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Abstract

Lipid rafts are microdomains in the plasma membrane of eukaryotic cells. Among their many
functions, lipid rafts are involved in cell toxicity caused by pore forming bacterial toxins including
Bacillus thuringiensis (Bt) Cry toxins. We isolated lipid rafts from brush border membrane
vesicles (BBMV) of Aedes aegyptilarvae as a detergent resistant membrane (DRM) fraction on
density gradients. Cholesterol, aminopeptidase (APN), alkaline phosphatase (ALP) and the raft
marker flotillin were preferentially partitioned into the lipid raft fraction. When mosquitocidal
Cry4Ba toxin was pre-incubated with BBMV, Cry4Ba localized to lipid rafts. A proteomic
approach based on one dimensional gel electrophoresis, in-gel trypsin digestion, followed by
liquid chromatography-mass spectrometry (geLC-MS/MS) identified a total of 386 proteins. Of
which many are typical lipid raft marker proteins including flotillins and
glycosylphosphatidylinositol (GPI)-anchored proteins. Identified raft proteins were annotated /n
sifico for functional and physicochemical characteristics. Parameters such as distribution of
isoelectric point, molecular mass, and predicted post-translational modifications relevant to lipid
raft proteins (GPI anchorage and myristoylation or palmitoylation) were analyzed for identified
proteins in the DRM fraction. From a functional point of view, this study identified proteins
implicated in Cry toxin interactions as well as membrane-associated proteins expressed in the
mosquito midgut that have potential relevance to mosquito biology and vector management.
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INTRODUCTION

Lipid rafts are membrane micro-domains enriched in glycosylphosphatidylinositol (GPI)-
anchored proteins, glycosphingolipids and sterols, and are defined by their insolubility in
Triton X-100 at low temperaturel: 2. In the literature lipid rafts have been frequently termed
detergent-resistant membranes (DRMs) on the basis of detergent insolubility3. Lipid rafts
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have been implicated in physiologically important cell membrane related processes
including organizing and segregating membrane components for signaling, trafficking of
plasma membrane proteins?, and portals of entry for various pathogens, including viruses,
bacteria and their toxins®.

Bacterial pore forming toxins interact with host membrane receptors located in lipid rafts
and this is a critical step in the oligomerization and insertion of these toxins into the
membrane®. In some mammalian pore-forming bacterial toxins, lipid rafts play an essential
role in toxin interaction by functioning as platforms to recruit distinct classes of proteins,
such as GPI-anchored proteins and palmitoylated or diacylated transmembrane proteins’.
Moreover, aerolysin, one of the most studied pore-forming toxins, functions via GPI-
anchored proteins present in lipid rafts. In insects, investigations regarding the presence of
such microdomains and their interaction with insecticidal pore forming toxins are limited to
a small number of recent studies. The presence and proper integrity of lipid rafts has been
proposed as a prerequisite for Cry1A pore formation and toxicity, and also Cry1A receptor
APN is localized to lipid raft domains of the plasma membrane in epithelial cells of
Heliothis virescens and Manduca sexta larval midgut®. Bravo et al., reported cadherin,
located outside of lipid rafts as binding Cry1Ab toxin inducing formation of an oligomeric
toxin complex which then binds to APN driving the toxin oligomer into lipid raft
microdomains causing pore formation1®. Similarly, Cry1Ca was toxic to Sf9 cells after
binding to lipid rafts, and without lipid rafts Sf9 cells showed resistance to Cry1Ca
toxicityll. Toxin-mediated pores in the brush border membrane lead to osmotic cell shock,
and finally cell death. Bt Cry protein mode-of-action and the usage of Bt were recently
reviewed!2.

The yellow fever mosquito, Aedes aegyptiis the major vector of dengue, yellow fever, and
chikungunya viruses and represents a significant public health problem!3. The most
commonly used biolarvicide to control this vector is based on Bacillus thuringiensis var.
fsraelensis (Bti). Bti harbors a megaplasmid which encodes multiple toxins: Cry4Aa,
Cry4Ba, Cry10Aa, Cry11Aa, CytlAa and Cyt-Bal4. Among these toxins Cry4Ba is more
toxic to A. aegyptirelative to the other individual toxins®. Cry4Ba and Cry11Aa toxins of
Bti bind to specific receptor proteins on Aedes larval midgut cell surfaces and receptor
binding has been shown to correlate with larval toxicity. These receptorsi® are cadherinl?,
GPI- anchored ALPs18-20 and GPl-anchored APNs?L: 22, Some of these same receptor
alkaline phosphatases and aminopeptidases have altered levels in an Ae. aegypti strain
selected for Bti resistance?3.

Mass spectrometry-based proteomic identification can result in unique protein profiles of the
lipid raft microenvironment and insight into functional processes of pathogen interactions.
In non-insect systems several groups reported the protein composition of lipid rafts derived
from brush border membranes24-26, These studies have indicated typical plasma membrane
proteins such as GPI-ALPs, APNSs, and other receptor proteins. In addition, signaling/
trafficking proteins belonging to the G protein family, protein kinases and the annexins were
also identified. The brush border DRM proteome of adult Anopheles gambiae was recently
reported?’. The rationale for the Anopheles study was based on the probable DRM
localization of attachment sites for the malarial parasite Plasmodium in midgut of adult
Anopheles. Parish et al.2” identified 1452 proteins including markers of DRMs including
five Plasmodium ookinete binding proteins and 65 GPl-anchored proteins. The above cited
studies have also shown that the global proteome composition of raft microdomains differs
from that of the whole brush border membrane.

