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ABSTRACT: Apolipophorin III (apoLp-III) from the greater wax mothGalleria mellonellais an exchangeable
insect apolipoprotein that consists of five amphipathicR-helices, sharing high sequence identity with
apoLp-III from the sphinx mothManduca sextawhose structure is available. To define the minimal
requirement for apoLp-III structural stability and function, a C-terminal truncated apoLp-III encompassing
residues 1-91 of this 163 amino acid protein was designed. Far-UV circular dichroism spectroscopy
revealed apoLp-III(1-91) has 50%R-helix secondary structure content in buffer (wild-type apoLp-III
86%), increasing to essentially 100% upon interactions with dimyristoylphosphatidylcholine (DMPC).
Guanidine hydrochloride denaturation studies revealed similar stability properties for wild-type apoLp-
III and apoLp-III(1-91). Resistance to denaturation for both proteins increased substantially upon
association with phospholipid. In the absence of lipid, wild-type apoLp-III was monomeric whereas apoLp-
III(1-91) partly formed dimers and trimers. Discoidal apoLp-III(1-91)-DMPC complexes were smaller
in diameter (13.5 nm) compared to wild-type apoLp-III (17.7 nm), and more molecules of apoLp-III(1-
91) associated with the complexes. Lipid interaction revealed that apoLp-III(1-91) binds to modified
spherical lipoprotein surfaces and efficiently transforms phospholipid vesicles into discoidal complexes.
Thus, the first three helices ofG. mellonellaapoLp-III contain the basic features required for maintenance
of the structural integrity of the entire protein.

Apolipophorin III (apoLp-III)1 is an abundant exchange-
able apolipoprotein involved in lipid transport and metabo-
lism in insects. Like human apolipoprotein (apo) E, apoA-I,
and apoC, it is comprised of amphipathicR-helices and
associates reversibly with circulating lipoproteins. ApoLp-
III from the greater wax mothGalleria mellonellais a 163
residue protein with a molecular mass of 18 076 Da, sharing
high amino acid sequence identity with apoLp-III from other
lepidopteran insects (1, 2). The role of apoLp-III in lipid
transport is well understood (see3-6 for reviews). During
energy-demanding activities, such as flight, several insect
species are known to mobilize diacylglycerol (DG) from fat
body tissue. In adult insects, DG is loaded onto preexisting
high-density lipophorin particles (HDLp), with concomitant
association of up to 16 molecules of apoLp-III, resulting in

the formation of low-density lipophorin (LDLp). LDLp
particles release their neutral glycerolipid load at flight
muscle cells without internalization. Depletion of DG results
in dissociation of apoLp-III and regeneration of HDLp. Free
apoLp-III generated can be reused for another cycle of DG
transport. Aside from its role in lipid transport, recent reports
indicate an involvement of apoLp-III in other physiological
processes including immune activation (1, 7-8), pro-
grammed cell death (9), detoxification (10), and hemagglu-
tination (11). For a better understanding of apoLp-III function
in these processes, detailed knowledge about its structural
and functional properties is necessary.

High-resolution structures are available for lipid-free
apoLp-III fromLocusta migratoria(12) andManduca sexta
(13). NMR studies withM. sextaapoLp-III, which shares a
71% amino acid sequence identity with apoLp-III fromG.
mellonella(2), revealed that the lipid-free protein consists
of a bundle of five amphipathicR-helices connected by short
loops (13). Hydrophobic residues orient toward the interior
of the helix bundle, whereas hydrophilic residues face the
aqueous environment. Biophysical and functional data sug-
gest that during lipid association, apoLp-III undergoes a
conformational opening about “hinged” loops that connect
helical segments in the bundle. Opening of the helix bundle
exposes the hydrophobic interior of the protein, which
becomes available for interaction with lipoprotein surface
defects (12-17). While the loops between helix-2 and helix-3
and between helix-4 and helix-5 act as hinges, the other loops
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are believed to initiate contact to the lipid surface (18, 19).
The structure of apoLp-III isolated from unrelated insect
species is conserved since the X-ray structure ofL. migra-
toria apoLp-III shows a similar molecular architecture,
despite low sequence identity (12).

