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Abstract Elucidation of the secondary structure of the ex- 
changeable apolipoproteins has been hindered by the difficulty 
in producing crystals suitable for X-ray spectrographic analyses. 
Consequently, in order to analyze potential structure-function 
relationships in the family of insect exchangeable apolipoproteins, 
apolipophorins-I11 (apoLps-111), two apoLps-I11 cDNA clones, 
one from the palo verde beetle (Derobrachm geminatus) and one 
from the house cricket (Acheta domesticus), have been isolated and 
sequenced. Multiple sequence alignments of the deduced pro- 
tein sequences with two previously reported apolipophorins-111 
from Manduca sexta and Locwta migratoria reveal low sequence 
identity, suggesting that these proteins are very old and are 
highly divergent. Computer-assisted predictions of protein 
structure and subsequent analyses, using the known secondary 
structure of Locwta migratoria apolipophorin-I11 as a control, in- 
dicate that these insect proteins are composed of five am- 
phipathic helices with characteristics similar to those of the heli- 
cal domains of the mammalian exchangeable apolipoproteins. 

Thus, although insect and vertebrate exchangeable apolipo- 
proteins share a common function in assisting lipid transport, 
precise amino acid identity is less important than the common 
structural feature of multiple amphipathic helices. Moreover, 
because these proteins occur widely among insect species, even 
in those where flight is limited or absent, we hypothesize that 
apolipophorin-I11 has a more generalized function in lipid 
metabolism than had been previously proposed.- Smith, A. F., 
L. M. Owen, L. M .  Strobel, H. Chen, M. R. Kanost, E. 
Hanneman, and M. A. Wells. Exchangeable apolipoproteins of 
insects share a common structural motif. J Lipid Res. 1994. 35: 
1976-1984. 
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Apolipophorin-111 (apoLp-III), an analog of the ver- 
tebrate exchangeable apolipoproteins, is a low molecular 
weight (17-20 kDa), insect hemolymph protein (1). T h e  
current  view of the physiological role of apoLp-I11 is as- 
sistance in  the translocation of lipid stores required to  fuel 
prolonged flight (1). Lipophorin, the major insect hemo- 
lymph lipoprotein, .acquires diacylglycerol from fat body 
stores of triacylglycerol. Wi th  increasing diacylglycerol 

content, lipid patches appear  on  the surface of the 
lipophorin particle, decreasing its solubility in  the aque-  
ous hemolymph. Free apoLps-I11 attach to  these nascent 
hydrophobic surfaces via the  nonpolar faces of the am- 
phipathic helices, thereby restoring the solubility of the 
lipid-loaded lipophorin. 

Despite the diversity of arthropod species, only two 
apoLps-111, one from the tobacco hornworm (Munduca 
sextu) a n d  one  from the migratory locust (Locustu 
mi'rutoriu), have been characterized to  any great extent. 
These two proteins have been intriguing, because 
although they are  functionally equivalent (2) ,  they bear 
little amino  acid sequence similarity (<  10%). L. 
migrutariu apoLp-111 is the only full-length, exchangeable 
apolipoprotein to  have been characterized by X-ray crys- 
tallography (3). The protein is composed of five a m -  
phipathic a-helices, connected by short loops, a n d  ar -  
ranged a s  simple up-and-down helical bundles. Most 
hydrophobic residues are oriented facing toward the in- 
terior of the protein and charged residues face outward to 
the hemolymph. Although apoLps-I11 of the distantly 
related locust a n d  tobacco hornworm exhibit little conser- 
vation in amino  acid sequence, the pattern of distribution 
of hydrophobic and  hydrophilic residues appears similar (4). 

In order  to analyze potential structure-function rela- 
tionships in  this family of proteins, it is necessary to exa- 
mine apoLps-I11 from other  insect species. To this end,  we 
have cloned and sequenced apoLp-I11 cDNA from the 
flightless house cricket Acheta domesticus (Orthoptera: Gryl- 
lidae), a species relatively closely related to  L. mzgrutoriu 
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(Orthoptera: Acrididae), and from the nonfeeding adult 
palo verde beetle Dembrachus geminatus (Coleoptera: Cer- 
ambycidae), a representative from a major group of in- 
sects distantly related to both the Orthoptera and 
Lepidoptera (M. sexta). 

MATERIALS AND METHODS 

Insects and diet 

Crickets were purchased from a commercial vendor 
(Flucker's Cricket Farm, Baton Rouge, LA) and were 
provided with water, Purina dog chow, and potato slices. 
Palo verde beetles (D. geminatus) were field collected in the 
Tucson area of Arizona. Adult males and females of both 
species were used in the purification of their respective 
apoLp-I11 proteins. 

