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INTRODUCTION

In an analysis of gene function, investigation of the 
effect of loss–of –function is essentially important.  As for 
major eukaryotic model organisms, such as mouse (Kile 
and Hilton, 2005; Hacking, 2008), fruit fly (St Johnston, 
2002; Bischof et al., 2007), nematode (Fire, 1986; Jantsch 
et al., 2004) or yeast (Fincham, 1989; Wendland, 2003), 
tools for producing gene knockout mutants have been 
established and commonly utilized for wide range of stud-
ies.  In most non–model organisms including silkworms, 
production of knockout mutants has not been available so 
far, limiting detailed elucidation of the gene function.  

Development of RNAi technology, which principally 
only requires sequence information of the target gene, 
enabled conduct of loss–of–function analysis in these 
organisms by knockdown of the target gene.  Especially 
usefulness of RNAi technology is significant in organisms 
such as the red flour beetle, Tribolium castaneum, in 
which effective suppress of target–gene expression is 
easily achieved by RNAi (Brown et al., 1999; Lorenzen et 
al., 2002; Tomoyasu and Denell, 2004).  

One of common approaches to induce gene knock-
down by RNAi in invertebrate individual organisms is 
direct injection of dsRNA solution into hemocoel 
(Bettencourt et al., 2002; Tomoyasu and Denell, 2004; 
Hunter et al., 2006; Garver and Dimopoulos, 2007).  This 

approach is successfully applied to silkworm larva and 
pupa to investigate functional analysis of several genes 
(Gui et al., 2006; Ohnishi et al., 2006; Huang et al., 2007; 
Cheng et al., 2008).  On the other hand, it usually requires 
a large amount of dsRNA to achieve sufficient knockdown 
of targeted gene in silkworm individuals.  Though it is 
generally believed that unlike mammals, sequence–non-
specific effect of long dsRNA is not problematic in inver-
tebrates, influence of injection of dsRNA on host physiol-
ogy such as innate immunity has little been mentioned or 
clarified.

Recently, it has been discovered that silkworm larval 
hemolymph has dsRNA binding activity, though its physi-
ological role is still unclear.  In this study, we identified 
the dsRNA binding activity of silkworm hemolymph is 
attached to lipid–protein complex, lipophorin.

MATERIALS AND METHODS

Collection of silkworm larval hemolymph
Hemolymph was collected from day three of the fifth 

instar larvae of silkworm p50 strain nurtured on mulberry 
leaves.  Before collection, larvae were anesthetized at low 
temperature on ice.  Then, the forelegs of larvae were 
punctuated with a needle and hemolymph was collected 
into microcentrfuge tubes kept on ice.  A few crystals of 
1–phenyl–2–thiourea were added to the tubes to prevent 
from melanization.  Hemolymph was centrifuged two 
minutes at 10000×g for 1 min to remove hemocytes and 
other cell debris, and the supernatant was stored at –80ºC 
until use.  
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dsRNA binding assay
Substrate dsRNA for binding assay was prepared by 

in vitro transcription according to standard methods 
(Zamore et al., 2000; Tomoyasu and Denell, 2004) with 
minor modifications.  DNA fragment corresponding to 
firefly luciferase coding sequence was amplified by PCR 
with primers GCTCACTGAGACTACATCAGCTATTC and 
ATGAGGATCTCTCTGATTTTTCTTG, using pENTR11–
luciferase as a template.  Obtained fragment was sub-
cloned EcoRV site of pZErO2 vector (Invitrogen) and 
resulting plasmid was named pZErO2–luc–6.  To prepare 
template for in vitro transcription, T7 promoter sequence 
was attached to the both end of the luciferase fragments 
by two round of PCR.  Primers CAGTGAATTGTAATACGA 
CTCACTATAGGG and TAATACGACTCACTATAGGG 
CATCAAGCTTGGTACCGAGCTCC were used in the first 
round PCR, and primer CAGTGAATTGTAATACGA 
CTCACTATAGGG was used in the second round.  
Obtained PCR product was phenol–extracted, precipi-
tated and used as a template of transcription reaction by 
T7 RNA polymerase.  Both strands were transcribed and 
dsRNA of about 500 bp in length was obtained.  
Hemolymph and dsRNA were mixed, incubated for 
5 minites at 20 ºC and analysed by electrophoresis in 1% 
agarose gel.  

