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Abstract

Sterol carrier protein-2 (SCP-2) is a non-specific intracellular lipid carrier protein. However, the
molecular mechanism of ligand selectivity and the in vivo function of SCP-2 remain unclear. In
this study, we used site directed mutagenesis to investigate ligand selectivity and in vivo function
of the yellow fever mosquito sterol carrier protein-2 protein (AeSCP-2). Mutations to amino acids
in AeSCP-2 known to interact with bound ligand also decreased NBD-cholesterol binding.
Substitution of amino acids in the ligand cavity changed the ligand specificity of mutant AeSCP-2.
Over-expressing AeSCP-2 wild-type in the Aedes aegypti cultured Aag-2 cells resulted in an
increase in incorporation of [3H]cholesterol. However, over-expressing mutants that were
deleterious to the binding of NBD-cholesterol in AeSCP-2 showed a loss in the ability to enhance
uptake of [3H] cholesterol in cultured cells. Interestingly, when [3H]palmitic acid was used as the
substrate for incorporation in vivo, there was no change in the levels of incorporation with over-
expression of wild-type protein or mutated AeSCP-2s. The in vivo data suggest that AeSCP-2 is
involved in sterol uptake, but not fatty acid uptake. This is the first report that the ability of
cholesterol binding may directly correlate to AeSCP-2’s in vivo function in aiding the uptake of
cholesterol.

Sterol carrier protein-2 (SCP-2) is a member of the SCP-2 gene family that includes genes
encoding SCP-2, SCP-x, SCP-like-2, SCP-like-3, 17p-hydroxysteroid dehydrogenase type
IV, and stomatin all of which possess the sterol-binding domain (1,2,3). SCP-2 is considered
a nonspecific lipid carrier since the vertebrate version of SCP-2 binds to sterols, fatty acids,
fatty acid acyl-CoA and phospholipids (4,5). However, the molecular mechanisms that
underlie SCP-2’s ligand selectivity are unknown. The vertebrate SCP-2 has been
characterized as a generalized lipid carrier protein thought to mediate cholesterol trafficking
and metabolism (6) as well as fatty acid uptake and trafficking (7). The detailed molecular
mechanisms of SCP-2’s function are not well understood such as whether SCP-2 plays a
role in lipid metabolism or lipid uptake or both. Little data is available to date to show
whether ligand-binding or ligand-selectivity in SCP-2 would impact the cellular function.

The yellow fever mosquito, Aedes aegypti, sterol carrier protein-2 protein (AeSCP-2) is
highly expressed in the midgut, the main site of cholesterol absorption, but not in the head
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and hindgut (8). The recombinant AeSCP-2 binds radiolabelled cholesterol with a Ky of 10
nM (8). AeSCP-2 has been hypothesized to be involved in the uptake and delivery of
cholesterol (an essential nutrient of insects) across the cellular barrier between the midgut
and the hemocoel where it is then transported to sites of either storage or utilization (8,9,10).
Binding of fatty acid in AeSCP-2 is shown in the protein crystal structure (9). AeSCP-2 was
localized to the cytosol in the midgut epithelium and overexpression of the protein in Aedes
aegypti cells resulted in increased incorporation of radiolabelled cholesterol (11).
Knockdown of AeSCP-2 expression in the last instar larvae resulted in a reduction in
cholesterol uptake, higher mortality and a reduction in fecundity (10). In the female adults,
knockdown of AeSCP-2 expression leads to reduced uptake of cholesterol from the blood
meal, but has little effect on palmitic acid uptake (2). In addition, several compounds were
discovered from small molecular chemical libraries that inhibited binding of cholesterol to
AeSCP-2 (12).

Mice with SCP-2 knockout show abnormal metabolism in branched fatty acid and bile acid
formation (13,14), indicating that the mammalian SCP-2 is involved in lipid metabolism.
However, the role of SCP-2 in cellular lipid uptake is not clear. Cholesterol can easily insert
into the lipid bilayer and has a fast flip-flop rate (t1/,= 1-2 minutes) within the lipid bilayer
(15). Diffusion of cholesterol into the lipid bilayer can happen readily, and an aqueous
diffusion model has been proposed to account for some of the cholesterol uptake by cells
(16). However, desorption of membrane-bound cholesterol is slow without the aid of a
carrier protein (3,16). A lipid carrier protein, therefore, enhances desorption of membrane-
bound cholesterol through collision with the membrane-bound cholesterol (17). Over-
expression of the mammalian SCP-2 decreased the plasma membrane content cholesterol in
L-cells (18), demonstrating the potential of lipid carrier proteins to enhance cellular lipid
uptake. There is speculation that the ligand-binding and ligand transfer domains are distinct
in SCP-2. The N-terminus of human SCP2 has been shown to be a membrane interaction
domain (19). On the other hand, a single point mutation in Arabidopsis thaliana SCP-2 from
Met100 to Leul00 abolished the sterol-binding (20).

Using the X-ray crystallographic structure of the AeSCP-2 and its palmitic acid-binding
domain as a template (9), mutants of AeSCP-2 were created and studied for their ability to
interact with ligands. In addition, cultured Aedes aegypti cells were transfected with over-
expression vectors of AeSCP-2 wild type and mutants and tested for their abilities to
enhance incorporation of either radiolabelled cholesterol or palmitic acid. In their natural
environment, Aedes aegypti larvae feed on detritus which would include various sterols such
as cholesterol, phytsterols, and fungal sterols. Little is known whether AeSCP-2 is involved
in dietary sterol uptake or metabolism in mosquitoes. We report here for the first time that
the binding of B-sitosterol, but not of 7-dehydrocholesterol, in AeSCP-2 occurs in vitro, and
the selectivity of ligand can be altered via single point mutation that may affect the ligand
cavity in the protein. Furthermore, the in vivo function of AeSCP-2 may be complex due to
the selectivity in AeSCP-2-mediated cellular uptake of ligands. These results extend our
knowledge of these critical interactions between AeSCP-2 and ligands as well as inhibitors.

