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Table 1

The estimated number of injected cells fabeled by QDs contained in each organ at indicated days after injection

Tine Organ QD-labeled cells in each section Estimated cell numbers in each
(cells/section) organ (x10* eells/organ)

2h Spleen 605+ 133 41.2+13.4 (4.1%)
Kidney Not detected Not detected
Liver 1.0+£1.0 0.58 £0.63 (0.06%)
Lung 46.7+18.0 18.6 £71.9 (1.86%)

3 days Spleen 97.7+27.7 6.64 £ 2.44 (0.66%)
Kidney 0334058 0.04 +0.07 (0.004%)
Liver 20+1.0 1.16 +0.68 (0.12%)
Lung 473150 18.5£2.15 (L.85%)

7 days Spleen 7201108 4901124 (4,9%%)
Kidney 1.3+06 0.15£0.09 (0.15%)
Liver 10.642.1 6.17+£1.75 (6.1%)
Lung 51.6+11.0 20.1+£4.52 (20.1%)

QD-labeled cells including each organ section were counted {# = 3). The estimated cell numbers in each organ were the presumed value calculated
from the volume of the organs and the number of QD-labeled cells contained in the sections. The data are presented as means + standard deviation.
The value in parentheses shows the percentages of the injected QD-labeled cells located in each organ.

became lower after more than 24 h culture. Moreover,
QD:s held in endosomes were gradually concentrated in
a time-dependent manner. The distribution of QDs may
incline toward the specific position in a cell, which re-
sulted in that QD may be unevenly distributed to the
two product cells at cell division. Probably QDs may be
eliminated from injected cells in the same way in vivo.
Furthermore, the influence by cell division in the mouse
cannot be disregarded either. As shown in Fig. 6, in-
jected EL-4 cells were grown after 5 days (right graphs)
and detection of QD-labeled cells became difficult 5 days
after injection (left graphs). Thus, cell labeling using
QDs may tend to be influenced by cell division. The
second possibility was exclusion of injected cells by the
host-immune system, QDs holding cells may be van-
ishing more rapidly out of the blood circulation by some
active pathways in the early stage after injection. As we
surmised that QDs were excluded by the spleen function,
QD-labeled cells were detected from the sections of the
kidneys, liver, lung, and spleen. Approximately 20% of
injected QD-labeled cells were accumulated in those four
organs up to 7 days after injection. The last possibility
was the loss of photoluminescent ability of the QDs. It
was known that the fluorescence emitted from QDs was
attenuated by depriving of electric charge on QDs. We
assumed that the degradation of the surface of QDs in
endosomes including QDs was due to a change of the
pH as a consequence of activation of T cells. But as
shown in Fig. 4, no significant fluorescent elimination
was observed although QD-holding lymphocytes were
stimulated with calcium ionophore A23187, PMA, and
some lectins such as ConA and PHA,

Our approaches suggest that QDs can be traced using
the injected cells for more than a week by quite easy
techniques. In this approach, QDs had many more ad-
vantageous points than organic fluorophores. As shown
in Fig. 5, the fluorescent intensity of QDs was approxi-

mately equal to that of the organic fluorophores in short-
time exposure such as flow cytometry, but the fluorescence
of QDs was superior to that of organic flucrophores in
terms of the operating lifetime. QDs could be applied not
only to cell labeling marker but also to real-time single-
molecule bioimaging for several minutes in living cells,
such as antigen-antibody reactions, the moment of viral
infection, the movement of transcription in nuclei, and
more. Moreimprovements may be achieved by multicolor
scanning using some QDs of different particle sizes [22].

At present, no damage or toxicity caused by injection
of QD-labeled cells over individuals was observed al-
though the adverse effects on the organisms by the QDs
were anticipated, and cytotoxicity was observed at high
concentration of QDs. Efforts to address this issue are
being made in developing a different silicon based QD.
Further miniaturization of the particle is anticipated and
silicon-based QDs are expected to be much safer because
neither cadmium nor selenium is used. Advanced sur-
face treatment and improved introducing-methods of
QDs were required to retain the QDs inside the cells for
a longer and more stable duration. Nowadays, another
introduction method that encapsulated individual
nanocrystals in liposomes is being considered [23-25].
QDs could be used in both carrier or drug delivery
systems and to assess the effects of treatment by com-
bining this method and the other gene targeting therapy
using the liposomes if a semi-permanent cell labeling
technique was enabled in those methods [26]. Further-
more, 2 small tumor can be detected by specific wave-
length infrared rays emitted from some QDs, as the QDs
can be conjugated with biomolecules which can specifi-
cally recognize tumor cells in a similar way as antibodies
and some lectins [27]. Visualization of QDs which flo-
wed in the blood of the capillary vessels and which were
accumulated in adipose tissue has already been reported
using multiphoton microscopy [28].
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The dynamics of QDs in this application is dependent
on the albumin conjugating on the surface of the QDs.
Further, it may be expected to conjugate QDs with
various proteins or molecules for the carrier molecules
of drug delivery system or cell specific marker. With the
development of new surface treatments of QDs, it may
soon become possible to make these possibilities come
true using various methods to replace the conventional
organic fluorophores that are currently being used.
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Abstract

