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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 

Abbreviations: apoLp-I, apolipophorin-I; apoLp-11, apolipophorin- 
11; apoLp-111, apolipophorin-111; SDS-PAGE, sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis; apoA-IV, apolipoprotein A-11'; 
apoA-I, apolipoprotein A-I; apoA-11, apolipoprotein A-11; apoE, apoli- 
poprotein E; < p H > ,  hydrophobic moment. 
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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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Fig. 1. SDS-PAGE analysis (3-15% acrylamide) of KBr gradient ultracentrifugation fractions of D. geminafus hemolymph. Lipophorin is found in 
the low density fractions (1-11) and is composed of three apolipoproteins: apoLp-I (220 kDa), apoLp-I1 (75 kDa), and apoLp-111 (18 kDa). Lane M, 
= molecular weight standards (kDa). 

terminal coding regions were sequenced to determine 
potential full-length clones. One cDNA clone from each 
species was completely sequenced and confirmation of the 
identity of each was made by comparison with the amino- 
terminal protein sequences. The molecular weights, 
amino acid compositions, and predicted isoelectric points 
were determined from the deduced amino acid sequences 
(Table 1) and compared with those values from the M. 
sexta and L. mipatoria apoLp-I11 proteins (4, 22). All four 
proteins are similar in length and molecular weight 

TABLE 1 .  Characteristics of the four insect apoLp-111 proteins 

(161-166 AA, 17.2-18.0 m a ) .  The high isoelectric point of 
D. geminatus apoLp-I11 is probably derivative of the high 
lysine and arginine content. Based on the cDNA se- 
quences, the apoLp-I11 mRNAs encode putative signal 
peptides of 18-23 amino acids. 

While using site-directed mutagenesis to produce mu- 
tant L. migratoria apoLp-I11 in a related project, several 
disparities in the cDNA sequence were detected. Re- 
sequencing the original cDNA clone confirmed several er- 
rors in the original reported sequence (4). The corrected 
version shows 7 nucleotide changes resulting in 13 altera- 
tions in the deduced amino acid sequence, including an 
extension in the total length by one residue. These minor 
modifications result in an improvement of the fit between 

Deduced Molecular No. Amino the amino acid sequence and the X-ray structural data 
(H. Holden, personal communication). These corrections 

A. donusticus 17.247 161 4.8 No have been added as an update to the GenBankTM/EMBL 

Acids pIb Clycosylatiod ApoLp-I11 Weight (Da) 

D. geminatus 17,964 165 8.1 Yes file (J03888). 
M. sexla' 18,364 166 5.6 No 
L. migraforia 17,310 162 5.1 Yes The amino-terminal amino acid is the acidic residue, 

aspartic acid, in three of the species (A. domesticus, M. 
"cDNA sequence from ref. 22. 
bPredicted PI values based on the amino acid sequences. 
'Glycosylation of D. geminnfur apoLp-111 determined by colorimetry 

(10). Other glycosylation assays from previously published references (4, 

sexta, L. mipatoria), whereas in the beetle D. geminatus, the 
initial residue is the basic amino acid, lysine. Aspartic 
acid has also been described as the initial residue in the 
five other insect apoLps-I11 that have been subjected to 8, 24). 
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amino-terminal  protein  sequencing (21). The significance 
of a  charged residue in the  initial position, other  than ex- 
posure to an aqueous environment, is not known at present. 

As reported previously, L. migrutoriu apoLp-I11 is a 
glycoprotein (23), whereas M. sextu apoLp-I11 is neither 
glycosylated (24), nor does it contain  any N-linked 
glycosylation sites (22). The deduced  protein sequences of 
A.  domesticus and D geminatus each have a  potential 
glycosylation site (Asn-X-Thr; Fig. 2) near  the  amino- 
terminus  at  a location approximate  to  that observed in the 
glycosylated apoLps-I11 of L. migrutoriu and  other  mem- 
bers of the  short-horned  grasshopper family Acrididae (4, 
25). Although A. domesticus is  closely related  to  the grass- 
hoppers, its apoLp-I11 is not a glycoprotein (8). However, 
apoLp-I11 of the phylogenetically distant D geminatus is 
glycosylated. The protein  contains 10% carbohydrate by 
mass, as  determined by colorimetry. Moreover, as has 
been reported for the L. migrutoriu protein (26), D. gemina- 
ius apoLp-I11 does not bind to concanavalin A. The bio- 
logical significance of glycosylation of this protein is not 
known. What is known is that glycosylation of apoLp-I11 
does not  appear to play a role in its physiological function. 
The non-glycosylated apoLp-I11 of M. sextu can associate 
with locust lipophorin  and accept diacylglycerol from the 
fat body in  an  in  vitro system (2). 