Materials and Methods

Chemicals and Instrumentation

Chemicals and reagents were purchased from Sigma (St. Louis, MO), Fisher Scientific
(Pittsburgh, PA) and ICN (Costa Mesa, CA) if their origins are not mentioned in the text.
NBD-cholesterol was purchased from Molecular Probes (Eugene, OR). [1,2-3H (N)]-
cholesterol (40 Ci/mMol) and [9,10-3H]-palmitic acid (60 Ci/mMol) were purchased from
American Radiolabeled Chemicals, Inc. (St. Louis, MO, USA). AeSCP-2 inhibitors, SCPI-1
(N-4-{[4-(3,4-dichlorophenyl)-1,3-thiazol-2-ylJamino}phenyl)aetamide hydrobromide) and
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SCPI-2 (8-chloro-2-(3-methoxyphenyl)-4,4-dimethyl-4,5-dihydroisothiazol[5,4-
c]quinoline-1(2H)-thione), were purchased from ChemBridge Corporation (San Diego, CA,
USA) with at least 90 % purity.

All fluorescent measurements were performed in a SpectraMax GeminiXS microplate
fluorometer (Molecular Devices, Sunnyvale, CA) or a Synergy HT Multi-Detector
Microplate Reader (BIO-TEK Instruments, Winooski, VT). Radiolabelled measurements
were carried out in a 2500 TR Liquid Scintillation Analyzer (Canberra, Meriden, CT).

The Aedes aegypti cell line (Aag-2) was maintained in Eagle’s medium (Invitrogen,
Carlsbad, CA) supplemented with 5% fetal bovine serum (E5 complete medium) and grown
at 28 °C in a 5% CO, atmosphere (21,22). Cells were passed every 7 days in a 1:4 dilution
of cells.

Plasmid Construction and Purification

Recombinant AeSCP-2 was expressed using a pGEX-4T-2 plasmid with the entire coding
sequence of AeSCP-2 cloned in as previously described (9). For over-expression of
AeSCP-2 in Aag-2 cells, the entire coding region of the AeSCP-2 was inserted into the
pIE1N" expression vector (gift of Dr. Paul Frisson of the University of Wisconsin Madison)
using HindlI1l and Bglll sites in the multiple cloning region. The plasmids were purified
using the Maxiprep kit (Qiagen, Valencia, CA). The quantity of DNA was determined by
measurement of the UV spectrum at 260 nm.

Site-directed Mutagenesis

Mutations in the pGEX-4T-2/AeSCP-2 and pIE1""/AeSCP-2 plasmids were introduced
using the QuikChange |1 Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA). Mutant
plasmids were sequenced to confirm the introduced point mutations using an automatic
sequencer (ABI 377XL) and Big Dye labeling (American Pharmacia Biotech AB, Uppsala,
Sweden).

Recombinant Protein Expression and Purification

The recombinant AeSCP-2 wild-type and mutants were expressed and purified as described
(9) with the following changes. Purified samples of recombinant proteins were concentrated
in either 50 mM Tris-HCI, pH 8.0 or 10 mM KyPO4 pH 7.5 in CENTRIPREP centrifugal
filter devices (10K cutoff; Amicon, Billerica, MA) to a final volume of 1 mL after re-
concentrating the sample from 10 mL of buffer 10 times. A sample (0.5 mg) of the AeSCP-2
was dialyzed against 4 x 4 liters of ddH,0, then lyophilized and subjected to mass
spectroscopy in a Voyager DE-Pro MALDI-TOF Mass Spectrometer (Applied Biosystems,
Foster City, CA) to demonstrate that the purified AeSCP-2 was in the apo-form. The protein
concentration was determined using Coomassie Plus-The Better Bradford Assay Kit (Pierce,
Rockford, IL) using the bovine serum albumin as a standard. The purification of
recombinant AeSCP-2 wild type and mutants were monitored by Western blot analysis
using an antibody raised against recombinant AeSCP-2 (8). All mutants of AeSCP-2 used in
this study were recognized by the antibody and were similarly purified to homogeneity (data
not shown).

Purified recombinant proteins were subjected to dynamic light scattering to determine
whether the purified protein was in the monomeric state. AeSCP-2 wild type binds to ligand
as a monomer (9); the soluble state of the protein was a concern since mutation in a protein
may cause the instability of the protein structure that would result in aggregation of the
protein. Dynamic Light Scattering (DLS) experiments were performed with a DynaPro™
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(Protein Solutions, Santa Barbara, CA) in a 12 pL quartz cuvette at 23 oC. Protein samples
buffered in PBS (137 mM NaCl, 2.7 mM KCI, 10 mM sodium phosphate dibasic, 2 mM
potassium phosphate monobasic, pH 7.4) were concentrated to approximately 1mM and
passed through a 0.22 pM spin filter at 3000x g, for 3 minutes. Samples were stored on ice
prior to the DLS measurements. The hydrodynamic radius, polydispersity, and presence of
aggregates were analyzed for each mutant as well as wild-type recombinant AeSCP-2s. DLS
has been used extensively to demonstrate a protein sample is absent of major aggregates
prior to investing time in crystallization trials (23). The proteins analyzed in this study
displayed a narrow unimodal distribution with polydispesity ranging from <30%, thereby
demonstrating the protein samples were well folded and not in an aggregated state.

