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Cross-linking of cell surface receptors by multivalent ligands, e.g. by antibodies,
evokes their clustering — patching. Subsequently, these clusters can be translocated
by the acto-myosin machinery toward one pole of the cell and assembly cap. Patching
of FeyRII in U237 cells correlates with tyrosine phosphorylation of several proteins
while cap assembly correlates with their dephosphorylation. To study the mechanism
of activation of tyrosine kinases during FeyRII activation we disturbed the organiza-
tion of the putative plasma membrane microdomains by depletion of membrane cho-
lesterol and sphingomyelin. Cholesterol was removed with the use of fcyclodextrin
while sphingomyelin was decomposed by exogenous sphingomyelinase. Cyclodextrin
at 5-10 mM removed about 70% of cholesterol from the cells and abolished the as-
sembly of FeyRII caps thereby arresting the receptors at the patching stage. Simi-
larly, 70 mU/ml sphingomyelinase inhibited cap formation by 60%. Cholesterol and
sphingomyelin depletion also suppressed the tyrosine phosphorylation of proteins
which accompanied cross-linking of FeyRIL. The observations indicate that choles-
terol and sphingomyelin can control the interactions of tyrosine kinases with clus-
tered FeyRIL

Fey receptors (FcyRs) are a family of trans-  isms which are opsonized by host serum anti-
membrane proteins (FcyRI-FeyRIII) which  bodies (Silverstein et al, 1989; Kwiatkowska
recognize and bind the Fe domain of IgG. The & Sobota, 1999a). It is assumed that the re-
interaction between FeyRs and IgG is the first  ceptors form clusters during ligation since
step of phagocytosis of invading microorgan-  several intracellular responses triggered dur-
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ing phagocytosis can be evoked by the cross-
linking of FeyRs with specific anti-receptor
antibodies (Huang et al., 1992; Agarwal et al,.
1993; Kiener et al., 1993). Under the influ-
ence of anti-FeyR antibodies the crosslinked
receptors form clusters, named patches,
which can be accumulated in an acto-myosin
dependent way on one pole of the cell and as-
sembly cap (Kwiatkowska et al., 1997; Kwiat-
kowska & Sobota, 1999a). Clustering of
FeyRs is accompanied by a sequential activa-
tion of protein kinases of the src- and syk-
families (Bewarder et al., 1996; Greenberg et
al., 1996; Matsuda et al, 1996). As a result
several proteins including FeyRs are phospho-
rylated (Huang et al., 1992; Grennberg et al.,
1994; Strzelecka et al., 1997).

The mechanism by which clustering of
FeyRs leads to activation of the sre-family ty-
rosine kinases is not understood. Recent data
indicate that these kinases are concentrated
on the cytoplasmic surface of the plasma
membrane in special Triton X-100-insoluble
microdomains (Stefanova et al, 1991; Cinek
& Horejsi, 1992; Anderson, 1993; Draberova
& Draber, 1993; Shenoy-Scaria et al, 1992;
Liu et al, 1997). These detergent-insoluble
fractions are also enriched in glycosylphos-
phatidylinositol-anchored proteins, sphingo-
lipids and cholesterol (Brown & Rose, 1992;
Dorahy et al., 1996; Fujimoto, 1996; Simons &
Ikonen, 1997). It is presumed that such
plasma membrane microdomains may serve
as centers of recruitment for clustered recep-
tors and enable the association of the recep-
tors with srefamily tyrosine kinases (Field et
al., 1995).

Participation of cholesterol and sphingolip-
ids is essential for the maintenance of plasma
membrane microdomains (Schroeder et al,
1994: Draberovd et al, 1996; Brown, 1998).
Therefore, we examined how changes in cho-
lesterol and sphingomyelin content in U937
cells can affect the transduction of signals
triggered by crosslinked FeyRIl. We demon-
strate that depletion of cholesterol and sphin-
gomyelin blocks tyrosine phosphorylation of

proteins induced by crosslinking of FeyRII
and suppresses capping of the receptor.

MATERIALS AND METHODS

Antibodies and reagents. The mouse
monoclonal antibody to Fey receptor II (clone
IV.3) was prepared from a culture medium of
hybridoma cells obtained from the American
Type Culture Collection (Rockville, MD,
U.8.A.). Monoclonal anti-phosphotyrosine,
clone PY20, was from Transduction Laborato-
ries (Lexington, KY, U.S.A.), anti-mouse
FITC-conjugated goat IgG was from Jackson
ImmunoResearch Laboratory (West Grove,
PA, U.S.A)). Fetal calf serum was purchased
from Gibeo Laboratories (Geithesburg, MD,
U.8.A.). Bovine serum albumin was from ICN
(Costa Mesa, CA, U.S.A.). Cholesterol, choles-
terol oxidase, S-cyclodextrin, neutral sphingo-
myelinase were from Sigma Chemical Co. (St.
Louis, MO, U.S.A.). The Enhanced Chemilu-
minescence Kit was from Pierce (Rockford,
IL, US.A).