Fractionation of dsRNA binding activity of hemol-
ymph using affinity chromatography

In order to obtain dsRNA binding fraction from silk-
worm hemolymph, affinity chromatography using a col-
umn with immobilized dsRNA as a ligand molecule was 
performed.  dsRNA immobilized column was prepared as 
follows.  50 mg of dsRNA prepared by in vitro transcrip-
tion with T7 RNA polymerase as described above was 
mixed with 5 ml of 100 mM immobilization primer 
(TTGTAATACGACTCACTATA, corresponding to T7 
promoter sequence, 5’–biotinylated), and made the prim-
er anneal to 3’ protruding single–stranded portion of both 
end of dsRNA, which contained reverse–complement 
sequence of T7 promoter.  Resultant biotinylated oligo-
nucleotide–annealed dsRNA was suspended with 10 ml of 
TE buffer, added to HiTrap Streptavidin HP 1 ml Column 
(GE Healthcare Life Sciences) wetted with 10 ml of buff-
er containing 20 mM Tris–HCl buffer, pH8 and was immo-
bilized.  The column was then equilibratd with 10 ml of 
buffer containing 20 mM phosphate buffer, pH6.6, 100 
mM NaCl, 5 mM EDTA, 10% glycerol.  30 ml of 20% 
Hemolymph containing 20 mM phosphate buffer, pH6.6, 
100 mM NaCl, 5 mM EDTA, 10% glycerol was added to 
the column using a peristaltic pump.  The pump was also 
used in the following procedures.  Flow–through was col-
lected as 500 ml aliquots.  Then the column was washed 
with 30 ml of same buffer, and 10 ml of elution buffer con-
taining same as above, except 300 mM NaCl, was added.  
Eluate was collected 500 ml as fractions.  Both fractions 
of flow–through and eluate were analysed by SDS–PAGE.  
Flow–through fractions were also subjected to dsRNA 
binding assay.

Identification of dsRNA binding protein as lipo-
phorin

N–terminal sequencing of the specific band in dsRNA 
binding fractions was conducted.  dsRNA binding fraction 
obtained by dsRNA affinity column was separated by 10% 
SDS–PAGE and transferred onto the PVDF membrane.  
Then the membrane was stained with Amido Black and 
the corresponding band was excised and used for 
N–terminal sequencing by Edman degradation, resulting 
in successfully identification of nineteen residues out of 
twenty readings.  Obtained sequence was used for homol-
ogy–search with public databases at NCBI BLAST server 
and identified as a silkworm homolog of Apolipophorin I.  
Full–length open reading frame of silkworm Apolipophorin 
II/I precursor was determined using public and private 
EST sequences and sequence analysis was conducted.  
Signal peptide prediction was conducted using signalP 
(Bendtsen et al., 2004).  Conserved domain search was 
conducted using Pfam (Finn et al., 2006).  Potential gly-
cosylation site prediction was conducted using NetNGlyc 
(www.cbs.dtu.dk/services/NetNGlyc/).  UniProt entry 
information of Apolipophorin II/I precursor homologs 
(accession numbers: Q9V496, Drosophila melanogaster, 
Q9U943 Locusta migratoria, Q25490, Manduca sexta) 
was used for comparison.