Binding of NBD-cholesterol to AeSCP-2

The binding of 0.5 uM NBD-cholesterol in 50 mM Tris-HCI, pH 8.0, 25 oC to increasing
concentrations of either AeSCP-2 wild-type or mutants was monitored by fluorescent
spectroscopy. Sample volumes were 100 pL. Excitation was at 470 nm and emission was
measured at 530 nm. Difference spectra were generated from the subtraction of buffer and
ligand/inhibitor spectra without protein from the protein/ligand/inhibitor sample spectra. Ky
values were obtained with data using a simple, single binding site, non-linear regression
model in GraphPad PRISM® software version 4.0 (GraphPad Software Inc., San Diego, CA)
using the equation:

_Bmax X X
Kd+X

Ligand Competition Assays

For initial ligand competition assays (Fig. 1), increasing concentrations of a competitor
(cholesterol, 7-dehydrocholesterol, palmitic acid, or B-sitosterol) were added to 100 puL
samples of 5 uM AeSCP-2 and 10 uM NBD-cholesterol in 10 mM KPO4, pH 7.5, 25 oC.
Samples in 96-well plates were measured in the microplate fluorometer.

For binding assays, 0.1 uM or 0.5 uM NBD-cholesterol (Table 1 and Table 2, respectively)
and increasing concentrations of wild type recombinant AeSCP-2 (0.02-20 puM) was mixed
together in the presence of a competitor. Excitation was at 470 nm and emission was
measured at 530 nm. Difference spectra were generated from the subtraction of buffer and
ligand/inhibitor spectra without protein from the protein/ligand/inhibitor sample spectra. The
results are the average of three experiments with standard deviations.

For ligand competition assays with NBD-cholesterol in the presence of wild type AeSCP-2
or an AeSCP-2 mutant (Table 3), the 50% effective concentration (ECsgg) was obtained using
a single site competition, non-linear regression model in the GraphPad PRISM software
version 4.0 (GraphPad) using the equation:

Y_Best fit value MIN+(best fit value MAX — best fit value MIN)
- (1+10"(X — logEC50))

In Vivo Incorporation of 3H-cholesterol by cells Over-expressing AeSCP-2 Wild Type and

Mutants

The Aag-2 cells were grown to 40% confluence in a 65 mm tissue culture dish in E5
complete media. Cells were transfected with 12 pg of an over-expression plasmid/24 pL of
Lipofectin/mL for 8 hours in the transfection media (E5 complete medium minus FBS and
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antibiotics). Cells were then transferred to E5 complete media. At 36 hours post transfection,
the cells were transferred to steroid-free E5S complete media (25) for 12 hours. Media was
replaced with 1 mL of steroid-free E5 complete media containing either 0.33 pCi [3H]-
cholesterol/mL or [3H]palmitic acid/mL and incubated for 12 hours. The labeled cells are
gently washed twice in 2 mLs of cold PBS in the dish. Lipids were extracted from the cells
and the radioactivity in each sample was measured in a liquid scintillation counter as
described (6). The protein pellets from each sample were re-dissolved in 200 pL of PBS and
protein concentrations were determined using BCA kit (Pierce).

To quantify the over-expression of AeSCP-2 and mutants, an indirect enzyme-linked
immunosorbent assay (ELISA) was performed in a 96-well microtiter plate using an
antibody raised in a rabbit against purified recombinant AeSCP-2. Protein samples of 100
puL/well from Aag-2 cells were loaded into a 96-well plate (Immunoassay microplate,
Thermo Scientific, Waltham, MA) and incubated for 1 hour at room temperature. The
samples were removed and a 200 pL solution of blocking buffer (10 mg/mL bovine serum
albumin, 1% goat serum) was added and incubated for 1 hour at room temperature. The
primary antibody to AeSCP-2 (1:2000 in 100 uL PBS/well) was shaken in for 1 hour at
room temperature. The wells were washed in a PBS/0.1% Tween-20 solution three times
and the secondary antibody (goat anti-rabbit IGG) was added (1:2000 in 100 pL) and
incubated for 1 hour at room temperature. The wells were washed in a PBS/0.1% Tween-20
solution three times and a 100 pL solution of 1.8 mM 2,2'-Azino-bis (3-
ethylbenzthiazoline-6-sulfonic acid) was added to each well. The plates were read in a
VERSAmax microplate reader (Molecular Devices) at 405 nm. Purified recombinant
AeSCP-2 in PBS was used in a concentration range of 0-1 UM to generate a standard curve.
There were no significant differences in the levels of over-expressed AeSCP-2 and mutant in
different samples of transfected Aag-2 cells (Suppl. Table 1). Therefore, the content of a
[3H]-lipid is described as disintegrations/min/mg total cellular protein (DPM/mg protein).

Intrinsic Fluorescence Measurements of SCPIs Bound to AeSCP-2 Wild Type and Mutants

Fluorescence measurements from intrinsic sources are often useful for reporting
conformational states of proteins (26). Fluorescence emission from tryptophan (Trp)
residues in a protein is extremely sensitive to perturbations in the local environment, mostly
due to different degrees of quenching. AeSCP-2 has only one tryptophan residue at position
44 that is mostly buried in the hydrophobic core of the protein (Suppl. Fig. 3;9).
Recombinant protein samples of wild type and mutants (20-50 pM) in a 96-well microplate
were measured for their intrinsic fluorescence intensities in the absence and presence of
either SCPI-1 or SCPI-2 (50-100 pM). SCPI-1 and SCPI-2 are two AeSCP-2 inhibitors
identified via high throughput screening for AeSCP-2 chemical inhibitors (12). Sample
volumes were 100 pL in 50 mM Tris-HCI, pH 8.0 at 25 °C. The samples were excited at 280
nm and emission spectra were measured from 320-390 nm. Difference spectra were
generated by the subtraction of buffer and SCPI alone spectra from the spectra containing
protein.

