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Analysis of CD36 Binding Domains: Ligand
Specificity Controlled by Dephosphorylation
of an Ectodomain

Adam S. Asch,* Isaac Liu, Frederick M. Briccetti,
John W. Barnwell, Frank Kwakye-Berko, Ayotunde Dokun,
Jeffrey Goldberger, Mona Pernambuco

The protein CD36 is a membrane receptor for thrombospondin (TSP), malaria-infected
erythrocytes, and collagen. Three functional sequences were identified within a single
disulfide loop of CD36: one that mediates TSP binding (amino acids 87 to 99) and two that
support malarial cytoadhesion (amino acids 8 to 21 and 97 to 110). One of these peptides
(p87-99) is a consensus protein kinase C (PKC) phosphorylation site. Dephosphorylation
of constitutively phosphorylated CD36 in resting platelets and a megakaryocytic cell line
led to the loss of collagen adhesion and platelet reactivity to collagen, with a reciprocal
increase in TSP binding. PKC-mediated phosphorylation of this ectodomain resulted in a
loss of TSP binding and the reciprocal acquisition of collagen binding. In site-directed
mutagenesis studies, when the threonine phosphorylation site was changed to alanine,
CD36 was expressed in a dephosphorylated state and bound to TSP constitutively.

Regulation of membrane receptor function
may be mediated by translocation of the
receptor to the cell surface or by association
or dissociation of the receptor from regula-
tory molecules. Although posttranslational
modifications such as glycosylation or phos-
phorylation regulate many protein interac-
tions, the rapid regulation of these charac-
teristics has been confined to events that
occur within the membrane or on the cy-
toplasmic side of the receptor. CD36 is an
88-kD membrane glycoprotein present on
platelets, monocytes, erythroid precursors,
endothelial cells, and several tumor cell
lines and is a receptor for the adhesive
platelet and extracellular matrix protein
TSP (1-6), Plasmodium falciparum—infected
erythrocytes (7-9), and collagen (10).
CD36 is one of several TSP binding sites on
platelets, and purified CD36 binds TSP
(1-6). In addition, CD36 acts as a receptor
that is critical for the cytoadherence of P.
falciparum—infected erythrocytes to endo-
thelium (7-9). Both TSP binding and ma-
larial cytoadhesion are inhibited by the
same monoclonal antibody (I, 11), suggest-
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ing that the domains that mediate these
events may be related. CD36 is also one of
several reported collagen receptors (12).

Random CD36 domains were expressed
in a recombinant expression system, and we
screened the library by probing with biotin-
ylated purified TSP, a biotinylated peptide
(CSVTCG) (13) corresponding to a CD36
binding domain within TSP (2), and *'Cr-
labeled malaria-infected erythrocytes (14).
Positively hybridizing clones were subjected
to secondary or tertiary rounds of screening
and then sequenced. Analysis of the clones
identified overlapping consensus sequences
as candidate binding domains. Peptides cor-
responding to the predicted amino acid
sequence of these regions were synthesized
and examined for TSP binding and malarial
cytoadhesion (15).

The domains of CD36 that are respon-
sible for TSP binding and for the cytoadhe-
sion of P. falciparum—infected erythrocytes
were identified by random domain library
screening (RANDOLS) (Fig. 1A) and con-
firmed by means of synthetic peptides (Fig.
1B). Three functional sequences were iden-
tified within a single putative disulfide loop
of CD36 defined by Cys’ and Cys**: one
that mediates TSP binding (amino acids 87
to 99) and two that support malarial cy-
toadhesion (amino acids 8 to 21 and 97 to
110). The malarial binding domain, resi-
dues 97 to 110 that we have identified,
overlaps p93-110 identified as a binding site




(16) for the monoclonal antibody (mAb) to
CD36, OKM5, which inhibits malarial cy-
toadhesion and TSP binding (1, 11, 17).

The TSP binding sequence identified
by RANDOLS (RGPYTYRVRFLA) is of
interest because it is a PKC consensus site
as defined by the computer algorithm
PROSITE (18). This raised the possibility
that CD36 function might be regulated by
phosphorylation of the receptor at the
threonine in this sequence during CD36
synthesis and translocation to the cell
surface. To explore this possibility, we
coated microtiter wells with CD36 or a
peptide corresponding to amino acids 87
to 99, then treated with PKC, and assayed
for binding to purified TSP (19). The
binding of TSP to the peptide was inhib-
ited by 60% after phosphorylation, but a
peptide in which alanine was substituted
for threonine (RGPYAYRVFLA) was not
phosphorylated and showed no inhibition
of TSP binding with PKC. Similar results
were obtained with purified CD36. Incor-
poration of 32P into CD36 after incubation
with [y-3?PJadenosine triphosphate (ATP)
and PKC was confirmed by autoradiogra-
phy. The results of TSP binding to purified
CD36 revealed that phosphorylation was
associated with a 60% decrease in the
amount of TSP bound; TSP binding was
restored after incubation with a phos-
phatase-containing platelet fraction. Puri-
fied acid phosphatase (0.25 U/ml) restored
TSP binding equally well (20).