Here, we provide evidence for typical lipid raft characteristics in DRMs prepared from A.
aegypti midgut membranes and demonstrate the interaction of Cry4Ba toxin with lipid rafts.
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We also report the comprehensive proteome of the raft DRM fraction from mosquito larval
BBMV. The geLC-MS/MS analysis of the DRM proteome identified a substantial number
of high molecular weight and low abundance membrane bound proteins, including the
known GPI-anchored APNs and ALPs that function as Cry4Ba receptors. These results will
guide functional investigations of lipid rafts as a focal point for Bt Cry toxin action in
mosquitoes.

EXPERIMENTAL PROCEDURES
Preparation of A. aegypti whole larval BBMV

A. aeqypti (UGAL strain) was maintained as described?®. Four grams early fourth instar
larvae (stored —80°C) were suspended in 16 ml ice cold MET buffer (300 mM mannitol, 5
mM EGTA, 17 mM Tris-HCI, pH 7.5) containing 1 mM PMSF. Larvae were homogenized
with 40 strokes of a teflon-glass homogenizer (clearance 0.1-0.15 mm; Wheaton) while
rotating the pestle at 1525 rpm (GCA Precision Scientific). BBMV were prepared from the
larval homogenate using the magnesium chloride precipitation method?® with
modifications28. The final BBMV pellet was suspended in 1 ml cold MET with Complete™
protease inhibitor cocktail (Roche Applied Science). Total protein concentrations were
determined using a Bio-Rad protein assay kit (Bio-Rad) with bovine serum albumin as a
protein standard (Sigma). The relative purity of the final BBMV preparation was assessed
by comparing APN and ALP activities relative to the initial homogenate. APN and ALP
activities of BBMV and extracted BBMYV fractions (below) were determined using leucine-
p-nitroanalide and p-nitrophenyl phosphate as substrates, respectivelyS3C.

Extraction of a detergent resistant membrane fraction from A. aegypti larval BBMV and
isolation on Optiprep™ density gradients

Detergent resistant membrane fractions (DRM) were prepared from larval BBMV using cold
Triton X-100 extraction and Optiprep™ (Sigma) gradients3l. BBMV (1mg) were re-
suspended in 0.5 ml TNE buffer (25 mM Tris-HCI (pH 8.0), 150 mM NaCl, 5 mM EDTA),
0.5 ml ice-cold 2% Triton X-100 in TNE buffer was added, the mixture was gently
suspended and placed on ice for 30 min. Extracted membrane solution was pipetted into a
centrifuge tube and brought to 40% Optiprep™ by the addition of 2 ml 60% Optiprep™ in
TNE buffer and then overlaid with 6 ml of 30% and 3 ml of 5% Optiprep™. Gradient were
centrifuged (270519x% g) in a SW41Ti (Beckman) rotor for 4 h at 4°C. After centrifugation,
the opalescent DRM band was located at the interface between the 30% and 5% Optiprep™
gradients. Gradients fractions were collected from 12 one ml fractions starting from the top
of the gradient.

Cholesterol quantitation and depletion from BBMV by methyl-B-cyclodextrin (MBCD)

Concentrations of cholesterol and cholesterol esters from the gradient fractions were
determined in 96-well flat-well plates by Amplex® Red cholesterol assay kit (Invitrogen)
according to the manufacturer's instruction. Briefly, 5 pl of each gradient fraction was
mixed with 45 pl of 1x reaction buffer. A standard curve was made with cholesterol
concentrations ranging from 1.25 pM to 12 uM with buffer as a negative control and 10 pM
H»0, as a positive control. Reactions were initiated by adding 50 .l Amplex® Red reagent/
HRP/cholesterol oxidase/cholesterol esterase working solution to each well. Microplates
were incubated for 30 min at 37°C in the dark. Reaction fluorescence was measured in
BioTek Synergy 4 plate reader at an excitation wavelength of 550 nm and an emission
wavelength of 590 nm over 30 min (5 min time points). Background fluorescence from the
negative control reaction was subtracted from each value and determined unknown samples
cholesterol concentration by comparing with a standard curve. For cholesterol depletion
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experiments, BBMV were treated with 20 mM MBCD (Sigma) at 37°C for 60 min prior to
detergent extraction and Optiprep™ fractionation.

