pacifastin-related peptides:
Structural and functional characteristics of a family of serine peptidase inhibitors. Peptides. 2009; 30
(3):622–32. doi: 10.1016/j.peptides.2008.07.026 PMID: 18775459

28. Simonet G, Claeys I, Vanderperren H, November T, De Loof A, Vanden Broeck J. cDNA cloning of two
different serine protease inhibitor precursors in the migratory locust, Locusta migratoria. Insect Molecu-
lar Biology. 2002; 11(3):249–56. doi: 10.1046/j.1365–2583.2002.00331.x PMID: 12000644

29. Gai Y, Wang L, Song L, Zhao J, Qiu L, Wang B, et al. cDNA cloning, characterization and mRNA
expression of a pacifastin light chain gene from the Chinese mitten crab Eriocheir sinensis. Fish &
Shellfish Immunology. 2008; 25(5):657–63. doi: 10.1016/j.fsi.2008.08.013 PMID: 18817876

30. Tulsiani DR O-CM, Skudlarek MD. Role of luminal fluid glycosyltransferases and glycosidases in the
modification of rat sperm plasmamembrane glycoproteins during epididymal maturation. J Reprod Fer-
til Suppl 1998; 53:85–97. PMID: 10645269

31. Chang Y-J, Tai C-J, Kuo L-J, Wei P-L, Liang H-H, Liu T-Z, et al. Glucose-Regulated Protein 78
(GRP78) Mediated the Efficacy to Curcumin Treatment on Hepatocellular Carcinoma. Ann Surg Oncol.
2011; 18(8):2395–403. doi: 10.1245/s10434–011–1597–3 PMID: 21347788

32. Kawabe S, Yokoyama Y. cDNA cloning and expression of grp94 in the Pacific oyster Crassostrea
gigas. Comparative Biochemistry and Physiology Part B: Biochemistry and Molecular Biology. 2009;
154(3):290–7. doi: 10.1016/j.cbpb.2009.07.001 PMID: 19595786

Reproductive Function of AG Proteins

PLOS ONE | DOI:10.1371/journal.pone.0136266 August 25, 2015 17 / 19

http://dx.doi.org/10.1016/j.jprot.2010.09.002
http://dx.doi.org/10.1016/j.jprot.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20833280
http://dx.doi.org/10.1002/pmic.201100084
http://dx.doi.org/10.1002/pmic.201100084
http://www.ncbi.nlm.nih.gov/pubmed/21761560
http://dx.doi.org/10.1038/nmeth1019
http://www.ncbi.nlm.nih.gov/pubmed/17327847
http://dx.doi.org/10.1038/75556
http://www.ncbi.nlm.nih.gov/pubmed/10802651
http://dx.doi.org/10.1038/aja.2009.6
http://www.ncbi.nlm.nih.gov/pubmed/19252507
http://dx.doi.org/10.1093/nar/gks1262
http://www.ncbi.nlm.nih.gov/pubmed/23203882
http://dx.doi.org/10.1093/bioinformatics/bti610
http://www.ncbi.nlm.nih.gov/pubmed/16081474
http://dx.doi.org/10.1093/nar/28.1.27
http://www.ncbi.nlm.nih.gov/pubmed/10592173
http://dx.doi.org/10.1002/pmic.200800795
http://www.ncbi.nlm.nih.gov/pubmed/19343724
http://dx.doi.org/10.1016/j.jprot.2012.11.011
http://www.ncbi.nlm.nih.gov/pubmed/23195916
http://www.ncbi.nlm.nih.gov/pubmed/12672118
http://dx.doi.org/10.1042/bj20031825
http://www.ncbi.nlm.nih.gov/pubmed/14705960
http://dx.doi.org/10.1002/Mrd.21063
http://dx.doi.org/10.1002/Mrd.21063
http://www.ncbi.nlm.nih.gov/pubmed/19565644
http://dx.doi.org/10.1371/journal.pone.0004106
http://www.ncbi.nlm.nih.gov/pubmed/19116669
http://dx.doi.org/10.1016/S1096&ndash;4959(01)00530&ndash;9
http://www.ncbi.nlm.nih.gov/pubmed/11997226
http://dx.doi.org/10.1016/j.peptides.2008.07.026
http://www.ncbi.nlm.nih.gov/pubmed/18775459
http://dx.doi.org/10.1046/j.1365&ndash;2583.2002.00331.x
http://www.ncbi.nlm.nih.gov/pubmed/12000644
http://dx.doi.org/10.1016/j.fsi.2008.08.013
http://www.ncbi.nlm.nih.gov/pubmed/18817876
http://www.ncbi.nlm.nih.gov/pubmed/10645269
http://dx.doi.org/10.1245/s10434&ndash;011&ndash;1597&ndash;3
http://www.ncbi.nlm.nih.gov/pubmed/21347788
http://dx.doi.org/10.1016/j.cbpb.2009.07.001
http://www.ncbi.nlm.nih.gov/pubmed/19595786