To ensure that the quenching of intrinsic tryptophan fluorescence was due to the interaction
of inhibitor and the tryptophan in the native state of the protein, negative control spectra
were collected after proteins were denatured in 6.5 M guandidine-HCI in 50 mM Tris-HCl,
pH 7.4.

Statistic analysis

Binding or competitive binding assays presented in each table were always performed in
parallel with 3-4 independent replicates. Therefore, K4 and ECgq values were compared
using a repeated measures analysis of variance followed by Dunnett's post test using the
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GraphPad PRISM® software version 4.0 (GraphPad Software Inc., San Diego, CA) unless
otherwise indicated. The data in this study were analyzed using a similar statistical method
as described by others reporting similar studies on point mutation and ligand interactions
(27).

Ligand-binding and competition in AeSCP-2

NBD-cholesterol is a fluorescent analog of cholesterol, which has little fluorescence in
hydrophilic solutions. After binding to a protein in the hydrophobic cavity of the protein, the
fluorescent intensity of NBD-cholesterol increases. NBD-cholesterol has been used as the
probe in studying sterol-binding proteins (27). Cholesterol has been shown to compete with
NBD-cholesterol for binding to AeSCP-2 (12). Palmitic acid and cholesterol have been
shown to bind AeSCP-2 (8,9). Earlier reports show that Aedes aegypti larvae readily convert
B-sitosterol to cholesterol (28,29), whereas conversion of cholesterol to 7-
dehydrocholesterol is the first step in steroid hormone biosynthesis pathway (30). It is
known that the vertebrate SCP-2 is a nonspecific intracellular lipid carrier (3). Therefore,
potential competitors for binding in AeSCP-2 could be cholesterol, 7-dehydrocholesterol,
palmitic acid, as well as B-sitosterol. Here we show that in addition to cholesterol, other
ligands competed with the fluorescent cholesterol analog for binding to AeSCP-2.
Cholesterol competed with the NBD-cholesterol for binding to AeSCP-2 in a dose-
dependent fashion (Fig. 1A, cholesterol), consistent with what has been reported previously
(12). In addition, palmitic acid and p-sitosterol also competed with NBD-cholesterol for
binding to AeSCP-2 (Fig. 1B and C, B-sitosterol and palmitic acid, respectively).
Interestingly, 7-dehydrocholesterol did not appear to compete with NBD-cholesterol for
binding to AeSCP-2 (Fig. 1D, 7-d-cholesterol) suggesting that AeSCP-2 may not bind this
metabolite of cholesterol. To further verify the potential ligands for AeSCP-2, NBD-
cholesterol (0.1 pM) binding was measured with recombinant wild type AeSCP-2 under
increasing protein concentrations (0.02-20 uM) in the presence of a competitor. At 5 uM
AeSCP-2 and 0.1 uM NBD-cholesterol concentrations, the fluorescent intensity of bound
NBD-cholesterol had reached maximal (Supplement Fig. 2). In the presence of a specific
competitor under the same condition, binding of NBD-cholesterol would be reduced which
would appear as an increase of K4 value for NBD-cholesterol compared to that of in the
absence of a competitor. Binding of NBD-cholesterol to AeSCP-2 was reduced significantly
in the presence of > 0.1 uM for palmitic acid, and cholesterol, respectively (Table 1). The
results suggest that cholesterol and palmitic acid might be natural ligands for AeSCP-2. On
the other hand, significantly reduction of Ky values were only detected at 0.1 uM for -
sitosterol (Table 1, B-sitosterol), indicating B-sitosterol might be a natural ligand for
AeSCP-2. However, the presence of 7-dehydrocholesterol did not significantly alter the Ky
values under the same conditions (Table 1, 7-dehydrocholesterol), indicating 7-
dehydrocholesterol might not be a specific competitive ligand for AeSCP-2. The results
showed that cholesterol, palmitic acid, and p-sitosterol were likely ligands of AeSCP-2. This
is the first report of B-sitosterol as a potential AeSCP-2 ligand.

Ligand-binding in AeSCP-2 mutants

The 3-dimensional protein structure of AeSCP-2 shows that hydrophobic amino acid
residues line the interior ligand-binding cavity (9). Based on the protein structure of
AeSCP-2, we selected several amino acid residues (Figure 2, F9, Y30, F32, W44, M90 and
F105) in AeSCP-2 for point mutation experiments to shed light on the mechanism of ligand-
binding in AeSCP-2. The Y30 residue does not directly interact with bound ligand, although
Y30 resides in the hydrophobic core of the protein (9), whereas the only tryptophan residue
at position 44 seems to form z-x stocking with F9 that may stabilize the ligand cavity (1).
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All of the point mutations except Y30A in AeSCP-2 caused reductions in binding of NBD-
cholesterol (Fig. 3). The wild type AeSCP-2 and Y30A mutant have a Ky value of 0.34 and
0.25 pM for NBD-cholesterol, respectively (Table 2). Mutations of FOW/W44F, F105A,
F105W F32A, F32W, W44E, and M90L in AeSCP-2 reduced the ability of the mutants to
bind NBD-cholesterol compared to the wild type (Fig. 3 and Table 2). However, F32W was
only mutant that caused significant change in Ky values compared to the wild type (Table 2).
Mutant F32W reduced NBD-cholesterol binding affinity by more than 10-fold (Table 2),
which also significantly decreased the sensitivity to cholesterol competitive binding (Table
3). Interestingly, mutants that only resulted in moderate reductions in NBD-cholesterol
binding (Table 2) had severely affected the sensitivity to cholesterol binding (Table 3). Both
W44E and M90L lost the ability for cholesterol competitive binding, whereas retained
palmitic acid binding capacity (Table 3). These results further established that AeSCP-2
binds NBD-cholesterol and that critical amino acids in the protein structure, when changed,
appeared to be responsible for reduced binding affinity to the ligand. It is interesting to note
that all mutant AeSCP-2s studied bound NBD-cholesterol at higher concentrations of the
protein (Fig. 3, =5 UM proteins), suggesting that none of the individual amino acid
mutations were severe enough to abolish NBD-cholesterol binding to the protein.