Dephosphorylation of this extracellular
domain of CD36 might occur with release
of platelet acid phosphatase when the plate-
let is activated. According to this model,
CD36 is posttranslationally modified so that
p87-99 is expressed phosphorylated in the
resting state and therefore not competent to
bind TSP. Upon platelet activation and
degranulation, released phosphatases de-
phosphorylate CD36 and alter its affinity for
TSP. This might explain the variation in
function that has been observed in CD36-
transfected cells. In particular, a PKC-like
activity may be responsible for constitutive
phosphorylation of CD36 and lack of TSP
binding in CD36-transfected COS cells
21).

A phosphorylated CD36 molecule was ex-
pressed by CD36-transfected COS cells, but
treatment with the PKC inhibitors staurospo-
rine or H7 blocked phosphorylation of ex-
pressed CD36 (Fig. 2A). Both H7 and, to a
lesser extent, staurosporine resulted in the
expression of CD36 that bound TSP in a
specific manner; acid phosphatase treatment
also increased TSP binding by the cells, con-
firming the extracellular location of the phos-
phorylated domain (Fig. 2A) (22).

To demonstrate that CD36 is synthe-
sized by the megakaryocyte and expressed
phosphorylated in resting platelets, we

studied phosphorylation of CD36 in the
human megakaryocytic cell line, CRL 9792
(23). A band at 88 kD and lower bands that
correspond to previously demonstrated co-
precipitating protein tyrosine kinases (24)
were observed in immunoprecipitates of
32p_labeled cells (Fig. 2B). Treatment of
the metabolically labeled cells with crude
platelet acid phosphatase or purified acid
phosphatase resulted in the loss of CD36-
associated surface label. This dephosphoryl-
ation was also associated with an increase in
TSP binding (Fig. 2B), suggesting that
megakaryocytes synthesize CD36 in a phos-
phorylated state and that with platelet stim-
ulation and release of acid phosphatase, the
ectodomain of CD36 is dephosphorylated.
Examination of the functional correlates
of these findings led to some unexpected
observations. Platelet aggregation was ex-
amined in gel-filtered platelets treated with
acid phosphatase (0.25 U/ml). Aggregation
to collagen at 4 wg/ml was blocked by acid
phosphatase treatment, but not to collagen
at 20 pg/ml or to adenosine diphosphate
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(ADP) (Fig. 3), raising the possibility that
dephosphorylation of CD36 plays a role in
signal transduction mediated by collagen.

The adhesion of °!Cr-labeled resting
platelets or resting acid phosphatase—treat-
ed platelets (RAPTP) to plastic microtiter
wells coated with collagen types I, III, or IV
or purified TSP was also examined. Adhe-
sion of resting platelets to type I collagen
was observed as described (10), and CD36-
dependent adhesion was observed with type
IV collagen but not type III collagen. De-
phosphorylation of platelet CD36 by acid
phosphatase treatment blocked CD36-de-
pendent adhesion to collagen types I and
IV. In contrast, adhesion of resting plate-
lets to TSP was increased by dephosphoryl-
ation (Table 1).

To explore the possibility that CD36
specificity for the ligands collagen or TSP is
regulated by its state of phosphorylation, we
phosphorylated purified platelet CD36 and
examined it for its ability to bind TSP and
collagen (Table 1). Immunoisolated CD36
bound TSP but not type IV collagen; con-

B TSP binding
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‘_:’ 0.2 § § s 2ooo§
% N N -
NPy IR \
0 D8-27 80-58 pB7-35 p97-110p334-343°

Fig. 1. Ligand binding sequences identified in
CD36 random domain library. (A) Functional
CD36-domain clones. The sequences of the func-
tional CD36-domain clones are displayed below a
schematic of the CD36 complementary DNA
(cDNA) that was used to generate the random
domain library. Consensus regions are indicated
by a bold segment on the CD36 map. The start
codon ATG in the mature protein is indicated by a
vertical line. Position of TSP binding CD36-do-