A cDNA encoding vitetlogenin (VTG), a precursor of a major yolk protein, vitellin (VTN), was isolated from cladoceran crustacean
Daphnia magna. The deduced amino acid sequence of DmagVTGI, the polypeptide encoded by the ¢cDNA, contained a possible signal
peptide sequence of 16 amino acid (aa) residues. The possible mature form of DmagVTGI consists of 1985 aa residues with a calculated
molecular mass of 223,070 Da. The large lipid transfer (LLT) module and 2 part of the von Willebrand factor D (VWD) module found
in the aa sequences of VTGs of many other organisms are well conserved in DmagVTG1. Phylogenetic analysis suggested that the LLT
module of DmagVTG] is more closely related to those of insect VTGs than those of decapodan crustaceans. A unique feature of
DmagVTG! is that it has a superoxide dismutase (SOD)-like domain at its NH,-terminus. Antisera against the SOD-like domain, the
NH,-terminal part of the VTG domain and the COOH-terminal part of the VTG domain, respectively, were prepared and used for
analysis of D). magna yolk proteins. Six species (I to VI} of major protein complexes were found in D. magna parthenogenetic eggs
isolated immediately after ovulation. Complexes 1V and V were the most abundant, DmagVTG1 was a component of Complexes III, IV
and V, and the most abundant polypeptide in D. magna eggs. The protein complexes underwent gradual proteolysis during development.
One of the primary sites of cleavage was between the two successive Arg residues located at the 1454th and 1455th positions of
DmagVTGI.
© 2004 Elsevier B.V. All rights reserved.

Keywords: cDNA; Water flea; Vitellogenesis; Parthenogenetic egg; Endocrine distupters; Proteolysis

1. Introduction

Vitellogenin (VTG), a major lipoprotein in many
oviparous animals, is a precursor of major yolk protein

Abbreviations: VTG, vitellogenin; VTN, vitellin; ¢DNA, DNA
complementary to RNA; SDS, sodium dodecy! sulfate; PAGE, polyacryl-
amide gel electrophoresis; PCR, polymerase chain reaction; SOD,
superoxide dismutase; ORF, open reading frame; bp, base paii(s); aa,
amino acid(s); kb, kilobase pair(s); kD, kilodalton(s); LLT, large lipid
transfer: VWD, von Willebrand factor D; MTP, large subunit of microsomal
triglyceride transfer protein,

* The nucleotide sequence reported in this paper has been submitted to
the DDBJ/EMBL/GenBank Data Banks under acccssion number
AB114859.

* Corresponding author. Tel.: +81-426-76-7053; fax: +81-426-76-7081.

E-mail address: yamagata@ls.toyaku.ac.jp (H. Yamagata).

! Equally contributed to this work.

0378-1119/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
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vitellin (VTN). It has been shown that VTG is secreted
by the liver in vertebrates, the intestine in nematodes and
the fat body in insects, and then taken up by developing
oocytes. During these processes, VTG and VTN are
modified through cleavage, glycosylation, lipidation and
phosphorylation (reviewed in Raikhel and Dhadialla,
1992; Sappington and Raikhel, 1998). They often form
oligomeric complexes in their native states, Their mono-
mers consist of one to four subunits. They serve as
storage proteins providing amino acids, carbohydrates,
lipids and phosphates to the developing embryo (Byme
et al., 1989). They also serve as trace mineral-trans-
porting proteins (Falchuk and Montorzi, 2001). Accumu-
lation of VTG or VTN in oocytes is one of the key
events in the process of ovarian maturation. This phys-
iological process, known as vitellogenesis, is usually
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under the control of several hormones and has been
extensively studied as a model system for the hormonal
control of genes at the molecular level. Its regulatory
mechanisms have been well defined in oviparous verte-
brates and insects (Arukwe and Goksoyr, 2003). In
crustaceans, much less is known concerning its regulation
and associated reproductive function, although many
species are important targets of fishery and aquaculture
development.

