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Sulfo-N-succinimidyl Oleate (SSO) Inhibits Fatty Acid Uptake
and Signaling for Intracellular Calcium via Binding CD36

Lysine 164

SSO ALSO INHIBITS OXIDIZED LOW DENSITY LIPOPROTEIN UPTAKE BY MACROPHAGES™
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Background: Mechanism of CD36 inhibition by sulfo-N-succinimidyl oleate (SSO) was explored using mass spectrometry

and mutagenesis.

Results: SSO binds lysine 164 and inhibits uptake of fatty acids and oxLDL.
Conclusion: Lysine 164 is important for CD36-mediated fatty acid uptake and Ca*" signaling.
Significance: Fatty acids and oxLDL bind to the same site within a hydrophobic pocket of CD36 shared by several lipid ligands.

FAT/CD36 is a multifunctional glycoprotein that facilitates
long-chain fatty acid (FA) uptake by cardiomyocytes and adi-
pocytes and uptake of oxidized low density lipoproteins
(oxLDL) by macrophages. CD36 also mediates FA-induced sig-
naling to increase intracellular calcium in various cell types. The
membrane-impermeable sulfo-N-hydroxysuccinimidyl (NHS)
ester of oleate (SSO) irreversibly binds CD36 and has been
widely used to inhibit CD36-dependent FA uptake and signaling
to calcium. The inhibition mechanism and whether SSO modi-
fication of CD36 involves the FA-binding site remain unex-
plored. CHO cells expressing human CD36 were SSO-treated,
and the protein was pulled down, deglycosylated, and resolved
by electrophoresis. The CD36 band was extracted from the gel
and digested for analysis by mass spectrometry. NHS derivatives
react with primary or secondary amines on proteins to yield
stable amide or imide bonds. Two oleoylated peptides, found
only in SSO-treated samples, were identified with high contri-
bution and confidence scores as carrying oleate modification of
Lys-164. Lysine 164 lies within a predicted CD36 binding
domain for FA and oxLDL. CHO cells expressing CD36 with
mutated Lys-164 had impaired CD36 function in FA uptake and
FA-induced calcium release from the endoplasmic reticulum,
supporting the importance of Lys-164 for both FA effects. Fur-
thermore, consistent with the importance of Lys-164 for oxLDL
binding, SSO inhibited oxLDL uptake by macrophages. In con-
clusion, SSO accesses Lys-164 in the FA-binding site on CD36,
and initial modeling of this site is presented. The data suggest
competition between FA and oxLDL for access to the CD36
binding pocket.
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FAT/CD36 is a multifunctional transmembrane glycopro-
tein homologous to the scavenger receptor class B, type I. CD36
facilitates uptake of long chain fatty acids (FA)? by heart and
adipose tissues in rodents (1, 2) and humans (3-5). The protein
is also a receptor for oxidized low density lipoproteins (oxLDL)
(6, 7), thrombospondin and collagen (8), hexarelin (9), apopto-
tic cells (10), and erythrocytes infected with Plasmodium fal-
ciparum (11). CD36 has signal transduction capabilities and is
involved in a number of pathways related to immune responses,
inflammation, and the development of atherosclerosis (12).
CD36 was recently implicated in the regulation of store-oper-
ated calcium channels, phospholipase activation, and eico-
sanoid production (13). These pathways mediate taste percep-
tion of dietary fatty acids (14, 15) and FA-induced release of gut
peptides (16). In humans, variants in the CD36 gene associate
with sensitivity to fat taste perception (17), with blood lipids
(18) and platelet reactivity (19). CD36 variants also influence
susceptibility to complications of obesity such as the metabolic
syndrome, stroke, etc. (20).

