11216 Biochemistry1997,36,11216-11222

Role of Phospholipids in the Protein Stability of an Insect Lipoprotein, Lipophorin
from Rhodnius prolixus

Clarissa Maya-Monteiro,* Pedro L. Oliveira, Katia C. Gondim, Hatisaburo Masuda, agibSe Ferreira

Departamento de Biogmica Malica, Instituto de Ciecias Biomédicas, Unversidade Federal do Rio de Janeiro,
21944 Rio de Janeiro, Brazil

Receied March 17, 1997; Résed Manuscript Recegéd July 9, 1997

ABSTRACT: Lipophorin (Lp) is the major lipoprotein in insect hemolymph. The structural organization
proposed for Lp is basically the same as that suggested for vertebrate lipoproteins, consisting of a
hydrophobic core containing neutral lipids, stabilized in the aqueous environment by surrounding polar
moieties of protein and phospholipids at the particle surface. After complete removal of phospholipids
from Lp by phospholipase A the particle remains soluble [Gondim, K. C., Atella, G. C., Kawooya, J.

K., & Masuda, H. (1992Arch. Insect Biochem. Physiol. 2803—314]. However, studies on the roles

of phospholipid on the structural stability of Lp are still lacking. In the present work, we have studied
the structure and stability of dephospholipidated lipophorin (d-Lp). Trypsinolysis of d-Lp indicated no
exposure of new cleavage sites on the protein when compared to Lp. However, an enhanced rate of
proteolysis of the apoproteins (especially apolipophorin IlI) was observed in d-Lp. Circular dichroism
analysis indicated that the secondary structure of Lp was not significantly affected by phospholipid removal.
Furthermore, the exposure of tryptophan residues to the aqueous solvent in d-Lp was the same as in Lp,
as indicated by intrinsic fluorescence emission spectra and fluorescence quenching experiments.
Interestingly, d-Lp was more resistant to denaturation by guanidine hydrochloride than Lp. d-Lp was
also found to be less sensitive than Lp to structural changes induced by hydrostatic pressure. Taken
together, these results indicate that, although changes in its structural organization were subtle,
dephospholipidated lipophorin may have additional pretgirotein and/or proteifineutral lipid interactions

that are responsible for the observed increase in stability. Therefore, phospholipids are not only not
essential for Lp stability, but their presence in the particle seems to result in a less stable structure in the
aqueous environment.

Lipid transport in the extracellular aqueous medium is 1) (80 kDa), present in a 1:1 molar ratio (Chiebal.,, 1969;
limited by the hydrophobicity of these compounds. Lipid Chino & Kitazawa, 1981; Soulages & Wells, 1994b; Black-
packing into lipoproteins creates a soluble particle, thus lock & Ryan, 1994). In some species, an exchangeable
allowing transport of large amounts of lipids. The solubility apoprotein is present, apoLp-lll (17 kDa), and its stoichi-
of lipoprotein particles is thought to be accomplished in part ometry depends on the physiological state of the insect:
by the localization of phospholipids (PLat the lipid—water particles with higher neutral lipid content (low-density
interface (Luxet al, 1972; Morrisettet al,, 1975; Edelstein  lipophorins) have a higher apoLp-Ill content (van der Horst
et al, 1979; Atkinson & Small, 1986; Gottet al., 1986), et al, 1981; Kawooyat al, 1984; Ryan & Law, 1984; Wells
thus burying neutral lipids in the particle core. et al, 1985; Chino & Yazawa, 1986). The high-density Lp

Differently from mammalian plasma, where several lipo- (HDLp) of adult Rhodnius prolixusas 32% neutral lipids
proteins can be found with distinct apoprotein and lipid (mainly diacylglycerol) and 16% PL by weight (Gondieh
compositions, lipophorin (Lp) is the single lipoprotein al., 1989a). This composition is similar to HDLp described
responsible for lipid transport in insect hemolymph. Lp is in other insect species (Chimt al., 1981; Ryaret al, 1986;
composed of two nonexchangeable apoproteins, apolipo-Rimoldi et al, 1991). When compared to mammalian
phorin | (apoLp-1) (240 kDa) and apolipophorin Il (apoLp- lipoproteins, a distinctive feature of Lp is that it acts as a

reusable shuttle for carrying lipids between insect organs
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1Abbreviatirt))ns: Lp, lipophorin; d-Lp, dephospholip?dated Ii’popholrin; Gilbert, 197.1)’ and hydrocarbons (Katase & C.hmo’ 1982).
PL, phospholipid(s); HDLp, high-density lipophorin; apoLp-I, apoli- Phospholipids are also transported by Lp, being loaded at
pophorin I; apoLp-Il, apolipophorin II; apoLp-lll, apolipophorin 1ll;  the fat body or midgut and transferred to several tissues, such