Several anthropogenic chemicals not specifically de-
signed to possess hormonal activity, such as some pesticides
and plasticizers, exhibit estrogen-like activities in verte-
brates. This is because these agents are able to bind to the
estrogen receptor (McLachlan and Arnold, 19%96). Abnor-
mal production of VTG by male fish aficr exposure to
estrogenic xenobiotics is well documented (Arukwe and
Goksoyr, 2003). Elevation of VTG in male madaka causes
significant reproductive impairment {Gronen et al., 1999).
Thus, VTG and VTN are also important from the viewpoint
of their use as biomarkers for the study of potential
endocrine disrupters. Because of the role of cladocerans
(water fleas) such as Daphnia as an important link in the
food webs of freshwater ecosystems, and because they are
the oldest and most widely used test organisms in aquatic
toxicology, whether or not hormonally active xenobiotics
have adverse effects upon their endocrine processes is of
special concern.

Although VTG genes and ¢cDNAs have been investi-
gated in a wide range of animals, both in vertebrates
and invertebrates, no cladoceran VTG gene or cDNA
has been reported yet. In this work, we isolated a
Daphnia magna VTG ¢DNA and characterized its prod-
uct. Interestingly, the polypeptide encoded by the ¢DNA
had a superoxide dismutase (SOD)-like domain at its
NH,-terminus.

2. Materials and methods
2.1, ¢DNA cloning and DNA sequencing

A 1-kb cDNA fragment encoding a polypeptide whose
amino acid sequence (from the 1768th to 2001st amino
acids, Fig. 1) shows considerable homology to those of the
COOH-terminal regions of known VTGs was found fortu-
itously among the fragments that gave false positive signals
on differential display analysis of D. magna transcripts.
This ¢cDNA fragment was labeled and used for screening of
the D. magra ¢DNA library constructed previously
(Tokishita et al.,, 1997), with the aid of a DIG DNA
Labeling Kit and a DIG Nucleic Acid Detection Kit
(Roche). One positive clone, A-DmagVirgl, was isolated
and subsequently analyzed. DNA sequencing was per-
formed using an Applied Biosystems Tag DyeDeoxy Ter-
minator Sequencing Kit and an ABI 377 automated
sequencer.

2.2. Expression of cDNA fragments in Escherichia coli and
preparation of anilisera against the prodicts

c¢DNA fragments encoding the SOD-like domain (SOLIY,
amino acids 26 to 170), the NH,-terminal part (VTG/N,
amino acids 590 to 881) of the VTG domain and the
COOH-terminal part (VTG/C, amino acids 1691 to 1990)
of the VTG domain, respectively (Fig. 1), were amplified
by polymerase chain reaction (PCR), and then expressed in
the E. coli pET System (Novagen). The SOD-like domain
was produced in a scluble form as a protein fused with
thioredoxin using the pET-32b expression vector. The
SOD-like domain was cleaved off from the fused protein
by enterokinase trcatment, separated by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE),
and then recovered from the gel by electrophoresis. VTG/
N and VTG/C were directly produced using the pET-19b
expression vector, and then separated and rccovered as
above. The recovered polypeptides were used for the
immunization of rats.

2.3. Extraction of proteins from D. magna eggs at various
developmental stages

D. magna Straus obtained from the National Institute for
Environmental Studies, Japan was used. The reared animals
were inspected individually for maturation of the ovaries.
Animals with mature ovaries were selected and watched
further, When ovulation occurred, the animal was trans-
ferred to a separate flask (time 0). Eggs (or embryos) were
isolated from the brood chamber at various stages of
development (0-48 h) and stored at — 80 °C. To extract
total proteins, the stored eggs were suspended in 5 plegg
of an extraction sclution comprising 25 mM Tris—-HCI (pH
8.8), 0.05% 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS, Wako, Japan), Protease Inhibi-
tor Cocktail (Roche, Complete, Mini, EDTA-free, | tablet
in 10 ml) and 3 ng/ml of Pepstatin A (Wako), and
homogenized on ice with a plastic pestle, and then a
supernatant was obtained by centrifugation at 20,000 x g
for 5 min at 4 °C.