To investigate whether point mutations in AeSCP-2 also affect ligand-binding specificity,
we used the mutant AeSCP-2s to perform competitive binding assays. We performed
competitive binding assays with 5 UM purified protein and 1.25 uM NBD-cholesterol under
conditions of increasing concentrations of a competitor. In the wild type AeSCP-2, the only
ligand that did not show competitive binding was 7-dehydrocholesterol (Table 3), which is
consistent with previous results (Table 1 and Fig. 1). There was little change in competitive
binding of palmitic acid in tested mutants (Table 3, palmitic acid). However, in mutants
MO9OL and WA44E, cholesterol lost its ability for completive binding to the proteins,
respectively (Table 3). On the other hand, p-sitosterol was able to compete with NBD-
cholesterol for binding to M90L and WA44E (Table 3). Interestingly, Y30A and F32W
mutations enabled 7-dehydrocholesterol to compete with NBD-cholesterol for binding to the
proteins (Table 3), whereas the wild type AeSCP-2 did not (Fig. 1, Table 1, and Table 3).
The results indicate that cholesterol and palmitic acid, two ligands that are known to bind to
AeSCP-2 (8,9), may be accommodated via different amino acid residues in AeSCP-2.

In vivo function of AeSCP-2 mutants

Studies of the incorporation of radio labeled cholesterol and palmitic acid into cells were
conducted using the Aedes aegypti cell line Aag-2 that is embryonic origin (31). The
mosquito cells were transfected with over-expression vectors of either wild type or mutant
AeSCP-2s, and the AeSCP-2 over-expressing cells were then incubated with labeled ligand.
Previously, incorporation of [3H]cholesterol was shown to increase in cells over-expressing
AeSCP-2 (11). To determine if the mutations in AeSCP-2 that showed reduced affinity for
cholesterol in vitro (Fig. 3 and Table 2) or impaired competitiveness for cholesterol binding
(Table 3) would have any effect on AeSCP-2’s function in vivo, expression vectors were
constructed to over-express AeSCP-2 mutants in Aag-2 cells. Incorporation of
[3H]cholesterol increased significantly compared to empty vector when wild type AeSCP-2
was over expressed in the Aag-2 cells (Fig. 4, wt vs. empty vector), which was consistent
with previously reported studies (11). Over-expressing the wild type AeSCP-2/EGFP fusion
protein had similar levels of [3H] cholesterol incorporation compared to the wild type
AeSCP-2 (Fig. 4, wt-EGFP vs. empty vector), indicating that the EGFP-tag at the C-
terminus of the wild type AeSCP-2 did not affect the in vivo function of AeSCP-2. However,
incorporation of the [®H]cholesterol did not increase in cells over-expressing AeSCP-2
mutants F32A, W44E, M90L, and F105A when compared to wild type (Fig. 4). On the other
hand, over-expression of Y30A mutant had similar increased levels of [3H] cholesterol
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incorporation as that of the wild type AeSCP-2 (Fig. 4). The Y30A mutation had little effect
on cholesterol-binding to the protein in vitro or sensitivity for cholesterol competitive
binding (Fig. 3, Table 2, and Table 3); whereas, F32A, W44E, M90L and F105A showed
moderately decreased affinity to NBD-cholesterol (Fig. 3, Table 2, and Table 3) and W44E
and M9IOL lost sensitivity for cholesterol competitive binding. The results indicate that
cholesterol binding in AeSCP-2 directly correlated to the in vivo function of AeSCP-2 in
enhancing cholesterol uptake.

In contrast, when [3H]palmitic acid was used as the ligand, there was no increase in
[3H]palmitic acid incorporation when the cells were transfected with either empty or
AeSCP-2 wild type expression vectors (Fig. 5). The results are consistent with a previous
report that shows over-expression of wild type AeSCP-2 did not enhance [3H]palmitic acid
uptake in cultured cells (31). Over-expression of AeSCP-2 mutants in Aag-2 cells did not
affect [3H]palmitic acid incorporation (Fig. 5). The results suggest that AeSCP-2 does not
play a significant role in palmitic acid incorporation in the Aag-2 cells, despite the fact that
palmatic acid bound specifically to AeSCP-2 and the mutants in vitro (Fig. 1, Table 1, and
Table 3).

