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The novel discoidal lipoprotein (dLp) recently detected in the crayfish, differs from other crustacean lipoproteins
in its large size, apoprotein composition and high lipid binding capacity.We identified the dLp sequence by tran-
scriptome analyses of the hepatopancreas and mass spectrometry. Further de novo assembly of the NGS data
followed by BLAST searches using the sequence of the high density lipoprotein/β-glucan binding protein
(HDL–BGBP) of Astacus leptodactylus as query revealed a putative precursor molecule with an open reading
frame of 14.7 kb and a deduced primary structure of 4889 amino acids. The presence of an N-terminal lipid bind-
ing domain and a DUF 1943 domain suggests the relationship with the large lipid transfer proteins. Two putative
dibasic furin cleavage sites were identified bordering the sequence of the HDL–BGBP. When subjected to mass
spectroscopic analyses, tryptic peptides of the large apoprotein of dLpmatched theN-terminal part of the precur-
sor, while the peptides obtained for its small apoprotein matched the C-terminal part. Repeating the analysis in
the prawn Macrobrachium rosenbergii revealed a similar protein with identical domain architecture suggesting
that our findings do not represent an isolated instance.
Our results indicate that the above three apolipoproteins (i.e HDL–BGBP and both the large and the small subunit
of dLp) are translated as a large precursor. Cleavage at the furin type sites releases two subunits forming a hetero-
dimeric dLP particle, while the remaining part forms anHDL–BGBPwhose relationshipwith other lipoproteins as
well as specific functions are yet to be elucidated.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The transport of hydrophobic lipids through hydrophilic, aqueous
physiological fluids requires the presence of lipoprotein-amphiphilic
molecules acting as mediators between these two phases. While
vertebrates rely upon a variety of lipoproteins with various lipid and
apoprotein compositions [1], many invertebrates possess only one
type of sex-independent-lipoprotein, such as the lipophorins in flying
insects and chelicerates [2–4] or the discoidal lipoprotein from the
polychaete Nereis virens [5]. Lipoproteins can arise in different density
classes depending on the species or the physiological state and may
rotein; HDL–BGBP, high density
accharide andβ-glucan binding
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serve not only for transport of lipids, but also for hemolymph clotting
and wound closure as shown at least for insect and crustacean lipopro-
teins as outlined below [6–8]. With respect to the sex unspecific
lipoproteins, two types are known in the crustaceans: the clotting
proteins (CP), belonging to the very high density lipoproteins (VHDL's)
and the high density lipoproteins/β-glucan binding proteins (HDL–
BGBPs). The HDL–BGBPs are the main lipid transporting proteins con-
taining about 50% bound lipids mainly in the form of phospholipids
and represent a HDL type with buoyant densities between 1.08
and 1.22 g/ml [6,9–14]. The CP's serve for hemolymph clotting (due
to polymer formation catalyzed by a hemocyte derived enzyme,
transglutaminase, E.C. 2.3.2.13) and thus initiate wound closure [6].
The HDL–BGBPs on the other hand, besides their role in lipid transport,
have a binding site for β-glucans of microbial origin; they serve for an-
timicrobial defense and act togetherwith the hemocytes [6,7,12,15–18].
After binding of microbial or fungal β-1,3 glucans, HDL–BGBP is phago-
cytized by hemocytes as the other main component of the innate
immune system [19].
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The β-glucan binding properties of the HDL–BGBPs are shared
with yet another group of proteins designated lipopolysaccharide and
β-glucan binding proteins (LP–BGBPs). The LP–BGBP group of proteins
lacks a lipid binding domain. Both groups are sometimes simply termed
β-glucan binding proteins in the literature and in database entries, al-
though their constituting apoproteins have clearly different molecular
masses around 50 kDa (LP–BGBPs) and 105–110 kDa (HDL–BGBPs), re-
spectively. Therefore, the termHDL–BGBPwill be used here throughout
for clarity. In phylograms, the LP–BGBPs form a clade different from the
BGBPs [20]. The LP–BGBPs of a number of species have been described
and characterized on the molecular level ([21] and cited references);
in contrast, molecular data for HDL–BGBP exist only for four spe-
cies (Pacifastacus leniusculus, GenBank: CAA56703.1; Litopenaeus
vanamei, AAO92933.1; Fenneropenaeus chinensis, ADW10720.1;
Astacus leptodactylus, CAX65684). While recent molecular analyses
have established a relationship of the LP–BGBP with glucanases [22],
the relationship of the HDL–BGBPs with other lipoproteins is less
clear. A glucanase like stretch has been assumed in the HDL–BGBP of
the signal crayfish P. leniusculus, [23] but to date, a BLAST search using
the known HDL–BGBP sequences (see above) does not reveal any
clues for a relationship neither with the LP–BGBPs nor with other
known lipoproteins, as noted earlier [24]. This raises the possibility
that the crustacean HDL–BGBP represents an independent group of
multifunctional proteins.