Our understanding of the structure-function relationships of
CD36 remains limited. There is no crystal structure available,
but the protein is predicted to have a large, heavily glycosylated
extracellular domain and two transmembrane spanning seg-
ments. Three disulfide bridges are present in the carboxyl-ter-
minal half of the protein. The amino-terminal half is proposed
to contain binding domains for hexarelin (9), fatty acids (21),
oxidized LDL or phospholipids (6), thrombospondin (8), and
P. falciparum-infected erythrocytes (11). A hydrophobic se-
quence (residues 186-204) that might be part of a binding
pocket is present in the amino-terminal half and may dip into

2The abbreviations used are: FA, fatty acid; NHS, N-hydroxysuccinimidyl;
oxLDL, oxidized low density lipoprotein; PMA, phorbol 12-myristate 13-
acetate; SSO, sulfo-N-succinimidyl oleate; Dil-OxLDL, 1,1'-dioctadecyl-
3,3,3",3'-tetramethylindocarbocyanine perchlorate-oxidized LDL; oxPC,
oxidized phosphatidylcholine.
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the outer leaflet of the membrane (1, 2). The cytoplasmic tails of
the protein are short but active in signal transduction via asso-
ciation to a number of tyrosine kinases (13, 22, 23). Several
post-translational modifications, including phosphorylation,
glycosylation, palmitoylation, or ubiquitination modulate levels
or trafficking of CD36 and consequently its metabolic functions
(24, 25).

CD36 function in FA uptake and signaling can be irreversibly
inhibited by NHS esters of long-chain FA. Esters of palmitate,
myristate, and oleate were shown as effective inhibitors of FA
uptake and were used to identify CD36 as a membrane FA
receptor (26). The most widely used derivative is the oleate
ester or SSO, which inhibits CD36-mediated FA uptake (27—
30) and FA signaling (13-16, 31, 32) in a variety of cell types.
The molecular mechanism underlying the inhibitory effect of
SSO remains unclear and understanding it would provide
insight into the structural determinants of CD36 function.
N-Hydroxysuccinimidyl derivatives, which are widely used as
protein labeling or cross-linking reagents (33—35), react with
primary or secondary amines (nucleophiles) in neutral pH to
yield stable amide or imide bond and NHS. Primary amino-
terminal and e-amino groups in lysine side chains of proteins
are the preferred targets. Sulfo-NHS esters contain a negatively
charged sulfonate group on the N-hydroxysuccinimide ring,
which increases water solubility and restricts membrane per-
meability without affecting reactivity.

In this study, we identify the target of SSO as lysine 164 sit-
uated within a binding pocket shared by other CD36 lipid
ligands, notably oxLDL. We document the importance of Lys-
164 for CD36-mediated FA uptake and FA-induced signaling.

EXPERIMENTAL PROCEDURES

Materials—Mini protease inhibitor mixture tablets (cOm-
plete) were from Roche Applied Science, FLAG immunopre-
cipitation kit, fatty acid-free bovine serum albumin fraction IV
(BSA), and other chemicals from Sigma. SSO was synthesized
as described previously (36), and purity was determined to be
greater than 99% by NMR.

Cell Culture and Transfection—Chinese hamster ovary (CHO)
cells (American Type Culture Collection, Manassas, VA) were
maintained in Ham’s F-12 medium containing 10% fetal bovine
serum and penicillin/streptomycin. Carboxyl-terminal FLAG-
tagged human CD36 was cloned in the pcDNA3 expression
vector (37). For generating CD36 with mutated lysine 164, site-
directed mutagenesis was used to substitute Lys-164 with ala-
nine, and the mutant cDNAs were verified by sequencing. CHO
cells were transfected using Lipofectamine 2000 (Invitrogen),
and positive clones expressing wild type (CD36WT) or alanine
164 CD36 (CD36K164A) were selected in hygromycin (50
png/ml) as described previously (13, 37). THP-1 (ATCC) mono-
cyte cells were maintained in RPMI 1640 medium containing
10% FBS, 0.05 mm 2-mercaptoethanol, and penicillin/strepto-
mycin. Macrophage differentiation was induced by phorbol
12-myristate 13-acetate (PMA, 50 ng/ul) for 24 h.