2.4. Gel electrophoresis and determination of NH -terminal
amino acid sequence

SDS-PAGE was performed with 6% separating and 4.5%
stacking gels as described (Laemmli, 1970). 5.5% separat-
ing and 4.5% stacking gels were used for native PAGE, SDS
and P-mercaptoethanol being omitted from the running
buffer and sample solution, Western blot analysis was
petformed with the aid of an ECL plus Western Blotting
Detection System (Amersham Biosciences). Two-dimen-
sional gel electrophoresis and NH;-terminal amino acid
sequence determination were performed as described previ-
ously (Kimura et al,, 1999; Kato et al., 2001). HRP-ConA
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Fig. 1. The deduced amino acid sequence of the D. magna vitcllogenin c¢hain, DmagVTG1. The SOD-like and VTG domains are shadowed in black and gray,
respectively. The sequence(s) constituting the possible signal peptide, LLT motifs (NI to N22) and VWD motifs (C1 to C7) arc underlined with a thin line,
thick lines, and thick broken lines, respectively. Residues that match the multilevel consensus sequence (Babin et al,, 1999) are indicated by asterisks. Plus
signs indicate that similar amino acid residues are conserved in the known LLT and VWD motifs. Cys residues highly conserved in the known VWD motifs are
denoted by sharps. An arrowhead indicates the primary cleavage site determined in this work. The positions of the polypeptides used as antigens are shown at
the tap of the sequence (SOD’, VTG/N and VTG/C). Potential N-linked glycosylation sites are denoted by M.

(Scikagaku Kogyo, Japan) was used for glycoprotein- 28-bp 5'-untranslated region (UTR}), a 6006-bp open
specific staining. reading frame (ORF) starting at the first Met codon,
ATG, and ending with a stop codon, TAA, and a 282-
bp 3’-UTR (excluding a 19-bp poly-A tail). The sequence,

3. Results AATAAATAAA, located 19-bp upstream from the poly-A

sequence was considered to comprise overlapped poly-

3.1, Characterization of a ¢DNA encoding D. magna adenylation signals (not shown). The predicted amine acid

vitellogenin sequence of the product of the ORF, DmagVTGl, is
shown in Fig. 1.

A clone named A-DmaglVrel was isolated as described The amino acid sequence from the first Met to the 16th

in Section 2.1. The nucleotide sequence of the ¢cDNA residue (underlined in Fig. 1) shows the characteristic

inserted in N-DmagVtgl comprises 6335 bp including a features of signal peptides of eukaryotic secretory proteins,
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including the presence of a positively charged residue near
the NHi-terminus {Arg2), a hydrophobic stretch in the
central region (from Val6 to Leul2), a small residue at

223,070 Da. The four Asn residues at the 745th, 1361st,
1601st and 1704th positions constitute potential N-linked
glycosylation sites (NXT/S).

the — 1 position {Alalg), and the absence of an aromatic,
charged or large-polar residue {Asn or Gin) at the —3
position (Von Heijne, 1986). DmagVTG]1 is most probably
synthesized as a secretory precursor with a signal peptide of
16 amino acid residues. The deduced mature product con-
sists of 1985 amino acid residues with a molecular mass of

3.2. The LLT and VWD modules

Twenty-two ungapped conserved sequence motifs (N1 to
N22) have been identified in the most conserved NH;-
terminal parts of large lipoproteins, such as VTG, apolipo-

H.sapiens ApoB
M.rosenbergii
C.quadricarinatus
M.ensis

1000

Decapoda
crustacean

921 ﬂ@ﬁsemisulcmﬂ
M. japonicus
G.gallus VIG2
1000 Lunicuspis
X.laevis VTG-A2
588 4 A.transmontanus
423 F.heteroclitus VIG1
M.aeglefinus VIG-A
454 O.latipes VTG2
771
O.mykiss _J

C.elegans VIG2 ]
1000 1000] C.elegans VTGS
C.elegans VTG3
C.elegans VIG4
C.elegans VIG6
O.brevesophaga VIG6 |
[DmagVTGT
980 B.gennanica—
L.dispar
B.mori
590 A.aegypti
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910 [ 5