In contrast, the recently discovered discoidal lipoprotein is also a
high density lipoprotein (buoyant density of 1.10 g/ml) and has been
described as a heterodimer with two apoproteins of 80 and 240 kDa
and a high lipid content of 70–80% [14]. It differs from the HDL–BGBP
in its large discoidal shape with a diameter of 40 nm while the
HDL–BGBPs are smaller (13 nm in diameter) but can also be discoidal
[9]. So far, large discoidal lipoproteins have been reported before only
in one species of crayfish, A. leptodactylus [14] and in another inverte-
brate, the polychaete N. virens [5] but not in other invertebrates or
vertebrates. Discoidal lipoproteins such as the nascent human HDL
containing the type A apolipoproteins are smaller [25] and represent
transient particles that mature by the acquisition of cholesteryl esters
[26,27]. The recent discovery of the dLp in the crayfish A. leptodactylus
has raised the question as to its physiological function since it has
been found to be absent in the congener, Astacus astacus [14]. Analysis
of the hemolymph of various other decapods using the same isolation
technique has also revealed the absence of the dLp in the hemolymph
(Schenk, Stieb, Hoeger, unpublished results).

To elucidate the structure of this new discoidal lipoprotein, prelimi-
nary LC–MS analyses of the two apoproteins of the dLpwere carried out
(Roth, unpublished) revealing the presence of peptides matching
those found in the sequences of the HDL–BGBP of P. leniusculus and
A. leptodactylus published previously. This indicated a relationship of
the HDL–BGBP and the dLp. The present study was therefore initiated
to further explore the structure of this unusual lipoprotein and its rela-
tionship with other known crustacean lipoproteins. Here, we show by
the combination of molecular, transcriptome and mass spectroscopic
analysis that both dLp and HDL–BGBP arise from a common precursor
which can give rise to the distinct mature proteins after proteolytic
cleavage.

2. Material and methods

2.1. Animals

A. leptodactylus (36–75 g fresh weight, carapace length 56–68 mm)
were obtained from Edelfish GmbH, Frankfurt, Germany. A. astacus
of similar size was obtained from Edelkrebszucht Stiftlandkrebse,
Tirschenreuth, Germany. The crayfish were kept at 18–20 °C in 40 l
plastic trays in recirculated freshwater and fed pieces of frozen fish
weekly. Adult M. rosenbergii were collected from the Aquaculture Re-
search Station of the Ministry of Agriculture at Dor, Israel and held at
Ben-Gurion University facility (27–28 °C, 12 h daylight, fed ad libitum).
In all animals, intermolt stages were used.

2.2. Total RNA extraction, first strand cDNA synthesis and sequencing of a
cDNA fragment of HDL–BGBP

The animals were anesthetized on ice for 30 min and killed by
decapitation. The hepatopancreas was excised and total RNA was
extracted from the hepatopancreas by the phenol–chloroform method
[28] using TRI Reagent (Applied Biosystems) following themanufactur-
er instructions. 1 μg of RNAwas used for the first strand cDNA synthesis
using M-MLV reverse transcriptase (New England Biolabs) and the
protocol given by the manufacturer. To amplify the HDL–BGBP cDNA
fragment of A. leptodactylus, primers were designed (primer set I;
see supplementary Table A1) using the online tools Oligo Calc and
OligoAnalyzer 3.1 and the sequence for P. leniusculus (GenBank:
CAA56703.1) as reference. Taq-Polymerase (New England Biolabs)
was used according to the manufacturer instructions. The PCR was
started with denaturation for 5 min at 95 °C, followed by 39 cycles
consisting of a 1 min step at 95 °C, a 45 s annealing step with a variable
temperature depending on the primer pair and a 1 min extension step
at 72 °C. A final extension step followed for 10 min at 72 °C. The cDNA
fragments were sequenced and assembled and the sequences were
compared with other HDL–BGBPs using BLAST and sequence align-
ments were performed using Cobalt or ClustalW at the NCBI server
(http://www.ncbi.nlm.nih.gov/).

2.3. Transcriptome analysis of the hepatopancreas, next generation
sequencing and data processing to identify the dLp/HDL–BGBP precursor

Total RNAwas extracted from the hepatopancreas of A. leptodactylus
with QIAsymphony RNAKit (Qiagen) according to themanufacturer in-
structions. Total RNA quality and quantitywas checked using an Agilent
Bioanalyzer 2100 and Nanodrop spectrophotometer. Poly A+ RNAwas
isolated, fractionated and double stranded cDNAwas synthesized using
the TruSeq RNA sample prep v2 protocol (Illumina Inc., San Diego, CA).
End-repaired, A-tailed and Adaptor-ligated cDNAwas PCR-amplified by
12 cycles. The library was sequenced in paired-end mode (2 × 100 bp)
using 1/4 lane of an IlluminaHiSeq 2000 flowcell. NGS data analysis was
performed using the software package CLC bio Genomics Workbench
6.0.1. Raw data were processed using several filters for sequence quali-
ty, ambiguous nucleotides and length. Low quality reads were trimmed
with themodified-Mott trimming algorithm implemented in the work-
bench (quality limit 0.01). No ambiguous nucleotides were allowed in
the sequence after trimming. Terminal nucleotides at both sequence
ends were removed (15 nucleotides at 5′ end, 10 nucleotides at 3′
end). Resulting reads with a length shorter than 15 nucleotides were
discarded. De novo assembly of trimmed reads was conducted with
the following parameters: word size= 24, bubble size= 50, minimum
contig length=250, distance between paired reads=150. Resulting de
novo contigs were transformed into a database to identify sequences of
interest through BLASTn searches using the HDL–BGBP sequence (see
preceding section) as query.