Effects of SCPIs on intrinsic Trp fluorescence

Both SCPI-1 and SCPI-2 suppress NBD-cholesterol binding in AeSCP-2 at ICgq less than
0.4 UM concentrations (12). However, molecular interactions between AeSCP-2 and SCPIs
are unclear. Whether SCPIs bind to AeSCP-2 similarly as that of the natural ligand is
unknown. The intrinsic fluorescent emission of the Trp residue in proteins is sensitive to
perturbations in the local environment, due mostly to different degrees of quenching. A Trp
residue buried in a hydrophobic domain of a native protein has maximal fluorescent
intensity usually at 330-333 nm, whereas in a denatured protein the Trp residue’s
fluorescent emission shows a red shift to 350-353 nm (32). AeSCP-2 has only one
tryptophan residue that is situated within the hydrophobic ligand binding cavity, though it
does not directly interact with the ligand (9). Wild type recombinant AeSCP-2 showed a
tryptophan fluorescent emission peak at about 332 nm (Fig. 6A, AeSCP-2 wt), indicating
that the W44 residue is most likely buried in a hydrophobic domain. In the presence of either
50 uM SCPI-1 or 50 puM SCPI-2, there is a significant decrease in the tryptophan intrinsic
fluorescence signal of wild type AeSCP-2 at 10 uM (Fig. 6A, AeSCP-2 wt + SCPI-1 or +
SCPI-2). The quenching effects of SCPI-1 on intrinsic fluorescence of Trp in wild type
AeSCP-2 were consistent with that of an earlier report (34). However, this is the first report
that SCPI-2 quenched Trp intrinsic fluorescence in the wild type AeSCP-2 in a similar
fashion as that of SCPI-1. In contrast, cholesterol does not produce a quenching of the
intrinsic Trp fluorescent signal in AeSCP-2 (Fig. 6A, AeSCP-2 wt + cholesterol). For
negative controls, the protein was denatured in 6.5 M guanidine hydrochloride and had a
tryptophan intrinsic fluorescent emission peak at 352 nm that is typical of Trp fluorescence
in denatured protein (32), showing no significant quenching of the signal in the presence of
SCPI-1 or SCPI-2 (Fig. 6B). These data suggested a strong link of inhibitor binding in a
region close to an intrinsically fluorescing amino acid. The most likely candidate for this
interaction is the single tryptophan at position 44 (W44) in the polypeptide chain.
Interestingly, SCPI-1 still quenched the tryptophan intrinsic fluorescence in mutants FOW/
WA44F and M90L (Fig. 6C and D, SCPI-1), whereas SCPI-2 did not affect the intrinsic
fluorescence of W44 in the same mutants (Fig. 6C and D, SCPI-2).
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In their natural environment, the dietary sterols that mosquito larvae feed on are mostly
various phytosterols in the degrading leaf debris (27,28). Cholesterol is an essential nutrient
to insects due to the lack of de novo cholesterol biosynthesis (28). The ability of AeSCP-2 to
bind B-sitosterol is of interest because Aedes aegypti larvae effectively convert p-sitosterol
to cholesterol (27), whereas conversion of phytosterols to cholesterol most likely takes place
in the insect midgut (35,36,37,38). Furthermore, AeSCP-2 expression is high in the midgut
during the larval feeding stage (8). The results suggest that AeSCP-2 may be involved in
trafficking of phytosterols in the midgut for conversion to cholesterol. Further experiments
are required to verify the involvement of AeSCP-2 in phytosterol conversions in the midgut.

The vertebrate SCP-2 has been shown to stimulate androgen production in adrenal glands
(39,40). In insects, cholesterol is the precursor for the synthesis of ecdysteroids, the insect
molting hormones. In the ecdysteroid hormone biosynthesis pathway, cholesterol is first
metabolized to 7-dehydrocholesterol in the cytoplasm (29). It was speculated that sterol
carrier proteins such as SCP-2 may be in involved in transfer of 7-dehydrocholesterol into
mitochondria for ecdysteroid biosynthesis (28). We did not detect binding of 7-
dehydrocholesterol to wild type AeSCP-2 in vitro (Fig. 1 and Table 1). In addition, there is a
lack of evidence of AeSCP-2 localizing in the mitochondria (11), where steroid biosynthesis
takes place. The results suggest that AeSCP-2 may not be involved in transport of 7-
dehydrocholesterol to mitochondria, the early steps in the ecdysteroid biosynthesis (29).
Surprisingly, single point mutations in AeSCP-2 effectively altered ligand specificity (Table
3). Three sterols examined in this study responded to point mutations in the ligand cavity
differently. F32W introduced a bulkier side chain residue into the ligand cavity (Fig. 2), yet,
the mutation enabled 7-dehydrocholesterol to compete with NBD-cholesterol for binding to
the protein (Table 3). On the other hand, F32W significantly reduced affinity of the protein
to NBD-cholesterol (Figure 3 and Table 2) and decreased the cholesterol binding (Table 3).
However, F32W significantly enhanced B-sitosterol competitive binding to the protein
(Table 3). Binding of sterols in AeSCP-2 has not been resolved at the molecular structural
level; therefore, the role of F32 in sterol-binding is unknown. It is likely that F32 plays a
role in stabilization of the bound sterol ligand. Y30A mutation is not a conservative
substitution (41); therefore, it might alter the hydrophobic ligand cavity allowing 7-
dehydrocholesterol-binding. The structural difference between cholesterol and the 7-
dehydrocholesterol is the formation of a double-bond in the steroid ring between carbon 7
and 8. It is possible that 7-dehydrocholesterol may adapt to a different conformation from
that of cholesterol regarding the trans/cis status of the sterol ring (42), therefore binding of
7-dehydrocholesterol may require a slightly different cavity space that Y30 in AeSCP-2
could not provide. It is noticed that amino acid residues at the equivalent positions in
AeSCP-2-like proteins are not conserved in all members of the family (1), suggesting that
other members of the AeSCP-2 like proteins in the protein family may bind to 7-
dehydrocholesterol.