]
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Fig. 2. A phylogenctic tree of the amino acid sequences of various LLT modules. The LLT modules used in this analysis and their accession numbers in the
genbank/EMBL/DDBJ or SWISS-PROT databases are: DmagVTG! (AB114859, this work), VTGs of insects, Blattella germanica (German cockroach,
CAAQ6379), Lymantria dispar (gypsy moth, AAC02818), Bombyx mori (silkworm, D13160), dedes acgvpti (vellow fever mosquito, U02548), Anthonomus
grandis {boll weevil, M72980), Riptortus clavatus (bean bug, U97277), Plautia stali VTGI (brown winged green bug, BAARBO75) and Pimpla nipponica
(parasitoid wasp, AF026789); VTGs of decapoda crustaceans, Mucrobranchium rosenbergii (giant freshwater prawn, AB056458), Cherax quadricarinatus
(crayfish, AF306784), Metapenacus ensis (white shrimp, AF548364), Penacus semisulcatus (green tiger shrimp, AY051318) and Marsupenacus japonicus
(kuruma prawn, AB033719); VTGs of vertebrates, Gallus gallus VTG2 (chicken, M18060), lehthyomyzon unicuspis (silver lamprey, M88749), Xenopus laevis
VTG-A2 (African clawed frog, MI18061), Acipenser transmontanus (white sturgeon, U00455), Fundulus heteroclitus VTG (mummichog, U07055),
Melanogrammus acglefinus VTG-A (haddock, AAK15158), Oryzias latipes VTG2 (Japanese medaka, BAB79591) and Oncorhynchus mykiss (trout, X92804);
VTGs of nematodes, Caenorhabditis elegans VTGZ (X56212), VTG3 (AAK09075), VTG4 (P18947), VTGS (X03044) and VTG6 (X56213), and Oscheius
brevesophaga VTG6 (Q94637) and Homo sapiens ApoB {apolipoprotein B, P04114). The ApoB sequence was used as an outer group sequence. The tree was
constructed using the program CLUSTAL X37 (Thompson et al., 1997). The default parameters were used. Bootstrap values for 1000 replicate analyses are
shown at branching points. The standard bar at the bottom shows the branch length corresponding to the mean number of differences (0.1) per residue along
each branch.
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protein B (ApoB) and large subunit of microsomal triglyc-
eride transfer protein (MTP), from invertebrates and verte-
brates (Babin et al.,, 1999; Shoulders et al,, 1994). These
multiple signature motifs, present in a fixed order, are
located in the NH,-terminal p-barrel-like domain (N1 to
N6), the a-helical domain (N7 to N16), the linking segment
(N17 to N20) and the p-pleated sheet domain (N21 to N22)
in the VT1 subunit of lamprey VTG (Banaszak et al., 1991).
A protein module composed of these motifs is named large
lipid transfer (LLT; Hegyi and Bork, 1997). All 22 motifs
were found in the amino acid sequence of DmagVTG1 (Fig.
1). Many amino acid residues are conserved in these motifs,
including those indicated by asterisks in Fig. 1 that match
the proposed multilevel consensus sequence (Babin et al.,
1999). By analogy with the structure of lamprey VTG,
Cys408 in N4 and Cys452 in N5 should form a disulfide
linkage, and stabilize the NH,-terminal p-barrel-like struc-
ture. Arg921 in N14 and Glu948 in N15 should form a salt
bridge stabilizing the local fold of the o-helical domain
(Mann et al., 1999). Lys445 in NS5 is important for interac-
tion with the VTG receptor (Li et al., 2002). N11 and N12,
separated by a short sequence (7 or 8 amine acid residues) in
the VTGs of other organisms, are separated by a sequence
comprising 67 amino acid residues, many of which are
charged, in DmagVTGI.

Seven conserved ungapped sequence motifs (Cl to C7)
commeon to the COOH-terminal parts of VTG molecules
were also found in the COOH-terminal part of DmagVTG!
(Fig. 1). These motifs are part of the VWD module found in
the von Willebrand factor (VWD; Bonthorn et al., 1986) and

other proteins including ApoB (Babin et al., 1999). Several
highly conserved Cys residues are present in this region. In
particular, a CGLCG motif reminiscent of the active sites of
proteins catalyzing disulfide bond formation is located in
the middle of this module, These residues have been
considered to play a role in the formation of disulfide-linked
multimers (Peretz-Vilar and Hill, 1998). Polyserine domains
found in vertebrate and some insect VTGs (Chen et al.,
1997) are missing in DmagVTG1.