Previous studies with fragments of apoLp-III revealed that
individual helices or two connected helical segments together
are insufficient to retain either the structure or the function
of apoLp-III (20-22). To further evaluate the minimal
structural requirements for apoLp-III structural and/or func-
tional properties, we have engineered a C-terminal deletion
mutant composed of the three N-terminal helical segments
(residues 1-91). ApoLp-III(1-91) adoptsR-helical second-
ary structure and retains properties of the intact protein. The
truncated apolipoprotein spontaneously transforms DMPC
bilayer vesicles into discoidal complexes and forms a stable
binding interaction with modified human low-density lipo-
protein.

MATERIALS AND METHODS

Design of Mutant.The nucleotide sequence encoding
residues 1-91 ofG. mellonellaapoLp-III was PCR-amplified
from a full-length cDNA template (7) with Pfu polymerase
(Stratagene). The following oligonucleotide primers were
employed: 5′-CCG ACG CGT CCA CGC CGC TGC AG-
3′ and 5′-CGG AAT TCT TAG TGC GCG CGC CGC AGC
TCC TC-3′. The phosphorylated amplification product was
digested withEcoRI and ligated into the pET 22b+ vector
(Novagen) via itsMscI andEcoRI sites and transformed into
Escherichia coliBL 21 (DE3) cells. The DNA sequence was
verified by cycle sequencing following evaluation with an
automated DNA sequencer (Licor 4000L, MWG-Biotech).

Expression and Purification of Recombinant Proteins.
Expression and purification of recombinant apoLp-III was
performed as previously outlined (7, 23). Briefly, 25 mL of
an overnight culture ofE. coli BL21 (DE3) cells (grown in
2 × yeast tryptone medium at 30°C) harboring theG.
mellonellawild-type apoLp-III/pET or apoLp-III(1-91)/pET
plasmid was added to 1 L of M9 minimal media supple-
mented with 13.3 mM glucose, 0.1 mM CaCl2, 2 mM MgSO4

and grown at 37°C to an OD600 ) 0.6. Isopropyl-â-D-
thiogalactopyranoside was added to a final concentration of
2 mM, and culture continued for 4 h at 30°C. Subsequently,
the cells were pelleted by centrifugation, and the supernatant,
concentrated by ultrafiltration, was subjected to Sephadex
G75 gel filtration chromatography and reversed-phase high-
performance chromatography (RP-HPLC). The purity of the
samples was analyzed by analytical RP-HPLC and sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) using 4-20% acrylamide gradient gels (24). Gels
were stained with Coomassie Blue. The correct size of the
deletion mutant was verified by electrospray mass spectrom-
etry (VG quattro mass spectrometer, Fisons Instruments,
Manchester, U.K.).

Hydrodynamic Studies.Fringe counts were performed
using a Beckman XLI analytical ultracentrifuge and double-
sector capillary synthetic boundary sample cells as described
(25). Prior to ultracentrifugation, samples were dialyzed for
48 h in 50 mM sodium phosphate, pH 7.0. The absorbance
of each sample was measured using 1.0 cm path length
cuvettes. Samples (120µL) were loaded into one sector of

the sample cell, and 400µL of the dialysate was loaded into
the other sector. Runs were performed at 8000 rpm, and scans
were taken when fringes were resolved across the boundary
region between protein solution and solvent. The number of
fringes produced across the boundary was measured and
converted to concentration using an average increment of
3.31 fringes mg-1 mL-1.

