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ABSTRACT: The molecular basis of the interaction of apolipophorin I11 (apoLp-111), an exchangeable 
apolipoprotein from hemolymph of the sphinx moth, Munduca sextu, with lipoprotein surfaces and 
phospholipids was studied by investigating the structural and binding properties of the C-terminal fragment 
of the native protein. A 4K peptide, corresponding to the terminal helical segment of the native protein, 
was generated by cyanogen bromide treatment, purified by gel filtration and reverse-phase HPLC, and 
characterized by N-terminal sequencing and amino acid and mass spectrometric analysis. Circular dichroism 
(CD) spectroscopy of the peptide in buffer indicated a predominantly unstructured state while addition of 
trifluoroethanol (TFE), a helix-inducing agent, resulted in an a-helical structure. Sedimentation equilibrium 
studies revealed that the 4K peptide was monomeric in buffer. The 4K peptide assumed an a-helical 
conformation in the presence of sodium dodecyl sulfate (SDS) and lysolecithin, but was unstructured in 
the presence of dimyristoylphosphatidylcholine, either when added to preformed vesicles or upon 
cosonication, indicating an ability to bind to detergent micelles but not to phospholipid bilayers. Unlike 
native apoLp-111, the 4K peptide did not confer protection against turbidity development to human low 
density lipoprotein upon incubation with phospholipase C, indicating an inability to interact with the 
surface of lipoproteins. Upon interaction with SDS micelles, both the 4K peptide and apoLp-I11 were 
resistant to urea-induced denaturation when compared to free apoLp-111, as evaluated by CD spectroscopy. 
The structural stability conferred upon interaction with detergents was similar for both the peptide and 
the native protein. Intrinsic fluorescence of the single tyrosine (Tyr) residue (Tyr 145 in the native protein), 
which is quenched in the free peptide, increased concurrently with the formation of a-helix in the presence 
of TFE or detergents. Tyr fluorescence emission was followed in both native apoLp-I11 and the 4K 
peptide as a probe to monitor conformational changes in different environments such as in H20, 2H20, 
TFE, and detergent micelles. Our studies suggest that other domains in the protein play a role in the 
amphipathic helix forming capacity of the terminal helical region of apoLp-111. Further, the fluorescence 
status of Tyr can be used as a reliable probe to monitor the conformational changes that take place upon 
binding to apolar surfaces. 

Apolipophorin I11 (apoLp-111)’ from the sphinx moth, 
Manduca sexta, plays a critical role in transport of lipopro- 
tein-associated diacylglycerol in hemolymph during sustained 
flight (Ryan, 1990; Van der Horst, 1990). ApoLp-I11 is a 
water soluble protein present in abundance in the hemolymph. 
A structural scaffolding role has been assigned to apoLp-I11 
as it associates with the expanding hydrophobic surface of 
low density lipophorin during lipid loading (Wells et al., 
1987), thereby stabilizing the lipoprotein particle. 
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The primary sequence of apoLp-111, which lacks tryp- 
tophan and cysteine, consists of 166 amino acid residues and 
is nonglycosylated (Cole et al., 1987; Kawooya et al., 1984). 
While the tertiary structure of M. sexta apoLp-I11 is not 
known, secondary structure predictions suggest that the 
protein contains sequentially-located amphipathic a-helical 
segments of variable length. An analogous apoLp-I11 from 
Locusta migratoria, which bears considerable sequence and 
functional homology (Van der Horst et al., 1988), has been 
crystallized (Holden et al., 1988), and X-ray crystallographic 
studies at 2.5 8, reveal a bundle of five amphipathic helices 
connected by loops (Breiter et al., 1991). 

The amphipathic helix has been identified as the putative 
lipid-associating motif in exchangeable apolipoproteins and 
has long been proposed to be the determining factor of lipid 
binding ability (Segrest et al., 1974), though there is 
considerable debate as to the structural motifs involved in 
the binding of apolipoproteins to lipids. In general, the 
apolar face of the helix was suggested to be buried in the 
lipid milieu, with the polar face exposed to the solvent and 
available for interaction with the charged phospholipid 
headgroups. X-ray crystallographic studies of lipid-free L. 
migratoria apoLp-I11 (Breiter et al., 1991) indicated that the 
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five amphipathic helices orient in such a way that their 
hydrophobic faces are juxtaposed, facing away from the 
solvent while their hydrophilic sides are exposed to the 
solvent. It was proposed that a large conformational change 
occurs in the presence of lipids with an opening of the helix 
bundle at loop regions between helices 2 and 3, and 4 and 
5, so that their hydrophobic sides now face the lipid, 
facilitating binding. Further, it has been postulated that ionic 
interactions may play a critical role in initiating and 
stabilizing the binding of apoLp-I11 with phospholipid 
surfaces (Zhang et al., 1993). Such a conformational 
flexibility could possibly explain the dichotomous existence 
of apoLp-I11 in free and lipid-bound states. 

A number of studies have been undertaken with mam- 
malian apolipoprotein fragments and synthetic peptide 
analogs, and there is a general lack of consensus with regard 
to the structural basis of lipid binding. In human apoC-I1 
and apoE, amphipathic segments toward the carboxyl 
terminus appear to be involved in phospholipid binding 
(Sparrow & Gotto, 1980; Sparrow et al., 1985). In human 
apoA-I1 and in apoC-I, the phospholipid-associating domains 
were found to reside at opposite ends of the proteins, with 
contributions from helical segments in both the carboxyl and 
amino terminal ends [see Segrest et al. (1 992) and references 
cited therein]. In human apoA-I, despite the presence of 
amphipathic segments throughout the length of the protein, 
the phospholipid-binding domain appears to be on multiple 
sites toward the carboxyl terminus (Sparrow & Gotto, 1980). 