It is possible that W44E and M90L mutations resulted in altered affinity only to cholesterol
(Fig. 3 and Table 3). This is a likely scenario since palmitic acid and B-sitosterol did not
show the same sensitivity to compete with NBD-cholesterol at very low concentrations as
that of cholesterol in W44E and M90L mutants (Table 3). Interestingly, AeSCP-2 is the only
member of the mosquito SCP-2 protein family that has methionine at the equivalent
positions of M90 (1), and AeSCP-2 was the only protein among AeSCP-2 and AeSCP-2like
proteins to affect cholesterol uptake in vivo (Fig. 4;2,41). However, sensitivity to palmitic
acid competition with NBD-cholesterol in AeSCP-2 mutants was not impaired in all tested
mutants (Table 3). A single point mutation in SCP-2 that alters the sensitivity and may affect
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the selectivity of sterol ligand has been reported. In the A. thaliana SCP-2, an M to L
mutation at the equivalent position of M90 in AeSCP-2 results in an abolished sterol
sensitivity in BODIPY -phosphatidylcholine transfer assays (20). The results from single
point mutations in AeSCP-2 suggest that sterol ligand selectivity may be strongly influenced
by the specific residues in the hydrophobic core, whereas a fatty acid ligand could be
accommodated in the ligand cavity with diverse non-polar amino acid residues.

In the 3-dimensional AeSCP-2 protein structure, W44 is only partially buried in the
hydrophobic core of AeSCP-2 (Suppl. Fig. 3). In addition, the tryptophan is coordinated by
n-n stacking with phenylalanine (F9) which interacts with ligand (Fig. 2 and Suppl. Fig. 3).
Changes in this n-n-stacking arrangement may lead to disruption of this region of the ligand
cavity and the weakening of cholesterol binding. To test the overall sensitivity of this r-n-
stacking structure to changes in ligand-binding, double mutants were created that mutated
the tryptophan around the aromatic triad (Fig. 2, F9, F32, and W44). The recombinant
F32W/W44F protein was unstable when purified which was determined via dynamic light
scattering (23) as having >40% polydispersity. Therefore, a conservative double mutation at
those positions in AeSCP-2 may reduce the biological activity. The recombinant FOW/
WA44F protein had only a moderate effect on in binding to NBD-cholesterol (Fig. 3 and
Table 2), whereas W44A did not affect NBD-cholesterol/cholesterol competition compared
to the wild type (Table 3). Therefore, W44 and F9 n-n stacking may not play a critical role
in ligand binding, at least for cholesterol binding to the protein. It must be noted that all
mutants, when presented at high concentrations, bound the NBD-cholesterol (Fig. 3),
suggesting that none of the mutations were severe enough so as to cause complete disruption
of the ligand binding.

In vivo function of AeSCP-2

Multiple steps are involved in the cellular lipids uptake. Lipid carriers such as low density
lipoproteins (LDL in the vertebrate and LDLp in the insects) donate lipids to the
extracellular layer of the cytoplasmic membrane where the free lipids flip-flop across the
cytoplasm membrane bilayer; cytosolic lipids carriers such as cytosolic fatty acid binding
protein and SCP-2 desorbs the free lipids from the cytoplasm membrane and deliver the
lipids to the site of storage or metabolism (43,44). It is speculated that the ability to bind
cholesterol would be critical for AeSCP-2’s in vivo function in aiding cholesterol uptake.
The correlation between affinity to cholesterol and the ability in transport the cholesterol
ligand suggests an important role for AeSCP-2 in cholesterol uptake in vivo (Figure 3 and
Fig. 4). The mechanisms underlining AeSCP-2-mediated cellular cholesterol uptake is
unclear. AeSCP-2 is not a membrane bound protein (11), therefore AeSCP-2-mediated lipid
absorption is unlike the membrane transporters such as Niemann-Pick C1-like 1 (NPC1-L1)
(45). AeSCP-2 may enhance desorption of membrane-bound ligand through collision with
the membrane-bound cholesterol (15), which in turn may lead to an enhanced cellular
uptake of cholesterol. The SCP-2/membrane collision model is the proposed mode of action
for fatty acid transport by the SCP-2 of Yarrowia lipolytica (46). However, the SCP-2/
membrane collision model cannot explain AeSCP-2’s ligand selectivity in aiding cholesterol
but not palmitic acid uptake in cultured mosquito cells (Fig. 4 and Fig. 5 wt vs. empty
vector). It has been shown that the vertebrate SCP-2 increases sterol transfer from the
cholesterol-rich membrane domain (47). Therefore, the interaction of apo-AeSCP-2 and the
cholesterol-rich domains in the cytoplasm membrane may be the key in AeSCP-2-mediated
selective desorption of membrane-bound cholesterol, which results in protein-mediated
diffusion of cholesterol into the cell. This process may be specifically important to insects
since receptor or lipoprotein mediated endocytosis and/or exocytosis is not involved in
cellular lipid transfer (48,49). Further studies are needed to shed light on the mechanism of
AeSCP-2-mediated selective uptake of cholesterol in mosquito cells.
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Understanding the role of ligand specificity is complex in regard to the biological function
of members of the SCP-2 family. In the mouse L-cells, over-expression of SCP-2 did not
affect palmitic acid uptake but reduces uptake of phytanic acid (50), whereas it has been
shown that SCP-2 over-expression enhances uptake of NBD-stearate, analog of the C18
fatty acid (51). However, over expression of wild type AeSCP-2 or mutants did not change
the levels of radiolabeled palmitic acid incorporation in mosquito cultured cells (Fig. 5),
consistent with the report that knockdown expression of AeSCP-2 did not affect
[3H]palmitic acid uptake from the bloodmeal in female adults (2). The results suggest that
AeSCP-2 may not be involved in cellular palmitic acid uptake in mosquitoes or AeSCP-2
may only play a minor role in cellular palmitic acid uptake. Therefore, binding of a ligand in
AeSCP-2 in vitro does not predict the in vivo role of AeSCP-2 in ligand transport. Similar
observation has been reported for another mammalian sterol carrier protein (27). Aedes
aegypti has the cytosolic fatty acid binding protein (AAEL005997-RA) that may play a
major role in protein-mediated desorption of membrane-bound free fatty acid in mosquito
cells. Since AeSCP-2 does bind to palmitic acid in vitro (9; Fig. 1 and Table 1), AeSCP-2
may be involved in other aspects of cellular fatty acid metabolism. Further work is needed to
address the biological role of AeSCP-2 in fatty acid metabolism.