Sedimentation equilibrium experiments were carried out
at 20°C using interference optics. Aliquots of sample (110
µL) were loaded into 6-sector CFE cells, allowing three
concentrations of sample to be run simultaneously. Runs were
performed at 18 000, 22 000, 26 000, and 30 000 rpm, and
each speed was maintained until there was no significant
difference in scans taken 2 h apart to ensure equilibrium was
achieved. The sedimentation equilibrium data were evaluated
with the NonLin analysis program using a nonlinear least-
squares curve-fitting algorithm (26). The program Sednterp
was employed to calculate the partial specific volume of the
proteins from the amino acid compositions using the method
of Cohn and Edsall (27).

Circular Dichroism Spectroscopy.Circular dichroism (CD)
spectroscopy was performed in a JASCO J-720 spectropo-
larimeter calibrated with a 0.06% solution of ammonium
d-camphor-10-sulfonate. The temperature in the sample
chamber was maintained using a Lauda RM6 low-temper-
ature circulator. Data were collected using the J700 for
Windows standard analysis software, version 1.10.00. Prior
to measuring ellipticity at 221 nm, samples treated with
guanidine hydrochloride were incubated for 24 h. CD spectra
were analyzed for secondary structure by a modified Contin
program by Provencher and Glo¨ckner (28), using poly-L-
glutamate as standard for the calculation of theR-helical
content of the proteins.

Preparation of Protein-DMPC Complexes.Dimyris-
toylphosphatidylcholine (DMPC) or dimyristoylphosphati-
dylglycerol (DMPG) vesicles were prepared by dissolving
the phospholipids in chloroform/methanol 3:1 (v/v). The
solvent was evaporated to dryness under a stream of N2,
resulting in a thin film of dry lipid. Buffer (20 mM Tris-
HCl, 150 mM NaCl, 0.5 mM EDTA, pH 7.2) was added to
a final concentration of 10 mg of lipid/mL, heated to 42°C,
and vigorously vortexed for 1 min. From this solution,
unilamellar vesicles were prepared by extrusion using 200
nm filters (Avanti Polar Lipids) (29). To 5 mg of unilamellar
DMPC vesicles was added 2 mg of apoLp-III or apoLp-III-
(1-91), mixed, and incubated overnight at 24°C. KBr (1.12
g) was added to the cleared solution, and the volume was
adjusted to 2.5 mL. The samples were transferred to 5 mL
Quick seal tubes, overlayed with 0.9% NaCl, and centrifuged
at 65 000 rpm for 2 h at 4°C in a VTi 65.2 rotor. The
gradient was fractionated into 500µL aliquots and measured
for protein using the bicinchoninic acid protein assay (Pierce).
Fractions containing protein-lipid complexes were dialyzed
against phosphate-buffered saline (154 mM NaCl, 50 mM
NaH2PO4, 50 mM Na2HPO4, 3.4 mM EDTA, pH 7.0).
Aliquots of the preparations were subjected to native PAGE.
For guanidine hydrochloride denaturation studies, the com-
plexes were dialyzed against 50 mM sodium phosphate (pH
7.2) for 48 h.

Electron Microscopy.Protein-lipid complexes were ad-
sorbed to hydrophilized, carbon-coated grids and rinsed 3
times with buffer (10 mM Tris, 10 mM NaCl, 1.5 mM
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MgCl2). The grids were then negatively stained for 10 s with
2% sodium phosphotungstate, pH 7.0. Photographs were
taken in a Philips EM 420 operated at 100 kV.

Cross-Linking Studies. Chemical cross-linking was per-
formed as described previously (17). Wild-type or truncated
apoLp-III-DMPC discoidal complexes (50µg of protein)
were incubated at room temperature for 3 h with increasing
concentrations of dimethyl suberimidate (DMS), ranging
from 0.2 to 2 mM. DMS was dissolved in 1 M triethanola-
mine (pH 9.7), resulting in a final triethanolamine concentra-
tion of 0.1 M. The reaction was terminated by addition of
SDS-PAGE sample treatment buffer; the samples were
boiled for 5 min and loaded onto an 8-20% acrylamide
SDS-PAGE gel.