Preparation of Lipophorin by KBr density gradient 
ultracentrifugation

Lipophorin was isolated from larval hemolymph by 
single spin density gradient ultracentrifugation as previ-
ously reported (Shapiro et al., 1984; Tsuchida et al., 
1997).  Hemolymph–KBr solution consisting of 20% 
hemolymph, 20 mM sodium phosphate, pH 6.6, 150 mM 
NaCl, 1 mM glutathione, 1 mM PMSF, 5 mM EDTA and 
0.45 g/ml KBr was prepared.  The hemolymph/KBr mix-
ture solution was placed into Beckman thick–walled poly-
carbonate tubes, 8 ml/tube, and overlayered with 4 ml of 
150 mM NaCl.  Tubes were placed into a Beckman 70.1Ti 
rotor and centrifuged at 40,000 rpm for 4hr at 4 ºC in a 
Beckman model L7–55 ultracentrifuge.  After centrifuga-
tion, the contents of the tubes were fractionated from the 
top into 300 ml fractions and the fractions subjected to 
SDS–PAGE.  The fractions containing lipophorin were 
examined for dsRNA binding activity after dialysis against 
buffer containing 20 mM sodium phosphate, pH 6.6, 100 
mM NaCl, 5 mM EDTA, 1 mM MgCl2, 10% glycerol.

RESULTS

Identification of dsRNA binding activity–associat-
ed protein in silkworm larval hemolymph

dsRNA binding activity of silkworm larval hemolymph 
was examined using gel mobility shift assay (Fig. 1A).  
dsRNA mixed with larval hemolymph showed remarkable 
mobility shift in 1% agarose gel.  Mobility shift was inhib-
ited by the addition of EDTA, indicating the binding was 
dependent on divalent cations (Fig. 1B).  

In order to uncover the molecular basis of observed 
activity, purification of dsRNA binding substance from 
hemolymph was conducted using affinity chromatogra-
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phy.  Silkworm larval hemolymph was added to a dsRNA–
immobilized column, and proteins bound to dsRNA were 
eluted by high salt buffer as described in Materials and 
Methods.  A notable observation was that dsRNA binding 
fraction exhibited pale yellow color suggesting existence 
of carotenoids (data not shown).  In SDS–PAGE analysis, 
specific band at around molecular weight of 210 kDa was 
observed in dsRNA binding fractions (Fig. 2).  dsRNA 
binding fraction was desalted by dialysis and examined 

for dsRNA binding activity.  It showed very low binding 
activity, which might be due to lack of cofactor, or that 
the dsRNA binding site is blocked by uncoupled dsRNA 
removed from the column.

The 210 kDa band was also observed in flow–through 
and wash fractions (Fig. 2).  To verify the involvement of 
the protein in dsRNA binding, correlation of the exist-
ence of the protein with dsRNA binding activity was fur-
ther examined.  The flow–through fractions of dsRNA 
column affinity chromatography were examined for dsR-
NA binding activity (Fig. 3A).  While the former fractions 
(fraction numbers 1 to 16) had no dsRNA binding activi-
ty, the latter fractions (fraction numbers 19 to 40) exhib-
ited the activity.  This result indicates that dsRNA bind-
ing activity was depleted in former fractions, and then 

Fig. 1A.  �Electrophoretic profiles of hemolymph and 
dsRNA mixture using 1% agarose gel.
dsRNA was incubated with silkworm hemo-
lymph of fifth instar larvae and separated 
by 1% agarose gel electrophoresis.  
Hemolymph (2 µl, 0.5 µl, 0.12 µl, 0.03 µl or 
0.008 µl, lanes 1–5) was mixed with 500 ng 
of dsRNA in volume of 10 µl, and 6 µl of 
each sample were subjected to elctoropho-
resis.  Asterisk indicates the position of the 
band corresponding to free dsRNA.  M, 
marker.

Fig. 2.  �SDS–PAGE of fractions of dsRNA binding activity by affin-
ity column chromatograpy.  
Silkworm larval hemolymph was subjected to dsRNA–im-
mobilized column, washed with mild salt buffer and eluted 
by high salt buffer.  Flow–through, wash and elution frac-
tions are indicated by bars above.  Arrowhead indicates 
elution fraction–specific band.  Asterisk indicates the po-
sition of a concomitant band unidentified in this study.  M, 
molecular weight marker.  FT, flow–through fraction.