Experiments were carried out to explore the interaction of inhibitors of cholesterol binding
on AeSCP-2 wild type and mutants. A significant quenching of the absorption spectra was
observed when either SCPI-1 or SCPI-2 was added to the protein. The differences in
quenching tryptophan fluorescence emission between SCP-2 inhibitors —1 and —2 suggested
that the inhibitors bind similarly but not identically to the protein. However, this region of
the molecular interaction between SCPIs and AeSCP-2 is not affected by bound cholesterol
(Fig. 5B). Further work is needed to address the how SCPIs suppress binding of cholesterol
to AeSCP-2 at the molecular level.

In summary, results from the in vitro and in vivo studies of wild type and mutant AeSCP-2s
presented here further affirm the hypothesis that SCP-2 in Aedes aegypti plays a crucial role
in the cellular uptake of cholesterol, an essential nutrient for the insect. Amino acid residues
have been identified that appear to play critical roles in the proper binding of cholesterol in

AeSCP-2, both in the ligand cavity and in overall uptake of cholesterol in live cells.
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NBD cholesterol: 22-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-23,24-bisnor-5-
cholen-3p-o.
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Figure 1.

Binding of NBD-cholesterol (1.25 pM) to AeSCP-2 under the conditions of a competitive
ligand (0.005 to 5 pM). (A). Cholesterol. (B). p-sitosterol. (C). Palmatic acid. (D). 7-
dehydrocholesterol. The background NBD-cholesterol fluorescence (NBD-cholesterol alone
in the reaction buffer) was deducted from each assay. The trend line (the slope was shown
by the trend line) was draw from the mean of three replicates and the bars represent standard
deviation. R2 values of each non-linear regression curve were shown.
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Figure 2.
Ribbon diagrams (Sybyl) of the AeSCP-2 (pdb entry 1PZ4) at 1.35 A resolution and selected

amino acid residues for point mutations that directly interact with bound ligand (blue
colored sticks, F9, F32, M90, and F105) and that are not in direct contact with the ligand
(orange colored stick, Y30 and W44). The C16 fatty acid is highlighted as a ball and stick
model with carbons (white) and oxygen (red).
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Figure 3.

Binding of NBD-cholesterol to recombinant wild type and mutant AeSCP-2s. The
background NBD-cholesterol fluorescence (NBD-cholesterol alone in the reaction buffer)
was deducted from each assay. Shown are net changes in NBD-cholesterol fluorescence in
intensity (RFU = Relative fluorescence unit) at 0.5 pM concentration in the presence of
increasing concentrations of each protein (0.01 to 10 uM). The data represent mean values
from three replicates and processed using GraphPad PRISM4.0 (single binding site and non-
linear regression model). R? values of each non-linear regression curve were shown.
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Figure 4.

The effect of point mutation in AeSCP-2 on [3H]cholesterol uptake in Aedes aegypti Aag-2
cells. Aag-2 cells were transfected with over-expression vectors (see Materials and
Methods) and the empty vector was used as negative controls. Over-expression of each
protein was verified via western blotting analysis (Suppl. Fig. 2). The mean and standard
deviation are shown (N=3). Stars mark significant differences (p<0.05) between wild type
AeSCP-2 and mutant AeSCP-2s and the negative control.

Biochemistry. Author manuscript; available in PMC 2011 September 7.

dd493-m




1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Radek et al.

DPM/mg Protein

Page 19
12000000 -
10000000 -
T T
L HE
-
8000000 - =
6000000
4000000
2000000
o
<0
33 3§ § & g § 2 3
~+ T g '; H =) a |-'|-|
g3 m - » @
!

Over-expressing vector

Figure 5.
The effect of point mutation in AeSCP-2 on [3H]palmitic acid uptake in Aedes aegypti

Aag-2 cells. Aag-2 cells were transfected with over-expression vectors (see Materials and
Methods) and the empty vector was used as negative controls. Over-expression of each
protein was verified via western blotting analysis (Suppl. Fig. 2). The mean and standard
deviation are shown (N=3).
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Figure 6.

wavelength (nm)

Intrinsic tryptophan fluorescent emission in wild type and mutants. A. Wild type AeSCP-2
recombinant proteins in the presence or absence of ligand or inhibitors. B. Wild type
AeSCP-2 recombinant protein denatured in 50 mM Tris-HCI, 6.5 M GuHCI, pH 7.4 in the
presence and absence of ligand or inhibitors. C. FOW/W44F mutant AeSCP-2 in the
presence and absence of inhibitors. D. M90L mutant AeSCP-2 in the presence and absence

of inhibitors.
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