Vesicle Clearance Assay. The rate of apoLp-III-induced
transformation of phospholipid vesicles into protein-lipid
complexes was monitored using a Perkin-Elmer spectro-
fluorometer (model LS 50B) as described (18). Excitation
and emission wavelengths were set at 612 nm, using a slit
width of 3 nm. The temperature of the cuvette holder was
maintained at 24°C. Phospholipid vesicles (250µg) were
equilibrated in vesicle buffer to 24°C for 5 min. Protein
(250µg for DMPC and 10µg for DMPG, 1 mL final sample
volume) was added and mixed for 10 s. The decrease in light
scattering was monitored as a function of time.

LDL Protection Assay.Incubation of human LDL with
phospholipase C (PL-C, fromBacillus cereus, Sigma,
P-7147) was performed as described (30, 31). Fifty micro-
grams of human LDL protein in 50 mM Tris-HCl, pH 7.5,
containing 150 mM NaCl and 2 mM CaCl2 was incubated
at 37 °C for 2 h with 160 milliunits of PL-C. Where
specified, increasing amounts of wild-type apoLp-III or
apoLp-III(1-91) were included in incubations of LDL and
PL-C (200µL final sample volume). The absorbance at 340
nm was measured at the times indicated.

RESULTS

Design, Expression, and Purification of Deletion Mutant.
To identify the minimal requirement for maintenance of
apoLp-III structural stability and lipid binding, a truncated
apoLp-III mutant was designed. Based on the NMR solution
structure of M. sexta apoLp-III (8; PDB code 1MAP),
sequence alignment identified the helix boundaries of the
first three helices ofG. mellonella apoLp-III: helix-1
(residues 7-28), helix-2 (residues 35-65), and helix-3
(residues 69-90). Wild-type recombinantG. mellonella
apoLp-III and the C-terminal deletion mutant containing the
first three helical segments, apoLp-III(1-91), were over-
expressed inE. coli. Remarkably, both recombinant proteins
escape the bacteria and accumulate in the culture medium
at concentrations up to 100 mg/L, from which apoLp-III was
purified. SDS-PAGE analysis revealed a single band with
a mass of∼18 kDa for wild-type apoLp-III and∼10 kDa
for apoLp-III(1-91) (Figure 1A). Analytical HPLC profiles
(Figure 1B,C) showed a high degree of purity while mass
spectrometry of the deletion mutant gave a single mass of
10 102( 2 Da (Figure 1D), identical to that expected on
the basis of its amino acid sequence (10 104 Da).

Biophysical Properties.The hydrophobic moment of
individual helices in apoLp-III, calculated according to
Eisenberg (32), did not reveal major differences among the
different helices: helix-1) 0.451, helix-2) 0.445, helix-3
) 0.542, helix-4) 0.358, helix-5) 0.492. Far-UV CD
spectra (Figure 2A) revealed a highR-helix content for wild-
type apoLp-III (86%), which was not affected by 50% (v/v)
trifluoroethanol (TFE, Table 1). ApoLp-III(1-91) had 50%
R-helix in buffer alone, while TFE (50% v/v) increased the
R-helix content to essentially 100% (Table 1). Interaction
with DMPC caused an increase in theR-helix content for
both wild-type apoLp-III and apoLp-III(1-91) (Table 1).