3.3. Phylogenetic analysis of DmagVTGl

Phylogenetic trees were constructed from the conserved
amino acid sequences of the LLT modules of known VTGs
and DmagVTG1. The LLT modules of the known VTGs are
grouped into separate clusters: insect, nematode, vertebrate,
and decapodan crustacean (Fig. 2). The LLT module of
cladoceran crustacean VTG, DmagVTG1, did not belong to
the decapodan crustacean cluster but to the insect cluster.

3.4. The SOD-like domain at the NH-terminus of
DmagVTGl

The most striking feature of DmagVTGI is that the
amino acid sequence of its NH,-terminal part (Arg28 to
GIn173; Fig. 1, shadowed in black) shows significant
homology to that of Cu/Zn-type superoxide dismutase,
which contains Cu(Il) and Zn(Il) in its active site (Cuw/
ZnSOD; Bordo et al., 1994). The amino acid sequence of
the SOD-like domain of DmagVTG] is aligned with those

L

D.magna SOD-VTG RRALVTTE[M-DISEKLMMEQASTSSPYKIRGVIVGRLEP-BRIHEL 181
H. sapiens SQDC TKAVCYLKEIGPVQGT INFEQKE SNGPVKVIWGSIKGL TE-GL Bl
8. taurus SODC TKAVCYL PVQGTIHFEAKGD--TVWTGSITGLTE-G 79
D.melanogaster SODC VKAVCVI GTVFFEQESSGT--PVKVSGEVCGLAK-BL 79
S.cerevisiae SODC GVSMKFEQASESEPTWSYEIAGNSPNAE 81
Acpolyhedrosis virus SODC 78
S.oleracea SODP 149
P.leniusculus SODE 128
Amino acid position

D.magna SOD-VTG 173
H.sapiens SODC 153
B. taurus SODC 151
D.melanogaster SODC 152
S.cerevisiae SODC 153
Acpolyhedrosis wvirus SODC 151
S.oleracea SODP 222
P. leniusculus SODE 183

Amino acid position 9@ 100

110

130

Fig. 3. Amino acid sequence alignment of the SOD-like domain and various Cw/Zn-SODs. The sequences used in this alignment and their accession numbers in
the genbank/EMBL/DDBI or SWISS-PROT database are: D. magna SOD-VTG (DmagVTG], this work), H. sapiens SOD-C (cytosol type) (X02317), B.
tatrus SOD-C (bovine, M81129), D. melanogaster SOD-C (fruit fly, M24421), 8. cerevisiae SOD-C (ycast, J03279), Autographa californica polyhedrosis
virus SOD-C (baculovirus, M68862), S oleracea SOD-P (chloroplast type) (spinach, D10244) and P. leniusculus extracellular SOD-E (extracellular type)
{crayfish, AF122900). Gaps inserted to maximize the matching are denoted by hyphens. The amino acid position numbers in this alignment are shown at the
bottom. The amino acid number of the last residue in each SOD sequence is shown to the right of the scquence. Residues conserved in all SOD sequences are
shadowed in black. Other highly conserved residues are shadowed in gray. For other symbols, see Section 3.4.
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of Cu/ZnSOD from various organisms in Fig. 3. More than
30% of the residues in the Daphnia sequence are identical
with those of known Cu/ZnSODs at corresponding posi-
tions. For example, the Daphnia sequence shows 35.6%,
32.2% and 32.2% identity with the sequences of human and
fruit fly cytosol SOD (SOD-C), and crayfish extracellular
SOD (SOD-E), respectively. Among the highly conserved
residues, the two Cys and one Arg residue at amino acid
positions 57, 156 and 152 in Fig. 3 (Cys82, Cysl66 and
Argl62 in the D. magna sequence, denoted by +) are
important for maintenance of the structure and activity of
SOD (Fisher et al., 1994). The four His residues at positions
46, 48, 63 and 129, indicated by asterisks, are involved in
the binding of Cu(ll). His at position 63 is also required for
the binding ot Zn(iI). Besides this His, His at positions 71
and 80, and Asp at position 83, indicated by sharps, are
required for the binding of Zn{Il) (Bordo et al., 1994). All of
these Zn-binding residues are substituted or deleted in the D.
magna SOD-like domain. The sequence of 80 amino acid
residues that links the SOD-like domain to the VTG domain
did not exhibit any significant homology with known
sequences.