In M. sexta or L. migratoria apoLp-I11 little is known of 
the mechanism of protein-lipid interactions, though there 
is evidence that large conformational changes take place 
when the protein binds to phospholipid particles (Wientzek 
et al., 1994; Weers et al., 1994). As the carboxyl terminus 
appears to be involved in lipid association in many apoli- 
poproteins [see Segrest et al. (1992)], we studied, for the 
first time, the properties of a 36-residue carboxy terminal 
peptide (4K peptide) that corresponds to the fifth helical 
segment of native M. sexta apoLp-111. The presence of a 
single Tyr residue in this segment and in the native protein 
(Tyr 145) was useful as a fluorescent probe to monitor 
conformational changes and lipid interaction. We report here 
the studies on the structural characteristics of the 4K peptide 
in aqueous, detergent, and phospholipid environments using 
CD and fluorescence spectroscopy and functional aspects 
using lipoprotein and diacylphospholipid binding assays. 

MATERIALS AND METHODS 

Materials. Cyanogen bromide, dimyristoylphosphatidyl- 
choline, egg yolk L-a-lysolecithin, sodium dodecyl sulfate, 
trifluoroethanol, *H20, and phospholipase C from Bacillus 
cereus were obtained from Sigma Chemical Co. 

Apolipophorin III Purification and LDL Isolation. ApoLp- 
I11 was purified from the hemolymph of adult M. sexta as 
described previously (Wells et al., 1985) with some modi- 
fications as outlined by Wientzek et al. (1994). LDL (density 
1.006- 1.063 g/mL) was isolated from fasting human plasma 
by sequential density ultracentrifugation (Schumaker & 
Puppione, 1986) and stored under argon at 4 "C. 

Cyanogen Bromide Digestion and Purification of 4K 
Peptide. Purified apoLp-I11 was dissolved in 70% formic 
acid at a concentration of 25 mg/mL and treated with a 100- 
fold molar excess of cyanogen bromide per methionine 
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residue. The mixture was incubated for 18 h at room 
temperature followed by addition of excess water and 
lyophilization. The digestion was followed by Tricine- 
SDS -polyacrylamide gel electrophoresis used for separation 
of low molecular weight peptides (Schagger & von Jagow, 
1987). The dried residue was dissolved in a minimal volume 
of 20 mM sodium phosphate buffer, pH 7.0, containing 150 
mM sodium chloride and 1 mM EDTA (FPLC buffer) and 
centrifuged. The supernatant was loaded on a Superose 12 
ITLC gel filtration column which was previously equilibrated 
with ITLC buffer and eluted at a flow rate of 0.5 mL/min. 
The fractions were analyzed by an analytical reverse-phase 
C-8 column (Zorbax 300SB-C8, 2.1 mm x 15 cm) using a 
Hewlett-Packard HP 1090 liquid chromatograph, with a 
linear AB gradient of 2% B/min, where solvent A was 0.05% 
trifluoroacetic acid in water and solvent B was 0.05% 
trifluoroacetic acid in acetonitrile. Fractions were monitored 
at 220 nm, and those containing the 4K peptide (retention 
time: 19.5 min; verified by N-terminal sequencing) were 
pooled, desalted on a preparative HPLC column, and eluted 
with a linear gradient of acetonitrile at 2%/min. The fractions 
were further analyzed by analytical HPLC, and those 
containing the pure 4K peptide ('99% pure) were pooled 
and lyophilized. 

Characterization of the 4K Peptide. The criteria of purity 
of the 4K peptide was established by HPLC and amino acid 
analysis. N-Terminal sequencing of the peptide revealed the 
sequence Glu-Glu-Thr-Asn-Lys, as established earlier (Cole 
et al., 1987). Mass spectrometric analysis was performed 
on a VG Biotech (Fisons Instruments) mass spectrometer 
by platform electrospray ionization. 

Sedimentation Equilibrium. Hydrodynamic studies on the 
4K peptide were carried out on a Beckman Model E 
analytical ultracentrifuge equipped with electronic speed 
control, RTIC temperature control, and titanium rotor. 
Molecular weight determinations were performed at 20 "C 
using the sedimentation equilibrium techniques described by 
Chervenka (1969). The 4K peptide was run at a concentra- 
tion of 1 mg/ml in 10 mM Tris/100 mM KC1, pH 8.0, at a 
speed of 44 000 rpm using the Rayleigh interference optical 
system and at 1.8 mg/mL in 50% TFE in the same buffer at 
52 000 rpm using the photoelectric scanner optical system 
for 48 h. The partial specific volume of the peptide was 
assumed to be 0.73 and the In y versus 9 data were fitted to 
a second-order polynomial equation, and apparent weight 
average molecular weights were calculated from the slopes 
of the plots. 