33. Hubbard MJ, McHugh NJ. Human ERp29: Isolation, primary structural characterisation and two-dimen-
sional gel mapping. ELECTROPHORESIS. 2000; 21(17):3785–96. doi: 10.1002/1522–2683(200011)
21:17<3785::aid-elps3785>3.0.co;2–2 PMID: 11271497

34. Kirkpatrick R, Ganguly S, Angelichio M, Griego S, Shatzman A, Silverman C, et al. Heavy chain dimers
as well as complete antibodies are efficiently formed and secreted from Drosophila via a BiP-mediated
pathway. J Biol Chem. 1995; 270:19800–5. doi: 10.1074/jbc.270.34.19800 PMID: 7649989

35. Asquith K, Harman A, McLaughlin E, Nixon B, Aitken R. Localization and significance of molecular
chaperones, heat shock protein 1, and tumor rejection antigen gp96 in the male reproductive tract and
during capacitation and acrosome reaction. Biol Reprod. 2005; 72:328–37. PubMed doi: 10.1095/
biolreprod.104.034470 PMID: 15456702

36. Takeuchi A, Miyamoto T, Yamaji K, Masuho Y, Hayashi M, Hayashi H, et al. A Human Erythrocyte-
derived Growth-promoting Factor with a Wide Target Cell Spectrum: Identification as Catalase. Cancer
Research. 1995; 55(7):1586–9. PMID: 7882369

37. Galat A. Peptidylproline cis-trans-isomerases: immunophilins. Eur J Biochem. 1993; 216:689–707. doi:
10.1111/j.1432–1033.1993.tb18189.x PMID: 8404888

38. Terwilliger NB DL, Ryan M. Cryptocyanin, a crustacean molting protein: evolutionary link with arthropod
hemocyanins and insect hexamerins. Proc Natl Acad Sci U S A 1999; 96(5):2013–8. doi: 10.1073/
pnas.96.5.2013 PMID: 10051586

39. Terwilliger NB, RyanMC, Towle D. Evolution of novel functions: cryptocyanin helps build new exoskele-
ton in Cancer magister. Journal of Experimental Biology. 2005; 208(13):2467–74. doi: 10.1242/jeb.
01667 PMID: 15961732

40. Terwilliger NB, Ryan M, Phillips MR. Crustacean hemocyanin gene family and microarray studies of
expression change during eco-physiological stress. Integrative and Comparative Biology. 2006; 46
(6):991–9. doi: 10.1093/icb/icl012 PMID: 21672802

41. Nakamura A, Stiebler R, Fantappié MR, Fialho E, Masuda H, Oliveira MF. Effects of retinoids and juve-
noids on moult and on phenoloxidase activity in the blood-sucking insect Rhodnius prolixus. Acta Tro-
pica. 2007; 103(3):222–30. doi: 10.1016/j.actatropica.2007.06.009 PMID: 17686447