To verify the sequence of the putative dLp/HDL–BGBP precursor ob-
tained by the bioinformatic approach, total RNAwas extracted from the
hepatopancreas of A. leptodactylus using the peqGOLD Total RNA Kit
(Peqlab) according to the manufacturer instructions. The quality
and quantity of the isolated total RNA was checked using an Aligent
Bioanalyzer 2100 and a Nanodrop spectrophotometer, respectively.
The cDNA synthesis was carried out using the Maxima H Minus First
Strand cDNA Synthesis Kit (Thermo) according to the manufacturer in-
structions. A set of 27 primer pairs (primer set II; see supplementary
Table A2) was designed to cover the whole dLp/HDL–BGBP precursor
sequence. For the amplification, a standard PCR with Taq-polymerase
and touchdown-PCR program was performed to optimize the results
(see supplementary Table A3). The PCR reactions were checked by
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agarose gel electrophoresis. After purification of the PCR products with
exonuclease I and shrimp alkaline phosphatase (SAP), Sanger sequenc-
ing was performed and the sequences were aligned with the dLp/HDL–
BGBP precursor sequence identified by Illumina sequencing as
reference.

The M. rosenbergii BGBP gene was found using tBLASTn searches
using A. leptodactylus HDL–BGBP sequence against M. rosenbergii larval
and post larval transcriptome libraries [29].
2.4. Mass spectrometry of the apoproteins of dLp and HDL–BGBP

Following gel electrophoresis, the apoprotein bands were visualized
by Coomassie blue staining. The bands were cut out and prepared for in
gel digestion as described before [30]. MS peptide analysis and tandem
MS fragmentation were performed with an LTQ-Orbitrap spectrometer
(Thermo Scientific), operated in the data-dependent mode to enable
switching between MS and collision-induced dissociation tandem MS
analyses of the top eight ions. Collision-induced dissociation fragmenta-
tionwas performed at 35% collision energywith a 30ms activation time.
Proteins were identified and validated by using the SEQUEST algorithm
in Proteome Discoverer 2.0 software (Thermo Scientific) using the
deduced amino acid sequence obtained from Illumina sequencing.
Mass tolerance for precursor and fragmentations were set to 10 ppm
and 0.8 Da, respectively. Only high-confidence peptides were cho-
sen (Xcorr N 2 and N2.5, for doubly and triply-charged species,
respectively).
2.5. SDS PAGE and Western blotting

SDS-PAGE was carried out in Protean Mini® apparatus (BioRad)
using 3.5% stacking/7.5% running gels. The gels were stained with
Coomassie Blue and digitized using a standard flatbed scanner. The
Java program Gelanalyzer (www.gelanalyzer.com) was used to calcu-
late the apparent molecular mass of the peptides. To calculate the stoi-
chiometry of the apoproteins, the relative densities of the apoproteins
in each gel lane were measured as described [4] using Image J 1.46o
(http://rsb.info.nih.gov/ij/).

For Western blotting, the separated proteins were transferred to ni-
trocellulose membranes for 90min at 40mA using the buffer system by
Kyhse-Andersen [31]. The blot membranes were first blocked for 1 h in
phosphate buffered saline (PBS) containing 5% skimmed milk powder,
washed in PBS for 5min, and then probed over night at 4 °Cwithdiluted
(1:7500 in PBS) antisera. After treatmentwith antiserum, theblotmem-
brane was washed for five times with PBT and once with PBS. The blot
was then incubated for 90 min with alkaline phosphatase-conjugated
goat anti-rabbit IgG (Sigma) diluted 1:20,000 in PBS containing 1.25%
skimmed milk powder. After three washes with PBT, the blots were
washedwith distilled water and finally developed in a staining solution
containing 100mMTris, 100mMNaCl, 50mMMgCl2, pH 9.0with 0.03%
4-nitro blue tetrazolium chloride (NBT) and 0.015% 5-bromo-4-chloro-
3-indolyl-phosphate (BCIP) as chromogens [32].
2.6. Hemolymph collection and lipoprotein isolation

For the isolation of lipoproteins, the hemolymph was collected from
the arthrodial membrane using a 40 × 0.8 mm sterile syringe needles.
The hemolymph drops were collected on ice into 15 ml Falcon
type tubes containing 0.1 vol. of EDTA anticoagulant (50 mM EDTA,
225mMNaCl, pH 7.4) and the sampleswere gentlymixed immediately.
Hemocytes were pelleted first for 1 min at 1000 ×g at 4 °C and the
supernatant was recentrifuged for 10 min at 4500 ×g at 4 °C to further
pellet cell debris. The clear supernatant was stored at −20 °C until
further use. Lipoproteins were isolated by a two step KBr density gradi-
ent ultracentrifugation as described before [4].
2.7. ELISA measurements of dLp and HDL–BGBP titers in the hemolymph