Fig. 1B.  �Electrophoretic profiles of hemolymph and 
dsRNA mixture using 1% agarose gel.
Hemolymph (0.5 µl) was mixed with 500 ng 
of dsRNA and indicated concentration of 
EDTA in volume of 10 µl, and 6 µl of each 
sample were subjected to elctorophoresis.  
Asterisk indicates the position of the band 
corresponding to free dsRNA.  M, marker.

Fig. 3A.  �Coexistence of 210 kDa protein with dsRNA binding act-
ibity of silkworm larvae hemolymph.
dsRNA binding activity of flow–through fractions of dsR-
NA column–passed silkworm larval hemolymph.  dsRNA 
binding activity was depleted in fractions 1 to 16,  while 
appeared in fractions 19 to 40.  Fraction numbers are 
indicated above.  Underlined numbers indicates frac-
tions examined in Fig. 17B.  M, marker. –, dsRNA with-
out hemolymph.  H, untreated hemolymph.  Asterisk 
indicates the position of the band corresponding to free 
dsRNA. 
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recovered in latter fractions due to the saturation of the 
dsRNA–immobilized column.  Next, the fractions without 
dsRNA binding activity (fractions 13 and 16) and the 
fractions exhibiting the activity (fractions 19, 22, 25 and 
28) were examined for existence of the 210 kDa protein 
by SDS–PAGE (Fig. 3B).  While the band of 210 kDa pro-
tein was observed in fractions harboring dsRNA binding 
activity (fractions 19 to 28), disappeared in fractions 
without binding activity (fractions 13 and 16), suggesting 
this protein was involved in dsRNA binding activity.

Apolipophorin I associates with dsRNA binding 
activity 

N–terminal sequence of the 210 kDa protein with the 
dsRNA binding activity was determined by Edman degra-
dation as described in Matrials and Methods.  The 
N–terminal amino acid sequence was successfully 
obtained except for one undetermined residue (Fig. 4A).  
A database search revealed the sequence shared high 
degrees of sequence homology with Apolipophorin I of 
Manduca sexta (tobacco hornworm), whose molecular 
weight was around 210 kDa, consistent with my observa-
tion (Fig. 4B).  An EST entry corresponding to the cDNA 
that shows high homology with Manduca Apolipophorin 
precursor was found in a silkworm cDNA library, and its 
full–length sequence was compiled by further analysis 
(Fig. 5).  Apolipophorin I was known to be processed 
from precursor protein by a subtilisin–like prohormone 
convertase, furin.  The nucleotides sequence determined 
was corresponding to the deduced sequence for proc-
essed N–terminal, indicating the silkworm Apolipophorin 
I obtained was similarly processed.  These results sug-
gested that the band was a functional homolog to silk-
worm Apolipophorin I, and lipophorin, a lipid–protein 
complex, was bearing dsRNA binding activity.  Lipophorin 
plays a role in transfer of carotenoids from midgut epithe-
lium to the middle parts of the silkgrand, consistent with 
the observed color of the fraction.  

Fig. 3B.  �Coexistence of 210 kDa protein 
with dsRNA binding actibity of 
silkworm larvae hemolymph.
Flow–through fractions shown 
in Fig. 17A were separated by 
SDS–PAGE.  Fraction numbers 
corresponding to these in Fig. 
17A are indicated above.  The 
existence of the 210 kDa band 
(arrowhead) was correlated 
with dsRNA binding activity 
shown in Fig. 17A.  M, marker.  
H, hemolymph. 

Fig. 4A.  �Identification of 210 kDa pro-
tein as silkworm homolog of 
Apolipophorin I.  
N–terminal sequence of the 
210 kDa protein corresponding 
to the band shown in Fig. 17 
was determined by Edman 
degradation.  X indicates an 
unidentified residue. 