L. migrutoriu apoLp-I11 is the only full-length, ex- 
changeable  apolipoprotein  to have been structurally 

characterized by X-ray diffraction analysis (3). The 
molecule contains five long  amphipathic helices with the 
hydrophobic residues oriented inward away from the 
aqueous  environment of the hemolymph. The model for 
the association of apoLp-I11 with lipophorin, as presently 
proposed (3), consists of the  protein  binding to a nascent 
lipid patch  on  the surface of a  lipophorin particle via the 
two leucines that project into  the hemolymph between 
helices 1 and 2 and helices 3  and 4 (Fig. 2; positions 32 
and 93). Subsequently  the molecule undergoes a confor- 
mational change: it opens and spreads  upon  the lipopho- 
rin surface, such that  the  nonpolar residues are  in contact 
with the hydrophobic patch of the lipophorin  particle  and 
the  polar residues face the  hemolymph. Analysis of the 
four sequences following alignment by the progressive al- 
gorithm (13) reveals a conservation of leucine residues at 
or  near positions 32 and 93 among  the  four apoLp-I11 
proteins. Moreover, a review of amino-terminal protein 
sequences determined by Edman degradation from five 
other insect apoLps-I11 (21) illustrates the same pattern: 
leucine at  or  near position 32 is conserved. 

A number of computer  algorithms exist to deduce  the 
secondary  structure of proteins, although  interpretation is 
seldom unequivocal (27). However, because the  structure 
of L. migrutoriu apoLp-I11 is known, the  amino acid se- 
quence of this protein could serve as  a control in estimat- 
ing  the locations of the amphipathic helices in  the  other 
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Fig. 2. Comparative  alignments  and  predicted  secondary  structures of the  four apoLp-111 proteins. The amino acid sequences wem aligned by the 
progressive method of Feng and Doolittle (13). Sequences and  GenBankTM/EMBL  Data Bank assession numbers  are A .  d o m t i c w  (Adapo3; L25278), 
D geminatus (Dgapo3; L25277), M .  sextu (Msapo3; M17286), and L. rnigratoria (Lmapo3;  503888). The leucines that  are putatively involved in  the  initial 
contact of the  lipophorin  surface  are  indicated by an * above the  residue. The glycosylation sites in L. rnigratoriu and D. geminatus apoLps-111 are  each 
marked with an  arrow (1); the  corresponding,  but unglycosylated, site of A.  domesficus apoLp-111 is marked  with (+), The solid lines under  the L. 
rnigraloriu sequence  designate  the  actual  locations of the five amphipathic helices of this protein  as previously determined by X-ray  crystallography 
(3).  Dashed lines under  the  other  three  sequences  denote  estimated  locations of the five amphipathic  a-helical  domains.  Conserved residues that  are 
probably involved in breaks  and/or  turns between the helices are  designated  with  a (B) above the  residue. 
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three apolipoproteins. Using several programs available 
in the G C G  Sequence Analysis Software Package (e.g., 
PepPlot, Plotstructure, Moment) as well as the profile 
neural network prediction program (16, 17), the four pro- 
teins were examined for potential turns and amphipathic 
helices. The programs generally produced the same 
predictions: the proteins consist largely of a-helices with 
helical contents ranging from 54.3 to 84.5%, depending 
on the program being used and the sequence being analyzed. 