The effect of guanidine hydrochloride exposure on the
secondary structure content of wild-type apoLp-III and

FIGURE 1: Expression of wild-type and apoLp-III(1-91). Panel A: SDS-PAGE (4-20% slab) of wild-type apoLp-III (lane 2) and apoLp-
III(1-91) (lane 3). Lane 1: Marker proteins. Panels B and C: HPLC profiles of wild-type (B) and apoLp-III(1-91) (C). Panel D: Mass
spectrometry of apoLp-III(1-91).
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apoLp-III(1-91) is shown in Figure 2B. Consistent with data
reported forM. sextaapoLp-III (33) wild-typeG. mellonella
apoLp-III was relatively labile, displaying a denaturation
midpoint of 0.3 M. The corresponding value for apoLp-III-
(1-91) was 0.4 M. Association with DMPC stabilized both
apoLp-III samples as shown by their significantly increased
resistance to guanidine hydrochloride induced denaturation
(Table 1). The lipid-free wild-type apoLp-III sedimentation

equilibrium data fit well to a single species model with no
evidence of association and a calculated apparent molecular
mass of 17 030 Da, implying it is monomeric in solution
(Figure 3A). The deletion mutant displayed definite evidence
of association and fit best to a monomer-dimer model, with
an apparent molecular mass of 18 910 Da, although the
higher concentration data sets, when fit individually, had an
apparent molecular mass slightly higher than dimer, indicat-
ing a small amount of higher order species as well (Figure
3B).

Phospholipid-ApoLp-III Complexes.Electron micrographs
of apoLp-III-DMPC complexes prepared with wild-type
apoLp-III revealed a homogeneous population of discoidal
structures (Figure 4). The size and shape of the complexes
(Table 2) were similar to those described forM. sextaapoLp-
III ( 17). ApoLp-III(1-91) also forms discoidal structures,
but these are smaller in diameter compared to complexes
formed with wild-type apoLp-III. Native PAGE analysis
revealed complex sizes of about 700 kDa for wild-type
apoLp-III-DMPC disks and about 400 kDa for apoLp-III-
(1-91)-DMPC disks (not shown).

Chemical Cross-Linking.To determine the number of
apoLp-III molecules bound per disk, apoLp-III-DMPC
complexes prepared with wild-type apoLp-III or apoLp-III-
(1-91) were incubated with increasing amounts of dimethyl
suberimidate (DMS) and analyzed by SDS-PAGE. The data
showed up to five wild-type apoLp-III molecules per disk,
as indicated by the appearance of bands with molecular
masses of 19, 42, 61, 80, and 105 kDa (Figure 5A).
Experiments performed at 4 mg/mL DMS did not lead to a
further increase in the number of apoLp-III molecules per
disk (data not shown). Addition of DMS to lipid-free wild-
type apoLp-III showed only the presence of a broad band at
∼20 kDa, which was slightly shifted due to internal cross-
linking. This confirms thatG. mellonellawild-type apoLp-
III is present as a soluble monomer in buffer. Complexes of
DMPC and apoLp-III(1-91) contained up to seven mol-
ecules of truncated apoLp-III per disk as judged by SDS-
PAGE (Figure 5B). Cross-linking of the lipid-free deletion
mutant showed the presence of internally cross-linked
monomers, dimers, and small amounts of trimers (Figure 5B,
lane 2).

Phospholipid Vesicle Clearance. A known property of
amphipathic exchangeable apolipoproteins is an ability to
transform phospholipid vesicles into much smaller discoidal
lipid-protein complexes. Wild-type apoLp-III cleared a
suspension of DMPC vesicles in about 2000 s, whereas in
the absence of apolipoprotein the suspension remained turbid

FIGURE 2: Far-UV CD spectra and guanidine hydrochloride induced
denaturation of wild-type apoLp-III and apoLp-III(1-91). Panel
A: CD spectra of wild-type apoLp-III or apoLp-III(1-91). CD
spectra were also recorded in the presence of 50% TFE. Panel B:
Denaturation of apoLp-III induced with guanidine hydrochloride
of lipid-free and DMPC-bound apoLp-III. Prior to measurement,
samples were incubated with different concentrations of guanidine
hydrochloride for 24 h.