Antisera against the A. leptodactylus dLp and BGBP were raised in
rabbits using lipoproteins purified as described [14] and were obtained
through Pineda Antibody Service (Berlin, Germany). Hemolymph was
collected as above and the hemocytes were removed by centrifugation.
The hemolymphwas diluted by serial dilutions (2 × 104–3.2 × 105 fold)
and 50 μl were used to coat the wells of a 96 well microplate (Sarstedt).
After incubation for 1 h at 37 °C, the fluid was removed and the wells
were blocked with 300 μl blocking buffer (0.1% BSA in PBS). After
rinsing with 300 μl PBS, 50 μl of antiserum (diluted 1:1000) was
added and the wells were incubated for 2 h at room temperature.
The wells were washed for three times with 200 μl PBT (PBS contain-
ing 0.1% Tween 20). 50 μl of the secondary antibody (goat anti-
rabbit, peroxidase coupled, SIGMA, 1:2500 in PBS/0.1% BSA) was
added and the wells were further incubated for 1 h at room temper-
ature. The wells were washed again (3 × 200 μl PBT) and 50 μl sub-
strate solution (0.4 mg/ml o-phenylene diamine, 0.4 μl/ml of 30%
H2O2 in 50 mM Na2PO4/25 mM Na-citrate, pH 5.0) was added. After
color development, the reaction was stopped by the addition of
50 μl 1 N sulfuric acid and the plates were read at 490 nm. Standard
curves (0.1–200 ng/well) were prepared with purified dLp and
BGBP, respectively.

2.8. Immunohistochemistry

Crayfish were anesthetized on ice for 30min and killed by decapita-
tion. The hepatopancreas was excised, washed in phosphate buffered
saline (PBS; 137 mM NaCl, 8 mM Na2HPO4, 3 mM KCl, 2 mM KH2PO4,
pH 7.4) and fixed overnight in 4% paraformaldehyde/PBS. The fixed tis-
sue was washed for three times in PBS and transferred sequentially to
saccharose solutions of increasing concentrations (10, 20 and 30%)
over two days at 4 °C. For the preparation of cryosections, the speci-
mens were embedded in Tissue Tek (Richard-Allan-Scientific), placed
on aluminum discs and frozen at −22 °C. Cryosections of 10 μm were
cut on a Microm HM 560 Cryostat. The sections were transferred to
polylysin coated slides and dried for at least 3 h. The dried sections
were washed first for 5 min with PBT and blocked for 1 h with PBS con-
taining 5% goat serum. After washing three times with PBS, the sections
were incubated with the primary antibody (see above, antiserum dilut-
ed 1:5000) for 90 min at room temperature. The cells were washed
again three times in PBS and then incubated for 1 h with the secondary
antibody (goat anti rabbit conjugated either to Alexa 488 fluorophore,
diluted 1:400; or to Atto 647 fluorophore, diluted 1:1000). After two
washes with PBS, the sections were treated with PBS containing
TRITC-Phalloidin (0.3 μg/ml PBS) and finally, after an additional
wash with PBS, covered with embedding medium (2.5 mg/ml of
diazabicyclo[2.2.2]octan in 10% PBS/90% glycerol containing 1 μg/ml of
DAPI) prior to adding the coverslip. Dissociated hepatopancreas cells
were prepared as described by Fiandra et al. [33]. The dissociated cells
were fixed in 1% paraformaldehyde for 1 h, washed in PBS and treated
with PBS containing 0.25% Tween-20 for 1 h. The subsequent steps
were carried out as above. Images were acquired using a Leica DB6000
epifluorescence microscope using a 40x and 100x oil immersion lenses
and the L5 filter cube. Stacks of 20–80 images were acquired using the
Leica AS V2.1 software. The image stacks were deconvoluted by
applying the blind deblur method and the deconvoluted images of
each stackwere combined to a single image plane applying themaximum
intensity projection. For better visualization, the imageswere adjusted for
brightness and contrast using Volocity LE (Improvision Ltd/PerkinElmer,
Waltham, MA, available at http://www.cellularimaging.com).

2.9. Bioinformatic methods

Contig assembly of the reads obtained by Illumina sequencing was
performed using software package CLC bio Genomics Workbench 6.0.1

http://www.gelanalyzer.com
http://rsb.info.nih.gov/ij/
http://www.cellularimaging.com
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(see above). The presence of furin cleavage sites in the deduced se-
quences was predicted using the online tool ProP (http://www.cbs.
dtu.dk/services/ProP/); [34]. The presence of signal peptides was pre-
dicted using the SignalP 4.1 server (http://www.cbs.dtu.dk/services/
SignalP/); [35]. BLAST search, identification of conserved domains and
multiple alignments with ClustalW were performed using the server
at the NCBI. For 3D modeling of the N-terminal lipid binding domain,
the sequence of the first 1200 amino acids of the large dLp subunit
was submitted to the Phyre2 server (http://www.sbg.bio.ic.ac.uk/
phyre2/html/) [36].