Comparison of the three aligned sequences with L. 
migratoria apoLp-I11 revealed a relatively conserved distri- 
bution of three to four prolines and a glycine (Fig. 2), 
residues often associated with breaks in a-helices or turns 
(28), suggesting that these proteins may also be composed 
of five amphipathic helices. This hypothesis is consistent 
with the empirical evidence that free exchangeable 
apolipoproteins (Le., human apoA-IV, apoA-I, apoA-11, 
apoE; M. sexta apoLp-111) have a minimum structural re- 
quirement of four amphipathic helical segments for the 
initial phases of cholesterol translocation to the liver (29). 
Using the locations of these residues as a guide and the 
results of the structural predictions, we conservatively es- 
timated the locations of the five amphipathic helical do- 
mains of the three proteins for further refinement. 

A set of computer programs has been developed to 
identify and analyze the amphipathic helical domains of 
the mammalian exchangeable apolipoproteins (19). Be- 
cause the structure of L. migratoria apoLp-I11 had been de- 
termined by X-ray crystallography (3) ,  it was used by the 
programs' developers to test the accuracy of secondary 
structure prediction (18). Although not perfect, the am- 
phipathic helices were located with 90% accuracy; had 
the corrected L. migratoria protein sequence been availa- 
ble, the precision would likely have been higher. We used 
these programs to analyze the insect apoLps-111. Helical 
wheel diagrams (30) were constructed for each of the 
predicted regions, as well as for segments with lengths 
different and/or shifted from the initial predictions using 
the WHEEL program. The  refined, deduced helical 
regions are depicted in Fig. 2, the locations of which are 
consistent with the L. migratoria apoLp-111 structure, the 

previously noted structural predictions, and the coli- 
served residues of the aligned sequences. 

The amphipathic helices of the vertebrate exchangeable 
apolipoproteins haw been designated as class A and, in 
general, share a number of physical-chemical properties 
that distinguish them from the helical domains of other 
proteins (31). Because the insect apoLps-111 are also ex- 
changeable apolipoproteins, the properties of their am- 
phipathic helices were determined in order to make com- 
parisons with their vertebrate analogs, using the 
programs C O M B O  and CONSENSUS (19). After orient- 
ing the hydrophobic face of each helical wheel in the same 
direction, the CONSENSUS and COMBO programs su- 
perimpose and average a set of wheels, and then produce 
a number of physical parameters in addition to the con- 
sensus sequence information. The  results of the analyses 
of the insect apoLps-111 are presented in Table 2 and Fig. 
3. The predicted amphipathic helices of the apoLps-I11 
share several features with the class A amphipathic helical 
domains of the mammalian exchangeable apolipoproteins, 
corroborating the earlier observations of L. migratoria 
apoLp-I11 (18). Both insect and class A amphipathic heli- 
cal domains exhibit a high mean hydrophobic moment 
per residue and a high mean hydrophobicity per residue 
of the nonpolar face. The characteristic feature of Lys/Arg 
ratios greater than 1 is present in three of the four insect 
proteins. However, the amphipathic helices of the insect 
apoLps-I11 do differ from the class A amphipathic helical 
domains with regard to the distribution of charged amino 
acid residues. The  clustering of negative residues at the 
center of the polar face, although well pronounced in the 
amphipathic helical domains of L. mzgratoria apoLp-111, is 
less so in the other three apoLps-111; the localization of 
positive residues at the polar-nonpolar interface is also 
less pronounced in the insect apoLps-111. Moreover, only 
the M. sexta apoLp-I11 helices exhibit a charge density that 
is generally ascribed to the class A amphipathic helices. 
However, individual amphipathic helices, both within and 
among the vertebrate exchangeable apolipoproteins, show 
considerable variation in these physical properties, 
prompting the division of class A amphipathic helical do- 

TABLE 2. Properties of predicted amphipathic helical domains" 

Mean <fit,> Hydrophobic1 t y No. of No. of 
Per per AA of + AA pcr - AA per I,ys/Arg 