HDL, high-density lipoprotein; HD, high-density lipoprotein 3, SDS 55 gvaries or midgut (Thomas & Gilbert, 1967; Gonditn
PAGE, sodium dodecyl sulfatgpolyacrylamide gel electrophoresis; | b: d | . ’” ,I
PBS, 10 mM sodium phosphate buffer, 0.15 M NaCl, pH 7.4; GdnHCl, @l., 1989b; van Heusdeat al, 1991; Atellaet al, 1992,

guanidine hydrochloride. 1995; Machadat al,, 1996).
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The structure of Lp from various insects has been  Trypsin Treatment.Purified Lp or d-Lp (1ug/uL) were
investigated in order to determine the localization of lipid incubated with TPCK-treated trypsin (0.@8/uL) (Sigma)
and protein moieties in the particle. Diacylglycerolis located in 10 mM sodium phosphate buffer, 0.15 M NaCl, pH 7.4,
predominantly in the hydrophobic core (Soulages & Wells, at 37 °C. After different times of incubation, proteolysis
1994a). PL are known to be located at the surface of the was stopped with a 10-fold molar excess of SBTI (Sigma)
particle (Katagiri, 1985; Katagiet al,, 1987). Interestingly,  over trypsin. Control samples were incubated in the absence
after complete PL removal by treatment with phospholipase of trypsin. Samples for SDSPAGE were boiled for 5 min
A, the Lp particle remains soluble in the aqueous medium, immediately after addition of sample loading buffer (Laem-
and the capacity for lipid transport is also retained in both mli, 1970), to prevent the reactivation of trypsin that occurs
Rhodnius prolixusndManduca sextdvan Heusdert al.,, in sample buffer.
1991; Kawooyeet al, 1991; Gondimet al,, 1992; Atellaet Fluorescence Measurement&teady-state fluorescence
al., 1995). However, it was not clear (from those studies) measurements were performed on an ISS Inc. (Champaign,
if phospholipids had a positive contribution to protein IL) GREG-200 spectrofluorometer. Lipophorin concentra-
stabilization in the Lp particle, as expected from most tion ranged from 100 to 20@g/mL. Excitation was at 280
lipoprotein studies. These observations, along with the fact nm, and emission was either scanned from 295 to 450 nm
that PL are also transportable lipids, point to the need for or fixed at 323 nm, as indicated under Results. Spectral areas
investigation of their contribution to Lp structure. In this and centers of mass (average emission wavelength) were
work, the structural stability of dephospholipidatedodnius calculated with software from ISS Inc., as follows:
prolixus Lp was studied by several techniques, including

limited proteolysis, fluorescence spectroscopy, circular dichro- area= XI(/l)

ism, and structural perturbation by chaotropic agents and

hydrostatic pressure. Comparison between the stabilities of center of mass= ZM(A)/ZI(A)

Lp and d-Lp suggests that PL have a destabilizing role in

the Lp particle. where is the emission wavelength (nm) amgh) is the
fluorescence intensity at a given wavelength.

MATERIALS AND METHODS In unfolding experiments, lipophorin samples (1,06/

mL) were incubated with different GAnHCI concentrations
ranging from 0.5 to 7 M, in 10 mM Tris-HCI, 0.15 M NacCl,

pH 7.4. Fluorescence measurements were carried out after
12 h of incubation at 4C. Appropriate blanks containing
different GdnHCI concentrations were prepared, and their
spectra were subtracted from spectra of Lp in the presence
of GdnHCI. Fluorescence anisotropy measurements were
carried out as described above using Corning 7-54 and 7-61

Insects. Adult mated female insects were taken from a
Rhodnius prolixusolony, kept at 28C and 75% relative
humidity, and fed on rabbit blood at 3-week intervals.