Analysis of Cry4Ba toxin association with DRM extracted from BBMV

Cry4Ba association with DRM extracted from BBMV was analyzed as for Cry1Ab toxin-
DRM interactions® 10, Trypsin-activated Cry4Ba toxin was prepared from £. coli-produced
inclusions32, BBMV (1mg) were incubated with 5 g/ml Cry4Ba toxin in TNE buffer at 4°C
overnight, subsequently the suspension was centrifuged 20442x g for 20 min and the pellet
washed with TNE buffer twice. The washed BBMV pellet was treated with cold Triton
X-100 and separated in Optiprep™ gradients as above. The effect of MBCD treatment on
Cry4Ba association with DRM was examined by pre-incubating BBMV with 5 pg/ml of
Cry4Ba toxin followed by MBCD treatment and DRM isolation. Equal volumes of gradient
fractions were separated by SDS-10% PAGE, electro- transferred overnight on to
polyvinylidene difluoride (PVDF) membrane, which were then identified by western blot
analysis with anti-Cry4Ba serum as described below.

SDS-PAGE and Western Blotting

Equal sample volumes from the resulting gradient fractions were solubilized in 2x Laemmli
buffer33 and resolved on SDS-10% PAGE. Separated proteins were visualized either by
silver staining, Deep Purple (GE Healthcare), or immunodetection on western blots as
follows. Proteins were transferred by electro-blotting onto a PVDF membrane (overnight,
22v and 4°C; Criterion blotter (Bio-Rad) in transfer buffer (25 mM Tris, 192 mM glycine,
10% methanol). The membranes were blocked by incubating in PBST (137 mM NacCl, 2.7
mM KCI, 4.3 mM NayHPO4, 1.4 mM KH,PO4, 0.1% Tween 20) containing 3% BSA,
followed by incubation with primary antibody diluted in PBST containing 1% BSA for 1 h.
After washing the membranes for 3x 10 min, and then incubated in a PBST (1%BSA)
containing secondary antibody conjugated to horseradish peroxidase (Molecular Probes).
Finally, membranes were washed 3 times for 10 min in PBST and then incubated for 5 min
with ECL™ detection reagent (GE Healthcare) and exposed to X-ray film to detect
immunoreactive bands. All the incubations were at room temperature.

Preparation of in-gel protein digests

Biological replicates were prepared and analyzed as follows. Purified A. aegyptilipid raft
proteins (20 j.g) were resolved by SDS-10% PAGE and the gels stained with Deep Purple™
total protein stain according to the manufacturer's instructions (GE Healthcare). An
individual gel lane was sliced into 20 pieces manually, and each piece was then subjected to
dithiothreitol reduction, iodoacetamide alkylation, and in-gel trypsin digestion, using a
standard protocol as previously reported?8. The resulting tryptic peptides were extracted and
concentrated to 20 pl each using a SpeedVac (Thermo Savant), and subjected to LC-MS/
MS analysis.

LC-MS/MS analysis

Proteomic data was acquired using an Agilent 1100 Capillary LC system (Palo Alto, CA),
using a 0.2 x 150 mm Halo Peptide ES-C18 capillary column packed with 2.7 um diameter
superficially porous particles (Advanced Materials Technology, Inc., Wilmington, DE). On-
line MS detection used the Thermo-Fisher LTQ ion trap (San Jose, CA) with a Michrom
(Michrom Bioresources, Auburn, CA) captive spray interface. Proteomic sample analysis
utilized the LTQ divert valve fitted with an EXP Stem Trap 2.6 pL cartridge packed with
Halo Peptide ES-C18 2.7 um diameter superficially porous particles (Optimize
Technologies, Oregon City, OR). Gradient conditions increased mobile phase B
concentration from 6.25% to 75% B over 90 minutes at a flow rate of 4 pL/min. Mobile
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phase A consisted of 99.9% water, 0.1% formic acid and 10 mM ammonium formate.
Mobile phase B contained 80% acetonitrile, 0.1% formic acid and 10 mM ammonium
formate. The instrument was set to acquire MS/MS spectra on the nine most abundant
precursor ions from each MS scan. Dynamic exclusion was enabled for 90 s. Generated raw
tandem mass spectra were converted into the mzXML format and then into peak lists using
ReAdW software followed by mzMXL20ther software34. The peak lists were then searched
using Mascot 2.2 (Matrix Science).

Database searching, protein identification and GPIl-anchorage prediction

RESULTS

A target database was created using the Diptera annotated sequences obtained from
Drosophila melanogaster, Anopheles gambiae, A. aegypti and Culex quinquefasciatus
protein databases in Flybase version FB2008_07 (www.flybase.org) and Vectorbase version
VB-2012-06 (www.vectorbase.org). A decoy database (decoy) was then constructed by
reversing the sequences in the normal database. Using these databases we excluded
redundancies and contaminations in the search results. Searches were performed against the
normal and decoy databases using the following parameters: fully tryptic enzymatic
cleavage with two possible missed cleavages, peptide tolerance of 1000 ppm, fragment ion
tolerance of 0.6 Da. Fixed modification was set as carbamidomethyl due to
carboxyamidomethylation of cysteine residues (+57 Da) and variable modifications were
chosen as oxidation of methionine residues (+16 Da) and deamidation of asparagine residues
(+1 Da). Statistically significant proteins from both searches were determined at a <1%
protein false discovery rate (FDR) using the ProValT algorithm3°, as implemented in
ProteolQ (Biolnquire). After sequences were identified they were annotated for possible
function using QuickGO (http://www.ebi.ac.uk/QuickGO/Dataset.html). The big-PI
predictor server (http://mendel.imp.ac.at/sat/gpi/gpi_server.html), GPI-SOM (http://
gpi.unibe.ch/), and PredGPI (http://gpcr.biocomp.unibo.it/predgpi/pred.htm) were used to
predict GPI anchorage of proteins. The computational tool CSS-Palm 3.0 (http://
csspalm.biocuckoo.org/) was used to predict palmitoylation sites on proteins.