3. Results

3.1. Sequencing of the HDL–BGBP gene of A. leptodactylus

Sequencing of the HDL–BGBP gene of A. leptodactylus using primer
set I (supplementary Table A1) yielded a fragment of 4062 base pairs
lacking start and stop codons with a deduced sequence of 1353 amino
acids and a calculated molecular mass of 153 kDa. The nucleotide
sequence was deposited at GenBank under the accession number
FN298411.2. This sequence served to identify the full length dLp/HDL–
BGBP precursor (see below). A BLAST search using the translated
amino acid sequence revealed significant homology with three other
crustacean HDL–BGBPs (P. leniusculus; GenBank: CAA56703.1, 89%
Identity; F. chinensis, ADW10720.1, 54% identity and L. vannamei,
P81182.2, 55% identity).

3.2. RNASeq and identification of the dLp–BGBP precursor

The above HDL–BGBP sequence was subjected to a BLAST search
using the local database of de novo contigs obtained from the
A. leptodactylus hepatopancreas by paired-end Illumina sequencing
(see Methods section). Of 25,500 contigs generated, two contigs of
11.7 and 3.1 kb lengths were identified. By manually adjusting the dis-
tance between paired reads, these two contigs were combined resulting
in an open reading frame of 14.7 kb enclosed in a 5′- and 3′-UTR.With a
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Fig. 2. Partial multiple alignment of the translated amino acid sequences of the high density lipoprotein/β-glucan binding protein of A. leptodactylus (GenBank KF896205.1), A. astacus
(KF956526.1) and M. rosenbergii (SRX445724) with similar sequences of three other decapod crustaceans, P. leniusculus (Q26048), F. chinensis (ADW10720), L. vanamei (AAO92933)
and three additional translated sequences found in theNCBI EST database forH. americanus (EW703128.1), C.maenas (DY656665.1) and P. bicinctus (FE813732.1). Two different sequence
parts are shown containing two putative furin cleavage sites as predicted by the ProP online tool (squared boxes; bold letters). Asterisks and colons indicate identical amino acids and
conservative replacements, respectively. The multiple alignments were carried out using ClustalW 2.1.
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Fig. 2]. The nucleotide sequences were deposited at the GenBank
database under the accession numbers KF896205, KF956526 and
SRX445724.

3.3. Mass spectroscopic analysis of the discoidal lipoprotein of
A. leptodactylus and the related protein of M. rosenbergii

In a previous study, the molecular masses of the two dLp
apoproteins of A. leptodactylus were calculated from SDS-PAGE gel
bands with 240 and 80 kDa, respectively [14]. In the present study, a
somewhat higher molecular mass was obtained for the large subunit
(293 +/−11 kDa; n = 7) and a similar mass for the small subunit
83+/−6 kDa (n = 7), respectively. The amino acid sequence of the
dLp/HDL–BGBP precursor was compared with the mass spectroscopic
analysis of the two apoproteins of the dLp. 135 and 33 peptide frag-
ments were found (supplementary Tables A3 and A4) with matches
to the large (293 kDa) and the small (83 kDa) subunit of the dLp, re-
spectively. In the small subunit, several fragments were found with
matches to those in the large subunit which suggests the contamination
of the corresponding band used for the mass spectroscopic analysis by
degradation products of the large subunit. In contrast, no contaminating
peptide fragments were found in the large subunit. The peptides
specific for the large subunit were located on the N-terminal part of
the dLp/HDL–BGBP precursor sequence while those specific for the
small subunit were found C-terminal. The peptides sequence coverage
was N 60% for either subunit. The peptide fragments were located
adjacent to the two putative dibasic furin cleavage sites (RAKR and
RARR, respectively; see Fig. 1) enclosing the HDL–BGBP sequence (see
above) with a length of 1108 amino acids and a calculated molecular
mass of 126 kDa.

For M. rosenbergi, the HDL–BGBP was also isolated, separated by
SDS-PAGE and subjected to mass spectroscopic analysis as above. The
peptide fragments (supplementary Table A6) showed matches to the
HDL–BGBP sequence with sequence coverage of 68% and was also
enclosed in two putative furin cleavage sites (RPRR and RVKR, respec-
tively; see Fig. 1).

3.4. Hemolymph titers of dLp and HDL–BGBP in A. leptodactylus

The concentrations of dLp and HDL–BGBP were measured in
the hemolymph showing levels between 1 and 6 mg/ml with no
significant differences between sexes considering the sample variability
(Fig. 3).
3.5. Isolation of an additional variant of the dLp in A. leptodactylus

During routine isolation of the dLp by ultracentrifugtion, someof our
dLp preparations revealed a third apoprotein of 120 kDa as determined
by SDS-PAGE analysis (Fig. 4).