42. Terwilliger NB, Ryan MC. Functional and Phylogenetic Analyses of Phenoloxidases from Brachyuran
(Cancer magister) and Branchiopod (Artemia franciscana, Triops longicaudatus) Crustaceans. The
Biological Bulletin. 2006; 210(1):38–50. PMID: 16501063

43. Duvic B, Söderhäll K. Purification and characterization of a beta-1,3-glucan binding protein from plasma
of the crayfish Pacifastacus leniusculus. Journal of Biological Chemistry. 1990; 265(16):9327–32.
PMID: 2111817

44. Cerenius L, Liang Z, Duvic B, Keyser P, Hellman U, Palva ET, et al. Structure and biological activity of a
1,3-beta-D-glucan-binding protein in crustacean blood. Journal of Biological Chemistry. 1994; 269
(47):29462–7. PMID: 7961928

45. Peralta I, Romano MC, Velázquez PN. Signaling pathways involved in the effect of follicle-stimulating
hormone on chick embryo testis cell proliferation. Poultry Science. 2009; 88(2):380–6. doi: 10.3382/ps.
2007–00402 PMID: 19151353

46. Zhu M, SunW-J, Wang Y-L, Li Q, Yang H-D, Duan Z-L, et al. P38 participates in spermatogenesis and
acrosome reaction prior to fertilization in Chinese mitten crab Eriocheir sinensis. Gene. 559(2):103–11.
doi: 10.1016/j.gene.2014.11.050 PMID: 25433091

47. Li X-Y, Lu Y, Sun H-Y, Wang J-Q, Yang J, Zhang H-J, et al. G protein-coupled receptor 48 upregulates
estrogen receptor α expression via cAMP/PKA signaling in the male reproductive tract. Development.
2010; 137(1):151–7. doi: 10.1242/dev.040659 PMID: 20023170

48. Ren F, Zhang L, Jiang J. Hippo signaling regulates Yorkie nuclear localization and activity through 14–
3–3 dependent and independent mechanisms. Developmental Biology. 2010; 337(2):303–12. doi: 10.
1016/j.ydbio.2009.10.046 PMID: 19900439

49. Yoshikawa H, KomatsuW, Hayano T, Miura Y, Homma K, Izumikawa K, et al. Splicing Factor 2-Associ-
ated Protein p32 Participates in Ribosome Biogenesis by Regulating the Binding of Nop52 and Fibril-
larin to Preribosome Particles. Molecular & Cellular Proteomics. 2011; 10(8). doi: 10.1074/mcp.M110.
006148 PMID: 21536856

50. Nicol SM, Causevic M, Prescott AR, Fuller-Pace FV. The Nuclear DEAD Box RNA Helicase p68 Inter-
acts with the Nucleolar Protein Fibrillarin and Colocalizes Specifically in Nascent Nucleoli during Telo-
phase. Experimental Cell Research. 2000; 257(2):272–80. doi: 10.1006/excr.2000.4886 PMID:
10837141

51. Olswang-Kutz Y, Gertel Y, Benjamin S, Sela O, Pekar O, Arama E, et al. Drosophila Past1 is involved
in endocytosis and is required for germline development and survival of the adult fly. Journal of Cell Sci-
ence. 2009; 122(4):471–80. doi: 10.1242/jcs.038521 PMID: 19174465