main clones: The sequences of the CD36-related TSP binding clones are aligned with the complete
CD36 cDNA. The seven clones have in common a single consensus 70-bp region (bps 470 to 540)
corresponding to amino acids 86 to 109 in the mature protein. Position of CSVTCG-albumin binding
CD36-domain clones: Five positive clones shared a single consensus of 390 bp (bps 200 to 590)
corresponding to translated amino acids 1 to 126 in the mature protein. The region identified by this
sequence included the TSP binding domain identified by TSP screening of the library and is consistent
with data showing that CSVTCG binds to CD36 and inhibits the binding of TSP to CD36 (2). Position of
P. falciparum-parasitized erythrocyte binding CD36-domain clones: Five positive clones coded for
CD36 segments that shared a single consensus of 40 bp (bps 240 to 280) corresponding to amino acids
10 to 23. [For methods, see (74).] (B) Ligand binding peptides. The binding of TSP to immobilized
peptides is shown by the solid bars (OD,q, optical density at 405 nm). Data are the means of six
replicates = SEM. The adhesion of P. falciparum-infected erythrocytes is shown by the cross-hatched
bars. Labeled uninfected erythrocytes did not bind. Data are the means of 10 replicates + SEM from a
representative experiment (cpm, counts per minute). [For methods, see (715).]
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versely, PKC-treated CD36 bound type IV
collagen but not TSP. In control studies,
malaria-infected erythrocytes bound equally
well to phosphorylated and unphosphoryl-
ated CD36. We tested the hypothesis that
both TSP and collagen binding are mediat-
ed by the same domain, with dephospho-
rylation acting as a switch to direct binding
specificity from collagen to TSP. The phos-
phorylated peptide (p87-99-PO,) bound
TSP less well than did p87-99; conversely,
p87-99-PO, supported the binding of col-
lagen to purified CD36, whereas the de-
phosphorylated peptide bound collagen less
well (Table 1).

The site of phosphorylation was iden-
tified and the orientation of phosphorylat-
ed CD36 was defined by phosphoamino
acid analysis of the phosphorylated extra-
cellular CD36 domain. Flow cytometry
with a polyclonal antibody specific for
p87-99 (anti—p87-99), which also recog-
nized intact CD36, confirmed that this
antibody recognizes an extracellular do-
main in intact resting platelets. To exam-
ine the state of phosphorylation of this
region (residues 87-99) we metabolically
labeled CD36-transfected COS cells with
32P and treated the cell monolayers with
trypsin to proteolyze the extracellular re-
gion. An autoradiograph of immunopre-
cipitates obtained with anti-p87-99 re-
vealed partial proteolysis of phosphorylat-
ed CD36 and the absence of phosphory-
lated immunoprecipitated proteins from
supernatants derived from either trypsin-
treated control transfectants or CD36
transfectants that were not treated with
trypsin. The smallest phosphorylated band
corresponding to a molecular weight of
800 to 3000 was excised from the gel and
subjected to phosphoamino acid analysis
by acid hydrolysis and two-dimensional
electrophoresis. Phosphothreonine, but
not phosphoserine or phosphotyrosine,
was detected in this fragment (25).

To confirm the site of phosphorylation
in CD36, we generated a variant CD36 by
site-directed mutagenesis in which Thr"?
was changed to Ala (CD36ala92). The
state of phosphorylation of immunoprecip-
itated CD36 and TSP binding by the
transfected monolayers were examined.
The wild type, but not CD36ala92, was
expressed phosphorylated in COS cells
(Fig. 4); CD36ala92 bound TSP (2699 +
559 ng per well) constitutively compared
with no specific binding to wild-type
CD36 (26).

The mechanisms by which receptors
change affinity or specificity for extracel-
lular ligands remain largely undefined.
Platelets, as well as inflammatory cells
such as monocytes, rely on the ability to
rapidly modulate the interaction of cell
surface adhesion receptors with their li-
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Fig. 2. (A) (left panel) Phosphorylation of CD36
expressed in transfected COS cells. Autoradio-
graph of CD36 mAb immunoprecipitates from
32PQ,-labeled CD36-transfected (lanes 1, 3,
and 4) or control transfectants (lane 2). Mono-
layers were treated with the PKC inhibitors H7
(100 pM, lane 3) or staurosporine (1 pM, lane
4). (Right panel) Specific TSP binding to CD36-
transfected COS cells. The binding of '25I-TSP
to COS cell monolayers was examined after
CD36 transfection and subsequent addition of
staurosporine, H7 (to inhibit the phosphoryl- B

i >

Specific TSP bound (cpm)

| T o
1000! '_I

Control Staurosporine H7  Phosphatase

ation of expressed CD36), or acid phosphatase 1! £ 200 1200

(to dephosphorylate the extracellular domain). R 97 - —
[For methods, see (22).] (B) (Left panel) Acid g - 57000
phosphatase treatment of the megakaryocyte- - o 800

like CRL 9792 cell line. Autoradiograph of CD36 45 £ ot

mAb immunoprecipitates from 32PO,-labeled L 8 X

CRL 9792 cells (lane 1) or the same cells after a= e 400

treatment with acid phosphatase (lane 2). [For - Lo 200 l
methods, see (23).] (Right panel) Binding of ]

125|-TSP to CRL 9792 cells. The binding of TSP
to control or phosphatase-treated CRL 9792
cells (23) was examined by incubation of the
cells (108 per milliliter) in 200-pl aliquots with '25|-TSP at a concentration of 100 pg/ml (specific
activity 1.2 x 103 cpm/pg) for 1 hour at 4°C. The cells were spun through silicone oil and the bound
125 was counted.