Peptide-Diacylphospholipid Interaction Studies. The 
ability of the 4K peptide to disrupt and transform preformed 
multilamellar bilayer vesicles into disc-like peptide-lipid 
complexes was determined by electron microscopy and 
circular dichroism spectroscopy (CD) in a manner analogous 
to that described for the native protein (Wientzek et al., 
1994). Dimyristoylphosphatidylcholine (DMPC) vesicles 
were mixed with the 4K peptide or control apoLp-III(2 mg/ 
mL) solution in 0.2 M Tris-HC1, pH 7.2, containing 8.5% 
potassium bromide and 0.01% EDTA (buffer A), to give final 
1ipid:peptide molar ratios varying from 70:l to 1:1, and 
incubated at 24 "C for 18 h. The mixture was subjected to 
density gradient ultracentrifugation to determine association 
of peptide with diacylphospholipids. The density of the 
incubation mixture was adjusted to 1.21 g/mL with KBr to 
a final volume of 2.5 mL, overlaid with 0.9% saline in a 5 
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mL Quick-Seal tube, and centrifuged at 65 000 rpm for 3 h 
at 4 "C. Following centrifugation, the tube was fractionated 
from the top in 0.5 mL aliquots and phospholipid assay was 
carried out using an enzymatic kit (Wako Pure Chemical 
Industries, Ltd., Japan). Fractions containing DMPC/4K 
peptide or DMPC/apoLp-111 complexes were examined under 
an electron microscope. Native PAGE was carried out as 
described by Ryan et al. (1985) for DMPC/apoLp-I11 
complexes. Alternatively, the 4K peptide was subjected to 
cosonication with DMPC according to the protocol of Lund- 
Katz et al. (1990). DMPC was dried under nitrogen as a 
thin film from CHCldCH30H solutions (3: 1 v/v) and further 
dried under vacuum for about 2 h. The 4K peptide in 150 
mM NaCYl mM EDTA, pH 8.0, was added to the film to 
give a final lipid:peptide weight ratio of 2.5:1 and bath 
sonicated at 24 "C for about 10 min until clear. A parallel 
control experiment was performed with native apoLp-111. 

CD Spectroscopy. CD studies were carried out at a peptide 
concentration of 1 mg/mL in 0.1 M sodium phosphate buffer, 
pH 7.0, on a Jasco J-720 spectropolarimeter (Jasco Inc., 
Easton, MD) interfaced to an Epson Equity 386/25. The 
instrument was calibrated using ammonium d-(+)- 10-cam- 
phorsulfonate at 290.5 and 192 nm and with d-(-)-pantoyl- 
lactone at 219 nm. CD spectra were collected under different 
conditions such as in 0.1 M phosphate buffer, pH 7.0, in the 
presence of 50% trifluoroethanol (TFE) (v/v), 0.4% egg 
lysolecithin (lysoPC), and 1% SDS and in different lipid: 
peptide ratios. 

Fluorescence Measurements. Fluorescence emission of 
Tyr in both the 4K peptide and native apoLp-III was 
monitored at an excitation wavelength of 277 nm, and the 
emission was scanned from 270 to 350 nm using a Perkin- 
Elmer MPF-44B spectrofluorometer with the temperature 
maintained at 20 "C in a thermostated cell holder. The 
excitation and emission bandwidths were 8 and 10 nm, 
respectively. The quantum yield of Tyr in native apoLp-111 
and the 4K peptide was calculated and compared with that 
of free Tyr. Quantum yield is defined as the the ratio of 
photons emitted to the photons absorbed and was calculated 
according to Eisinger (1969) as: 

Q, = (Qk,>(OD,>/(A,>(OD,> 
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where Q,, is the quantum yield of the unknown, Q, is the 
quantum yield of standard (Tyr in phosphate buffer, pH 7.0, 
calculated as 0.07), A, is the area under the emission 
spectrum of the unknown, A, is the area under emission 
spectrum of Tyr, OD,, is the optical density of the unknown 
at 277 nm (excitation wavelength of Tyr), and OD, is the 
optical density of Tyr at 277 nm. 

Peptide-Lipoprotein Interactions. Phospholipase C (PL- 
C) has been shown to induce aggregation of human LDL 
(Suits et al., 1989) through loss of surface phospholipid. The 
aggregation process is prevented, however, when incubations 
of LDL and PL-C include exchangeable apolipoproteins 
(including apoLp-I11 and human apoA-I), which apparently 
serve as substitute surface components on the phospholipid- 
depleted lipoprotein (Liu et al., 1993). The ability of the 
4K peptide to prevent PL-C-induced LDL aggregation and 
turbidity development has been used as an assay system to 
monitor association with lipoprotein surfaces. The assay 
mixture contained 20 pg protein of human LDL in 50 
mM Tris-HC1, pH 7.5, containing 150 mM NaCl and 2 mM 
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FIGURE 1: The purified 4K peptide after the preparative HPLC 
step elutes with a retention time of 19.5 min on a C-8 Zorbax 
analytical reverse-phase HPLC column (Zorbax 300SB, 2.1 mm 
x 15 cm) with a linear AB gradient of 2% B/min, where solvent 
A was 0.05% trifluoroacetic acid in water and solvent B was 0.05% 
trifluoroacetic acid in acetonitrile. The eluent was monitored at 220 
nm. 

CaC12 at 37 "C in a final volume of 250 p L  in a microtiter 
plate. ApoLp-I11 (20 pg) or the 4K peptide (20 pg) in the 
same buffer was added, and the reaction was started by the 
addition of 400 milliunits of PL-C. The absorbance was 
monitored at 340 nm in a microtiter plate reader (SLT 
Labinstruments) to measure the onset of sample turbidity as 
a function of time. 

Electron Microscopy. Electron microscopy was performed 
in a Philips EM420 operated at 100 kV as described earlier 
(Weintzek et al., 1994). The samples were adsorbed on a 
carbon-coated grid, washed three times with 10 mM Tris, 
10 mM NaC1, and 1.5 mM MgC12, and negatively stained 
with 2% sodium phosphotungstate, pH 7.0. 

Effect of Urea on SDS/Peptide and SDS/ApoLp-Ill Mixed 
Micelles Using CD Spectroscopy. Lipid-free apoLp-I11 or 
apoLp-I11 and 4K peptide in 1% SDS micelles were treated 
with urea up to a final concentration of 6.5 M (25 "C for 
apoLp-I11 and 35 "C for the peptide), and the relative 
ellipticities (e)  at 220 nm were determined by CD spectros- 
copy at various urea concentrations. 