image of Fig.�2
image of Fig.�3


dLp HDL/BGBP

250

150

100

70

50

40

30

dLp dLp

Anti-HDL/BGBP Anti-dLpCoomassie

a b c

st
ar

ve
d

fe
d

fe
d

Fig. 4.Western blot staining of three preparations of the discoidal lipoprotein isolated from starved and fed A. leptodactylus. The Coomassie stained gel (a) shows dLp with and without a
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preferentially with the large subunit (293 kDa) of the discoidal lipoprotein (c).
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Further investigations showed that the presence of this band was
related to the feeding status of the animals. In animals starved for
6 weeks, the band was absent, while it was present in animals fed for
6 weeks with fish muscle ad libitum. The proportion of the 120 kDa
apoprotein with respect to the other apoproteins was variable. The rel-
ative staining densities of the gel bands showed ratios close to unity for
the 293 and 83 kDa apoproteins (1.01+/−0.15; n = 6), while the
120 kDa band had a lower relative density of only 0.1 to 0.3 of that of
the other apoproteins (data not shown). Western blotting of the differ-
ent dLp preparations showed that the 120 kDa apoprotein reacted pref-
erentially with the antiserum against the β-glucan binding protein
(Fig. 4b) while the other two apoproteins were preferentially reactive
with the antiserum against the large subunit of the dLp (Fig. 4c). The
120 kDa apoprotein contained in the dLp however was larger than the
apoprotein of the BGBP of A. leptodactylus (105 kDa) as determined by
gel band analysis (Fig. 3a). The analysis of the 120 kDa apoprotein by
mass spectroscopic analysis was carried out as above. For two prepara-
tions, 42 and 46 peptides, respectively, were identified (see supplemen-
tary Table A5)matching the sequence of theHDL–BGBPwith a sequence
coverage of 53 and 60%, respectively. Aswith the small dLp subunit (see
above), contaminating peptides were present which could be assigned
to the large and the small subunit of the dLp suggesting the presence
of degradation products and/or aggregates in this band.

3.6. Immunohistochemical staining of hepatopancreas tissue and cells

Immunohistochemical staining of the hepatopancreatic tubules in
A. leptodactylus revealed labeling of all cell types (Fig. 5a). Labeling
was especially evident on the cell border facing the luminal side of the
tubulus. In isolated hepatopancreas cells (Fig. 5b), staining was evident
as small vesicle like structures of 0.2–0.4 μm diameter.

4. Discussion

Due to its unusually large size, its discoidal shape and its occurrence,
in a strikingly similar way, in two remote invertebrates, the crayfish
A. leptodactylus [14] and the polychaete N. virens [5], we speculated
that the large discoidal lipoproteins might represent a prototype class
of lipoproteins [14]. The present study also opened up the opportunity
to study for the first time the relationship of BGBP with other lipopro-
tein families showing by both transcriptome and combined MS peptide
and tandem MS fragmentation analysis that the dLp and the BGBP are
related in that they arise from a large common precursor peptide.

4.1. Structure of the dLp/HDL–BGBP precursor

The presence of a N-terminal lipid binding domain places the large
dLp subunit of A. leptodactylus in the family of the apoB-type, large
lipid transfer proteins which includes insect apolipophorin-I/II, vitello-
genin, microsomal triglyceride transfer protein [37] and more recently,
insect lipid transfer particle [38]. The same domain architecture was
found also forM. rosenbergii inwhich the large subunit contains two do-
mains of unknown functions, DUF 1943 (Pfam 09172 motif) and DUF
1081 (Pfam 06448 motif) showing that the results of the present
study do not represent an isolated instance. The DUF 1081 motif is
found in ApoB type lipoproteins and in the crustacean yolk proteins.
The latter are related to the ApoB type lipoproteins and not to the
“classical” vitellogenins, and therefore, the term “apolipocrustacein”
has been introduced to avoid confusion [39]. In contrast, the “classical”
vitellogenins of insects and vertebrates and crustacean clotting proteins
lack DUF 1081. Although the apolipocrustacein of A. leptodactylus has
not been sequenced yet, a similar structure can be expected as in
other decapods (see [30]). Thus, our findings indicate that at least
A. leptodactylus, A. astacus and M. rosenbergii contain two ApoB type
lipoproteins, one female specific (i.e., apolipocrustacein) and one sex
unspecific (i.e., dLp), and this is likely to be true for other decapod
crustaceans given the similarity of the sequences found in other species
(see Fig. 2).

4.2. Relationship of the discoidal lipoprotein with the Crustacean high
density lipoprotein/β-glucan binding protein

A striking feature of the A. leptodactylus dLp/HDL–BGBP precursor is
the presence of two dibasic furin type cleavage sites (RAKR and RARR,
respectively) which enclose the sequence of the HDL–BGBP. Corre-
sponding cleavage sites are present in M. rosenbergii (RPRR and RVKR,
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labeling of the cell borders is evident (Atto 647fluorescence, pseudocolored green). 5b, lightmicroscopical (left) andfluorescent image (right) of an isolatedhepatopancreas cell (Atto 488;
green fluorescence). The red fluorescence indicates labeling of the actin cytoskeleton using TRITC-phalloidin. Nuclei are shown in blue (DAPI staining). A, actin labeling of a muscle fiber
surrounding the hepatopancreas tubule, Lu, tubule lumen, H, hemolymph space surrounding the tubule, Li, lipid droplet. Scale bars 50 μm (5a), 10 μm (5b).

1706 S. Stieb et al. / Biochimica et Biophysica Acta 1841 (2014) 1700–1708
respectively; see Fig. 1) and they have also been found in the BGBP/
HDL's of two penaeid shrimps (RSKR and RVRR, respectively; see
Fig. 2) aswell as in three translated EST's as predicted by the ProP online
tool.