Reproductive Function of AG Proteins

PLOS ONE | DOI:10.1371/journal.pone.0136266 August 25, 2015 18 / 19

http://dx.doi.org/10.1002/1522&ndash;2683(200011)21:17&lt;3785::aid-elps3785&gt;3.0.co;2&ndash;2
http://dx.doi.org/10.1002/1522&ndash;2683(200011)21:17&lt;3785::aid-elps3785&gt;3.0.co;2&ndash;2
http://www.ncbi.nlm.nih.gov/pubmed/11271497
http://dx.doi.org/10.1074/jbc.270.34.19800
http://www.ncbi.nlm.nih.gov/pubmed/7649989
http://dx.doi.org/10.1095/biolreprod.104.034470
http://dx.doi.org/10.1095/biolreprod.104.034470
http://www.ncbi.nlm.nih.gov/pubmed/15456702
http://www.ncbi.nlm.nih.gov/pubmed/7882369
http://dx.doi.org/10.1111/j.1432&ndash;1033.1993.tb18189.x
http://www.ncbi.nlm.nih.gov/pubmed/8404888
http://dx.doi.org/10.1073/pnas.96.5.2013
http://dx.doi.org/10.1073/pnas.96.5.2013
http://www.ncbi.nlm.nih.gov/pubmed/10051586
http://dx.doi.org/10.1242/jeb.01667
http://dx.doi.org/10.1242/jeb.01667
http://www.ncbi.nlm.nih.gov/pubmed/15961732
http://dx.doi.org/10.1093/icb/icl012
http://www.ncbi.nlm.nih.gov/pubmed/21672802
http://dx.doi.org/10.1016/j.actatropica.2007.06.009
http://www.ncbi.nlm.nih.gov/pubmed/17686447
http://www.ncbi.nlm.nih.gov/pubmed/16501063
http://www.ncbi.nlm.nih.gov/pubmed/2111817
http://www.ncbi.nlm.nih.gov/pubmed/7961928
http://dx.doi.org/10.3382/ps.2007&ndash;00402
http://dx.doi.org/10.3382/ps.2007&ndash;00402
http://www.ncbi.nlm.nih.gov/pubmed/19151353
http://dx.doi.org/10.1016/j.gene.2014.11.050
http://www.ncbi.nlm.nih.gov/pubmed/25433091
http://dx.doi.org/10.1242/dev.040659
http://www.ncbi.nlm.nih.gov/pubmed/20023170
http://dx.doi.org/10.1016/j.ydbio.2009.10.046
http://dx.doi.org/10.1016/j.ydbio.2009.10.046
http://www.ncbi.nlm.nih.gov/pubmed/19900439
http://dx.doi.org/10.1074/mcp.M110.006148
http://dx.doi.org/10.1074/mcp.M110.006148
http://www.ncbi.nlm.nih.gov/pubmed/21536856
http://dx.doi.org/10.1006/excr.2000.4886
http://www.ncbi.nlm.nih.gov/pubmed/10837141
http://dx.doi.org/10.1242/jcs.038521
http://www.ncbi.nlm.nih.gov/pubmed/19174465


52. Smith CA, Dho SE, Donaldson J, Tepass U, McGlade CJ. The Cell Fate Determinant Numb Interacts
with EHD/Rme-1 Family Proteins and Has a Role in Endocytic Recycling. Molecular Biology of the Cell.
2004; 15(8):3698–708. doi: 10.1091/mbc.E04–01–0026 PMID: 15155807

53. Song X, Call GB, Kirilly D, Xie T. Notch signaling controls germline stem cell niche formation in the Dro-
sophila ovary. Development. 2007; 134(6):1071–80. doi: 10.1242/dev.003392 PMID: 17287246

54. Myers KR, Casanova JE. Regulation of actin cytoskeleton dynamics by Arf-family GTPases. Trends in
Cell Biology. 2008; 18(4):184–92. doi: 10.1016/j.tcb.2008.02.002 PMID: 18328709

55. Pan D, He N, Yang Z, Liu H, Xu X. Differential gene expression profile in hepatopancreas of WSSV-
resistant shrimp (Penaeus japonicus) by suppression subtractive hybridization. Developmental & Com-
parative Immunology. 2005; 29(2):103–12. doi: 10.1016/j.dci.2004.07.001 PMID: 15450750