Secondary Structure Predictions and Sequence Alignment. 
The C-terminal sequences of apoLp-I11 from L. migratoria 
(Gln 125 to Asn 161) and M. sexta (Glu 131 to Gln 166) 
were analyzed by the SEQSEE program (Wishart et al., 
1994), a multipurpose suite of programs, for secondary 
structure identification and sequence alignment. The crystal 
structure of L. migratoria apoLp-I11 (Breiter et al., 1991) 
was used as a guideline for evaluating strategies for cleavage 
of the terminal helix of M. sexta apoLp-111. 

RESULTS 

Purification and Characterization of the 4K CNBr Frag- 
ment. CNBr-generated fragments of apoLp-I11 were sepa- 
rated by FPLC, and fractions containing the 36-residue 
carboxyl terminal fragment were purified by HPLC (Figure 
1). The cleavage was only partial as evidenced by poly- 
acrylamide gel electrophoresis (not shown) of the total digest, 
possibly due to the presence of a glutamate residue following 
both Met 12 and Met 130. The product was >99% pure, 
and its identity was confirmed by N-terminal sequencing and 
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FIGURE 2: CD spectra of the 4K peptide at a concentration of 1 
mg/mL were recorded in 100 mM sodium phosphate buffer, pH 
7.0, curve a; in the presence of DMPC at a 1ipid:peptide mole ratio 
of 15:1, curve b; in 0.4% lysoPC, curve c; in 1% SDS, curve d; 
and in 50% TFE in phosphate buffer, curve e. 

amino acid analysis. Mass spectrometric analysis showed 
the mass to be 4197 f 2 daltons (calculated mass was 4196 
daltons). 

Analytical Ultracentrijkgation. Sedlmentation equilibrium 
studies of the 4K peptide were carried out to assess its 
physical state in aqueous buffer and in 50% TFE (not shown). 
The plot of In y versus 12 was linear in both environments, 
and the apparent molecular mass of the peptide was 
calculated to be 41 10 and 4990 daltons in buffer and 50% 
TFE respectively, clearly suggesting the presence of a single 
species corresponding to a monomer. 

CD Studies. The CD spectra of the 4K peptide in buffer 
(curve a) revealed that the fragment exists in a predominantly 
random coil, unstructured state (Figure 2). Upon progressive 
addition of TFE up to 50% (v/v), there was a corresponding 
increase in negative ellipticity at 222 nm, reflecting an 
increase in a-helical conformation in the peptide (data shown 
only for 50% TFE, curve e). Previous studies have shown 
that the lipid-free form of native apoLp-I11 has an a-helical 
content of -60% (Kawooya et al., 1986; Ryan et al., 1993) 
which increases essentially to 100% upon association with 
DMPC (Wientzek et al., 1994). When a similar study was 
undertaken with the 4K peptide using DMPC or dilau- 
roylphosphatidylcholine (data not shown), there was minimal 
induction of secondary structure (curve b). Upon cosoni- 
cation with DMPC, the peptide failed to adopt an a-helical 
structure even though the solution was clear after sonication. 
However, when detergent micelles of lysoPC and SDS were 
used (curves c and d, respectively) to simulate the apolar 
environment of lipid bilayers of membranes (Snel et al., 
1991; Macquaire et al., 1993; Roth et al., 1989), the 4K 
peptide did adopt an a-helical conformation, indicating an 
interaction with micelles. 
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Quantum yield of Tyr 
fluorescence in native apoLp-I11 and 4K peptide was evalu- 
ated under varying conditions to investigate the conforma- 
tional changes taking place and to assess the overall 
microenvironment of the single Tyr residue (Figure 3 and 
Table 1). Free Tyr was used as a control. The quantum 
yields of Tyr in native apoLp-I11 and in the 4K peptide are 
0.012 and 0.037, respectively, in buffer (panel A), which is 
significantly less than the value observed for free Tyr in 
buffer (0.07; Table 1). This indicates quenching of the 
intrinsic fluorescence and, in general, can be attributed to 
hydrogen bonding of the phenolic hydroxyl proton (Lakow- 
icz, 1983). In order to determine if proton transfer to solvent 
was taking place (Stryer, 1966), quantum yields of Tyr in 
both the native protein and the peptide were assessed after 
extensive exchange of the samples with 2H20 (panel B). The 
quantum yields increased by about 42% and 35% for the 
native protein and peptide, respectively (Table 1). In 50% 
TFE (Figure 3, panel C; Table l), the quantum yield of Tyr 
in 4K peptide increased 3-fold (data not shown for 5%, lo%, 
20%, and 30% TFE, which showed a progressive increase 
in fluorescence) with a concurrent induction of a-helix 
(Figure 2). However, for apolp-111, a 10-fold increase in 
quantum yield was observed in 50% TFE. In control 
experiments, a modest increase in quantum yield of free Tyr 
in 50% TFE to 0.089 ( -25%) was observed. Upon interac- 
tion of the 4K peptide with lysoPC, yielding mixed micelles 
(Figure 3, panel D; Table 1), the quantum yield of Tyr 
increased 3.6-fold, while an even larger increase was 
registered with apoLp-I11 (- 13-fold). Unlike native apolp- 
I11 (Wientzek et al., 1994), no change was observed in the 
quantum yield of Tyr in the 4K peptide in the presence of 
DMPC (data not shown), complementing the CD studies 
which indicate a lack of binding. 