Lipophorin Purification. Three to five days after feeding,
hemolymph was collected in the presence of phenylthiourea
(313 mg/mL), 5 mM EDTA, 0.15 M NaCl, and 0.05
mg/mL soybean trypsin inhibitor (SBTI), leupeptin, and
antipain, and 1 mM benzamidine. Hemolymph was centri- ers in the excitation and emission, respectively.
f_uged at room temperature for 5 min at 13@00“_‘0' In fluorescence quenching experiments, Kl or acrylamide
Ilpophorm was p_unfled from the supematant as p_r_ewqusly was added to the protein sample from freshly prepared
descnbeq (Gondiret al, 1989a). The degree of pur|f|cat|_on concentrated (2 M) stock solutions. Before Kl addition, the
was monitored by SDSPAGE (Laemmli, 1970). Proteéin  o5nhie5 were diluted in 10 mM Tris-HCI buffer, 0.15 M
concentrat]on was determined aCPord'”g to Lowetyal. NaCl, pH 7.4, containig 2 M KCI, in order to maintain
(1951), using bovine serum albumin as standard. constant ionic strength throughout the experiment. Fluores-

Polyacrylamide Gel ElectrophoresisSDS-PAGE was  cence intensities were corrected for the dilution caused by
carried out in 6-22.5% acrylamide gradient gels (Laemmli, addition of small volumes of quencher solution to the cuvette.
1970). Native PAGE was carried out in-30% acrylamide  Acrylamide and iodide quenching data were analyzed ac-

gradient gels (Davis, 1964). In both cases, proteins were cording to the SternVolmer equation (Lakowicz, 1983):
eletrophoresed at 120 V at room temperature. Gels were

stained with Coomassie Brilliant Blue G, according to Fo/F = 1+ K Q

Neuhoffet al. (1988). The molecular mass of polypeptides

in SDS-PAGE was determined using the following proteins whereKsy is the Stera-Volmer quenching constan® is

as standards: myosin (205 kDA)galactosidase (116 kDa),  the molar concentration of quencher, @fglandF are the
phosphorylase (97 kDa), bovine serum albumin (66 kDa), fluorescence intensities in the absence and presence of
ovalbumin (45 kDa), glyceraldehyde-3-phosphate dehydro- quencher, respectively.

genase (36 kDa), carbonic anhydrase (29 kDa), trypsinogen  Fluorescence measurements under pressure were per-

(24 kDa), and cytochrome (12 kDa). formed using a pressure bomb (ISS Inc.) similar to the one

Treatment of Lipophorin with Phospholipase. ALipo- originally described by Paladini and Weber (1981), equipped
phorin was completely depleted of phospholipids by incuba- with sapphire optical windows. Spectra were recorded after
tion with phospholipase Afrom Crotalus durissugBoe- 30 min of equilibration at the desired pressure.

hringer Mannheim Biochemicals, Germany; 3 units of  Circular Dichroism. Circular dichroism spectra were
phospholipase/mg of Lp protein) as previously described recorded on a Jasco J-720 spectropolarimeter, using PBS,
(Gondimet al, 1992). As determined by TLC analysis and pH 7.4, h a 1 mmcuvette. The spectra shown are averages
measurements ofP-labeled phospholipids, all lysophos- of six spectra each, recorded at 50 nm/min at 0.5 nm steps.
pholipids and fatty acids were removed from Lp by this Spectra were corrected for protein concentration according
treatment (data not shown). to protein determination by the Lowry method (Lowey
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Ficure 1: Effect of PL depletion on the proteolysis pattern of Lp. Lp was incubated with trypsin (13:1 Lp:trypsin ratio, w/w) in PBS at
37 °C. Reaction was stopped with a 10-fold molar excess of SBTI, after different incubation times as indicated in the figure. Panel A:
SDS-PAGE (6-22.5% acrylamide); molecular mass standards and apolipoproteins are indicated by arrows. Panel B: native PAGE (3
10% acrylamide). Control samples (C) were incubated in the absence of trypsin.

al., 1951) and by the absorption at 280 nm. CD measure-
ments were carried out at the Laboratory of Fluorescence
Dynamics (University of lllinois at UrbaraChampaign).