56. Chun J SZ, Dejgaard SY, Presley JF, Melançon P. Characterization of class I and II ADP-ribosylation
factors (Arfs) in live cells: GDP-bound class II Arfs associate with the ER-Golgi intermediate compart-
ment independently of GBF1. Mol Biol Cell. 2008; 19(8):3488–500. doi: 10.1091/mbc.E08–04–0373
PMID: 18524849

57. Seman M AS, Haag F, Koch-Nolte F. Ecto-ADP-ribosyltransferases (ARTs): emerging actors in cell
communication and signaling. Curr Med Chem. 2004; 11(7):857–72. doi: 10.2174/0929867043455611
PMID: 15078170

58. Corda D, Di Girolamo M. Functional aspects of protein mono-ADP-ribosylation. EMBO J. 2003; 22
(9):1953–8. doi: 10.1093/emboj/cdg209 PMID: 12727863

59. McCarthy KJ, Abrahamson DR, Bynum KR, St John PL, Couchman JR. Basement membrane-specific
chondroitin sulfate proteoglycan is abnormally associated with the glomerular capillary basement mem-
brane of diabetic rats. Journal of Histochemistry & Cytochemistry. 1994; 42(4):473–84. doi: 10.1177/
42.4.8126374 PMID: 8126374

60. Girouard J, Frenette G, Sullivan R. Comparative proteome and lipid profiles of bovine epididymosomes
collected in the intraluminal compartment of the caput and cauda epididymidis. International Journal of
Andrology. 2011; 34(5pt2):e475–e86. doi: 10.1111/j.1365–2605.2011.01203.x PMID: 21875428

61. Baek K LX, Ferron F, Shu S, Korn ED, Dominguez R. Modulation of actin structure and function by
phosphorylation of Tyr-53 and profilin binding. Proc Natl Acad Sci U S A 2008; 105(33):11748–53. doi:
10.1073/pnas.0805852105 PMID: 18689676

62. Ravi Ram K, Wolfner MF. Seminal influences: Drosophila Acps and the molecular interplay between
males and females during reproduction. Integrative and Comparative Biology. 2007; 47(3):427–45. doi:
10.1093/icb/icm046 PMID: 21672851 PMID: 21672851

63. Cheng CY LP, Mok KW, Cheng YH, Wong EW, Mannu J, Mathur PP, et al. Interactions of laminin β3
fragment with β1-integrin receptor: A revisit of the apical ectoplasmic specialization-blood-testis-bar-
rier-hemidesmosome functional axis in the testis. Spermatogenesis 2011; 1(3):174–85. doi: 10.4161/
spmg.1.3.17076 PMID: 22319666.

64. Faini M, Prinz S, Beck R, Schorb M, Riches JD, Bacia K, et al. The Structures of COPI-Coated Vesicles
Reveal Alternate Coatomer Conformations and Interactions. Science. 2012; 336(6087):1451–4. doi:
10.1126/science.1221443 PMID: 22628556

65. Zhang XWW, Bedigian AV, Coughlin ML, Mitchison TJ, Eggert US. Dopamine receptor D3 regulates
endocytic sorting by a Prazosin-sensitive interaction with the coatomer COPI. Proc Natl Acad Sci U S A
2012; 109(31):12485–90. doi: 10.1073/pnas.1207821109 PMID: 22802617

66. Peterson TA, Stamnes M. ARF1-regulated coatomer directs the steady-state localization of protein
kinase C epsilon at the Golgi apparatus. Biochimica et Biophysica Acta (BBA)—Molecular Cell
Research. 2013; 1833(3):487–93. doi: 10.1016/j.bbamcr.2012.11.011 PMID: 23195223

67. Kitazawa D, Yamaguchi M, Mori H, Inoue YH. COPI-mediated membrane trafficking is required for cyto-
kinesis in Drosophila male meiotic divisions. Journal of Cell Science. 2012; 125(15):3649–60. doi: 10.
1242/jcs.103317 PMID: 22553212