2 Control  Acid
phosphatase

Table 1. Reciprocal regulation of CD36 ligand binding function. For measurement of platelet
adhesion, gel-filtered platelets were 5'C labeled (70) and incubated with buffer or acid phosphatase
(0.25 U/ml) for 1 hour at 37°C. The platelets were resuspended in tris-buffered saline, and their
adhesion to 96-well microtiter plates coated with fibrillar purified collagen types |, Ill, or IV (1 pg/ml,
Hoechst) or TSP was measured essentially as described (70). Binding in the presence of anti-CD36
(2 pg/ml) (7) was subtracted from the total binding to obtain CD36-dependent adhesion, and the
results were normalized to the maximal binding observed. To examine the regulation of collagen
and TSP binding to purified CD36 and p87-99, we incubated purified collagen (type IV) or TSP in
wells containing purified control or phosphorylated platelet CD36. CD36 was purified from platelets
by immunoaffinity chromatography (1) or by the method of McGregor et al. (5) and was coated on
96-well mictrotiter plates at a concentration of 10 pg/ml. Before incubation with purified biotinylated
TSP or collagen (Hoechst), the immobilized CD36 was incubated with PKC (UBI) and ATP (10 mM)
or ATP alone for 4 hours at 22°C. Incorporation of 2PO, was examined as described (32). After the
wells were washed, the binding of purified TSP to CD36 was measured by ELISA as described
above.

Platelet adhesion
(Percent of maximum)

TSP and collagen binding
(Percent of maximum)

Phosphatase

Substrate Control “treated Substrate TSP Collagen
TSP 0+10 100 = 4 CD36 100 = 6.5 175+ 134
Collagen | 725+ 6 0x6 CD36-PO, 30 £ 10.7 100 + 16.5
Collagen llI 0+9 0+x19 p87-99 100 = 5.6 616 = 16.5
Collagen IV 815+ 12 21+8 p87-99-PO, 4+04 100 = 8.3

gands in order to effect a functional
change such as platelet aggregation. Al-
though agonist receptors are the principal
mediators of platelet activation, outside-
to-inside signal transduction, manifest by
intracellular phosphorylation events in re-
sponse to adhesion receptor occupancy,
also occur (27). CD36 is a platelet mem-
brane protein that is regulated in such a
fashion: On resting platelets CD36 is not a
functional TSP receptor, but after platelet
activation, it undergoes transformation
and becomes one of several competent
TSP binding sites. CD36 on the resting
platelet surface is also capable of binding
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collagen, and there is evidence that it
may be involved in some signal transduc-
tion events: thus, information is transmit-
ted across the membrane in both direc-
tions. Our data suggest that CD36 ligand
specificity is directed by the extracellular
release or activation of serine or threonine
phosphatases in response to a principal
platelet agonist and that signaling may be
affected by dephosphorylation of CD36 or
other molecules. Regulation of the ligand-
binding function or ligand specificity of
membrane receptors by dephosphorylation
of an ectodomain has not been reported
(28).



r f

Phosnhatase—lrmd + collagen (25 pg/mi]
Untreated + collagen (4 pug/ml) r

I0N—=»

!
e

Phosphatase-treated + collagen (4 pg/mi) Phosphatase-treated + ADP

Light transmissi

Fig. 3. Acid phosphatase treatment of normal
platelets abolishes response to low-dosage
collagen. Platelet aggregation studies were
done with a Payton aggregometer. Acid phos-
phatase (0.25 U/ml final concentration, Sigma)
in citrate buffer or buffer alone was added to
platelet-rich plasma prepared in acid citrate
dextrose and incubated at 37°C for 1.5 hours
or for 5 min in the presence of NEM, PMSF,
benzamidine, and leupeptin. Aggregometry
was measured in response to collagen (4
ng/ml or 25 ug/ml), ADP (5 uM), or A23187 (1
wM).

Fig. 4. Substitution of 23
Ala for Thr at position

92 leads to expression

of an unphosphoryl- 47

ated CD36. Site-direct-

ed mutagenesis was 68 e
done with polymerase
chain reaction to gener-
ate a substitution of Ala
for Thre2 (CD36alag92).
Shown is an autoradio-
graph of an immunoprecipitation of 32P-labeled
COS cell monolayers obtained with a CD36 mAb
either from cells transfected with CD36ala92
(lane 1) or wild-type CD36 (lane 2) or from mock
transfectants (lane 3). Molecular sizes are indi-
cated to the left in kilodaltons. [For methods, see
(26).]
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The loss, after acid phosphatase treat-
ment, of platelet reactivity to low-dosage
but not high-dosage collagen or ADP,
along with evidence that CD36-dependent
adhesion of platelets to collagen types I and
IV is blocked by surface dephosphorylation,
provides strong evidence that the CD36-
mediated collagen interaction reported pre-
viously (10) is regulated by dephosphoryla-
tion. Indeed, the binding of both TSP and
collagen are mediated, at least in part, by
the same CD36 domain, with ligand spec-
ificity determined by the state of phospho-
rylation (29, 30). The extent to which
modulation of cellular receptor function in
other systems is influenced by the state of
phosphorylation of ectodomains or by the
activity of extracellular phosphatases needs
to be explored.
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and Y, Tyr.