RESULTS

Susceptibility of Lp to Proteolysisin order to study the
exposure of Lp polypeptide chains to the agueous medium,
the susceptibility of Lp to trypsin was analyzed. Lp was
incubated with trypsin (13:1 Lp:trypsin ratio, w/w) for
different times, and analyzed by SB8AGE (Figure 1A).
In 3 min of proteolysis, a 45 kDa polypeptide was formed,
and a corresponding decrease in the molecular mass of
apoLp-l was observed, suggesting the existence of a highly Wavelength (nm)
susceptible cleavage site in apoLp-l. The 45 kDa peptide Ficure 2: Circular dichroism spectra of Lp and d-Lp. Spectra of
was degraded aftd h incubation with trypsin (Figure 1A).  Lp (=) and d-Lp () were measured in PBS, at a protein
Extensive cleavage of apoLp-Il was only achieved & of concentration of 0.34 mg/mL.
proteolysis, suggesting thak. prolixus apoLp-Il is less
exposed to the aqueous medium than apoLp-I, similarly to
what has been proposed fbtanduca sextaand Locusta
migratoria lipophorins (Shapircet al, 1984; Ryanet al,
1992).

There was a significant increase in the rate of proteolysis
of both apoproteins when dephospholipidated Lp (d-Lp) was

subjected to trypsin treatment (Figure 1). This indicated that o . . .
removal of PL facilitated access of trypsin to the protein, increased mobility of Lp in the nondenaturing gel (Figure

Comparison of the proteolysis patterns of Lp after 1 h 1B). This can be explained _by c_hanges in the over_all charge
incubation and d-Lp after 3 and 20 min showed that depletion @5 Well as by a decrease in size of the Lp particle upon
of phospholipids led to an increase in the rate of proteolysis, '€moval of PL. Indeed, when d-Lp and Lp were analyzed
especially of apoLp-Il. Another interesting observation was Y means of pore-limiting native PAGE [according to
the existence of a very susceptible cleavage site for trypsinBlanche et al. (1981)], a decrease in molecular mass
proteolysis in Apo | of both Lp and d-Lp, producing a peptide Compatible with total removal of PL was obtained for all
of 45 kDa and one of 210 kDa (Figure 1). This was also d-LP bands (data not shown).
observed when papain and chymotrypsin were used (data Circular Dichroism. Circular dichroism spectra of Lp and
not shown). d-Lp are shown in Figure 2. The spectra for d-Lp and Lp
The polypeptides formed by trypsin treatment of both Lp were extremely similar, indicating preservation of the
and d-Lp remained bound to the lipoprotein particle, as secondary structure of the protein after PL removal. This
indicated by PAGE under native conditions (Figure)1B result was similar to that found by Katagiri (1985) for
More than one Lp band is observed, probably reflecting size dephospholipidated lipophorin frofmocusta migratoria
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and composition heterogeneity, similar to lipophorin from
other insects (Soulages & Wells, 1994b). Evenrafté of
incubation with trypsin, only Lp and d-Lp bands were
observed, with no detection of small molecular mass pep-
tides. The slight change in electrophoretic migration pro-
duced & 1 h of proteolysis was possibly due to charge
modification of the Lp particle. Depletion of PL also led to
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Ficure 3: Intrinsic fluorescence emission spectra of Lp and d-Lp. 300 350 400 450

Intrinsic fluorescence emission spectra of Lp)(and d-Lp ¢--)
(100 ug/uL) were measured in 10 mM Tris-HCI, 0.15 M NacCl, 800+
pH 7.4, with excitation at 280 nm.
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Quencher Concentration (mM) Ficure 5: Effect of GAnHCI on the fluorescence emission spectra
. i o of Lp and d-Lp. Lp (panel A) and d-Lp (panel B) were incubated
FIGURe 4: Lack of effect of PL depletion on the iodide and p the absence of GANHCH(), or in the presencef@ M (---) or

acrylamide quenching of Lp fluorescence. Stexfolmer plotsfor 7'\ (..) GdnHCI. Spectra were recorded after 12 h of incubation
iodide (open symbols) and acrylamide (closed symbols) quenching 5t 4 °c.