ApoLp-111 A A ~  Nonpolar Facr' 1 1  AA 1 1  AA Ratio 

A. domesticus 0.35 0.75 0 . 9  1 . 2  0.4 

M. sextn 0.47 0.70 1 . 7  1.8 9.5 
D. geminatu 0.42 0.78 1 . 1  1.1 11.0 

L. mtcraloria 0.40 0.76 0.7 1.3 7.0 
_ _ _ _ _ _ _ _ _ _ _  ~~ 

"Calculations are based on the helical domains depicted in Fig. 4, using the CONSENSUS program (19) as 

' <pw > = hydrophobic moment. 
'Calculated from a normalized GES hydrophobicity scale (31, 37). 

described in the text. 
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Fig. 3. CONSENSUS analyses of the amphipathic helical domains of the insect apoLps-111. After orienting the nonpolar faces  of the five  helical 
wheels  to the top of the page, a composite figure is generated for each apoLp-111. The locations of the amphipathic helical domains are indicated 
in  Fig. 2. Amino acids have  been grouped into five physical-chemical  classes  as denoted by the key. A three-letter amino acid code appears for  the 
residue that occurs most  often (minimum = 3) at a given position. A. A.  domaticur apoLp-111; B. D. pminafur apoLp-111; C .  M. sexta apoLp-111; D. 
L. migatorin apoLp-111. 

mains  into several subclasses (18). The insect apoLps-I11 mation, in terms of both the  lengths  and  number of 
appear  to be similar in this  regard, with a given protein helices, far exceeds that of the insect apoLps-111, a com- 
being composed of different subclasses of class A am- parable analysis of potential apoLp-I11 amphipathic heli- 
phipathic helices. Unfortunately, because the volume of cal subclasses is not feasible. 
vertebrate exchangeable apolipoprotein sequence infor- Based on the information from these analyses, the ob- 
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71'ARI.E: :3. Pairwise '% amino acid idcntitics [if' the aligncil 
apoLp-I11 protein sequcnccs 

A .  domesticus 2 5 . 0  18.6 17.8 
D. geminatus 16.6 16.9 
M .  sexta 9.9 

Multiple sequence alignments were performed with a progressive al- 
gorithm (13). 

served conservation of structurally and functionally im- 
portant residues, and the experimental evidence that M. 
sexta apoLp-I11 is functionally equivalent to L. migratoria 
apoLp-I11 (2), we propose that the insect apoLps-I11 
share the common structural motif of five amphipathic 
helices with properties similar to the class A amphipathic 
helical domains of the vertebrate exchangeable 
apolipoproteins. In addition, precise amino acid identity 
appears less important than the distribution of polar and 
nonpolar residues. 

Although the percent identity of these apoLp-I11 se- 
quences is low (Table 3), statistical analysis of their 
similarity indicates a high probability that they share a 
common origin (Table 4). The similarity of the sequences 
from A.  domesticus, D. geminatus, and M. sexta is very 
significant, with alignment scores greater than 8 standard 
deviations higher than the mean score obtained with ran- 
domized sequences of the same amino acid compositions. 
The L. migratoria sequence is most significantly similar to 
that of A. domesticus, its closest phylogenetic relative in this 

comparison. The significance of the similarity with 1.). 
geminatus and M. sexta is lower, with alignment scores 
around 3 standard deviations above the mean for ran- 
domized sequences, which is at the borderline of marginal 
significance (32). Proteins that give significant similarity 
scores due to similar secondary structures or hydropathic 
profiles, instead of evolutionary relatedness, can be de- 
tected with a more stringent evaluation. Sequences are 
shuffled in small blocks of residues, a process that alters 
the order of the sequence, but not local amino acid com- 
position. Pairs of proteins that have a common evolution- 
ary ancestor should have similar z values when both uni- 
form and local shuffles are performed; proteins that are 
similar only by chance, due to analogous secondary struc- 
ture, often have much lower z values when evaluated with 
local shuffling (14). We tested the apoLp-I11 sequences 
with the RDF2 program, shuffling one sequence in blocks 
of ten residues. The results of the comparisons with local 
shuffling were very similar to those obtained with uniform 
shuffling, providing further evidence that these four 
apoLp-I11 proteins are evolutionarily related. 