68. Sutovsky P. Sperm proteasome and fertilization. Reproduction. 2011; 142(1):1–14. doi: 10.1530/rep-
11–0041 PMID: 21606061

69. Sawada H SN, Abe Y, Tanaka E, Takahashi Y, Fujino J, Kodama E, et al. Extracellular ubiquitination
and proteasome-mediated degradation of the ascidian sperm receptor. Proc Natl Acad Sci U S A 2002;
99(3):1223–8. doi: 10.1073/pnas.032389499 PMID: 11818546

70. Tomes CN, Michaut M, Blas GD, Visconti P, Matti U, Mayorga LS. SNAREComplex Assembly Is
Required for Human Sperm Acrosome Reaction. Developmental Biology. 2002; 243(2):326–38. doi:
10.1006/dbio.2002.0567 PMID: 11884041

Reproductive Function of AG Proteins

PLOS ONE | DOI:10.1371/journal.pone.0136266 August 25, 2015 19 / 19

http://dx.doi.org/10.1091/mbc.E04&ndash;01&ndash;0026
http://www.ncbi.nlm.nih.gov/pubmed/15155807
http://dx.doi.org/10.1242/dev.003392
http://www.ncbi.nlm.nih.gov/pubmed/17287246
http://dx.doi.org/10.1016/j.tcb.2008.02.002
http://www.ncbi.nlm.nih.gov/pubmed/18328709
http://dx.doi.org/10.1016/j.dci.2004.07.001
http://www.ncbi.nlm.nih.gov/pubmed/15450750
http://dx.doi.org/10.1091/mbc.E08&ndash;04&ndash;0373
http://www.ncbi.nlm.nih.gov/pubmed/18524849
http://dx.doi.org/10.2174/0929867043455611
http://www.ncbi.nlm.nih.gov/pubmed/15078170
http://dx.doi.org/10.1093/emboj/cdg209
http://www.ncbi.nlm.nih.gov/pubmed/12727863
http://dx.doi.org/10.1177/42.4.8126374
http://dx.doi.org/10.1177/42.4.8126374
http://www.ncbi.nlm.nih.gov/pubmed/8126374
http://dx.doi.org/10.1111/j.1365&ndash;2605.2011.01203.x
http://www.ncbi.nlm.nih.gov/pubmed/21875428
http://dx.doi.org/10.1073/pnas.0805852105
http://www.ncbi.nlm.nih.gov/pubmed/18689676
http://dx.doi.org/10.1093/icb/icm046
http://www.ncbi.nlm.nih.gov/pubmed/21672851
http://www.ncbi.nlm.nih.gov/pubmed/21672851
http://dx.doi.org/10.4161/spmg.1.3.17076
http://dx.doi.org/10.4161/spmg.1.3.17076
http://www.ncbi.nlm.nih.gov/pubmed/22319666
http://dx.doi.org/10.1126/science.1221443
http://www.ncbi.nlm.nih.gov/pubmed/22628556
http://dx.doi.org/10.1073/pnas.1207821109
http://www.ncbi.nlm.nih.gov/pubmed/22802617
http://dx.doi.org/10.1016/j.bbamcr.2012.11.011
http://www.ncbi.nlm.nih.gov/pubmed/23195223
http://dx.doi.org/10.1242/jcs.103317
http://dx.doi.org/10.1242/jcs.103317
http://www.ncbi.nlm.nih.gov/pubmed/22553212
http://dx.doi.org/10.1530/rep-11&ndash;0041
http://dx.doi.org/10.1530/rep-11&ndash;0041
http://www.ncbi.nlm.nih.gov/pubmed/21606061
http://dx.doi.org/10.1073/pnas.032389499
http://www.ncbi.nlm.nih.gov/pubmed/11818546
http://dx.doi.org/10.1006/dbio.2002.0567
http://www.ncbi.nlm.nih.gov/pubmed/11884041