of the intrinsic fluorescence are presented for Lp (circles) and d-Lp

triangles). Fluorescence intensity was monitored at the emission . , I
E,e'ak%g,;% nmu). S nienstly was ! >SN GdnHCI concentrations, disappeared when 295 nm excitation

was used, indicating that this peak resulted from tyrosine

Sobent Exposure of Tryptophan Residuels order to emission, due to the increased distance between tryptophan
investigate possible conformational changes of Lp apopro- and tyrosine residues in the unfolded protein. Increasing
teins upon PL removal, the exposure of tryptophan residuesGdnHCI concentration promoted a red-shift in the Lp
to the aqueous medium was assessed by fluorescencéluorescence spectral center of ma$sgure 6A and a
spectroscopy. As shown in Figure 3, the intrinsic fluores- decrease in spectral area (Figure 6B). Removal of PL shifted
cence emission spectrum of Lp was not altered by removal the center of mass curve toward higher guanidine concentra-
of PL, exhibitng a maximum at 323 nm indicative of tions and conferred partial protection against the decrease
protected tryptophan environments in both Lp and d-Lp in fluorescence spectral area, suggesting that perturbation
particles. The exposure of tryptophan residues to the aqueou®f protein structure induced by GdnHCI was more marked
medium was further investigated by fluorescence quenchingin native Lp than in d-Lp particles.
measurements. PL depletion did not induce significant Unfolding of Lp and d-Lp by GdnHCI was also followed
changes in the exposure of tryptophan residues to theby monitoring the decrease in intrinsic fluorescence aniso-
medium, as indicated by identical Stetviolmer quenching  tropy. For both Lp and d-Lp, similar decreases in anisotropy
constants Ksy) of 0.8 M1 for iodide quenching of the  were observed upt7 M GdHCI (data not shown). Given
fluorescence of Lp and d-Lp (Figure 4). Acrylamide Stern  the short lifetime of tryptophan fluorescence (relative to the
Volmer plots also gave identical constants for Lp and d-Lp long rotational correlation time expected for the lipophorin
(Ksv = 4.2 M~%; Figure 4). particle), intrinsic anisotropy measurements will essentially

Unfolding of Lp by Guanidine HydrochlorideLipophorin convey information on the local mobility of the Trp residues.
apoproteins dissociate and unfold in the presence of GdnHCIThus, the similarity in the anisotropies measured for Lp and
(Shapiroet al, 1984; Kashiwazaki & Ikai, 1985; Kawooya d-Lp suggests that removal of phospholipids does not
et al, 1989). The effect of this chaotropic agent on Lp and significantly affect the average local mobility of the Trp
d-Lp was investigated by analyzing intrinsic fluorescence residues of lipophorin.
emission spectra at different GdnHCI concentrations (Figure Effects of Hydrostatic Pressure on Lp Structutdydro-

5). Changes in Lp spectra (Figure 5A) were more marked static pressure has been increasingly used in association with
than in d-Lp (Figure 5B), especially at lower (2 M) fluorescence spectroscopy to study protein interactions in
concentrations of GdnHCI. Similar experiments to that several systems [for recent reviews, see Silva and Weber
shown in Figure 5 were also done with excitation at 295 (1993), Mozhaevet al. (1994), and Gross and Jaenicke
nm, where only tryptophan fluorescence is excited, thus (1994)]. When Lp was submitted to 2.4 kbar of pressure, a
avoiding tyrosine emission (data not shown). These experi- 2.2 nm red-shift in the fluorescence emission was observed,
ments showed that the peak at 310 nm, observed at highindicating that the Lp particle is quite resistant to hydrostatic
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Ficure 6: Fluorescence analysis of unfolding of Lp and d-Lp by Ficure 7: Effects of hydrostatic pressure on the fluorescence
GdnHCI. Lp (closed squares) and d-Lp (closed circles) were emission spectra of Lp and d-Lp. Lp (panel A) and d-Lp (panel B)
incubated at the indicated GdnHCI concentrations for 12 h, and fluorescence emission spectra were recorded at 1-ap?(4 kbar
intrinsic fluorescence spectra were recorded. Spectral center of masg---), or 3.4 kbar {-+). Spectra are normalized for the maximum
(panel A) and spectral area (panel B) were calculated from fluorescence intensity. The results shown are typical of three similar
fluorescence emission spectra, as described under Materials angxperiments.