It has been noted before [23,24] that the translated sequences of
HDL–BGBPs in two other crustaceans exceed those of the mature
protein circulating in the hemolymphwhich havemolecularmasses be-
tween 100 and 110 kDa ([13] and cited references); [14]. In
P. leniusculus, a C- and N-terminal processing has been suggested [23].
The possible processing by furin cleavage has been proposed [24]. This
is supported by our study on A. leptodactylus and by the comparison
with several related sequences published for the HDL–BGBP which
show the same two potential convertase cleavage sites with a dibasic
motif (see Fig. 3). The novel finding of our study, however, is the
transcriptomic location of HDL–BGBP between the two dLp subunits,
forming a large common precursor for both proteins. Our results can
thus serve to explain the apparent discrepancy between the calculated
molecular masses of the published sequences for the HDL–BGBP and
themolecular mass of the mature HDL–BGBP [20,23,24]. These findings
would then be consistent with our view that both the two subunits of
the dLp and the HDL–BGBP arise from processing of this large precursor
by a furin type protease leading to the release of the large subunit of the
dLp from the N-terminal side, the central part to form the mature BGBP
and the small subunit of the dLp from the C-terminal side. The two dLp
subunits would then assemble to form the dLp holoparticle with a 1:1
stoichiometry as suggested by the gel band densitometry while the
HDL–BGBP forms a homodimer as found before through crosslinking
experiments [14].

The sorting mechanisms leading to the formation of the two differ-
ent lipoproteins BGBP and dLp from the large precursor peptide are
still unknown. Lipophorin, themajor hemolymph lipoprotein in insects,
originates as a single precursor peptide and is also cleaved by a furin like
protease yielding two apolipoproteins, apoLp I and apoLp II [40,41]. In a
Crustacean vitellogenin, even three furin type cleavage sites have been
identified [42]. The processing of a large precursor protein by two
potential furin cleavage sites resulting in the formation of the dLp
heterodimer and the BGBP homodimer seems unique and has not
been reported in arthropods.

With respect to the assembly of the native dLp andBGBP this leads to
an interesting speculation. As lipidation of the nascent particle usually
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occurs in parallel to the peptide backbone biosynthesis [8,43,44], and, in
the case of the insect lipophorins, furin mediated cleavage of the
apolipophorin-II/I-precursor takes place posttranslationally [8,43] this
would imply that also HDL–BGBP is lipidated along with dLp and “cut
out” of dLp posttranslationally. However, if the released HDL–BGBP
then remains in the ER (associated with the ER-membrane) and then
combines with a second HDL–BGBP monomer, or if it is secreted in a
low-lipidation state and extracellularly associates with another low
lipidated BGBP just as in the nascent vertebrate HDL [45] remains
elusive.

If our view is correct, the hypothetical precursor peptide in
A. leptodactylus is expected to have a theoretical molecular mass of
about 502 kDa (293+126+83 kDa). In contrast, the calculatedmolec-
ular mass of the dLp/HDL–BGBP precursor from the open reading frame
obtained from Illumina sequencing gives a value of 546 kDa. This may
be attributable to an additional processing of the large dLp subunit,
since for the small subunit, the calculated molecular mass (83 kDa)
agrees well with that obtained from the gel band analysis (80 kDa).
The central part of the dLp/HDL–BGBP precursor, representing the
HDL–BGBP, translates to a molecular mass of 126 KDa which is larger
than the HDL–BGBP of both A. leptodactylus and A. astacus (105 kDa;
[14]) as well as that of the HDL–BGBP in other species [6,12]. Therefore,
the mature BGBP could likewise arise by further processing following
the furin cleavage by a yet unknown protease.

Measurements of the hemolymph titers of the two lipoproteins in
A. leptodactylus (see Fig. 3) show that the levels are in the same range
(1-6 mg/ml hemolymph) with a trend to higher values for the dLp.
However, the levels are rather variable which precludes the judgment
of the stoichiometry in the hemolymph. The hemolymph was sampled
between June and Sept which covers different phases of vitellogene-
sis/spermatogenesis which starts in June in A. leptodactylus [46]. The ob-
served variations in the titers of the two lipoproteins could thus be
influenced by different phases of the reproductive cycle which was
not investigated in our study. If both lipoproteins originate from a com-
mon precursor, one holoparticle of dLp and 0.5 particle of HDL–BGBP
may be formed after lipidation of the apoproteins assuming a homodi-
meric structure of HDL–BGBP. Considering a molecular mass of
376 kDa (293 + 83) for the large and small subunit, respectively, and
a molecular mass of 105 kDa for the HDL–BGBP, this would call for a
more than three-fold excess for the dLp over the HDL–BGBP in the he-
molymph on a protein basis if both proteins are released in equimolar
amounts. This was clearly not observed and may indicate that not all
of the dLp peptides are released into the hemolymph after translation.
Such a situation exists in vertebrate (rat) ApoB-100, where part of the
translated peptides are subjected to ER-associated degradation and re-
uptake [47] thus leading to their reduced secretion. Alternatively, an
unproportional removal of the dLp from the hemolymph could also
contribute to these apparent discrepancies. For instance, unpublished
immunohistochemical data indicate the presence of dLp in hemocytes
of A. leptodactylus and several other decapod crustaceans suggesting
these cells as a possible sink for dLp.