Purification and characterization of apoLp-I11 

Palo verde beetle hemolymph was obtained by the 
flushing-out method (5) with a buffer (110 mM KC1, 15 
mM MgClz, 4 mM CaClZ, 4 mM NaCl, 5 mM KH2P04., 
10 mM EDTA, 10 mM glutathione, and 1 mM di- 
isopropylfluorophosphate). Hemocytes were removed by 
low-speed centrifugation and lipophorin was isolated by 
KBr gradient ultracentrifugation (50,000 g; 16 h) with a 
Ti-60 fixed-angle rotor (6). The pure lipophorin was dia- 
lyzed against 50 mM ammonium bicarbonate, heated in 
a boiling water bath for 5 min, and subjected to low-speed 
centrifugation (5,000 g, 10 min) to remove precipitated 
proteins and associated lipids. In this procedure, little, if 
any, lipid remains associated with apoLp-111, in contrast 
to the behavior of most of the vertebrate apolipoproteins, 
and does not interfere with subsequent amino acid ana- 
lyses or the generation of antibodies. The supernatant was 
lyophilized and the purity of the remaining apolipoprotein, 
apoLp-111, was confirmed by 3-15% gradient SDS-PAGE 
(7). Amino acid analyses and amino-terminal sequencing 
were conducted as previously described (8). Palo verde 
beetle apoLp-I11 was tested for glycosylation by two 
methods. Lipophorin was separated by SDS-PAGE, elec- 
trophoretically transferred to nitrocellulose, and probed 
with fluorescein isothiocyanate-conjugated concanavalin 
A (9); purified apoLp-I11 was also analyzed by 
phenol-sulfuric acid colorimetry (10). Cricket apoLp-I11 
was purified and characterized as previously described (8). 

RNA isolation, cDNA library construction, and 
screening 

Total RNA was prepared from the fat body of a single 
male D. geminatus and from pooled fat bodies of A.  domesti- 
CUT by a urea-SDS/phenol procedure (11). Polyadenylated 
mRNA was isolated from total RNA with oligo(dT)- 
cellulose spin columns (Invitrogen; San Diego, CA). 

Five fig of fat body polyadenylated mRNA from the two 

species was used to prepare cDNA and two directional 
libraries from a commercial kit (ZAP-cDNA Synthesis 
Kit, Stratagene; La Jolla, CA). Antisera to the cricket and 
palo verde beetle apoLps-I11 were produced in New 
Zealand White rabbits by intramuscular injections of the 
protein-adjuvant mixtures (Ribi ImmunoChem 
Research; Hamilton, MT). The cDNA libraries were 
screened with rabbit antisera using goat anti-rabbit IgG 
and an alkaline phosphatase color development system 
(Bio-Rad; Hercules, CA). Positive plaques were purified 
and the cDNA was subcloned into pBluescript SK plas- 
mid by an in vivo excision protocol (Stratagene; La Jolla, 
CA). Sequencing was performed on both strands by the 
dideoxy chain termination method (12). 

Sequence alignments and computer analyses 

Protein sequences were aligned using a progressive se- 
quence alignment algorithm (13). Significance of the 
similarity between sequences was evaluated by the RDF2 
program (14). Computer analyses of deduced protein se- 
quences were made with the University of Wisconsin 
GCG computer package (15), the PHD program (16, 17), 
and the WHEEL, CONSENSUS, and COMBO pro- 
grams (18, 19). The latter programs were used with the 
kind permission of Dr. Jere P. Segrest of the Atherosclero- 
sis Research Unit at the Department of Medicine, 
University of Alabama Medical Center. The sequences 
discussed in this paper are available from the Gen- 
BankTM/EMBL Data Bank with accession numbers 
L25277, L25278, M17286, and 503888 for the apoLps-I11 
of D. geminatus, A. domesticus, M. sexta, and L. migratoria, 
respectively (20). 

RESULTS AND DISCUSSION 

Insect lipophorin, in addition to lipids, is composed of 
two apolipoproteins, apoLp-I and apoLp-11. In many spe- 
cies, a third apolipoprotein, apoLp-111, is also associated 
with lipophorin, as well as being found free in the hemo- 
lymph. This low molecular weight protein has been iso- 
lated from a number of insect species representing five 
orders and 12 families (21). Identification has been made 
by either its characteristic association with lipophorin in 
the low density fractions after KBr ultracentrifugation or 
by its induced-association with lipophorin through the ac- 
tion of administered adipokinetic hormone, the lipid- 
mobilizing hormone of insects. A typical SDS-PAGE 
analysis, demonstrating that the low-density hemolymph 
fractions from D. geminatus contain three proteins of simi- 
lar molecular weight to the other insect apolipoproteins, 
is illustrated in Fig. 1. 

Of the 70,000 A. domesticus and 16,000 D geminatur 
recombinants immunologically screened, 16 and 7 posi- 
tive plaques, respectively, were purified and the N- 
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