Purification and Deglycosylation of SSO-labeled CD36—
CHO cells were grown to confluency in 100-mm dishes, washed
three times with phosphate-buffered saline (PBS: 138 NaCl, 5.4
KCl, 7 Na,HPO,, 1.4 KH,PO,, 5.5 glucose in mm, pH 7.4), and
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incubated with or without 100 um SSO in PBS for 30 min on ice.
SSO was freshly dissolved in DMSO and mixed with PBS just
before application onto cells. Labeling was quenched by F-12
medium containing 0.2% BSA, washed three times with ice-
cold PBS, and the cells were scraped into lysis buffer (PBS, 0.1%
octylglucoside, protease inhibitors), homogenized on ice by
sonication (10 cycles, amplitude 60, Hielscher, Ultrasound
Technology, Germany), left at 4 °C for 30 min, centrifuged
(12,000 X g, 10 min, 4 °C), and the supernatant harvested and
incubated with FLAG immunoprecipitation slurry overnight.
The resin was washed five times with PBS containing 0.01%
octyl glucoside to remove nonspecific protein binding, and
CD36 was eluted using FLAG peptide. The eluted samples were
denatured (70 °C, 10 min) and deglycosylated (37 °C, 60 min)
with peptide:N-glycosidase F (New England Biolabs), and sam-
ple volume was reduced to 30 ul (SpeedVac) before SDS-PAGE
and Coomassie staining.

Mass Spectrometry of CD36—The protein bands were
excised from the gel, reduced with DTT, and alkylated with
iodoacetamide before digestion with chymotrypsin overnight.
Analysis of samples dissolved in 0.1% formic acid was per-
formed on UltiMate 3000 RSLCnano system (Dionex/Thermo
Scientific) coupled to a TripleTOF 5600 mass spectrometer
with a NanoSpray III source (AB Sciex, Framingham, MA). The
instrument was operated with Analyst TF 1.6 (AB Sciex). After
injection, the samples were trapped and desalted with 2% ace-
tonitrile in 0.1% formic acid at flow rate of 5 ul/min on
Acclaim® PepMap100 column (5 um, 2 cm X 100 wm inner
diameter, Thermo Scientific). Eluted peptides were separated
using Acclaim® PepMap100 analytical column (3 wm, 15 cm X
75 pm inner diameter, Thermo Scientific). The 60-min elution
gradient at a constant flow of 300 nl/min was set to 5% of phase
B (0.1% formic acid, 99.9% acetonitrile; phase A, 0.1% formic
acid) for the first 10 min, then stepped from 5 to 30% B over 25
min, from 30 to 50% B over 5 min, from 50 to 90% B over 2 min,
from 90 to 5% over 9 min, and then remaining at 5% B for 9 min.
An information-dependent acquisition method was utilized
with total cycle time of 2.3 s. Maximum 25 MS/MS spectra per
cycle were acquired, and former target ions were excluded for
15 s after two occurrences. TOF MS mass range was set to
350-1500 m/z. In the MS/MS mode, the instrument acquired
fragmentation spectra with m/z ranging from 100 to 2000. Data
files were analyzed using the ProteinPilot 4.5beta software (38)
(revision 1656, Paragon Algorithm, 4.5.0.0.1654, AB Sciex) and
plotted using mMass 5.3.0 (39). The following sample parame-
ters were used: detected protein threshold 0.05; ProtScore 2;
identification; iodoacetamide cysteine alkylation; chymotryp-
sin digestion; biological modifications and amino acid substitu-
tions; thorough search effort; acetylation emphasis; database
UniProtKB 2013_03, March 6, 2013, and custom database,
UniProt P16671 CD36_HUMAN sequence prolonged with
FLAG tag -DYKDDDK). Custom modification of the software
was made to search for oleoylated peptides based on the man-
ufacturer’s guidelines (new biological modification, target,
lysine; TS, 255; Fma, C18H330; RpF, H; Chg, 0; Prob, 0.1).