Fig. 4B.  �Identification of 210 kDa protein as silkworm homolog of 
Apolipophorin I.  
Comparison of deduced amino acids sequence of an EST 
entry (Genbank accession number ) corresponding to 
the obtained sequence with Manduca sexta homolog.  
Residues 701–740 of M. sexta apolipophorin II/I precur-
sor (Genbank accession number AAB53254) are pre-
sented.  Identical residues are shown.  + indicates simi-
lar residues.  Underlined letters and arrowhead indicate 
the furin recognition sequence and the processing site, 
respectively, for cleavage of Apolipophorin precursor 
into two mature subunits.

Fig. 5.  �Schematic diagrams of some selected insect Apolipohorin 
II/I precursors.
Conserved domains of insect apolipophorins are presented 
to scale.  Detailed procedures of sequence analysis is de-
scribed in Materials and Methods.  Solid boxes at N–terminal 
represent signal peptides.  Triangles and Asterisks indicate 
furin cleavage site and potential glycosylation sites, respec-
tively.  Vit_N, Lipoprotein amino terminal region.  OB1, do-
main of unknown function consisting of several large open 
beta–sheets (Pfam DUF1943).  OB2, domain of unknown 
function represents a conserved open beta–sheet domain, 
found in proteins including vitellogenin and apolipophorin 
(Pfam DUF1081).  VWD, von Willebrand factor type D do-
main.
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Lipophorin confers dsRNA binding activity of lar-
val hemolymph

To confirm Lipophorin has dsRNA binding activity, 
silkworm larval hemolymph lipophorin was purified by 
ultracentrifugation as previously reported (Shapiro et al., 
1984; Tsuchida et al., 1997) and dsRNA binding activity 
was examined (Fig. 6).  Purified lipophorin showed dsR-
NA binding activity, verifying that lipophorin was respon-
sible for dsRNA binding activity of silkworm larval hemo-
lymph.

DISCUSSION

In this study, we examined molecular basis of dsRNA 
binding activity of silkworm larval hemolymph.  Affinity 
choromatography using dsRNA as a ligand was conducted 
and dsRNA binding fraction–specific protein was identi-
fied.  Determined amino acid sequence of the protein 
showed high homology with aporipophorin I, a subunit of 
lipid–protein complex, Lipophorin purified from hemol-
ymph by KBr density gradient ultracentrifugation exhib-
ited dsRNA binding activity.  These results suggest that 
dsRNA binding activity is exerted by lipophorin.  

Lipophorin is a major lipoprotein in insect hemol-
ymph playing a role in lipid transportation.  Three species 
of Apoprotein, named apolipophorins, are contained in 
lipophorin.  Apolipophorin–I (ApoLp–I) and apolipo-
phorin–II (ApoLp–II) are non–exchangeable structural 
components of lipophorin, whereas apolipophorin–III 
(ApoLp–III) is known to associate with lipophorin during 
lipid loading to precursor.  ApoLp–I and ApoLp–II was 
prosessed from the same precursor by furin (Smolenaars 
et al., 2005).  Full sequence of silkwrom homolog of apol-
ipophorin I/II precursor was determined by cloning and 
database search.  While cloning of silkworm ApoLp–III 
was reported (Yamauchi et al., 2000), sequence of silk-
worm homologs of ApoLp–I and ApoLp–II has determined 

in this study for the first time.  Determined sequence of 
dsRNA binding fraction–specific band was corresponding 
to the processed N–terminal sequence of ApoLp–I, and 
processing site of furin reported in other insects was con-
served.

Lipophorin is suggested to play a role in innate immu-
nity in insects.  In wax moth Galleria mellonella, 
Lipophorin was shown to recognize LPS in hemolymph 
and form detergent–insoluble aggretates and inactivate 
LPS (Ma et al., 2006).  dsRNA might be regarded as an 
unusual and viral infection–related substance in hemol-
ymph.  Thus, dsRNA binding activity of lipophorin might 
be involved in innate immune system.  In this aspect, 
potential dsRNA–induced response in hemolymph, which 
might affect the effect of larval RNAi, remains to be clari-
fied.
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