Table 1: Biophysical Properties of ApoLp-IIIa

wild-type
apoLp-III apoLp-III(1-91)

R-helix (%) 86 50
R-helix + TFE (%) 86 100
R-helix + DMPC (%) 100 100
[guanidine-HCl]1/2 lipid-free (M) 0.3 0.4b

[guanidine-HCl]1/2DMPC (M) 3.5 3.0
aThe percentage ofR-helical content was calculated by a modified

Contin program by Provencher and Glo¨ckner (28) from the far-UV
CD spectra of the proteins. [Guanidine-HCl]1/2 is the molar concentra-
tion of guanidine hydrochloride required to give a 50% decrease in
ellipticity at 221 nm.b The denaturation midpoint is approximately
estimated as the low structure of the peptide did not allow a precise
measurement.

Table 2: Properties of Discoidal Complexes of DMPC and
ApoLp-IIIa

wild-type apoLp-III apoLp-III(1-91)

particle mass (kDa) ∼700 ∼400
diameter (nm) 17.7( 1.8 13.5( 2.4
no. of apoLp-III 5 7
t1/2 (s) 425 80

a Particle masses were estimated from native PAGE; the diameters
of the disks were measured from electron micrographs (Figure 4). The
number of apoLp-III units was determined by cross-linking studies
(Figure 5); t1/2 represents the time required for a 50% reduction of
sample turbidity of a mixture of DMPC vesicles and full-length or
apoLp-III(1-91), using a protein:lipid mass ratio of 1:1.
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(Figure 6). Using the same amount of protein mass, apoLp-
III(1-91) showed a strongly increased vesicle clearance rate
compared to wild-type apoLp-III. The time required to
achieve 50% of the maximum clearance (t1/2, Table 2) was
425 s for wild-type apoLp-III, and 80 s for apoLp-III(1-
91). Using equal molar protein amounts,t1/2 for apoLp-III-
(1-91) was 85 s (not shown). Thus, apoLp-III(1-91)
associated about 5 times faster with DMPC vesicles than
wild-type apoLp-III.G. mellonellaapoLp-III is also able to
disrupt dimyristoylphosphatidylglycerol (DMPG) vesicles,
a process that occurs at a much faster rate than with DMPC
vesicles (t1/2 DMPG ) 40 s). Clearance rates for apoLp-III-
(1-91) were too fast to measure as complete clearance was
achieved during mixing (data not shown).

Protection against PL-C-Induced LDL Aggregation.Treat-
ment of human LDL with PL-C results in an aggregation of
LDL particles due to the appearance of surface-localized DG.
This process can be monitored by an increase in sample
turbidity. Exchangeable apolipoproteins are able to prevent
aggregation by association with DG patches created on the
surface of modified lipoprotein particles (30, 31). This
process is specific for exchangeable apolipoproteins since
other globular proteins (i.e., bovine serum albumin or
carbonic anhydrase) are unable to protect PL-C-treated LDL
from aggregation (34). Wild-type apoLp-III or apoLp-III-
(1-91) prevent PL-C-induced aggregation of LDL to a
similar extent. However, when limiting amounts of apoLp-
III were used, it was observed that wild-type apoLp-III was
more effective than apoLp-III(1-91) in preventing aggrega-
tion (Figure 7). The estimated amount of protein sufficient

to reach 50% of the maximum turbidity (2 h incubation) was
12.5 µg for wild-type apoLp-III and 24µg for apoLp-III-
(1-91).

DISCUSSION

Structural Studies with ApoLp-III(1-91).The N-terminal
10 kDa fragment (residues 1-91) of G. mellonellaapoLp-
III characterized in this study includes only the first three
helices. In contrast to the full-length protein which is present
as a monomer, the deletion mutant partly self-associates to
form dimers and, to a lesser extent, trimers. Apparently the
presence of fiveR-helices prevents self-association of the
protein while removal of two helices favors dimerization.
CD measurements revealed that theR-helical content of the
deletion mutant is 50%, noticeably lower than wild-type
apoLp-III (86%). These results indicate that the deletion
mutant does not simply fold as a 3-helix bundle in solution.
TheR-helix content of apoLp-III(1-91) was induced by TFE
(50% v/v) to a maximal extent (100%), and, after binding
to DMPC, both proteins were essentially 100%R-helical.
This is in agreement with values observed forM. sexta
apoLp-III (17), which also adopts essentially 100%R-helix
content upon binding to DMPC.