Biotinylation of Cell Surface Proteins—Cell surface proteins
were labeled with biotin using EZ-Link Sulfo-NHS-LC-Biotin
(Pierce) and purified as described (37). The amounts of CD36
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protein on the cell surface and in total cell lysates were evalu-
ated by immunoblots.

Fatty Acid Uptake and SSO Treatment—Uptake of [*H]oleate
or [*H]palmitate was measured as before (37).

Intracellular Calcium Transients—Calcium transients were
measured as described previously (13). Briefly, cells were loaded
with the FURA-2AM Ca®" dye and exposed to 30 uM linoleic
acid complexed to BSA (4:1), and the cell response was moni-
tored by microscopy (Cell"R imaging system based on an
Olympus IX-81 inverted microscope).

Oxidized LDL Uptake—THP-1 monocytes were differenti-
ated into macrophages for 24 h using 50 ng/ul PMA and
switched back to growth medium following differentiation.
Two days later, the cells were serum-starved overnight before
incubation with or without 25 uM SSO for 15 min at 37 °C in
HEPES/saline buffer (20 HEPES, 138 NaCl, 1 MgCl,, 6 KCl in
mwm, pH 7.4). This was followed by washing and then by incu-
bation with 50 pug/ml Dil-OxLDL (Kalen Biomedical, Mont-
gomery Village, MD) for 2 h at 37 °C. Cells were harvested using
a nonenzymatic cell dissociation solution (Sigma), stained with
allophycocyanin-labeled anti-CD36 antibody (Clone CB38, BD
Biosciences), and fixed with formaldehyde. Fixed cells were
kept in the dark at 4°C until assayed by flow cytometry
(FACSCalibur, BD Biosciences), and results were analyzed by
FlowJo (Tree Star, OR).

Bioinformatics—Statistical analysis used SigmaStat, and a
p = 0.05 was considered significant. Prediction of the second-
ary structure of CD36 (UniProt P16671) was performed using
the I-TASSER platform (40).

RESULTS

Identification of the Binding Site of SSO in CD36—Harmon
and Abumrad (26) showed that CD36 is irreversibly inhibited
by a short treatment with SSO, and this associates with covalent
binding of [*H]oleate to the CD36 protein. Based on the known
reactivity of NHS-derived reagents (35), the expected covalent
modification is an N-oleoyl amide of free amine groups on
CD36 (Fig. 14).

CHO cells stably expressing human CD36, FLAG-tagged at
the carboxyl terminus (CD36WT), were previously used to
study CD36 functions in FA uptake (37) or signal transduction
(13), and SSO treatment of these cells was effective in inhibiting
the CD36-specific effects. CHO cells (CD36WT) were used for
purification of SSO-labeled CD36. Confluent cells were treated
with 100 um SSO in PBS for 30 min on ice and lysed, and the
CD36 protein was pulled down using FLAG immunoprecipita-
tion. Concentrated and purified lysates were treated with
peptide:N-glycosidase F to cleave N-linked oligosaccharides to
decrease the complexity of the mixture created during frag-
mentation in mass spectrometry. The deglycosylated lysate was
separated on SDS-PAGE and stained with Coomassie (Fig. 1B),
and a distinct band at about 53 kDa corresponding to deglyco-
sylated CD36 was extracted from the gel and analyzed on nano-
liquid chromatography-MS/MS.

Complete chymotryptic digests of control and SSO-labeled
CD36 were analyzed using mass spectrometry. Data files were
searched with ProteinPilot software (38). A total of 290 unique
CD36 peptides were identified with greater than 98% confi-
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dence and were scanned for N-amide oleate modification.
Oleoylated peptides were only found in SSO-treated samples
(Table 1). Two overlapping peptides, with high contribution
(unique) and high confidence scores, were identified as carriers
of oleate modification on lysine 164. Two other overlapping
peptides covering a sequence containing lysine 334 were iden-
tified but with low contribution and confidence scores. The MS
spectrum and table of fragments of the modified peptides are
presented in Fig. 1, C and E.

