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Abstract Biosynthesis of locust apolipophorin-111 (apo-111) 
was studied  in vitro. Gel electrophoresis and  immunoblotting 
analyses of the locust hemolymph  demonstrated  that apo-111 
first appears  in  the  hemolymph  on  the day 3 of the  adult stage 
after  the final molt and its hemolymph  concentration increases 
thereafter. When  incubated  in  vitro in  a medium  containing 
radioactive amino acid, the fat body cells synthesized the 
radiolabeled apo-I11 and released it into  the  medium.  The  de- 
velopmental change in the apo-I11 synthesizing  activity  in the fat 
body reflected that of the apo-111 concentration  in  the  hemo- 
lymph. RNA isolated from  the  adult fat  body  directed the syn- 
thesis of  apo-111 as  a major  translation  product in  a cell-free 
system.u  These results indicate  that  the fat body is the tissue 
responsible  for the synthesis of the locust apo-111, and biosynthe- 
sis of apo-I11 is developmentally  regulated at  the level of mRNA 
in accordance with the flight activity of the  locust.-Izumi, S., 
K. Yamasaki, S. Tomino, and H. Chino. Biosynthesis of 
apolipophorin-I11 by the fat body  in locusts. J Lipid Res. 1987. 
28: 667 -672. 
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Lipophorin is the  major  lipoprotein  in  the  hemolymph 
of most insects (l), and serves as  a  reusable  shuttle  to 
transport various lipids  including diacylglycerol, hydro- 
carbons, cholesterol, and  carotenoids between tissues (2). 
Locust adipokinetic  hormone (AKH), a blocked decapep- 
tide (3), is released from the  corpora  cardiaca  in response 
to flight (4) and promotes  the association of non-lipid- 
containing  protein,  named  apolipophorin I11 (5), with 
lipophorin and  the loading of diacylglycerol from the fat 
body by lipophorin to produce larger, lower density 
lipophorin particles (6). 

The purification of locust apolipophorin I11 (apo-111) 
from the  hemolymph  has recently been achieved in our 
laboratory  and we have demonstrated  the following points 
regarding  the physicochemical properties of apo-I11 (7). 
I) There  are three different molecular species of apo-I11 
in  the locust hemolymph. 2) The three  apo-IIIs, apo-111- 
a, apo-111-b, and apo-111-c, are indistinguishable with 

regard  to  the mobility on SDS-PAGE, amino acid compo- 
sition, and immunodiffusion. However, they have dif- 
ferent isoelectric points and, therefore, are separable on 
native- and urea-PAGE. 3) The three apo-111s are glyco- 
proteins  containing fucose, mannose,  and glucosamine. 
4)  The native molecular weight of apo-I11 (ca. 19,500) is 
almost equivalent to  the molecular weight (ca. 20,000) de- 
termined by SDS-PAGE, thereby indicating  that  the 
locust apo-I11 exists in  hemolymph  as  a  monomeric form. 
5)  A total of 9 moles of apo-III(2 moles apo-111-a, 6 moles 
apo-111-b, and 1 mole apo-111-c) associate with each mole 
of lipophorin in response to the action of AKH. 

Lipophorin itself is synthesized by the fat body and 
released into  hemolymph (8) and always exists in  the 
hemolymph  throughout  the life of the insect from the  lar- 
val stage to  the  adult stage (2). However, the  question of 
which tissue is responsible for the synthesis of apo-I11 re- 
mains unanswered. The flight of the locust is restricted to 
the  adult stage and, therefore, it is also important  to  de- 
termine when the synthesis of apo-I11 is initiated in rela- 
tion to the flight activity and  the  mechanism of AKH 
action. 

In this report, we provide the evidence that,  in locusts, 
the fat body is the tissue responsible for the synthesis of 
apo-111, and  that the  synthetic activity first appears  at  a 
certain stage of the  adult, 3 days after  the final molt. This 
study also reports  the  translation in a wheat germ cell-free 
system of mRNA for apo-I11 isolated from the fat body. 