Cholesterol, flotillin, and the GPl-anchored proteins ALP and APN are concentrated in lipid
rafts isolated from Aedes larval brush border membrane

Lipid rafts are defined by their insolubility in cold Triton X-100 and their density which
helps them float on gradient solution. We used Optiprep™ gradient fractionation of 1%
Triton X-100 solubilized BBMV. The lipid raft fraction was visible as an opalescent band at
the 5%-30% interface (data not shown). Since cholesterol is typically enriched in DRM
fractions (i.e. lipid rafts), we measured cholesterol content in the 12 collected gradient
fractions. As shown in Fig. 1A, cholesterol content was highest in fraction 4 at the 5%-30%
Optiprep™ interface. Fraction 4 contained about 50% of the total cholesterol present in all
12 fractions. In contrast, the majority (>50%) of the total protein was distributed in fractions
10-12 from the 40% Optiprep™ region; about 25% of total protein was in the DRM fraction
4. The enrichment of cholesterol versus total protein in the opalescent DRM fraction is
consistent with a successful Optiprep™ gradient fractionation procedure for the isolation of
A. aegyptilipid rafts.

Since GPIl-anchored proteins are localized in DRM preparations, we measured the activities
of ALP and APN across the Optiprep™ gradient. The enzymatic activities of ALP and APN
were the highest in DRM fraction 4 with substantial APN activity spread across soluble
fractions 4-9 (Fig. 1B). ALP activity was low in fractions 4-9 collected from the 30%
Optiprep™ region but increased in the fractions 10-12 from the 40% Optiprep™ region.
The result of probing a western blot of Optiprep™ fractions with anti-AgAPN1 antiserum is
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shown in Fig. 2C. AGAPN1 (AGAP004809) is a midgut brush border APN identifed in An.
gambiae adults and anti-AgAPN1 serum inhibits development of the malarial parasite in
mosquitoes3®. AGAPN1 has 60% protein identity with APN1 (AAEL012778) the Cry4Ba,
Cry11Aa and Cry11Ba receptor in A. aegypti8: 2122 The distribution of APN protein
detected by anti-serum was in agreement with the activity data. The strongest signal for
APN was in DRM fraction 4, yet an APN signal was detectable in 30% Optiprep™ fractions
4-9. We probed blots of the Optiprep™ fractions with anti-AeFlot-1 antibody to determine
the distribution of flotillin in the gradient. As shown in Fig. 2B, the flotillin amount was
greatest in the DRM fraction 4, with lesser amounts in fractions 5-9, there was little flotillin
detected in the soluble protein fractions 10-12. The highest concentration of flottilin,
cholesterol, APN and ALP were each located in fraction 4, providing further support that
fraction 4 from the Optiprep™ gradients is the lipid raft fraction.

Cry4Ba toxin is associated with the A. aegypti lipid rafts

Cry4Ba binds APNs and ALPs in Aedes midgut!® 28, therefore we hypothesized that
membrane-bound Cry4Ba would localize in the DRM fraction of Aedes brush border
membranes. To test this hypothesis, BBMV were pre-incubated with Cry4Ba toxin. After
unbound toxin was removed by washing BBMV and cold Triton X-100 extraction, soluble
and insoluble materials were separated by flotation on Optiprep™ step gradients and the
distribution of Cry4Ba toxin was analyzed by probing blots with anti-Cry4Ba antibody. As
seen in Fig. 2D, most of the toxin was in the DRM fraction 4 with some toxin in soluble
fractions 10-12. The association of Cry4Ba with the A. aegypti DRM fraction suggests that
raft microdomains play a key role in membrane insertion and pore formation.

Effect of MBCD on A. aegypti lipid raft cholesterol and protein distribution

MBCD extracts cholesterol from lipid rafts causing a loss of integrity when raft integrity
depends on cholesterol37. To test the effect of cholesterol depletion by MBCD on Aedes
larval lipid rafts, BBMV were pre-incubated with MBCD, extracted with cold Triton-X100
and the extract separated by Optiprep™ gradient fractionation. Surprisingly, a fraction of the
Aedes membrane was resistant to Triton X-100 and floated at the interface between 5% and
30% Optiprep™. Fraction 4, the floating fraction, showed the highest cholesterol and total
protein content (Fig. 3A). Less than 10% of total protein was in the high-density soluble
fractions. Following the MBCD treatment, the amounts of cholesterol and protein in raft
fractions 4 and 5 were slightly higher than untreated BBMV (Fig. 3A). Thus, incubation of
BBMV with MBCD under conditions that induce cholesterol depletion did not disrupt the
DRM lipid raft fraction.