Interaction of 4K Peptide with Lipoproteins and Phos- 
pholipid Bilayers. CD and fluorescence studies showed that 
the 4K peptide possesses the ability to form a-helix in TFE 
and when bound to detergent micelles. Thus, a priori, it 
may appear that the peptide may exhibit an affinity toward 
lipoprotein surfaces. The 4K peptide and native apoLp-I11 
were compared for their ability to protect human LDL from 
turbidity development upon incubation with PL-C. Figure 
4 is a plot of sample absorbance as a function of time 
following the addition of PL-C. In the absence of PL-C, 
LDL is stable, as seen by the lack of turbidity development, 
while in the presence of PL-C turbidity develops following 
an initial lag phase. Exogenous native apoLp-111 (20 pg) 
provided excellent protection against PL-C-induced turbidity 
development and was practically indistinguishable from the 
negative control without PL-C. The 4K peptide, on the other 
hand, was not effective in preventing aggregation, suggesting 
an inability to interact with the lipoprotein surface. Increas- 
ing the concentration of the peptide up to 150 pg  also failed 
to provide protection (data not shown) and, in fact, was 
slightly detrimental at these levels, causing more turbidity 
than the positive control. 

Similarly, the ability of the 4K peptide to disrupt vesicular 
structures and form disc-like complexes was studied. Mul- 
tilamellar vesicles were prepared by sonication of a suspen- 
sion of DMPC in buffer, which upon addition of native 
apoLp-I11 at a 1ipid:protein molar ratio of 67: 1 formed disc- 
like structures (Wientzek et al., 1994). However, addition 
of the 4K peptide under similar conditions at 1ipid:peptide 

Fluorescence Measurements. 
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250 300 350 400 250 300 350 400 
FIGURE 3: Tyr fluorescence emission of native apoLp-I11 (open squares) and the 4K peptide (closed squares) was monitored at an excitation 
wavelength was 277 nm, and the emission was scanned from 270 to 350 nm; the excitation and emission slit widths were 8 and 10 nm, 
respectively. Fluorescence emission was monitored in different environments as follows: (panel A) 100 mM sodium phosphate buffer, pH 
7.0; (panel B) *H20; (panel C) 50% TFE; and (panel D) 0.4% lysoPC. 

Table 1: 
and in the 4K Peptide'sb 

Quantum Yield of Tyr in the Free State, in ApoLp-111, 

HzO 2H20 50%TFE l%SDS 
free Tyr 0.070 -' 0.089 0.070 
native apoLp-I11 0.012 0.017 0.120 0.171 
4K peptide 0.037 0.050 0.128 0.180 
' Quantum yield was determined as described under Materials and 

Methods, according to Eisinger (1969). Quantum yield was determined 
in 50 mM sodium phosphate, pH 7.0, containing 100 mM NaCl for all 
except ZH20 data. Stryer (1966) reported a 25% increase in quantum 
yield of free Tyr in ZH20. 
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FIGURE 4: Effect of apoLp-I11 and 4K peptide on PL-C-induced 
aggregation of human low density lipoprotein. The assay mixture 
consisted of 20 pg of LDL protein in 50 mM Tris-HC1 buffer, pH 
7.5, containing 150 mM NaCl and 2 mM CaC12 at 37 "C; the 
reaction was started by the addition of 400 milliunits of PL-C. 
Controls, without PL-C (open squares) and with PL-C (closed 
squares), were carried out. ApoLp-I11 (20 pg) (closed circles) and 
the 4K peptide (20 pg) (open circles) were included before addition 
of PL-C. Turbidity was monitored at 340 nm in a microtiter reader. 

molar ratios ranging from 70: 1 to  1: 1 did not result in  disc 
formation as judged by electron microscopy of both the 
incubation mixture and following density gradient ultracen- 
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FIGURE 5 :  Effect of urea on the secondary structural stability of 
lipid-free apoLp-111, SDS micelle-bound apoLp-111, and 4K peptide. 
The SDS micelle-bound peptide (closed squares) and SDS micelle- 
bound apoLp-111 (open squares) were incubated with increasing 
concentrations of urea, and the relative ellipticity at 222 nm was 
monitored. The final concentration of SDS was 1%, while that of 
the peptide and apoLp-I11 was about 0.5 mg/mL in 100 mM 
phosphate buffer, pH 7.0. Also shown is the denaturation profile 
of lipid-free, native apoLp-I11 (closed triangles), with a midpoint 
of denaturation around 1 M urea. 

trifugation (not shown). Also, when the peptide was 
cosonicated with DMPC, it did not form discs. Native PAGE 
of the mixture (not shown) also failed to show bands 
corresponding to DMPC/peptide complexes. 

Effect of Urea on SDS/Peptide and SDS/ApoLp-Ill Mixed 
Micelles. In an effort to determine if the inability of the 
peptide to bind to diacylphospholipid bilayers and lipoprotein 
surfaces may be explained on the basis of the strength of 
the binding interaction, mixed-micelle complexes of SDS 
and peptide o r  apoLp-I11 were exposed to  increasing 
concentrations of urea (Figure 5). Changes in secondary 
structure were followed by CD spectroscopy, and the relative 
ellipticity at 222 nm is plotted as a function of urea 
concentration. As a control, the denaturation profile of the 
lipid-free, native apoLp-I11 was performed and the half- 
maximal concentration of urea required for denaturation was 
found to be 1 M. However, when present as mixed micelles 
with SDS, both apoLp-I11 and the 4K peptide possessed about 
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60% of the native ellipticity at 6.5 M urea. This suggests 
that association with detergents confers stability to both the 
protein and the peptide. 