MATERIALS  AND  METHODS 

Chemicals 

L-[35S]Methionine (sp act, 800 Ci/mmol) was obtained 
from Amersham. The biotinylated goat anti-rabbit  IgG 

Abbreviations: apo-111, apolipophorin-111; PAGE, polyacrylamide gel 
electrophoresis; AKH, adipokinetic  hormone;  TBS, Tris-buffered saline. 
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antibody  and Vectastain ABC reagent were purchased 
from Vector Laboratories. Other chemicals used were 
purchased  from  commercial  sources. 

Animals and collection of hemolymph 

Locusts, Locusta migratoria, were reared  under crowded 
conditions and fed on  prairie grass at 28OC with con- 
tinuous light. Hemolymph was collected from  larvae and 
adults by the flush method  (9) and was diluted 20-fold 
with 20 mM Tris-HC1, 0.15 M NaCl, pH 7.5 (Tris- 
buffered saline, TBS)  containing 10  mM EDTA. The 
diluted  hemolymph  samples were centrifuged  at 10,000 g 
for 10 min  to remove the hemocytes and stored  at - 8OoC 
until use. 

Preparation of antibody against apo-I11 

Locust apo-I11 was purified from  hemolymph of the 
resting  adult as described previously (7). Anti-apo-I11 an- 
tibody was prepared by subcutaneous injection on  the 
back of a  rabbit of the purified apo-111-b (major apo-I11 
of the  three apo-111s) emulsified with  Freund  complete 
adjuvant  as  described previously (7). Anti-apo-I11  IgG 
was separated from serum by ammonium sulfate precipi- 
tation  at  40%  saturation  and dialyzed against  TBS. 

Incubation of fat body 

Fat bodies were isolated from locusts into  the sterilized 
locust medium (10) and rinsed  three  times with same 
medium.  Approximately 100 pg of fat body was incubated 
in 50  pl  of the locust medium  containing 50 pCi 
[35S]methionine for 4 hr in an Eppendorf  tube  at 25OC. 
After incubation, fat bodies were withdrawn  from  the 
medium  and homogenized with 0.5 ml  of TBS. The cul- 
ture  medium was also diluted with 0.5 ml of TBS. The 
homogenates and  the diluted  media were centrifuged  at 
10,000 g for 10 min  at 4OC. An  aliquot (100 pl) of the 
supernatant was subjected to SDS-PAGE and the rest was 
used for immunoprecipitation analysis. In some experi- 
ments, fat body and  medium were homogenized together 
without  separation. The mixture was centrifuged  as above 
and the  supernatant was subjected to  immunoprecipita- 
tion analysis. 

Isolation of RNA 

Fat bodies were isolated from  the male locust 14 days 
after  the last ecdysis and homogenized with ten volumes 
of 7 M guanidine-HC1  containing 10  mM EDTA, pH 7.0. 
The homogenate was mixed with a half-volume of ethanol 
and kept at - 2OoC for 90 min. The precipitate was col- 
lected by centrifugation at 10,000 g for 10 min at 4OC. The 
pellet was dissolved in 7 M guanidine-HCl  containing 10 
mM EDTA, pH 7.0, and mixed with ethanol as above. 
The process of dissolution and precipitation was repeated 
three times. RNA was extracted  from  the pellet with steri- 
lized water and the  extract was shaken with an equal 

volume of CHC13-iso-butanol 1:l (v/v). After centrifuga- 
tion at 3,000 g for 10 min  at  4"C,  the  aqueous phase was 
made 2.5 M with respect to  LiCl and kept at - 20°C 
overnight to  precipitate RNA.  RNA was collected by cen- 
trifugation  at 3,000 g for 30 min  at 4OC and washed with 
ethanol. The final RNA  preparation was dissolved in 
sterilized water and stored  at - 8 O O C .  