In addition to oleoylation sites, MS identified acetylation of
CD36 lysines 52, 166, 231, and 403. Mass spectrum and table of
fragments are presented for a peptide acetylated at Lys-166 in
Fig. 1, D and E. Lysines 52, 166, 231, and 403 were previously
shown to be acetylated in mouse and rat CD36 (41), so our data
document that this is conserved for human CD36.

Mutation of Lysine 164 Impairs the Long-chain FA Transport
Function of CD36—The two overlapping peptides oleoylated at
lysine 164 that were identified with high confidence scores lie
within the CD36 region previously predicted to contain a bind-
ing domain for fatty acids, based on simulation to the structure
of the FA-binding protein (21). Lysine 164 was chosen for fur-
ther characterization, and CHO cells stably expressing wild
type or mutated CD36, where lysine 164 was substituted by
alanine, were generated. The mutation did not interfere with
CD36 expression or surface localization because total CD36
level and CD36 membrane content, analyzed by biotinylation,
were similar for CD36WT and CD36K164A cells (Fig. 24).

CHO cells expressing CD36WT, CD36K164A, or empty vec-
tor were serum-starved overnight and assayed for uptake of
[®H]palmitate. A time course of the uptake was determined
(data not shown), and 4-min incubations were selected from
the linear part of the time course for comparison of uptake
rates. Palmitate uptake was enhanced in CD36-expressing
cells by ~25% in agreement with previous data (37). This
enhancement is reproducible but modest reflecting the limited
capacity of CHO cells for lipid accumulation due to lack of key
proteins of triglyceride turnover (42, 43). The enhancement of
FA uptake resulting from CD36 expression was absent in
CD36K164A cells where uptake was comparable with cells
transfected with empty vector (Fig. 2B). Similar results were
obtained with oleate (data not shown).

Mutation of Lysine 164 Impairs the Signaling Function of
CD36—Long chain polyunsaturated FA interaction with CD36
induces an increase in cytosolic Ca*>* from intracellular stores
that is inhibited by SSO (14, 16). We tested whether the K164A
mutation modulates the ability of CD36 to mediate the effect of
FA to signal for an increase in cytosolic Ca®>*. CHO cells were
loaded with Ca®"-sensitive dye and Ca>" transients monitored
after stimulation with linoleic acid. Linoleic acid addition to
CD36WT cells maintained in the absence of medium Ca®"
induced a rapid and transient rise in intracellular Ca>" that was
completely blunted in CD36K164A cells (Fig. 2C). However,
Ca®" influx into the cell after addition of Ca>* to the extracel-
lular medium was similar in both cell types indicating that Lys-
164 is critical for CD36-mediated FA-induced release of intra-
cellular Ca**.

SSO Inhibits Oxidized LDL Uptake by Macrophages—It was
previously shown that neutralization of Lys-164 in CD36
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FIGURE 1. Identification of SSO-binding site in CD36. A, schematic representation of the SSO protein labeling reaction showing that when the
sulfo-N-succinimidyl oleate ester reacts with a primary amine group on a membrane protein, an N-oleoyl amide of the target protein is formed together
with the NHS group. B, Coomassie-stained gel showing the deglycosylated CD36 bands at about 53 kDa. CHO cells stably expressing wild type
FLAG-tagged CD36 (CD36WT) were used. The cells were labeled with 100 um SSO as indicated, and the CD36 protein was immunoprecipitated,
deglycosylated, and resolved on a gel. The CD36 bands were extracted and subjected to mass spectrometry. C, mass spectrometry evidence of
oleoylation of lysine 164.CD36 protein chymotryptic fragments were ionized intoy, y>*, b, and b?* series with m/z values detected by MS.y and b series
are marked with red lines. Modification by SSO (Ole) was detected together with oxidation of methionines (Oxi), caused by ionization. Spectrum of
oleoylated peptide is shown. D, mass spectrometry evidence of acetylation (Ac) of lysine 166, details as above. E, sequence of the fragments and
complete b and y series ions generated by the ionization. Oleoylation of Lys-164, top table; acetylation of Lys-166, bottom table. Detected and assigned
ions are highlighted in yellow.