Cell culture. The U937 human monocytic
cells were cultured in RPMI 1640 medium
(WSiS, Lublin, Poland) supplemented with
10% heat inactivated fetal calf serum, penicil-
lin (100 units/ml), and streptomycin (100
pg/ml) in a humidified incubator at 37°C with
5% COs. The cells were usually harvested at a
density of 10° cells/ml, washed twice in He-
pes-buffered saline medium (HBS) containing
125 mM NaCl, 5 mM KCl, 10 mM NaHCOg, 1
mM KH3PO,, 10 mM glucose, 0.2% bovine se-
rum albumin, 20 mM Hepes, pH 7.4, and used
for experiments. Cell viability was tested us-
ing 0.5% trypan blue in phosphatebuffered
saline (PBS).

Cholesterol and sphingomyelin deple-
tion studies. Measurement of cell unes-
terified cholesterol. For cholesterol deple-
tion experiments the cells (2 X 10° cells/ml)
were pretreated with different concentrations
of Bcyclodextrin prepared in HBS medium,
for 1 h at 37°C. To destroy cell membrane
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sphingomyelin the cells were incubated with
neutral sphingomyelinase (70 mU/ml) for 1 h
at 37°C. After these treatments the cells were
washed twice with HBS and the amount of un-
esterified cholesterol in cells was analyzed by
a fluorimetric method (Gray et al, 1995) with
some modifications. In this method choles-
terol oxidase oxidizes cholesterol with the for-
mation of 1 mole hydrogen peroxide per mole
of cholesterol. The peroxide is decomposed by
peroxidase with simultaneous reduction of p-
hydroxyphenylacetic acid to the fluorescent
dimer 6,6'-dihydroxy-3,3"-bisphenyldiacetic
acid. For the cholesterol quantification,
washed cells were resuspended in 300 ul of
isopropyl alcohol, sonicated, and incubated
for 15 min at room temperature. The material
‘was centrifuged at 5000 X g for 5 min, The su-
pernatant (100 x1) was mixed with 1 ml of a
fluorescence assay mixture (0.1 U/ml choles-
terol oxidase, 2 U/ml horseradish peroxidase,
5 mM sodium cholate, 0.6 mg/ml p-hydroxy-
phenylacetic acid, 50 mM phosphate buffer,
pH 7.0) and incubated at 37°C for 30 min. To
stop the reaction 175 ul of 0.5 N NaOH was
added. The fluorescence intensity was meas-
ured with a spectrofluorimeter (Perkin Elmer
5B) with an excitation wavelength of 325 nm,
and emission at 415 nm. Cholesterol stan-
dards (0.4-1.6 ug/sample), processed as de
scribed above for cell cholesterol, were used
to prepare a calibration curve. The amounts
of cell cholesterol obtained from a calibration
curve was expressed in micrograms of unes-
terified cholesterol per 2 x 108 cells.
Patching and capping of Fey receptor II.
Cells (1.2 x lﬂ?fm]} pretreated with S-cyclo-
dextrin and sphingomyelinase or maintained
in HBS medium (control sample) were incu-
bated with mouse IV.3 anti-FeyRII antibody
at 0°C for 20 min. After washing with ice-cold
HBS the cells were exposed to anti-mouse
FITC-conjugated goat IgG at 0°C for 20 min in
order to crosslink FeyRII — patching. To in-
duce cap formation of FeyRII the cells were
warmed at 20°C for 10 min. At various time
points of experiments cell samples were with-

drawn and prepared either for immunofluo-
rescence or immunoblotting studies.

Immunofluorescence studies. Cells were
fixed in 3% formaldehyde/PBS at 0°C for 10
min, and at room temperature for 20 min.
The samples were mounted in Mowiol (Polys-
ciences) containing 2.5% 1,4-diazabicy-
clo[2.2.2]octane (DABCO) (Sigma) as an anti-
fading agent and examined under a Nikon
fluorescence microscope. The percentage of
cells having caps, i.e., those in which cross-
linked Fcy receptor II was accumulated on
< 25% of the cell surface was determined by
counting of 100-150 cells per sample.