Wild-type apoLp-III and apoLp-III(1-91) showed guani-
dine hydrochloride denaturation midpoints of 0.3 and 0.4
M, respectively. These values are similar to that ofL.
migratoria apoLp-III (0.6 M) or M. sextaapoLp-III (0.36
M) (16, 33). The relatively low stability of lipid-free apoLp-
III may provide a flexible structure to accommodate con-
formational changes induced by lipoprotein surface interac-

FIGURE 3: Sedimentation equilibrium distribution of apoLp-III. Shown are fits of wild-type apoLp-III (1.42 mg/mL) to a single species
model (panel A), and deletion mutant (1.48 mg/mL) to a monomer-dimer model (panel B). Bottom panels show raw data points, and the
lines represent the best fits from four speed conditions: 18 000 rpm (circles), 22 000 rpm (squares), 26 000 rpm (triangles), and 30 000 rpm
(diamonds). The residuals of the fits are shown in the upper panels.
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tions. As reported for the latter apolipoproteins (16, 17), lipid
binding causes a significant increase in stability of both wild-
type apoLp-III and apoLp-III(1-91).

Lipid Binding Properties of ApoLp-III(1-91).The deletion
mutant rapidly associates with unilamellar phospholipid
vesicles. The rate of transformation into disklike structures
from DMPC and DMPG vesicles was significantly higher
than those observed for wild-type apoLp-III. The resulting
discoidal complexes were smaller and contained more
molecules of apoLp-III(1-91) than complexes made with
the full-length protein. Apparently, the smaller size, lower
R-helical content, and self-associating properties are no
hindrance for the deletion mutant to interact with phospho-
lipid vesicles.

In earlier studies, it has been shown that a complementary
charge distribution between protein and the corresponding
lipid is important for the initiation of lipid binding (35, 36).
Indeed, addition of positively charged residues in the loop
regions inL. migratoria apoLp-III increased the clearance
rates of zwitterionic or anionic phospholipid vesicles (18).
However, in the present study the change in the relative
amount of Arg or Lys introduced by removing two helices
from G. mellonella apoLp-III is negligible. Cooperative
interactions within the peptide or the altered presentation of
positively charged residues to the solution environment due
to unique folding of the deletion mutant could conceivably
explain the enhanced rate of association with DMPC or
DMPG vesicles. In addition, because of its decreased

resistance to guanidine denaturation compared to wild-type
apoLp-III, apoLp-III(1-91) might require less energy to
induce a change in structure upon lipid binding, resulting in
faster lipid association kinetics. In this context, it is worth
mentioning that a decrease in pH from 7 to 4 results in a
40-fold increase in the DMPC clearance rates ofM. sexta
apoLp-III (37). This was explained by a partially unfolded

FIGURE 4: Electron micrographs of DMPC-protein complexes.
DMPC was complexed with wild-type apoLp-III (panel A) or
apoLp-III(1-91) (panel B). Samples were negatively stained with
2% phosphotungstate for electron microscopy.

FIGURE 5: SDS-PAGE of wild-type apoLp-III-DMPC and apoLp-
III(1-91)-DMPC complexes cross-linked with DMS. Protein-
DMPC complexes (50µg of protein) were incubated with increasing
amounts of DMS and analyzed by SDS-PAGE (8-20% slab).
Panel A: Wild-type apoLp-III. Panel B: ApoLp-III(1-91). Lane
1, apoLp-III; lane 2, apoLp-III with 2 mg/mL DMS; lane 3, apoLp-
III -DMPC complexes; lane 4, apoLp-III-DMPC complexes with
0.2 mg/mL DMS; lane 5, apoLp-III-DMPC complexes with 0.4
mg/mL DMS; lane 6, apoLp-III-DMPC complexes with 1.0 mg/
mL DMS; lane 7, apoLp-III-DMPC complexes with 2.0 mg/mL
DMS; lanes 8 and 9, molecular mass markers.