DISCUSSION 

The molecular basis of interaction of M. sextu apoLp-I11 
with lipid particles was assessed by examining the structural 
and binding properties of its terminal 36-residue fragment 
(Glu 131 to Gln 166). CNBr cleavage at Met 130 yielded 
a 4K C-terminal peptide, which enabled us to investigate if 
this segment can serve as a structural or functional unit of 
the native protein. When the primary sequences of the 
corresponding apoLp-111s from L. migrutoriu and M. sextu 
were aligned using the SEQSEE program (Wishart et al., 
1994), they showed a high degree of sequence similarity, 
taking into consideration the helical propensities of the 
residues involved. Further, it was determined that the 
C-terminal fragment generated in this study encompasses the 
entire fifth helical segment of apoLp-I11 from L. migrutoriu 
(Gln 125 to Asn 161) (Breiter et al., 1991). Consistent with 
the known helical content of L. migrutoriu apoLp-111, 
secondary structure predictions suggest that the 4K peptide 
from M. sextu apoLp-I11 has the propensity to form an 
amphipathic a-helix. 

In contrast to native apoLp-111, which has the ability to 
bind to lipoprotein surfaces and to transform phospholipid 
bilayers to discs, the 4K peptide did not possess this function 
and assumed a random coil structure both in buffer alone or 
in buffer containing diacylphospholipids. However, the 
peptide adopted an a-helical conformation in 50% TFE and 
upon incubation with detergent micelles, including lyso- 
phosphatidylcholine and SDS. It has been shown that 
binding of SDS to polypeptides induces secondary structure 
formation (Jirgensons, 1976; Su & Jirgensons, 1977) and 
the micellar environment resembles the apolar lipid assembly 
of membranes (Roth et al., 1989), thereby making detergent 
micelles a reasonably good mimic for these studies. 

In lipoprotein binding assays designed in our laboratory 
using PL-C, it was shown that apoLp-I11 prevents onset of 
aggregation of human LDL (Liu et al., 1993) or insect 
lipoproteins (Singh et al., 1994) by binding to the exposed 
hydrophobic surfaces created by hydrolysis of phospholipid 
headgroups. In LDLp it was rationalized (Wang et al., 1992) 
that apoLp-111 intercalates between phospholipid molecules 
and interacts with diacylglycerol at the particle surface, 
following opening of the helix bundle and exposure of its 
hydrophobic core. The 4K peptide, on the other hand, was 
found to be nonfunctional in terms of binding to LDL, even 
when present in excess. This is consistent with the lack of 
binding of the peptide to model phospholipid bilayers. Taken 
together, the data suggest that other segments of the apoLp- 
I11 molecule participate in these lipid binding interactions 
or that more structural elements from the rest of the molecule 
are required to impart binding capability to this segment. 

Fluorescence Studies. Measurement of intrinsic Tyr 
fluorescence can be used to obtain potentially useful 
structural information, though unlike tryptophan, the Am= of 
Tyr emission is relatively insensitive to the polarity of the 
solvent (Lakowicz, 1983). We have taken advantage of the 
sensitivity of the quantum yield of intrinsic fluorescence of 
the single Tyr residue (Tyr 145 of native apoLp-111; the 
protein lacks Trp) to the surrounding environment and have 
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used it as a probe to monitor conformational changes 
involved in proteidpeptide binding to apolar surfaces. It 
was shown earlier that interaction with DMPC results in a 
10-fold enhancement of apoLp-111 Tyr fluorescence (Wientz- 
ek et al., 1994). In the homologous L. migrutoriu apoLp- 
111, it has been proposed that the five-helix bundle can open 
at hinge regions, enabling interaction of the exposed hydro- 
phobic surface with lipid particles (Breiter et al., 1991). 
Based on this model it was suggested by Weintzek et al. 
(1994) that, for M. sextu apoLp-111, enhancement of Tyr 
fluorescence in the lipid-bound state was due to a similar 
opening. By isolating the fifth helical segment containing 
Tyr 145, this phenomenon was studied in more detail. 

The remarkable perturbations in Tyr fluorescence profile 
and quantum yields in aqueous buffer, TFE, and detergent 
micelles are indicative of the differences in secondary 
structure and in the Tyr microenvironment in both the peptide 
and the native protein [see Lakowicz (1983)l. In native 
apoLp-111, the quantum yield of Tyr is low (a common 
phenomenon in many proteins; Teale, 1960), which suggests 
quenching of fluorescence due to hydrogen bonding of the 
phenolic hydrogen (Lakowicz, 1983). Quenching may be 
due to proton transfer to the solvent (Stryer, 1966), or 
H-bonding to the side chain functional groups of proximal 
residues or to the peptide backbone (Edelhoch et al., 1968; 
Cowgill, 1963). H-bonding of the phenolic hydrogen renders 
it nonfluorescent and may occur due to proton transfer during 
the ground or excited state lifetime to a proximal carboxyl 
or amino group (Edelhoch et al., 1968). 

The relatively low quantum yield observed for the 4K 
peptide in aqueous buffer is possibly due to intrinsic 
quenching from proximal residues in the various conformers 
of the random coil state. However, since the quantum yield 
is higher than that observed for the native protein, the data 
suggest a less restricted environment for the fluorophore in 
the former. The small increase in quantum yield (-40%) 
for both the peptide and native protein when present in 2H20 
indicates only a minor contribution to quenching due to 
proton transfer reactions with the solvent (Stryer, 1966). The 
single Tyr residue of apoLp-I11 is present on the nonpolar 
face of the fifth amphipathic helix (see Figure 6) and is 
therefore probably located in the interior of the molecule in 
the native lipid-free protein, facing away from the solvent. 
Such a position would enable H-bonding of the phenolic 
hydrogen to a residue located in one of the other four helices. 
Titration of 4K peptide with TFE resulted in a progressive 
enhancement of tyrosine fluorescence corresponding to the 
increase seen in a-helicity, thereby further diminishing the 
possibility that the quenching moiety resides on the same 
helix as proposed earlier (Ryan et al., 1993). Sedimentation 
equilibrium studies clearly indicate a lack of oligomerization 
of the peptide both in the native state and when present as 
a helix, thereby eliminating the possibility that quenching 
occurs via interaction with neighboring peptide molecules. 