Translation of RNA in vitro 

A  wheat  germ  fraction (S-30) was prepared  according 
to  the  method of Roberts  and Patterson (11) with some 
modification (12). The incubation  mixture for cell-free 
protein synthesis contained  the following components in 
a final volume of 50 pl: 30 mM HEPES-KOH,  pH 7.5, 
1 mM ATP, 0.2 mM GTP, 8 mM phosphocreatine,  5  pCi 
[35S]methionine,  0.4 mM each of  19 unlabeled  amino 
acids, 0.6 mM spermidine-HC1, 1.5  mM magnesium  ace- 
tate, 86 mM KCl, 1 mM dithiothreitol, 0.2 mg/ml of 
creatine  kinase, 15 pl  of wheat germ S-30, and  RNA.  The 
mixture was incubated  at 22OC for 90  min. 

Immunoprecipitation 

At the  end of fat body incubation, 200 pl  of TBS was 
added  to each  culture  and the  mixture was homogenized. 
The homogenate was centrifuged  at 10,000 g for 10 min 
at 4OC. An  aliquot (150 pl) of supernatant was mixed with 
anti-apo-I11 1gG (150 pg) and  incubated for 20 min  at 
37OC. Carrier apo-I11 (apo-111-b, 10 pg) was added  to  the 
mixture  and  incubation was continued for 30 min  at 37OC 
and in the cold for 15 hr. The reaction  mixture for cell- 
free  protein synthesis was also diluted with 200 pl  of TBS 
at  the  end of incubation and  treated with antibody as 
above. The immunoprecipitates were collected by centri- 
fugation and washed three times with TBS. The precipi- 
tates were dissolved in SDS-sample buffer (13) and 
subjected to SDS-PAGE. 

SDS-polyacrylamide gel  electrophoresis 

SDS-PAGE was carried out as described by Laemmli 
(13) using 15% or 10-15% gradient  acrylamide gel 
prepared in a  slab gel electrophoresis apparatus.  Protein 
samples were treated with SDS-sample buffer for 2 min in 
boiling water. Electrophoresis was performed  at 25 mA 
constant  current  until  tracking dye had reached  the end 
of the gel. Proteins in the gel were stained with Coomassie 
blue. 

Immunoblotting and detection of antigen 

After electrophoresis,  proteins were electroblotted  onto 
nitrocellulose filter in 25  mM Tris-glycine (pH 8.3) in 
20% methanol (v/v) at 0.2 A for 17 hr. After blotting  the 
nitrocellulose filter was removed from  the gel and washed 
with three changes of TBS,  and  incubated  for 30 min in 
20 ml of TBS  containing  20% fetal calf serum. The anti- 
body against  the apo-III(50 pg) was added  to  the  mixture 
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Fig. 1. Developmental changes in concentration of L. mipforia hemolymph proteins. Hemolymph was collected 
from the locusts at 48-hr intervals from one day after the fourth larval ecdysis. The hemolymph samples were diluted 
20-fold with saline. Each 5 pl of the diluted hemolymph sample was electrophoresed in the Laemmli system using 
15% polyacrylamide gel. Proteins were stained with Coomassic blue. V and A above the electrophomgram repre- 
sent the fifth instar and the adult stage, respectively. The numbers represent developmental stage in days. LP-H, 
LP-L, and BBC indicate lipophorin heavy chain, lipophorin light chain, and biliverdin-binding cyanoprotein (14), 
respectively; S, activated lipophorin as standard prepared from hemolymph of AKH-injected locust (6). 

c 

Fig. 2. Immunoblotting analysis of plasma proteins. The hemolymph samples were electrophoresed as described 
in Fig. 1. Immunoblotting was performed as described in Materials and Methods. V, A, and the numbers above 
the electrophoreogram represent developmental stages as indicated in Fig. 1. The purified apo-I11 (apo-111-b, 10 
pg) was electrophoresed as standard in the lane of apo-111. 
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and incubation continued for 17 hr. After incubation the 
nitrocellulose filter was given three 10-min washes with 
TBS and then incubated with the biotinylated secondary 
antibody for 30 min with gentle agitation. The filter was 

stage and it accumulates in large amounts during the 
adult stage. 