3.3, DmagVTG1 is the most abundant polypeptide in D.
magna eggs at initial stages of development

To determine whether or not D. magna eggs contain a
VTG chain fused with the SOD-like domain, antisera

M 0 2 4 6 8 10h

!

against the SOD-like domain, the NHj-terminal part of the
VTG domain and the COOH-terminal part of the VTG
domain (named anti-SOIY, anti-VTG/N and anti-VTG/C,
respectively) were prepared as described in Section 2.2.
Proteins present in D. magna eggs at early stages (0—10 h)
of development were subjected to SDS-PAGE followed by
Westem blot analysis. A predominant band corresponding to
a molecular mass of 220 kDa was observed at initial stages
{0—2 h) of development (Fig. 4A). The 220-kDa polypep-
tide should represent DmagVTGIL, because it was recog-
nized by anti-SOD', anti-VTG/N and anti-VTG/C (Fig.
4B,C and D).

While the amount of the 220-kDa polypeptide decreased
continuously at early stages (0—10 h) of development (Fig,
4A), the amounts of polypeptides with apparent molecular
masses of 155, 150 and 90 kDa increased during this period,
as detected with anti-SOD’ (Fig. 4B). Essentially the same
pattern was observed when anti-VTG/N was used for
detection (Fig. 4C). These polypeptides except for the
220-kDa one were not observed when anti-VTG/C was
used for detection. Instead, polypeptides with molecular
masses of 130, 70 and 65 kDa were predominantly observed
(Fig. 4D). The NHs-terminal amino acid sequences of the
major polypeptides described above were analyzed after
their separation with the aid of two-dimensional gel elec-
trophoresis. The NH,-terminal amino acid sequence of the
220-kDa polypeptide could not be determined by the
phenyl-isothiocyanate method (Edman, 1956), suggesting
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Fig. 4. SDS-PAGE and Western blot analysis of polypeptides present in D, magna eggs. Proteins extracted from D. magna eggs at carly stages of development
(0-10 h) were subjected to SDS-PAGE, and then staining with Coomassie Brilliant Blue {A) and Western blotting analysis, ami-SOD’, anti-VTG/N and anti-
VTG/C, respectively, being used for detection. Minor bands are indicated by asterisks, Extract corresponding to half of an ¢gg was loaded in each well of the
gel. M, molecular mass markers.

— 322 —



¥ Kata et al. / Gene 334 (2004) 157-165 163

that the terminus is blocked. Only the NH,-terminal amino
acid sequence of the 65-kDa polypeptide has been deter-
mined so far. The determined sequence, Arg-Ile-Gly-Ser-
Ser-1le-Val-Tyr, is identical to that from the 1455th residue
in the amino acid sequence of DmagVTG1 (Fig. 1), indi-
cating that one of the primary cleavage sites of DmagVTG1
is between the two consecutive Arg remdues located at the
1454th and 1455th positions.

3.6. DmagVTGl is a component of major yolk protein
complexes

Total protein fractions prepared from D. magna eggs (or
embryos) at various stages of development were subjected
to native PAGE. Six major protein bands corresponding to
apparent molecular masses of higher than 500 kDa were
found in the eggs at early stages of development (Fig. 5A,
lanes 0 and 12 h). Since these bands were not observed on
SDS-PAGE, they should represent oligomeric complexes
of yolk proteins (designated as complexes I to VI accord-
ing to their apparent molecular masses). Complexes IV and
V were the most abundant. During the development of D.
magna embryos (48 h), the amounts of these complexes
gradually decreased, probably because of their proteolytic
processing. All these protein complexes except for com-
plex I were stained with Sudan Black B (Fig. 5B),
indicating that they contain lipoproteins (De Vlaming et
al., 1977). Concanavalin A-mediated staining (Kijimoto-
Ochiai et al., 1985) showed that complexes III, IV, V and
VI contain glycoproteins (Fig. 5C). Anti-SOD’, anti-VTG/

N and anti-VTG/C reacted to complexes III, IV and V (Fig.
5D,E and F), showing that these complexes contain
DmagVTGl.