We also tested APN and ALP enzyme activities in the MBCD pre-treated gradient fractions
and the results differed for the two enzymes. While APN activity was concentrated in the
DRM fraction, ALP activity could no longer be detected in any gradient fractions (Fig. 3B).
The ALP activity results suggest that under MBCD incubation conditions ALP may
degraded or possibly MBCD interferes with the ALP reaction. The results of activity assays
with BBMV and ALP substrate with or without MBCD showed no difference attributable to
MBCD (data not shown).

Further evidence for the resistance of the DRM fraction to MBCD is presented in Fig. 3C
showing where anti-AeFlot1 antibody detected a 47-kDa protein in fraction 4. Albeit,
MBCD treatment did reduce the flotillin signal in fractions 5 -9 suggesting that MBCD was
having some affect on BBMV materials in this Optiprep gradient fractions. Additionally,
MBCD treatment did not affect localization of Cry4Ba to the DRM fraction (Fig. 3D).
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In summary, the distribution pattern of cholesterol and marker protein activity assays and
the western blots of flotillin-1, APN-1, and Cry4Ba, clearly evidenced co-partitioning of
both Cry4Ba toxin and lipid raft marker proteins in the DRM lipid raft fractions. When
MBCD was used on BBMV, DRM association of cholesterol, marker proteins and Cry4Ba
were essentially unaffected. Furthermore, the data suggested a preferential association of
Cry4Ba with lipid rafts in A. aegypt.

Proteomic analysis of lipid rafts isolated from A. aegypti BBMV

The member proteins of the DRM fraction were identified as diagrammed in Fig. 4. The
opalescent band at the 5%—-30% Optiprep™ interface was collected and the proteins
separated by SDS-PAGE. After staining the gel, twenty equal gel sections were excised
from and subjected to trypsin in-gel digestion. The resulting peptides in each gel sections
were separated and analyzed by LC-MS/MS. The peptide sequences deduced from mass
spectrometry were matched to A. aegypti proteins using the Mascot search engine against
either the A. aegypti database alone, or the combined Diptera databases. For Mascot search
results obtained against Diptera database, if two or more potential matches were reported for
one mass spectrum, only peptide hits with the highest matching score (i.e., No.1 ranking) for
the corresponding spectra were selected.

Our analysis revealed 1513 unique peptides representing 312 proteins in the first DRM
sample and 2760 unique peptides representing 290 proteins in the second DRM sample set,
all of which passed a <1% false discovery rate (Table S1). Of the 290 proteins, 208 were
common to both biological replicates and the 50 GPI-anchored proteins identified in
replicate 1 were present in replicate 2 plus acetylcholinesterase and an additional vanin-like
protein 1. Of the 386 total proteins, 352 proteins were identified with two or more unique
peptide sequences of which 4 proteins matched to conserved hypothetical proteins not
assigned to any known protein in the constructed Diptera database. For these
uncharacterized proteins, no homolog that satisfied BLAST criteria was found when their
sequence was searched against NCBInr database. Using stringent statistical analysis via
ProteolQ, 34 proteins identified with a single peptide were accepted if the peptide occurred
multiple times in the data set.

The distribution of predicted isolectric points (pl) and molecular masses of identified DRM
proteins (Table S1) are presented in Fig. 5. The pl of the proteins identified range from 3.9
to 12.2 with a peak of proteins (about 40%) in the acidic pH 4-6 range; 2D gels of Aedes
larval BBMV proteins have a similar concentration of proteins in the acidic range?8. Of the
total DRM proteins 54% have predicted pl values less than 7 and 46% greater than 7 (Fig.
5A). The molecular masses of the identified proteins ranged between 8 and 300 kDa with a
majority of proteins (94%) exhibiting a molecular mass <120 kDa (Fig. 5B). Some of the
identified proteins, such as apolipophorin 11, are probably pro-proteins and do not represent
final size of proteins expected to be present in the DRMs.

The identified proteins listed in Table S1 were also classified on the basis of their
subcellular localization, molecular function and biological process as predicted from their
gene ontology (GO) term descriptions provided in FlyBase and UniProtKB database. Apart
from this, for each identified protein GO terms were compared with results from other
studies. Functional classification of the all uniquely identified proteins is shown in Fig. 6. Of
the 342 proteins identified with protein names, 293 had descriptions for their molecular
function and these were summarized into 13 GO categories. These proteins are involved in:
binding, (59 proteins); translation elongation (47 proteins); peptidase activity (44 proteins);
cellular metabolic processes (49 proteins); cell transport (38 proteins); proteins with
Unknown GO terms (49 proteins); hydrolase activity (14 proteins); transferase activity (9
proteins); cell signaling (9 proteins); phosphatase activity (8 proteins); isomerase activity (6
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proteins); Receptors or surface glycoproteins functions (6 proteins), and oxidoreductase
activity (4 proteins); see Fig. 6B for assignments for individual proteins.

When we analyzed the identified 342 proteins for subcellular locations, 96 proteins did not
have descriptions for GO terms. A large proportion of the identified proteins are known or
were predicted to be associated with plasma membranes, with 26% described as membrane-
bound, 3% integral to membrane, and 2% are associated extracellular. For the remainder of
the proteins, 14% are localized in cytoplasm, 13% in lipid particles, and 9% are associated
with mitochondria. Proteins involved in the cytoskeleton accounted for 6%; 28% of the
identified proteins did not have GO terms defined (Fig. 6A).