When full-length apoLp-I11 is present in 50% TFE, the 
increase in a-helicity (Ryan et al., 1993) is accompanied by 
a 10-fold increase in Tyr quantum yield (Table 1). This may 
be rationalized by the nature of interaction of TFE with the 
protein (Sonnichsen et al., 1992); the hydrophobicity of TFE 
matches that of the interior of the protein and, therefore, alters 
its tertiary structure by destabilizing the hydrophobic interac- 
tions (Lau et al., 1984). Occupation of the accessible sites 
in the interior of the helix bundle by TFE may cause partial 
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FIGURE 6: Secondary structure predictions of the 4K peptide as determined by the software package SEQSEE (Wishart et al., 1994) revealed 
an a-helical structure with a high degree of sequence and secondary structural similarity with the corresponding segment from L. migrutoriu 
(Gln 125 to Asn 161) . The 4K peptide is represented as a helical net (from Glu 131 to Thr 164), where the nonpolar residues are circled, 
in panel A. Helical wheel representation of the 4K peptide (Glu 131 to Gln 166) is depicted in panel B, showing the polar and nonpolar 
faces and the interface. Standard amino acid single letter codes were used (A, alanine; D, aspartate; E, glutamate; F, phenylalanine; H, 
histidine; I, isoleucine; K, lysine; L, leucine; N, asparagine; P, proline; Q, glutamine; S, serine; T, threonine; V, valine; W, tryptophan). 

opening at the hinge domains, resulting in disruption of 
H-bonding interactions of the phenolic moiety, thereby 
offering an explanation for the decrease in intrinsic quench- 
ing. The same quantum yield values obtained for both the 
protein and peptide in 50% TFE suggest that the structural 
organization of the peptide resembles that of the C-terminal 
domain of the protein. These observations indicate that Tyr 
fluorescence can be used to monitor structural changes 
involved in the protein and lend credence to the hinged- 
opening hypothesis (Breiter et al., 1991). It is envisaged 
that reorientation of a quenching moiety residing in either 
helix 3 or 4 results in it moving away from the sphere of 
contact with the fluorophore. The marked increase in 
fluorescence quantum yield for both the native protein and 
peptide in the presence of detergent micelles indicates 
binding to micellar complexes. The absolute value of 
quantum yield is the same for both the native protein and 
the peptide (Table l), suggesting a similar microenvironment 
for Tyr in the micelle-bound state. 

Factors InJluencing Lipid Binding Characteristics of 
Proteins/Peptides. In a minimalist approach, when synthetic 
model peptides were examined, it was noted that several 
factors influenced the ability of amphipathic helix-forming 
peptides to bind to lipids [see Segrest et al. (1992) and 
references cited therein]. They included the degree of 
amphipathicity of the peptide (Kanellis et al., 1980), length 
of the fragment (McLean et al., 1991; Vanloo et al., 1991), 
the number of helices involved (Jonas et al., 1993), coop- 
erativity between helices (Anantharamaiah et al., 1985), and 
the hydrophobicities and the topological distribution of 
charges on the helical surface (Kanellis et al., 1980; 

Anantharamaiah et al., 1985; Epand et al., 1987). Further, 
the exchangeable apolipoproteins were found to have am- 
phipathic helical domains that fall into three classes, termed 
A, G*, and Y (Segrest et al., 1990, 1992). The class A 
amphipathic helices are characterized by the presence of 
negatively charged residues in the center of the polar face, 
and a cluster of positively charged residues at the polar- 
nonpolar interface, the latter apparently apposed to the 
negatively charged phosphate groups of the phospholipid, 
and the former juxtaposed to the positively charged amino 
groups of choline. The alkyl side chains of the charged 
residues at the polar-nonpolar interface are thought to 
enhance the hydrophobicity of the nonpolar face. This forms 
the basis of the “snorkel hypothesis” proposed earlier (Segrest 
et al., 1992). A correlation has been made between the lipid 
affinity and the extent to which an amphipathic helical 
segment fits into a class A snorkel motif since there is a 
large degree of variability in the binding affinities of different 
apolipoproteins and within different segments in an apoli- 
poprotein. The class G* helices (similar to those found in 
globular proteins) are characterized by a random radial 
arrangement of positive and negatively charged residues 
while class Y helices have the charged amino acids arranged 
in a “Y” motif. In order to probe the significance of the 
topological distribution of charges in class A peptides, 
Kanellis et al. (1980) designed peptides with the appropriate 
distribution of charges which were shown to exhibit lipid- 
binding abilities. On the other hand, synthetic peptides with 
a reversed distribution of charges had diminished lipid- 
binding affinities when compared to the parent peptide 
(Kanellis et al., 1980). However, the lipid-binding property 
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Table 2: 
Hydrophobicity Values of the 4K Peptide with Those of Other 
Amphipathic Helices in Insect ApoLp-I11 

Comparison of the Hydrophobic Moment and 

mean mean 
hydrophobic hydrophobicity 

moment per residue 
residues in apolipoprotein per residue" of nonpolar faceb 
M .  sextu apoLp-111' 

residues 9-31 0.515 0.441 
residues 72-88 0.485 0.453 
residues 13 1 - 164 0.475 0.364 

helix 1(8-30) 0.487 0.732 
helix 5 (131-158) 0.424 0.550 

L. migrutoriu apoLp-IIId 

Mean hydrophobic moment per residue was calculated using the 
normalized consensus hydrophobicity scale of Eisenberg et al. (1984). 