4. Discussion

The present results clearly demonstrate that DmagVTGI,
a VTG chain with a Cu/ZnSOD-like domain at its NH,-
terminus, is the most abundant polypeptide constituting yolk
protein complexes in D. magna eggs. Such a fusion VTG
has never been found in other organisms. Cuw/ZnSOD is
considered to play a crucial role in the protection of cocytes
and embryonic cells against oxygen toxicity in other organ-
isms. It accumulates progressively during oocyte growth, in
parallel with the accumulation of many other components
such as yolk, mitochondria, ribosomes and mRNAs. Its
level is maintained during embryogenesis in spite of
changes in oxygen consumption (Montesano et al., 1989).
The SOD-like domain fused with VTG may play a role in
immediate detoxification of superoxides resulting from
VTG metabolism. Analysis of purified complexes IV and
V showed that the SOD activity corresponding to one chain
of DmagVTG]1 was about [% of that of bovine Cu/Zn SOD
{not shown). This level of activity may be enough for an
adequate total activity level, because there is plenty of
DmagVTG! in D. magna eggs. Another possibility is that
DmagVTGI1 does not play a significant role in the detoxi-
fication of superoxides. It may be important only as a
transporter of Cu(Il}. Since the aa residues constituting the

A C
12 24 36 48h 0 12 36 48h 0 12 24 36 48h
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Fig. 5. Protein complexes with high molecular masses in D). magna eggs. Total protein fractions prepared from D. magna parthenogenetic eggs (or embryos) at
varicus developmental stages (0—48 h) were subjected to native PAGE. Proteins were analyzed by staining with Coomassie Brilliant Blue (A), lipoprotein-
specific staining with Sudan Black B (B), glycoprotein-specific staining mediated by concanavalin A (C) and Western blotting, antisera against the SOD-like
domain (anti-SOD"), the NH,-terminal part of the VTG domain (anti-VTG/N), and the COOH-terminal part of the VTG domain (anti-VTG/C), of DmagVTGI,
respectively, being used for detection (D, E and F). Extract corresponding to one egg was loaded in each well of the gel.

— 323 -



164 Y Kato et al. / Gene 334 (2004) 157-163

Y
=)

70 589 881y

L A 4 1691 1990

130k

Fig. 6. Schematic representation of the primary cleavage sites in DmagVTGL. Arrowheads indicate the positions of the primary cleavage sites, and SOD’,

VTGN and VTG/C, the positions of the polypeptides used as antigens.

binding site for Zn(II} are substituted or deleted, the SOD-
like domain of DmagVTG1 probably does not contain
Zn{ll). The low SOD activity of DmagVTG1 may be
ascribable to the absence of Zn(II). The metal content of
the SOD-like domain has not been determined yet because
of the difficulty in distinguishing the metals present in the
SOD-like domain from those bound to the VTG domain.

Phylogenetic analysis of the LLT modules may suggest
that DmagVTG1 is more closely related to insect VTGs than
decapodan crustacean VTGs. It is not clear at present
whether the LLT modules of DmagVTG1 and insect VIGs
are closely related as to their divergence or their amino acid
sequences resemble each other as a result of convergence. If
the former possibility is the case, the close evolutionary
relationship of cladocerans and insects, or horizontal trans-
fer of the VTG gene between them is suggested.

Most VTG chains in other organisms are cleaved at some
stage before the beginning of embryo development, for
example, soon after their incorporation into oocytes in
vertebrates (Byrme et al., 1989) or soon after their synthesis
in the fat body in insects (Raikhel and Dhadialla, 1992). The
resulting cleavage products usually constitute the subunit
chains of VTN complexes. In the case of DmagVTG1, full-
size chains constitute the major component of yolk protein
complexes at initial stages of development. The results
shown in Fig. 4 can be explained as follows; most
DmagVTGL chains (220 kDa) are primarily cleaved at
either of three sites in the ceniral region, giving rise to 90-
and 130-kDa polypeptides, 150- and 70-kDa polypeptides,
and 155- and 65-kDa polypeptides, respectively (Fig. 6}.
The minor bands indicated by asterisks in Fig. 4C and D
suggest that cleavage at other sites than the above described
three occurs at relatively low frequency. That one of the
primary cleavage sites of DmagVTG!1 is between two
successive Arg residues suggests the involvement of
enzymes similar to N-arginine dibasic convertase (Seidah
and Prat, 2002},

Analysis of the structure of the gene for DmagVTGI, as
well as analyses to examine whether D. magna eggs

contain SOD species not fused with VTG and whether
SOD-VTG fusion is commonly observed in other lower
crustaceans such as Moina macrocopa, are in progress to
elucidate the evolutionary and physiological implications
of the fusion. The ¢DNA for and antisera against
DmagVTG1 described here should be useful tools for
investigating the effects of xenobiotics on the endocrine
processes in cladocerans.
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