14. We purified a 1.7-kb Xba | fragment correspond-
ing to the entire extracellular domain of CD36 and
then sonicated it with a Heat Systems Sonicator
model W200R (Ultrasonics Inc.) equipped with a
microtip that generated a pulsed output for 3 min
to produce random fragments of 200 to 600 base
pairs (bps). The fragments were repaired with T4
polymerase and Klenow, ligated to Lambda Zap |1
(Stratagene) with Eco Rl linkers, and packaged
with Gigapack Il packaging extract (Stratagene).
The random library was expressed in XL1-blue
bacteria with isopropyl-B-o-thiogalactopyrano-
side (IPTG) induction. We screened plaque lifts
using (i) biotinylated TSP (100 pg/ml) or biotinyl-
ated CSVTCG-albumin conjugates (1 mg/ml) and
analysis with an avidin-biotin detection system
(Bio-Rad) or (ii) S'Cr-labeled malaria-parasitized
erythrocytes from Aotus monkeys (7) and analy-
sis by autoradiography. Positive clones were pu-
rified by secondary and tertiary rounds of screen-
ings. Inserts were sequenced with Sequenase
(Stratagene) from the Lambda Zap Il bluescript
plasmid that was purified by cotransfection of
XL1-blue bacteria with phage and helper virus
(Stratagene). We identified 28 positive plaques in
the first round of screening with biotinylated TSP
and subjected the plaques to secondary or tertia-
ry rounds of screening that yielded 16 positive
clones. Of these, nine contained inserts that were
not in frame with B-galactosidase or were in the
wrong orientation to have resulted in a fusion
protein related to CD36. The remaining seven
coded for expressed fusion proteins. We identi-
fied 22 positive primary plaques from 10° clones
in the first round of screening with biotinylated
CSVTCG-albumin and then subjected them to
secondary and tertiary screening and then se-
quencing which yielded five positives that were in
frame. To identify the CD36 domain that is respon-
sible for malarial cytoadhesion, we screened the
CD36 random domain library with P. falciparum—
infected erythrocytes from Aotus monkeys that
were labeled with 5'Cr. Erythrocytes parasitized
by P. falciparum (CD36-binding strains FVO, IC5,
or CD36-nonbinding 2B3) were cultured to the
late trophozoite stage at 6 to 10% parasitemia as
described (7) from isolates derived from infected
Aotus monkeys or continuously cultured in vitro in
human O* erythrocytes. The malaria parasites
were cultured in standard RPMI tissue culture
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medium with 10% human serum overnight, and
from late ring stages, trophozoite-infected cells
were incubated with 5'Cr for plaque screening.
Five positive clones were identified by autorad-
iography after secondary and tertiary library
screening and shared a single consensus corre-
sponding to amino acids 240 to 280. In prelimi-
nary studies, screening with collagen was found
unfeasible because of the high reactivity of the
collagen used with nonrecombinant plaques.
Peptides corresponding to CD36 domains were
synthesized by fluorenyl methoxycarbonyl
(FMOC) chemistry with a Milligen Biosearch 9600
automated peptide synthesizer [B. Merrifield, Sci-
ence 232, 341 (1986)] and analyzed by thin-layer
chromatography (TLC) and high-pressure liquid
chromatography (HPLC). After purification, pep-
tides were conjugated to albumin as described
[Y. N. Danilov and R. L. Juliano, Exp. Cell Res.
182, 186 (1989)] and coated in 96-well microtiter
plates. After they were washed three times with
tris-buffered saline, the wells were passivated with
1% albumin and probed with purified TSP, pre-
pared as described (7), that was biotinylated by
incubation with sulfo-NHS-biotin (Pierce) and di-
alyzed against 20 mM tris and 150 mM NaCl
overnight. After 2 hours of incubation, the wells
were washed free of unbound protein and probed
with an avidin alkaline phosphatase detection
system (Bio-Rad). Control wells coated with albu-
min were used to determine nonspecific reactivity
of the detection system. Peptides corresponding
to the consensus region as well as control pep-
tides were conjugated to bovine serum albumin
and used to coat 96-well microtiter plates, and
their ability to support TSP binding was deter-
mined by enzyme-linked immunosorbent assay
(ELISA) [expressed as optical density (OD) at 405
nm x 10%]. Plasmodium falciparum—parasitized
erythrocytes (CD36-binding strains FVO, IC5, or
CD36-nonbinding 2B3) were cultured as de-
scribed (74) and labeled with 35S-methionine (50
wCi/ml) for binding assays. Metabolically labeled
infected erythrocytes were allowed to adhere to
wells coated with CD36 peptide—albumin conju-
gates. After three washes, the adherent cells were
removed with an LKB cell harvester, immobilized
on filtration membrane, and counted with an LKM
betaplate reader. We also examined adhesion of
parasitized erythrocytes to purified CD36 and
CD36-transfected cells in the presence of pep-
tide-albumin conjugates to assess the ability of
peptides to block cytoadhesion. Peptides corre-
sponding to amino acids 8 to 21 and 97 to 110
also inhibited the adhesion of infected erythro-
cytes to purified CD36 by 90% and 45%, respec-
tively, whereas control peptide conjugates (in-
cluding a scrambled peptide of amino acids 8 to
21, AIGLAAGVGIALWV) did not (37).