'ynthesis Of apo-lll in the fat body 
washed with TBS three times (10 min each), treated with 
Vectastain ABC reagent for 30 min as suggested by the 
manufacturer, and then washed with TBS as above. 
Finally, the apo-I11 antigen was visualized by incubating 
the filter in peroxidase substrate solution containing 1 
part 4-chloro-l-naphthol (3 mg/ml in methanol), 2 parts 
TBS, and 0.005 part H202 (30% aqueous solution) for 30 
min. 

Fluorography 

After electrophoresis and staining for proteins, the 
polyacrylamide gel was treated with EN3HANCE (Du- 
pont), dried, and fluorographed using Fuji R X  film for 1 
to 2 days at -8OOC. 

RESULTS AND DISCUSSION 

Change of plasma proteins during fifth instar and 
adult stage 

To investigate when the apo-I11 first appears in the 
hemolymph, the change of plasma protein composition 
was followed during development. After the fourth ecdy- 
sis, the hemolymph was collected from male locusts at 48- 
hr intervals and proteins were analyzed by SDS-PAGE. 
As seen in Fig. 1, the composition of proteins in the male 
locust is relatively simple and lipophorin heavy chain 
(apo-I, mol. wt. 250 K), lipophorin light chain (apo-11, 
mol. wt. 85 K) and biliverdin-binding cyanoprotein (mol. 
wt. 83 K) (14) are detected as major plasma proteins in 
the hemolymph at the fifth larval instar. A new protein 
having a molecular weight about 20 K appeared in addi- 
tion to the above proteins 5 days after the final ecdysis and 
its concentration increased thereafter. This protein co- 
migrated with the purified apo-I11 as standard. To con- 
firm whether the 20 K protein was identical to apo-111, an 
immunoblotting analysis of plasma protein was adopted 
by use of an antibody against apo-111. The result is shown 
in Fig. 2 and clearly demonstrates that the 20 K protein 
is recognized by the antibody, thus confirming that the 20 
K protein detected in adult hemolymph is identical to 
apo-111. Apo-I11 was barely detectable in the hemolymph 
before the third day of the adult period. The hemolymph 
concentration of apo-I11 rose sharply on the day 5. 
Thereafter, little change in the concentration of apo-I11 in 
hemolymph was noticed during the adult stage. These 
results essentially agree with those reported for the tobac- 
co hornworm, M. sexfa (5, 15); the apo-I11 of M. sexta is 
practically absent from the hemolymph during the larval 

It is known that the majority of plasma proteins in in- 
sects are synthesized by the fat body and released into 
hemolymph. To ascertain the tissue synthesizing the 
locust apo-111, in vitro culture of fat body tissue was at- 
tempted. In the previous study we failed to detect 
methionine residues in the locust apo-I11 (7). However, 
careful re-examination of amino acid composition reveal- 
ed that a slight but significant quantity of methionine is 
detectable in the acid hydrolyzate of apo-111. Therefore, 
apparent absence of methionine reported in our previous 
experiment would most likely be the consequence of 
degradative loss of this amino acid in the course of acid 
hydrolysis. In consideration of this fact and to increase the 
sensitivity of detection, the present experiments were per- 
formed with the use of [35S]methionine, with a specific 
radioactivity that was highest among the commercially 
available radioactive amino acids. 

The fat body was isolated from the male locust 13 days 
after the final ecdysis and incubated in the locust medium 
containing the radioactive methionine. After incubation, 

A B  C D  

Fig. 3. SDS-PAGE of the proteins synthesized in the cultured fat body. 
The fat body was dissected out from male locusts on the day 13 of adult 
stage and was incubated at 25OC for 4 hr in a locust medium containing 
labeled methionine. After incubation, aliquots of fat body extract and 
medium were treated with anti-apo-111 antibody, electrophoresed, and 
fluorographed as described in Materials and Methods. Total proteins 
synthesized by the fat body (A); proteins released in medium (B); and 
Immunoprecipitates from the extract of fat body (C), and from the 
medium (D). 
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B 
-: 