The L. migratoria apoLp-I11 has diverged further from 
those of M. sexta and D. geminalus than has the apoLp-I11 
of A. domesticus, even though the locust and cricket should 
be about the same evolutionary distance from the other 
two species (33). One possible biological explanation for 
this difference is that long distance migratory flight, up to 
500 km in a single night, is an important component of 
the life history of locusts (34). Because a major role of 
apoLp-I11 is to assist in lipid transport during flight, there 
may be a difference in selection pressure for apoLp-I11 

TABLE 4. Statistical analyses of the similarity of apoLp-111 amino acid sequences 

Uniform Shufflc" 

ApoLp-I11 D pmina/ui  A4 rexta L mtgalona 

A .  domesticus 
D. geminatus 
M .  sexla 

13.85 8.40 
9.00 

Liical Shuffle" 

5.59 
3.38 
2.45 

A .  domest icus 
D geminatus 
M .  sexta 

14.73 7.95 
8.25 

5.06 
3.32 
2.82 

Pairs of sequences were compared with the RDF2 program (14). In this analysis a score is determined for the 
alignment of two sequences. Then one of the sequences is randomized (shuffled), and a score is determined for the 
new alignment of one intact sequence with the other shuffled sequence. This process is repeated (in this case 200 
shuffled comparisons for each pair of sequences, ktup ' 1 )  and the distribution of alignment scores obtained from 
the shuffled sequences is compared with the score for the alignment of the two intact sequences. From this distribu- 
tion a z value is calculated: actual similarity score - mean of random scores. 

standard deviation of random scores 

The z value represents the number of standard deviations greater than the mean for random scores obtained by 
the score of the actual alignment. For uniform shuffles, the sequence was randomized over its full length. For local- 
ized shuffles, the sequence was randomized in blocks of ten amino acid residues to preserve local sequence composition. 

" Z  values. 
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function in locusts compared with the other species. 
It has been estimated that the ancestral apoLp-I11 arose 

over 480 million years ago (35), thus predating the emer- 
gence of insects and the development of flight. And yet, 
considerable attention has focused on the role of apoLp- 
I11 in assisting the delivery of diacylglyqerol to fuel ex- 
tended flight (1). We hypothesize that because apoLp-I11 
occurs in a diversity of insect species, many of which are 
non- or poor flyers, that the function of this protein is sim- 
ply to assist in the delivery of diacylglycerol to tissues for 
various physiological functions and that flight muscle in 
certain species is just one type of tissue requiring lipid. 
For example, we do know that although apoLp-111 is 
found in the hemolymph of larval M. sextu, it is not bound 
to lipophorin. However, under conditions of physiological 
stress, such as starvation, apoLp-I11 will bind to lipopho- 
rin (K. Tsuchida, R. Ziegler, and M. Wells, unpublished 
observations), presumably to assist in the mobilization 
and transport of diacylglycerol to metabolically im- 
poverished tissues. Moreover, adult D. geminatus, although 
capable fliers, do not engage in the prolonged flight re- 
quiring lipid mobilization as do adult L. migratoria and M. 
sexta. The beetle likely has a more fundamental require- 
ment of apoLp-111: D. geminatus do not feed as adults, and 
presumably rely on fat body stores acquired during the 3 
years of larval development for their energy needs. We 
speculate that the relatively short-lived adults are able to 
survive by mobilizing and transporting fat body reserves 
of lipid by using lipophorin and apoLp-111. 

In the case of secondarily flightless insects, the function 
of apoLp-I11 may have been lost. ApoLp-I11 is present in 
the hemolymph of the flightless grasshopper Barytettix pso- 
lus, but it does not associate with lipophorin, likely 
through a failure of the fat body to respond to adipoki- 
netic hormone (36) .  In the secondarily flightless cricket A. 
domesticus (8), the function of apoLp-I11 may have reverted 
to its original role of protection from starvation and 
perhaps in the mobilization of lipids required for oogene- 
sis in females. 

Future endeavors, including X-ray crystallographic 
characterizations and observations of the occurrence and 
distribution of apoLp-I11 from other species under vary- 
ing physiological conditions, will increase our under- 
standing of their function and structure. 
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