L. L. K. Leung, L. Wei-Xing, J. L. McGregor, G.
Albrecht, R. J. Howard, J. Biol. Chem. 267, 18244
(1992).

Domains responsible for mediating the interaction
of CD36 with TSP and malaria are distinct but
contained within the region of amino acids 1 to
126 that mediated binding of the peptide CS-
VTCG. The hypothesis that the sequence CS-
VTCG plays a role in malarial cytoadhesion has
little experimental support because the peptide
CSVTCG has had no effect in cytoadhesion as-
says. The function of this domain as a cell adhe-
sive motif [K. A. Rich, F. W. George IV, J. L. Law,
W. J. Martin, Science 249, 1574 (1990); C. A.
Prater, J. Platkin, D. Jaye, W. A. Frazier, J. Cell
Biol. 112, 1031 (1991)] associated with sporozo-
ites [C. Cerami et al., Cell 70, 1021 (1992)] raises
the possibility that CD36, or sequences homolo-
gous to the binding regions identified, may be
involved in mediating sporozoite interactions with
certain cell types.

J. R. Woodgett, K. L. Gould, T. Hunter, Eur. J.
Biochem. 161, 177 (1986).

We confirmed phosphorylation of the peptide by
examining the incorporation of 32P after incuba-
tion with [y-32P]JATP and PKC. TLC confirmed
the incorporation of 32P into 70% of the ninhy-
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drin-stainable peptide. Compared with phospho-
rylation by PKC, other kinases, including casein
kinases | and Il and PKA, were less efficient.
Crude platelet releaseate for experiments on the
effect of phosphatase was prepared from washed
platelets in acid citrate dextrose with 5 mM EDTA
by sonication of the platelets and centrifugation at
10,000g to remove debris or by stimulation of
platelet release in the same buffer with the iono-
phore A23187 (2 uM).

TSP binding by CD36 appears to be regulated, in
that resting platelets that express from 1.5 x 104
to 2.5 x 10* CD36 molecules bind only a few
thousand TSP molecules, but with platelet activa-
tion and alpha granule release, TSP binding in-
creases to about 2.5 x 105 molecules per plate-
let. Similar regulation of function is displayed by
CD36 expressed in transfected cell lines where
TSP binding appears to be regulated by cell-
specific factors present in some but not all cell
types (2, 9).

COS cells were transfected with CD36 in the
CDM8 plasmid as described (9). After transfec-
tion, cells were exposed to fresh medium or to
the PKC inhibitors staurosporine (1 wM) or H7
(100 pM) in the presence or absence of
[32P]orthophosphate (100 wCi/ml) (DuPont Bio-
technology Systems). At 48 hours post-transfec-
tion, the expression of CD36 was monitored by
fluorescein isothiocynate (FITC) fluorescence
with CD36 mAb. The binding of 125I-labeled TSP
to CD36- or control-transfected COS cell mono-
layers was measured as previously described
with TSP (100 p.g/ml). Monolayers labeled with
32P were solubilized in phosphate-buffered sa-
line (PBS) containing 2% Triton-X 100, and CD36
was immunoprecipitated with CD36 mAb and
examined by autoradiography as described (9).
In control studies, CD36-transfected cells were
treated with acid phosphatase (0.25 U/ml) for 5
min in citrate buffer (pH 5) with 10 pM N-ethyl-
maleimide (NEM), 100 uM Phe-Pro-Arg-chloro-
methyl ketone, 0.4 uM phenylmethysulfonyl flu-
oride (PMSF), 10 pM benzamidine, and leupep-
tin (0.1 pg/ml), and TSP binding was measured
by ELISA as previously described. Specific
binding to the monolayers was obtained by
subtraction of the binding observed in the ap-
propriate (untreated, H-7, or staurosporine-treat-
ed) control transfectants (plasmid alone) from
the binding measured in CD36-transfected cells
(untreated, H7-, or staurosporine-treated). The
expression of CD36 by these cells as measured
by fluorescence was unaffected by H7 or stau-
rosporine.