A proteins in the medium and those in the fat body cells 
were separately analyzed by SDS-PAGE and fluoro- 
graphy. As illustrated in Fig. 3A, electrophoresis revealed 
that a number of proteins, including a 20 K protein, were 
synthesized by the fat body. Among these, the 20 K pro- 
tein was also detected as the major labeled protein in the 
medium (Fig. 3B). The extract of fat body and the culture 
medium were treated with the anti-apo-I11 antibody and the 
immunoprecipitates were analyzed in a similar fashion. Fig. 
3 C and D demonstrates that the radioactive 20 K protein 
in both the fat body and the medium was reactive with 

is synthesized in the fat body cells from the adult locust 
and released into hemolymph. 

For the study of the developmental change in the 
apo-111-synthesizing activity, the fat bodies were isolated 
from the locusts at intervals during development and were 
incubated in a medium containing radiolabeled methionine. 
After incubations, the immunoprecipitates from the fat 
body extracts were analyzed as above. Fluorography of 
the electrophoresed proteins indicated that the synthetic 

-- 

anti-apo-I11 antibody. All these results reveal that apo-I11 - 

activity of apo-I11 was first detected on day 3 of the adult 

activity of apo-I11 in the fat body cells reflects the deve- 

Fig. 5. SDS-PACE of the translation products synthesized in vitro. 

in a wheat mrm cell-free translation system. After incubation for 90 

and increased thereafter (Fig* '1. The biosynthetic Total fat body RNA (15 rs) isolated from the mature male translated 

lopmental change in the hemolymph concentration of min. total translation products (A) and immunoreactive translation 
products (B) were subjected to SDS-PAGE on 15% acrylamide gel and 
fluomgraphed as described in Materials and Methods. apo-111, and the biosynthesis of this plasma protein may 

be regulated in a stage-specific manner. The developmen- 

tal pattern of the apo-111-synthesizing activity seems phy- 
siologically meaningful in relation to the flight activity of 
the locust, since this insect can fly only at the adult stage. 

Translation of fat body RNA 
In a preliminary study of the regulation of apo-I11 

biosynthesis, RNA was isolated from the fat bodies of 
male locusts on day 14 of the adult stage and translated 
in a wheat germ S-30 cell-free system in the presence of 

v5A1 3 7 13 awlll 

I 

$ I  - - ,  

I 

Fig. 4. SDS-PACE of immunoreactive proteins synthesized in the ml- 
turd fat body. Fat bodies were isolated from the locust on the day 5 of 
the fifth instar, days 1, 3, 7, and 13 of the adult stage (V5, Al, 3, 7, and 
13) and were incubated in locust medium containing labeled methionine 
for 4 hr at 25OC. After incubation, the whole reaction mixture was 
homogenized and centrifuged. The extract was treated with anti-apo-111 
antibody, electrophoresed, and fluorographed as described in Materials 
and Methods. 

labeled methionine. Gel electrophoresis of the in vitro 
translation products demonstrated that the fat body RNA 
directs protein synthesis in a wheat germ cell-free system 
and a polypeptide having the same mobility as apo-I11 is 
synthesized as a major translation product (Fig. 5A). For 
further identification, specific immunoprecipitation of the 
translation products was performed by use of an antibody 
against apo-111. As shown in Fig. 5B, the 20 K polypep- 
tide was specifically precipitated by the antibody, showing 
that the mRNA coding for apo-I11 is present in the fat 
body cells of the adult locust. 

We have recently achieved the cloning of mRNA se- 
quence coding for apo-I11 and determined its partial 
nucleotide sequence. The primary structure of apo-I11 
deduced from the nucleotide sequence also confirmed the 
occurrence of internal methionine residues (Ogino, K., 
S. Izumi, S. Tomino, and H. Chino, unpublished data). 
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Structural  analysis of apo-I11 m R N A  and the  regulatory 
mechanism of apo-I11 synthesis is currently  under in- 
vestigation  in  our  laboratory. I 
Manuscript received 21 Jub 1986 and in revisedform 31 December 1986. 
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