The results of GO analysis for the 342 annotated proteins identified into known biological
processes are shown in Fig. 6C. The most numerously identified proteins belong to the
following categories: Metabolism and biogenesis (38%), biological regulation (25%), ion
transport (8%), immune system process (9%), cytoskeletal component organization (5%)
and cell biological process unknown (16%).

DISCUSSION

The brush border membrane of Aedes larvae has a lateral organization that includes a DRM
fraction containing lipid rafts. The DRM fraction was prepared from Aedes larval BBMV
using cold Triton X-100 extraction and Optiprep™ gradient fractionation. The DRM
fraction was enriched in cholesterol, and alkaline phosphatase and aminopeptidase activities
(Fig. 1). Western blot analysis identified AeFlot-1 and APN1 in the DRM fraction (Fig. 2B
and 2C). These results and the proteomic analyses of the DRMs identified GPI-anchored
proteins and other lipid-raft associated proteins, a result in agreement with studies conducted
on vertebrate systems24 26 38,39,

Cry4Ba toxin association with A .aegypti lipid rafts

The presence of lipid rafts in the DRM fraction provided an approach to bridge the model
that Cry1 toxins insert into lipid rafts®-11 to mosquitocidal Cry toxins. The detection of
membrane-bound Cry4Ba toxin in the DRM fraction (Fig. 2D) is in concordance with the
Cry1 insertion model and in agreement with the presence of Cry4Ba receptor APNs?2 and
ALP? in the raft fraction (Fig. 2C, 1B and Table S1). Possibly the small amount of bound
Cry4Ba in the soluble membrane fraction (Fig. 2D) may be attributed to non-specific
Cry4Ba binding to BBMV or binding to receptors that are not raft-associated. The
integration of Cry4Ba into the lipid raft component of the DRMs supports the model that
lipid rafts have a functional role in the Cry intoxication process in mosquito larvae, as they
do for Cry toxin action in lepidopteran larvae.

Effect of MBCD on Cry 4Ba and receptors distribution

The integrity of DRM fractions in plasma membranes typically depends on cholesterol and
sphingolipids??: 41, Consequently, extraction of cholesterol with MBCD often disrupts the
DRM and releases associated proteins into the soluble phase of a sucrose or Optiprep™
gradient*2 43, We tested the influence of MBCD on the brush border DRM fraction by
treating BBMV with MBCD prior to Triton X-100 extraction and Optiprep ™gradient
fractionation. After MBCD treatment, we observed no obvious physical change in the
opalescent DRM band and detected no changes in cholesterol, APN or flotillin and no loss
of the ability of Cry4Ba to partition into the DRM fraction (Fig. 3). What may account for
the stability of the Aedes DRM fraction after extraction of BBMV with MBCD? It is
possible that the low concentration of cholesterol in mosquito midgut membrane may limit
the ability of MBCD to effectively bind and extract cholesterol. MBCD depletion of
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cholesterol from membranes is limited or slower in membranes with low cholesterol
content**. 45 and high sphingomyelin content?®. It is also possible that while MBCD
selectively extracts cholesterol, A. aegyptilarvae may have other sterols or membrane
components involved in maintaining raft integrity resulting in a cholesterol-independent
DRM fraction. For example, similar to mammalian brush rafts membranes insect brush
border membranes contain glycosphingolipids? and galectin (Table S1). In mammalian
brush border membranes, galectin stabilizes lipid rafts by cross-linking glycosophingolids
resulting in cholesterol-independent rafts?’: 48, With respect to Cry4Ba partitioning into
DRMs after MBCD treatment of BBMV (Fig. 3D), this is consistent with MBCD-resistance
of the DRMs. Additionally, previous studies with other pore forming toxins in mammalian
cells indicated that the MBCD had no effect on toxin association and gradient
distribution9: 50,

Proteomic profile of the DRM fraction from Aedes larval midgut brush border membranes

Proteomic analyses of insect midguts have characterized either total BBMV proteomes®1: 52
or a proteome subset such as Bt toxin binding proteins28: 5354 Our geLC-MS/MS analysis
of the DRM sub-proteome identified lipid raft marker proteins flotillin-1, flotillin-2, APN
and ALP and many other proteins reported in similar analyses of DRMs®>-59, The 386
identified proteins (342 annotated proteins) are just slightly less in number than the
approximately 400 spots seen on a 2D gel of Aedes brush border proteins28: 51, In
comparison, microarray experiments identified 3512 transcripts in midgut of Ae. aegypti
larvae23. Of the 342 annotated proteins (Table S1) an expected overlap in identified DRM
proteins was observed with the published Aedes larval BBMV proteome study®. Those
authors identified 89 abundant proteins by a combination of 2D gel and LC-MS/MS
approaches and of these 22 were identified in our DRM fraction. In addition to identifying
about 290 proteins not detected in Aedes larval BBMV>1, our DRM proteomic analysis
identified more members of each type of GPIl-anchored protein family (6 alkaline
phosphatases, 10 m1 class aminopeptidases, and 5 alpha-amylases and 2 carbonic
anhydrases) versus the single member identified in the Aedes BBMV larval proteome.
Flotillins were identified in our DRM fraction and in our proteomics-based search for
Cry4Ba binding proteins in Aedes BBMV, but not in Popova-Butler Dean's study®L.