TABLE 1

S$SO-modified CD36 peptides

Chymotryptic digests of CD36 from control and SSO-treated cells were analyzed using mass spectrometry and ProteinPilot software. Peptides with an oleate attached to a
side chain of an amino acid residue of the CD36 backbone were found only in the SSO-treated samples. Two overlapping peptides, identified with high confidence, had the

oleate attached to lysine 164. Two other peptides, mapping lysine 334 as the SSO target, were identified with lower confidence. Contribution scores range from 0 to 2, and
confidence scores are shown in percent.

Contribution Peptide CD36

<0-2> Confidence (%) Peptide sequence lysine residue Additional peptide modifications
1.96 99.00 QNQFVQMILNSLINKSKSSMF Lys-15 Lys-164 Oxidation Met-7 and Met-20
1.82 99.00 NLAVAAASHIYQNQFVQMILNSLINKSKSSMF Lys-26 Lys-164 Oxidation Met-18 and Met-31
0.89 95.31 DISKCKEGRPVY Lys-6 Lys-334 Carbamidomethyl C5
0.00 59.59 KEGRPVY Lys-1 Lys-334 None
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FIGURE 2. Fatty acid uptake and FA-induced Ca?* signaling are impaired
in the CD36 K164A mutant CD36 protein. A, surface expression of wild type
(CD36WT) and CD36 K164A expressed in CHO cells. Upper panel, total CD36;
lower panel, surface-exposed CD36. CHO cells stably expressing FLAG-tagged
CD36WT, mutated CD36 with alanine substitution at lysine 164, or trans-
fected with an empty vector were labeled on ice with biotin and lysed, and
CD36 was immunoprecipitated using FLAG. B, fatty acid uptake. CHO cells
were serum-starved overnight (16 h) and [*H]palmitate uptake was measured
for4 min at room temperature. Data are representative of five different exper-
iments = S.E., *, p < 0.05. C, representative FA-induced release of intracellular
Ca®". CHO cells were treated with 30 um linoleic acid (LA) in the absence of
extracellular Ca®* and then Ca®" was added to the medium, as indicated.
Only CD36WT cells were able to recognize linoleic acid and trigger endoplas-
mic reticulum release of Ca®". The data are representative of three different
experiments.

reduces the protein’s ability to recognize oxidized LDL and oxi-
dized phosphatidylcholine (0xPC) (6). Because SSO was iden-
tified to bind to Lys-164, we examined whether it would inhibit
oxLDL uptake, which to our knowledge had not been tested
before. THP-1 macrophages were pretreated for 15 min with
25 uM SSO, washed, and assayed for uptake of Dil-OxLDL by
flow cytometry. Under these conditions, SSO inhibited oxLDL
uptake by macrophages by about 50% as shown in Fig. 3 (4
and B).
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DISCUSSION

This study identified the amino acid residue targeted by the
CD36 inhibitor SSO and documented its functional relevance
to FA uptake and FA signaling to Ca®". This residue was previ-
ously implicated in oxLDL binding, and we showed that SSO
also inhibits oxLDL uptake. The findings support FA and
oxLDL binding to the same site on CD36 and the potential of
direct competition between the two ligands.