The megakaryocytic cell line, CRL 9792 [S. M.
Greenberg, D. S. Rosenthal, T. A. Greeley, R.
Tantravahi, R. I. Handin, Blood 72, 1968 (1988)],
was obtained from American Type Culture Collec-
tion (ATCC) and maintained in minimum Eagle's
medium (MEM) with 10% fetal calf serum. Cells
were labeled overnight with [32P]orthophosphate
(100 p.Ci/ml), washed three times in tris-buffered
saline, and then incubated in buffer containing
purified bovine milk acid phosphatase (0.25 U/ml,
Sigma) in 100 mM sodium citrate buffer (pH 5), or
buffer alone, for 2 hours at 37°C or for 5 min in the
presence of NEM, PMSF, benzamidine, and leu-
peptin. In some studies purified PP1 and PP2a
phosphatases (UBI) were used at a concentration
of 0.1 U/ml in the presence or absence of 4 pM
microcystin as a control (GIBCO). The cells were
washed and resuspended in tris-buffered saline
containing 2 mM CaCl,. An aliquot of cells was
solubilized, immunoprecipitated with CD36 mAb
as previously described, and analyzed by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE)
and autoradiography.

M.-M. Huang, J. B. Bolen, J. W. Barnwell, S. J.
Shattil, J. S. Brugge, Proc. Natl. Acad. Sci. U.S.A.
88, 7844 (1991).

An antibody specific to p87-99 was raised in
rabbits with an albumin-peptide conjugate im-
munogen as described (2). Reactivity was as-
sayed by ELISA against purified peptide or
intact platelet CD36 as well as to control pep-
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tides and proteins. The antibody was reactive
against CD36 in ELISA studies to a titer of
1:10,000. Antibody was purified by affinity sep-
aration with protein G-Sepharose (Pharmacia).
Flow cytometry was done on an EPICS Profile |l
cytometer (Coulter). CD36- and control-trans-
fected COS cells were labeled with [32P]ortho-
phosphate for 24 hours, as described above,
washed free of medium, and then incubated for
40 min at 37°C with trypsin-EDTA (GIBCO) to
proteolyze extracellular proteins. The superna-
tants from trypsin-treated CD36- and control-
transfected COS cells, as well as supernatant
from CD36 transfectants not treated with trypsin,
were first incubated with protein G-Sepharose
that was coated with nonimmune immunoglob-
ulin G (IgG) to preabsorb any nonspecific pre-
cipitating proteins. Protein G-Sepharose coated
with anti—p87-99 was used to immunoprecipitate
from the supernatants, and the beads were
washed three times before SDS-PAGE. After
SDS-PAGE and autoradiography, the region cor-
responding to molecular sizes of 800 to 3000
was excised from the gel and subjected to acid
hydrolysis and 2D phosphoamino acid analysis, as
described [N. Feuerstein and H. L. Cooper, J. Biol.
Chem. 258, 10786 (1983)], with buffer containing
88% formic acid:glacial acetic acid:water
(50:156:1794 v/V) (pH 1.9) in the first dimension
and buffer containing pyridine:glacial acetic acid-
:water (10:100:1890 v/v) (pH 3.5) for the second
dimension. The migration of standard phosphoam-
ino acids was determined by ninhydrin treatment
of the plate. Also, a truncation mutation of CD36,
which lacked the COOH-terminal hydrophobic re-
gion, was constructed and expressed in COS
cells. A mutant CD36 lacking the COOH-terminal
transmembrane domain was obtained by the di-
gestion of CD36 with Nsp | (Boehringer Mannheim)
at 10 U per microgram of DNA for 2 hours at 37°C
to produce deletions at positions 1495-1605,
1605-1732, and 1495-1732, which were isolated
by agarose gel electrophoresis and glass milk
(Geneclean, Bio101) and then religated in CDM8.
A mutation corresponding to the deletion of bps
1495 to 1605 was used in transfection studies.
COS cell monolayers were transfected with this
mutant or with intact CD36 and labeled for 24
hours with [32P]orthophosphate, as described.
Post-culture supernatants were harvested 48
hours after transfection, and immunoreactive
CD36 was precipitated with CD36-bound CNBr-
Sepharose—bound anti-CD36. After 32P metabolic
labeling, a soluble form of phosphorylated CD36
was recovered from post-culture medium by im-
munoprecipitation (37). These experiments confirm
the extracellular orientation of the labeled domain
(because proteolytic cleavage or export would net
occur if this were an intracellular domain).