FIGURE 6: Phospholipid vesicle clearance. Mixtures of DMPC
vesicles and wild-type apoLp-III (curve a) or apoLp-III(1-91)
(curve b) were incubated at a phospholipid:protein mass ratio of
1:1. Vesicle clearance was followed as a function of time at 24°C
by 90° light scattering in a fluorescence spectrophotometer (excita-
tion and emission wavelength set at 612 nm). Curve c corresponds
to vesicles only.
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state of the protein at low pH (a “molten globule” conforma-
tion).

ApoLp-III(1-91) is able to prevent PL-C-induced LDL
aggregation. However, higher protein amounts in comparison
to wild-type apoLp-III are necessary for complete protection
of lipolyzed LDL. This might be a result of removal of the
short helix normally located between helix-3 and helix-4
(residues 95-100). It is thought to play an important role in
the initiation of lipoprotein binding (19). On the other hand,
this short helix may not be an absolute requirement for lipid
surface recognition of apoLp-III as its function can be
replaced by other regions in the protein.

The interaction of apoLp-III with lipoprotein surfaces
versus phospholipid vesicles differs fundamentally, and this
fact might explain the different outcome of both assays.
ApoLp-III penetrates and disrupts vesicle bilayers to form
disklike particles (34) while binding of apoLp-III to spherical
lipoproteins takes place after creation of hydrophobic patches
on the LDL surface induced by PL-C. It is worth mentioning
that the DG appearance on lipoprotein surfaces is the trigger
for apoLp-III binding in vivo (38-40), suggesting that the
results obtained in this assay resemble the physiological
function of exchangeable insect apolipoproteins.

Concluding Remarks.Studies with synthetic peptides
revealed that several factors are important with regard to the
lipid binding abilities of peptides forming amphipathic helices
(41, 42), i.e., the number of helices involved (43), cooper-
ativity between helices (44, 45), and the amphipathicity of
the peptide (35, 46). Cleavage ofL. migratoriaapoLp-III in
the middle of helix-3 yielded two 9K fragments, but those
fragments failed to interact spontaneously with DMPC
vesicles (21). Isolation of a 4K fragment ofM. sextaapoLp-
III that consists of the fifth helix displayed a predominantly
random-coiled, unstructured state (20), and did not bind to
DMPC vesicles. From NMR studies with the 4K peptide (22)
as well as with full-length protein (13), it was concluded
that hydrophobic interhelical contacts, such as between
helix-1 and helix-5 and between helix-2 and helix-5, are
necessary for proper folding of apoLp-III. The presence of

three complete helices in apoLp-III(1-91) might permit such
interhelical contacts.

It is evident that apoLp-III(1-91) is a stable apolipoprotein
and retains the ability to associate with lipoproteins and to
interact with phospholipid vesicles. Thus, it can be concluded
that this deletion mutant, that is composed of helix-1, helix-2
and helix-3, contains the basic structural elements needed
for lipid binding. The design and expression of truncated
versions of apoLp-III enables investigations of structural
elements involved in lipid association to apolipoproteins, but
also is useful for study of other physiological functions, such
as the role of apoLp-III in regulation of insect immunity
(1, 7). The immune stimulating function of apoLp-III might
be restricted to the presence of apoLp-III in the lipid-bound
form (8) although the mechanism of this process remains to
be solved. It will be of interest if also the immune stimulating
activity is conserved in apoLp-III(1-91). In addition, the
relatively small size of the deletion mutant facilitates NMR
studies of the lipid-bound protein.
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