The NHS ester of oleic acid SSO was generated by Harmon
et al. (26, 36) to test the possibility that a plasma membrane
protein facilitates FA uptake by adipocytes. SSO inhibited FA
uptake and bound covalently to an 88-kDa protein identified as
CD36. Inhibition by SSO of adipocyte FA uptake occurred in
absence of FA metabolism and without effects on the uptake of
other substrates such as retinoic acid or glucose (36). Further-
more, SSO retained its ability to inhibit long-chain FA uptake
by cardiac giant membrane vesicles (27). These findings
resulted in the use of SSO in a wide variety of cell types as a
specific inhibitor of CD36-facilitated FA uptake (27, 28, 44, 45).
More recently, SSO was shown to also potently inhibit CD36-
mediated FA signaling to calcium (13-16). The findings in this
study validate the assumption that SSO is a specific inhibitor of
FA interaction with CD36 by documenting that SSO binding to
a specific residue on CD36 is the molecular mechanism under-
lying its inhibitory effects. Using mass spectrometry, we identi-
fied lysine 164 as the major amino acid targeted by SSO. Site-
specific mutation and stable expression in CHO cells showed
thatlysine 164 is critical for the functions of CD36 in facilitating
FA uptake and FA-induced signaling to activate Ca®" tran-
sients. Lysine 164 is localized within a putative binding pocket
in the amino-terminal half of CD36 where binding sequences
for oxLDL and oxPC have been previously identified (6). A
sequence for binding FA had been predicted within the same
pocket based on simulation analysis with the FA-binding site of
the fatty acid-binding protein for which the crystal structure
was available (21).

Lysines are positively charged residues suggesting that elec-
trostatic interactions might play a role in FA binding by CD36.
The negatively charged long-chain FA carboxylic group would
be a preferential partner for such interactions. When oleate is
esterified to sulfo-NHS, the resulting SSO molecule gets a
highly charged negative sulfonate group. This combined with
the uncharged alkyl chain would make SSO an excellent ligand
for the CD36 binding pocket. Based on the preponderance of
hydrophobic residues in the binding pocket, we propose a
model whereby the alkyl chain plays an important role in direct-
ing the FA to the binding site in CD36. This interpretation is
consistent with our earlier finding that a shorter chain NHS
derivative such as sulfo-N-succinimidyl myristate bound to
several proteins in adipocyte membranes, whereas SSO was
recovered predominantly on CD36 (26, 36). Once the alkyl
chain positions SSO into the hydrophobic pocket, the negative
sulfonate-containing headgroup can interact with positively
charged amines, notably with the Lys-164 amine group to yield
an amide bond. In the case of the native FA positioned in the
pocket, its carboxyl group would form electrostatic interactions
with Lys-164, which would stabilize the binding and possibly
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FIGURE 3. SSO inhibits uptake of oxLDL by macrophages. A, uptake of Dil-OxLDL by THP-1 macrophages was determined by flow cytometry. B, histogram
of cells sorted for fluorescence using the FlowJo software. THP-1 monocytes were differentiated into macrophages using PMA. The cells were serum-starved
overnight before incubation with or without 25 um SSO followed by washing and before incubation with Dil-OxLDL. Harvested cells were stained with
allophycocyanin-labeled anti-CD36 antibody and measured by flow cytometry. Data are means = S.E., n = 3-4, representative of two separate experiments;
* p < 0.05.
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initiate a conformational change in the protein to promote FA
uptake and or FA-induced signaling. Hydrophobic interactions
contributed by the alkyl chain and electrostatic interactions
involving the charged carboxyl terminus of the FA and lysine
residues of the protein have been described for FA binding to
albumin (46, 47). FA interaction with lysines in the binding
pocket of the intestinal FA-binding protein was shown to influ-
ence FA transfer from intestinal fatty acid-binding protein to
model membranes (48, 49).

The binding pocket of CD36 contains two lysines, Lys-164
and Lys-166, but SSO was only recovered bound to Lys-164. We
believe this reflects the fact that Lys-166 is acetylated, which
neutralizes its charge. Indeed, mass spectral analysis docu-
mented acetylation of four different lysines in CD36, including
Lys-166 (Fig. 4). These data with human CD36 are in agreement
with the previously reported acetylation of rat CD36 (41).
Acetylation of Lys-166 increases hydrophobicity of the binding
pocket and might contribute to positioning the FA by limiting
the interaction of the carboxyl group to Lys-164. It is unknown
whether acetylation of Lys-166 is subject to regulation and
whether its deacetylation can occur under certain conditions
and influence FA binding. Acetylation of proteins, notably
those involved in metabolism of glucose and fatty acids, has
been shown to be a common mode of regulating function
(41, 50).