Mean hydrophobicity of the nonpolar face per residue was calculated 
based on the helical net diagram using the normalized consensus 
hydrophobicity scale of Eisenberg et al. (1984). Secondary structure 
prediction of M .  sextu apoLp-I11 was carried out using the software 
SEQSEE (Wishart et al., 1994) which yields a consensus prediction 
based on different algorithms; an a-helical structure was predicted from 
residue 131 to 164 in the 4K peptide. Alignment of the primary 
sequence of apoLp-111 from M .  sextu and L. migrutoriu was also carried 
out using the same program. Residues 9-31 and 72-88 of M .  sextu 
apoLp-I11 have been predicted to correspond to helices 1 and 3 of L. 
migruforiu apoLp-111, respectively, while residues 13 1 - 166 (4K 
peptide) correspond to part of the loop preceding helix 5 and the entire 
fifth helix of L. migruforiu apoLp-111, according to the model structure 
of M .  sexfu apoLp-I11 generated by Dr. Wang et al. (University of 
Alberta, personal communication). Representative helices of M .  sextu 
and L. migruforiu apoLp-I11 are shown. Sequence obtained from 
Breiter et al. (1991). 

of these latter peptides could be enhanced by increasing the 
relative hydrophobicities of specific residues (Epand et al., 
1987). 

The amphipathic 4K peptide is represented in the form of 
a helical net and as a helical wheel in Figure 6, panels A 
and B, respectively. Helical analysis, such as determination 
of hydrophobic moment and hydrophobicity per residue of 
the nonpolar face for the 4K peptide and related helical 
segments in the class of insect apolipophorins, is presented 
in Table 2. From the helical wheel plot it can be seen that 
the polar face is wide and subtends an angle of 2 180" 
perpendicular to the helical axis. The average hydrophobic 
moment of the a-helical segment of the 4K peptide (Glu 
131 to Thr 164 in the native protein, Glu 1 to Thr 34 in the 
4K peptide, according to SEQSEE prediction) was found to 
be in the range for representative helices within M. sexta 
and from L. migratoria apoLp-I11 (Table 2). The hydro- 
phobicity per residue of the nonpolar face, on the other hand, 
was found to be relatively low and may offer an explanation 
for the inability of the peptide to interact with nonmicellar 
lipids. A distinct cluster of lysine residues bearing positive 
charges is present at the interfacial region between the polar 
and nonpolar faces, Lys 12, Lys 10, and Lys 28 with 
contribution of partial charges from His 21 and His 30. Glu 
1, shown at the interface, likely does not exist in this 
conformation since preliminary NMR data of the structure 
of the 4K peptide in 50% TFE suggest that this residue is 
not included in the helical region. On the polar face there 
is a random radial distribution of charged residues. From 
these considerations it appears that the 4K peptide has the 
characteristics of both class A and G* helices (Segrest et 
al., 1990). However, the relevance of the charge distribution 
in the amphipathic a-helices of insect apolipophorins in 
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interaction with lipids is not clear as it has been proposed 
that apolipophorins bind to diacylglycerol in the expanding 
lipophorin surface (Wang et al., 1992; Singh et al., 1992) or 
exposed lipoprotein surfaces (Liu et al., 1993). It has also 
been demonstrated that the presence of a Pro residue 
(Pownall et al., 1986) decreases the magnitude of the helical 
hydrophobic moment in a given segment of apolipoprotein. 
It is possible that Pro 139 (position 9 from the N-terminal 
end of the peptide) contributes to the poor lipid affinity. 

In the helical net diagram of the 4K peptide (Figure 6A), 
residues on the hydrophobic face are highlighted. This is 
the face that makes contact with the rest of the protein in its 
five-helix bundle conformation in the lipid-free state. The 
negative charges at the N-terminal end of the helix contribute 
to the stability of the helix by interaction with the helical 
macrodipole (Shoemaker et al., 1987). The free N-terminus 
generated during CNBr digestion, however, may decrease 
the lipid affinity of the peptide. From our calculations it is 
also seen that the last few residues decrease the overall 
hydrophobicity of the peptide (data not shown) and may not 
be involved in lipid interaction in the native protein. 

The existence of the peptide as a random coil when 
isolated from the rest of the molecule and in the presence of 
phospholipid bilayers suggests that other structural features 
of the intact protein play a role in maintaining the helical 
and structural integrity of this segment. In human apoE 
(which also exists as an a-helical bundle) it was shown that 
several interhelical salt bridges exist (Wilson et al., 1991). 
If such ion pairing exists in M. sextu apoLp-111, loss of these 
interactions upon isolation of the C-terminal helix may have 
an adverse effect on helix stability and/or lipid interaction. 
The presence of multiple lipid-associating domains in other 
known apolipoproteins [see Segrest et al. (1992)] leads us 
to believe that, in apoLp-I11 also, contributions from other 
domains within the tertiary structure, or helix-helix interac- 
tions, are relevant in determining the conformational stability 
of the terminal helix. 

In conclusion it is seen that monitoring Tyr fluorescence 
emission and quantum yield is a useful molecular probe to 
detect lipid-binding ability of apoLp-I11 and the 4K peptide. 
The poor phospholipid affinity of the terminal helical 
segment of M. sexta apoLp-III, despite its propensity to form 
an amphipathic helix, indicates that additional features such 
as contributions from other regions in the molecule are 
essential for association with lipoproteins and/or phospholipid 
bilayer vesicles. Further studies are in progress to address 
the role of domains that may be directly involved in protein- 
lipid interactions of apoLp-111. 
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