Methods. The results shown are typical of four similar experiments.

) o formational change that may be related to the enhanced
pressure (Figure 7A). At 3.4 kbar, the red-shift in the stability of d-Lp.
emission increased to 3 nm (Figure 7A). For d?Lp, a red- Unfolding of R. prolixusLp by GdnHCI promoted a 11
shift of 1.8 nm was observed at 2.4 kbar (Figure 7B). m red-shift of the fluorescence emission, together with a
Interestingly, increasing pressure to 3.4 kbar Q|d not causesgoy decrease in fluorescence intensity (Figure 6). Upon
any further shift in the d-Lp spectrum, suggesting that PL- remoya) of PL, the effects of GAnHCI on both spectral area
depleted particles are more resistant to high pressures thanynq center of mass were attenuated. GdnHCI promotes
native Lp. dissociation and denaturation of polypeptide chains by
interacting with peptide bonds, with side chains of aromatic
DISCUSSION residues, and by interference with hydrophobic bonds (Rob-
Mammalian high-density lipoproteins (HRland HDLs) inson & Jencks, 1965; Aune & Tanford, 1969; Lee &
require PL to be reassembladvitro from purified apopro- Timasheff, 1974). Therefore, the higher stability of d-Lp
teins (Hirz & Scanu, 1970). Other studies have also shown in GdnHCI solutions may be explained by an increase in
that isolated apoproteins from human HDL are stabilized by protein—protein and/or proteinneutral lipid interactions,
interaction with either PL or cholesterol (Tat al, 1975; which could decrease guanidine binding to the protein.
Morrisettet al,, 1977; Atkinson & Small, 1986; Jonas, 1986; Contrasting with our results, the soluble apolipoprotein A-I
Jonaset al, 1993). Kawooyaet al. (1989) reported that  (the main apoprotein from mammalian HDL) (Reijngoud &
lysophospholipids were necessary for reassembly of isolatedPhillips, 1982) and.ocusta migratoriaapolLp-IIl (Weerset
apoLp-l. In contrast with these results indicating a stabilizing al., 1994) were more resistant to denaturation by guanidine
role of PL, mammalian HD4 has been shown to remain when associated with PL.
soluble even after complete removal of PL (Pattretilal., Application of high hydrostatic pressure often results in
1976). In the present work, we show that PL are not only protein subunit dissociation and/or unfolding (Silva & Weber,
not essential for Lp stability, but rather that PL-containing 1993; Mozhae\et al, 1994; Gross & Jaenicke, 1994). When
particles were less stable than dephospholipidated particlegpressures up to 3.4 kbar were applied to Lp, a red-shift of
toward denaturation by physical and chemical agents. about 3 nm in the fluorescence emission was observed
Analysis of intrinsic fluorescence emission and quenching (Figure 7), significantly less than that observed with GdnHCI
experiments with Lp and d-Lp (Figures 3 and 4) showed no (Figure 6). This result indicates that complete unfolding or
detectable change in the exposure of tryptophan residues talissociation of Lp may not be achieved by application of
the aqueous solvent following PL removal. Furthermore, pressure. Although there have not been studies on pressure
circular dichroism measurements indicated no significant effects on native lipid-associated proteins, detergent-solubi-
change in the secondary structure of d-Lp relative to Lp lized erythrocyte membrane calcium-ATPase has been shown
(Figure 2). On the other hand, proteolysis data (Figure 1) to undergo subunit dissociation under pressure, and in that
indicated that removal of PL led to a higher susceptibility case the fluorescence emission was also red-shifted by only
to trypsin, especially of apolLp-ll, suggesting a close a few nanometers (Coelho-Sampaioal, 1991). Interest-
structural association between apolLp-ll and PL. This ingly, removal of PL from the Lp particle rendered it more
suggests that dephospholipidation may bring about a con-resistant to pressure-induced unfolding (Figure 7). Although
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