Secondary structure prediction using the I-TASSER plat-
form (40) suggests that CD36 lysines 164 and 166 are localized
ona turn between helical and sheet structures on the edge of the
hydrophobic pocket. Although Lys-164 is predicted to be rather
hidden inside the structure (Fig. 4B), Lys-166 would be exposed
to solvent and could act in fatty acyl docking into the hydropho-
bic pocket. Schematic representation of the binding site shows
that Lys-166 and its modification by acetylation could control
ligand access to the binding site/pocket (Fig. 4B). We were not
able to detect peptides concurrently acetylated on Lys-166 and
oleoylated on Lys-164, suggesting that Lys-166 acetylation
might restrict access to the binding site.

The FA-binding site in CD36 overlaps with that of oxLDL
and of oxPC. Interestingly, binding for both oxLDL and oxPC
was proposed to involve interactions with lysines 164 and 166
(6, 51). Consistent with the above data, we found that a short
incubation with a low concentration of SSO was effective in
inhibiting oxLDL uptake by macrophages. Thus, SSO might be
useful as an inhibitor of CD36-mediated oxLDL uptake.

Our understanding of CD36 structure-function remains
incomplete, but as summarized in Fig. 5 current knowledge
supports existence of at least two major regions for ligand inter-
action. The first binding domain was identified for oxLDL,
oxPC and hexarelin recognition (6, 9) and as shown in this study
it now includes FA. The second binding domain is involved in
recognition of thrombospondin and the malaria parasite P. fal-
ciparum (8, 11). A number of post-translational modifications
of CD36 that include ubiquitination, palmitoylation, acetyla-
tion, etc. (Fig. 5) have now been identified, and these might be
involved in ligand uptake or signaling functions. Of interest is
ubiquitination of the two lysines 469 and 472, which was found
important for CD36 signaling to Ca®>*. Mutation of the two
lysines interfered with CD36’s ability to induce Ca®>* influx via
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FIGURE 5. Schematic representation of CD36 structure, binding domains,
and known or predicted post-translational modifications. CD36 has two
short intracellular domains at the carboxyl- and amino-terminal ends, two
transmembrane domains, and a large globular extracellular portion with a
hydrophobic sequence. The extracellular domain is heavily glycosylated (53)
and cross-linked with three disulfide bridges (54, 55), and Thr-92 was shown
to be phosphorylated (8). Both the amino and carboxyl termini contain two
palmitoylation sites (56). The carboxyl terminus also has two lysines, which
can be ubiquitinated (37), and another ubiquitination was localized to Lys-56
(57). CD36 contains at least seven lysines, which can be acetylated (41), and
phosphorylation of Tyr-62 and Thr-323 and acetylation of Lys-298 was
reported at PhosphoSitePlus. Binding sequences for fatty acids, hexarelin,
oxLDL, thrombospondin, and P. falciparum are aligned to the backbone of
CD36. The SSO-binding site Lys-164 is highlighted with a dotted line.

the store-operated membrane channels, although release of
calcium from intracellular stores appeared normal (13, 22, 23).
In contrast, mutation of Lys-164 primarily abolished CD36-
mediated calcium release from intracellular stores in response
to linoleic acid (Fig. 2). These mutations should be helpful in
dissecting the molecular steps involved in CD36 regulation of
Ca®" signaling.
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In summary, we have shown that one amino acid residue,

lysine 164, is the primary target of SSO bound to CD36 and that
this lysine is important for FA uptake and FA-induced signaling
to Ca®*. Lysine 164 is situated in a hydrophobic pocket shared
by a number of CD36 ligands and was previously shown to
mediate binding of oxLDL and oxPC. Consistent with this, we
showed that SSO inhibits oxLDL uptake by macrophages. The
data suggest that direct interaction between the various CD36
lipid ligands (oxLDL, oxPC, and FA) competing for binding to
the same amino acid residue could occur under physiological
conditions and influence CD36 function. Interestingly, one
study previously reported that oleic acid competed for the bind-
ing of ox-LDL to CD36-transfected 3T3 cells (52).
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