CD36ala92 was generated by PCR essentially as
described [S. N. Ho, H. D. Hunt, R. M. Horton, J.
K. Pullen, L. R. Pease, Gene 77, 51 (1989)] with
the following primer pairs: 5’ to 3', CCCAAGCT-
TGGGCTGTGACTCATCAGTTCC and 3’ to &',
CTCCAGGAATACGCATGTCTCAAG; and 5’ to
3', GAGGTCCTTATGCGTACAGAGTTC and 3’ to
5’, CAGATCGGTGACTAGTAGGCGAGCTCGCC.
The purpose was to amplify cDNA from wild-type
CD36 containing a mutation of G for A leading to
a substitution of Ala for Thr at position 92 (substi-
tutions in bold). Intermediate products from the
first two reactions were mixed at a 1:1 ratio and
used as templates to amplify a full-length muta-
genized transcript with the external primers. The
full-length inserts were ligated into a TA cloning
vector (Invitrogen) and then cloned into the
pcDNA expression vector (Invitrogen). The muta-
genized sequence was confirmed by dideoxy
sequencing. COS cells were transfected and la-
beled with 32P as described above. Expression of
CD36 and CD36ala92 was monitored with CD36
mAb and a FITC-labeled antibody, mAb 8A6, to
mouse as a secondary antibody (7) and was
equivalent in wild-type and mutant CD36-trans-
fected monolayers. Labeling with [32P]orthophos-
phate and immunoprecipitation were done as
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described above. The binding of 25|-TSP (spe-
cific activity 2400 cpm/p.g) to the monolayers was
done on ice for 90 min in 24-well culture plates
(Costar). After incubation, the wells were washed
and the monolayers were solubilized in 2% SDS to
quantitate the bound TSP. (Binding to mock-
transfected cells was used to define nonspecific
binding. Specific binding is defined as total bind-
ing minus nonspecific binding.)

J. E. Ferrell and G. S. Martin, Proc. Natl. Acad.
Sci. U.S.A. 86, 2234 (1989); A. Golden, J. S.
Brugge, S. J. Shattil, J. Cell Biol. 111, 3117
(1990).

In the case of platelets, the release of phos-
phatases has been noted for more than 25 years
[A. J. Marcus, D. Zucker Franklin, L. B. Safier, H.
L. Ullman, J. Clin. Invest. 45, 14 (1966)], but little
if any function has been attributed to these
events. The identity of the platelet phosphatase
responsible for the dephosphorylation of platelet
CD36 is not certain. Platelets contain both PP1
and PP2a phosphatases as well as another 41-kD
phosphatase [F. Erdodi, C. Csortos, L. Sparks, A.
Muranyi, P. Gergely, Arch. Biochem. Biophys.
298, 682 (1992)] with serine and threonine spec-
ificity. The latter may be identical to a recently
described protein activity on the surface of acti-
vated platelets [U. P. Naik, E. Kornecki, Y. H.
Ehrlich, Biochim. Biophys. Acta 1092, 256
(1991)]. Microcystin, a cell-impermeable inhibitor
specific for PP1 and PP2a phosphatases, inhibits
platelet aggregation in response to ionophore as
well as blocks PP2a-mediated dephosphorylation
of CRL 9792 cell membrane proteins including
CD36 (317).

It is of interest that type Il collagen, which
interacts with platelets through a different colla-
gen domain, does not support CD36-dependent
adhesion and presumably interacts with plate-
lets by means of other collagen receptors [L. F.
Morton, C. M. Fitzsimmons, J. Rauterberg, M. J.
Barnes, Biochem. J. 248, 483 (1987)].

T. J. Kunicki et al., J. Biol. Chem. 263, 4516
(1988).

A. Asch et al., unpublished results.

To examine the incorporation of phosphate into
purified CD36, we did the same studies in fluid
phase with [y-32P]ATP (Du Pont Biotechnology
Systems) as a source of phosphate. After incu-
bation, the reaction mixture was analyzed by
SDS-PAGE and autoradiography. For studies on
phosphorylation of p87-99, purified peptide was
coupled to COOH surface covalent binding 96-
well plates (Costar) with 1-ethyl-3(3-dimethy-
laminopropyl)carbodiimide hydrochloride (50
mM, Pierce) to activate the plate surface. The
immobilized peptides were first incubated with
PKC (50 U/ml, UBI) with ATP (100 mM) or with
ATP alone, as a source of phosphate, in buffer
(20 mM tris, pH 6.5, containing 5 mM MgCl,, and
5 mM CaCl,) before TSP or collagen binding. To
examine the phosphorylation of the peptide, we
did the same studies in fluid phase. We incubat-
ed peptide with purified PKC (50 U/ml, UBI) in
fluid phase using [y-32P]ATP (Du Pont Biotech-
nology Systems) as a source of phosphate (4.8
x 105 cpm/nM) in 20 mM tris (pH 6.5) containing
5 mM MgCl, and 5 mM CaCl,. The reaction
mixture was analyzed by TLC with JT Baker
Silica 1B2 plates and ethyl acetate:pyridine :ace-
tic acid:water (20:20:6:11 v/v) as eluant. We
detected peptides on the TLC plates by ninhy-
drin (0.2% in ethanol), excised the ninhydrin-
stainable region of the plate, and quantitated
32p incorporation with an LKB scintillation
counter.
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