4.3. The presence of a BGBP like apoprotein in the mature dLp

In fed animals, isolation of the dLp using gradient density ultracen-
trifugation revealed a dLp containing three instead of two apoproteins
(see Fig. 4a). The additional apoprotein was reactive against the HDL–
BGBP antibody (see Fig. 4b) while the antiserum against the dLp prefer-
entially marked the large subunit of the dLp (Fig. 4c). Gel band analysis
of this apoprotein showed a molecular mass of 120 kDa and in compar-
ison, calculation of the amino acid sequence of HDL–BGBP enclosed by
the putative furin cleavage sites shows a similar calculated molecular
mass of 126 kDa. When this apoprotein band was subjected to mass
spectroscopic analysis, the peptide fragments obtained matched those
of the HDL–BGBP sequence. The presence of a third apoprotein in
the dLp with properties similar to the HDL–BGBP indicates that the
processing of the large dLp/HDL–BGBP precursor peptide may lead to
incomplete separation of the cleavage products resulting in the incorpo-
ration of the HDL–BGBP apoprotein in the assembled dLp particle. The
293 and 83 kDa band always exhibited a stoichiometry close to unity
while the relative density of the 120 kDa band was variable (see Re-
sults). This indicates that not all of the lipoprotein particlesmay contain
the third apoprotein and that assembly of these additional dLp variants
proceeds with a variable stoichiometry with respect to the HDL–BGBP
content.We considered the possibility that the 120 kDa band could rep-
resent an independent HDL–BGBP lipoprotein with a higher degree of
lipidation and a buoyant density identical to that of the dLp so that
both proteins would be recovered in the same fraction. The dLp prepa-
rations from fed and starved animals were separated by gel filtration
applying the same conditions used earlier for the separation andmolec-
ular weight determination of the HDL/BGBP and the dLp. Both proteins
show different molecular masses due to their large differences in
apoprotein composition and their degree of lipidation [14]. However,
no separation in two different lipoprotein fractions (i.e., a dLp and a
HDL–BGBP fraction) was observed (unpublished data), indicating that
the 120 kDa apoprotein was associated with the dLp particle.

4.4. Immunohistochemical localization of the dLp in A. leptodactylus

On the cellular level, we have demonstrated the localization of the
dLp in the hepatopancreas as a major site of lipoprotein biosynthesis
as previously demonstrated for the HDL–BGBP in a shrimp [48]. The
dLp localization was especially visible in the apical cell border facing
the lumen of the hepatopancreatic tubule. Since the dLp as well as the
HDL–BGBP can be assumed to be exported into the surrounding hemo-
lymph space this findingmay indicate that dLp synthesis takes place di-
rectly after the uptake of lipid precursors from the digestive fluid into
the hepatopancreatic cells. The labeling of the dLp could also be a result
of reuptake of the synthesized lipoproteins depending on thenutritional
status of the animal.

4.5. Occurrence of discoidal lipoprotein related proteins in other crusta-
ceans and possible functions

Wehad previously found the discoidal lipoprotein in A. leptodactylus
only and attempts to isolate similar proteins from the hemolymph
of the congener, A. astacus, and several other decapods have failed
so far ([14] and unpublished results). On the other hand, the identifica-
tion of the sequence of a related protein in A. astacus, the prawn
M. rosenbergii and the comparison with existing Genbank entries and
EST sequences (see Fig. 2) do suggest that dLp like proteins are widely
spread among Crustaceans. This discrepancy could be explained by a
lower rate of synthesis or secretion of the dLp into thehemolymph com-
pared to the HDL–BGBP in other species. However, this seems unlikely.
If both the dLp and the HDL–BGBP originate from a common precursor
peptide with subsequent proteolytic processing, both lipoproteins
should be present in the hemolymph in similar concentration ranges
even taking differences in the release rates (see above) into account.
In A. leptodactylus, our ELISA measurements indicate that both the dLp
and the HDL–BGBP occur in the hemolymph in comparable concentra-
tions (see Fig. 3). As an alternative explanation, our isolation procedure
which involves flotation on KBr gradients would fail for low and non
lipidated dLp like proteins. These unlipidated proteins would have to
be isolated from the hemolymph by alternative methods such as anti-
body affinity columns. Current experiments are on the way to tackle
this problem. The high lipid binding capacity thus seems unique for
the dLp of A. leptodactylus so far and remains enigmatic.

Recently, Sun et al. [49] have found that a recombinantDUF1943do-
main derived from zebra fish vitellogenin is able to bind to several gram
positive and negative bacteria aswell as to lipopolysaccharides thus act-
ing as a pattern recognition protein. In this light, the presence of theDUF
1943 domain in the dLpwould suggest a function of the dLp and related
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proteins in innate immune system working in concert with the known
functions of the HDL–BGBP and LP–BGBP in the defensive system of
crustaceans (see [50] for a review). Such an important function would
call indeed for a widespread presence of dLp related proteins at least
in the decapod crustaceans.
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