GPl-anchored proteins are targeted to lipid rafts and enriched in DRMs? 38, Consistent with
the localization of GPI-anchored proteins in DRMS, bioinformatic analyses of Aedes DRM
proteins predicts 64 proteins as having GPI-anchors (Table 1). Each of the 4 GPI predictor
programs identified a set of proteins including alanyl aminopeptidase, alkaline phosphatase,
alpha-amylase, an m1 metalloprotease (APN), and carbonic anhydrase as likely to have a
GPl-anchor. ALP and APN proteins were previously confirmed as GPIl-anchored proteins
and identified as receptors for Cry toxins in Aedes mosquito larvae. See Table 2 for a listing
of ALPs and APNs identified as Bti Cry binding proteins and receptors. For example, ALPs
are identified as Cry4Ba binding and possible receptor proteins and ALP AAEL015070 in
group 7 according to!®, was recently identified as a functional Cry4Ba receptor9 (Table 2).
However, AeALP1 (AAEL009077) , which is a receptor of Cryl11Aa and Cry4Ba in Aedes
larvael8: 20 was not detected in DRMs in either replicate 1 or 2. Two ALPs (AAEL003313
& AAEL003298) identified in DRMs were recently shown to be down-regulated in a Bti
resistant A. aegyptistrain?3. Aminopeptidase AEL01278 (named AeAPN1) was identified
as a receptor for Cry4Ba and Cry11Aa and in Aedes larvae?l: 22 (Table 2). This is the only
GPl-anchored APN identified by each of the 4 GPI predictor programs. Two APNs
(AAELO008155; called AeAPN2) and AAEL012774 (AeAPN4) were identified in Aedes
BBMV as binding Cry11Aal®. Also, one APN (AAEL012774) was up-regulated and
another APN down-regulated (AAEL012776) in the Bti resistant A. aegypti strain?3.
However, according to analyses of the annotated APNs they are not predicted to have GPI
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anchors (Table 1). Incorrect annotation of the APNSs in the Aedes database is a possible
explanation for lack of a predicted GPI anchor. Alternatively, these APNSs are attached to
brush border membrane via another anchorage system (discussed below). In regards to the
glucosidase with predicted GPI anchorage, interestingly, the glucosidase present in DRM is
not the GPI-anchored glucosidase which was examined, but refuted, as a receptor to
mosquitocidal Bin toxin®0. Overall, most of the predicted GPI-anchored proteins present in
Aedes DRM are glycosidases and hydrolases. Other notable proteins in the DRM fraction
with predicted GPI-anchorage include carbonic anhydrase, an enzyme involved in
alkalinization of Aedes midgut®l. Lachesin, a protein involved in epithelial integrity2 was
detected and probably identified correctly as a GPI-anchored protein. An apyrase and
apolipoprotein D also had signals for GPI-anchorage recognized by each software program.

Predicted S-acylated proteins in the DRM fraction

Some proteins are targeted and attached to membranes via a post-translationally attached
fatty acid. The most common type of attachment is via S-acylation at cysteine residues
where the attached moiety is palmitic acid, hence the common name palmitoylation®3.
Palmitoylated proteins are frequently isolated in DRMs and are considered lipid rafts
components®. Using the computer program CSS-Palmb3, the set of identified DRM proteins
was searched for predicted palmitoylation sites yielding a list of 222 proteins (Table S2).
The caveat with this analysis is that because of a lack of experimental validation it is unclear
how well the predictions correlate with actual palmitoylation. Several cytoskeletal proteins,
including actin, myosin and tubulin, were identified as having putative palmitoylation sites
and in cultured human cells their homologues are palmitoylated and raft-associated®4. This
assemblage of cytoskeletal proteins in the DRM fraction also correlates with the link
between lipid rafts, cytoskeletal proteins intracellular structures®4. Several 40s and 60S
ribosomal proteins have predicted palmitoylation sites and they also have counterparts in
human cells®4. The CSS-Palm program also identified a number of ALPs and APNs as
having palmitoylation sites. If APNs are indeed attached to brush border membrane via
palmitoylation, it would explain why in insect BBMV preparations only half of the APN
activity is released by the phosphatidylinositolspecific phospholipase C which cleaves GPI-
anchored proteins®6. Overall, there is correlation between proteins having predicted
palmitoylation sites and their protein localization according to GO annotation.

Proteins not expected to be in lipid rafts that are likely contaminants of the DRM

The presence of ribosomal, mitochondrial, and endoplasmic reticulum proteins in the DRM
fraction is consistent with the DRM literature5® 58. 67. 68 Ag discussed above some of the
proteins typically with these organelles may be present in DRMs because they are lipidated
(i.e palmitoylated). Another explanation is that these subcellular organelles are entrapped in
BBMV during the folding process that occurs during the process of gut homogenization and
vesicle purification®®: 70, In the case of mitochondria, they do not have lipid rafts and are
considered contaminants in DRM preparations’. This conclusion was based on proteomic
analyses of DRMs and mitochondria from cultured human cells where F1/FO ATPase
subunits and other mitochondrial proteins were identified as co-purifying contaminants in
DRM/lipid raft preparations’L. With respect to BBMV>! and the DRM fraction analyzed in
this study, it is possible that extra purification steps in BBMV and further development of
the step gradient technique could yield improved BBMV and DRM fractions. However, it is
likely that small contamination will always show up in the proteomes of insect BBMV and
lipid rafts, since LC-MS/MS is such an ultra-sensitive technique. Therefore, it is very
important to re-evaluate the DRM fractions using qualitative immunoblotting and
immunolocalization techniques. New techniques based on in vivo labeling and quantitative
mass spectrometries are likely to add insights into DRM composition and their included
lipid rafts. Based on these observations, the existence of rafts in cell organelles, BBMV
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preparation, and co-precipitation of cell organelle proteins with lipid rafts deserves serious

consideration.

CONCLUSION

We believe that our observations, together with the information available for Bt toxins in
other insects, also demonstrated the existence of lipid rafts in insects and their interaction
with Bt Cry pore forming toxins.

In recent years, our knowledge of the Bt toxin receptors on the membrane surface and their
complex interaction has improved significantly. Even though most of the knowledge of Bt
toxin receptors and toxin mode of action is derived from lepidopteran studies, there are
broad differences in the midgut physiology of lepidopterans and dipteran insects. Although
many receptors for of the Bt toxin are still unknown, many toxins seem to have an affinity
for the same class of proteins on the midgut cells. Proteome composition of lipid rafts,
which is an important target site for both mosquito killing and vectored pathogens helps in
designing better mosquito control strategies. Several studies have suggested many pathogens
interact with lipid rafts. However, specific interacting proteins have not yet been identified;
our study should help in the characterization and also in identifying candidate proteins that
control susceptibility to Bt toxins. In this relatively new field, more research is needed to
knock down the function of key lipid raft proteins. It will have better clarity on developing
effective management strategies directed at vector controlling and also preventing toxin
resistance in the mosquitoes. Furthermore, it may also serve as an important early step
toward limiting the spread and burden of human disease caused by pathogens that are
vectored by mosquitoes in general and A. aegyptiin particular.
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phosphatase activity (B) across the Optiprep gradient fractions. Whole body BBMV was
prepared and extracted with 1%Triton X-100 on ice with MBCD, and the membranes were

floated in an Optiprep multistep gradient solution. After Optiprep step gradient

ultracentrifugation the gradient was fractionated from the top to the bottom. The cholesterol
and total protein content, APN and ALP activity of different Optiprep gradient fractions
were determined as indicated in Materials and Methods. Fractionation of the gradient (12 x
1 mL) resulted in detection of a small protein peak observed within the 5-30% Optiprep
zone (buoyant fractions 4-5), whereas the bulk of proteins were retained at the bottom of the
gradient. Cholesterol was enriched in detergent insoluble and low density Optiprep gradient

fraction.
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Figure2.

Distribution of proteins and lipid raft marker proteins across the Optiprep gradient fractions
analyzed by immunoblotting. Lipid raft were isolated from whole body BBMV as described
in Materials and Methods. An equal volume of each gradient fraction was analyzed by 10%
SDS-PAGE followed by silver staining (A), and immunoblotting with anti-Flotillin-1 (B),
anti-AgAPNL1, (C) and anti- Cry4Ba (D) antisera.
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Figure 3.

Effect of MBCD on Protein, Cholesterol, Cry4Ba toxin, APN and ALP distribution in Aedes
lipid raft fractions. Isolation of lipid rafts from A. aegypti BBMV with pre incubation of
MBCD followed by detergent solubilization. Triton X-100 insoluble complexes were
prepared (see Materials and Methods) centrifuged through a 5%:30%:40% Optiprep step
gradient and 1-ml fractions assayed for Cholesterol and total protein content (A), APN &
ALP enzyme activity (B), Flot-1 immunoblot (C) and Cry4Ba toxin blot (D). Treatment of
BBMYV with 20 mM MBCD had no effect on the cholesterol and protein content of lipid raft
fractions.
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Figure4.

Schematic representation of Aedes lipid rafts isolation and mass spectrometry analysis
procedures. Lipid rafts were prepared from the BBMV as described in Materials and
Methods. A representative centrifuge tube picture of the gradient with opalescent lipid rafts
band obtained after centrifugation is shown (A). Detergent insoluble proteins (15 p.g) were
resolved on 10% SDS-PAGE and stained with Deep Purple™ total protein stain. Gel bands
were sliced equally and digested with trypsin. The resulting peptides were analyzed by LC-
MS/MS (B).
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Figureb.

Insilico analysis of pl and kD values for lipid rafts proteins. According to their primary
database sequences pl values were calculated using the ProtParam tool on the EXPASy
server (A) and molecular mass values (in kDa) were calculated using the ProteolQ tool (B).
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Classification of identified Aedes lipid rafts proteins based on GO for cellular component

(A), molecular function (B), and biological process (C). Numbers in percentages (%)
correspond to the numbers of GO terms assigned for particular GO category.
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