Electrophoresis and immunoblotting.
Pelleted cells were resuspended in icecold
Tris-buffered saline containing 0.5 ug/ml leu-
peptin, 2 ug/ml aprotinin, 10 mM NaF, 1 mM
NagV0y4, 2 mM EDTA, 0.2 mM PAO, 1 mM
phenylmethylsulphonyl fluoride (PMSF), for
2 min at 0°C. After that, samples were mixed
with an equal volume of 2 % SDS-sample
buffer and boiled for 5 min. Proteins were
separated by SDS/polyacrylamide gel electro-
phoresis and transferred onto nitrocellulosze
sheets. The blots were developed with anti-
phosphotyrosine antibody (Kwiatkowska &
Sobota, 1998). Immunoreactive bands were
visualized with the Enhanced Chemilumines-
cence detection system. Molecular masses of
separated polypeptides were estimated using
prestained molecular mass standards (Bio-
ERad).

RESULTS

Depletion of cell cholesterol by
f-eyelodextrin

To remove cholesterol from plasma mem-
brane of U937 cells B-cyclodextrin, a cell-
nonpermeable cyclic oligomer of glucose, was
applied (Kilsdonk et al, 1995; Atger et al,
1997). The amount of unesterified cholesterol
in cells was estimated by a fluorimetric
method (Gray et al., 1995) using cholesterol
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Figure 1. Calibration curve for cell cholesterol es-
timated by fluorimetric method.

The data shown are means +S.E.M. of four experi-
ments,

standards in the range 0.4-1.6 ug/sample.
Within the concentration range the fluores-
cence intensity increased in a linear manner
(Fig. 1). The level of cellular cholesterol was
reduced by 70% during a 1 h incubation of the
cells at 37°C with 5 mM S-cyclodextrin. The ef-
ficiency of cholesterol removal was only
slightly improyed when higher concentra-
tions of the drug, up to 10 mM, were exam-
ined (Fig. 2). Cyclodextrin was non-toxic to
the cells, as established by the trypan blue vi-
ability test (not shown).

An influence of depletion of sphingomyelin
on cell cholesterol content was next tested
since cholesterol is likely to associate with
sphingolipids in the plasma membrane., How-
ever, the enzymatic digestion of sphingomye-
lin by exogenously added neutral sphingo-
myelinase (70 mU/ml, 1 h at 37°C) did not
change the level of cellular cholesterol
(Fig. 2).

Cholesterol and sphingomyelin depletion
suppress capping of FeyRII

Crosslinking of FeyRII with the specific
mouse [V.3 anti-FeyRII and anti-mouse FITC-
conjugated IgG at 0°C induced clustering of
the receptors — patching (Fig. 3A). The
patches uniformly distributed over the cell

surface were translocated toward one pole of
the cell upon cell warming to 20°C — cap for-
mation (Fig. 3B).

Depletion of cell cholesterol by 5-10 mM S-
cyclodextrin had a prominent effect on the re-
ceptor redistribution. The drug almost com-
pletely abolished, by over 96%, the assembly
of FeyRII caps (Fig. 4). The cross-linked recep-
tors were arrested at the patching stage (Fig.
3C). Formation of FeyRII caps was also inhib-
ited under treatment of cells with exogenous
sphingomyelinase. Cap assembly was reduced
by 60% (Fig. 4). In the cells preserving resid-
ual capping ability the caps were not fully de-
veloped and part of the receptor patches re-
mained scattered over the cell surface (Fig.
3D).

30 =

unester fied cholesterol content
(g2 » 10" cells)

%- 3 mM 1

‘b 43%’% X‘E

Figure 2. Effect of incubation of U937 cells with

feyclodextrin and sphingomyelinase on choles-
terol depletion.

The cells were incubated with the tested compounds
for 1 h at 37°C after which the lipid fraction was ex-
tracted and the content of unesterified cholestercl was
determined by fluorimetric method. Values are mean
+85.E.M. of two experiments.
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Figure 3. f-Cyclodextrin and shingomyelinase inhibit the assembly of FeyRII caps — immunofluores-

cence studies.

(A, B) Untreated, control cells were sequentially exposed to mouse anti-FeyRII and anti-mouse goat IgG-FITC at
0°C to cross-link the receptor — patching (A) and next were shifted to 20°C for10 min to induce formation of FeyRII
caps (B). (C) Cells treated with 5 mM f-cyclodextrin for 1 h at 37°C before FeyRII cross-linking failed to form the re-
ceptor caps on 10 min warming at 20°C. (D) Cells preincubated with 70 mU/ml neutral sphingomyelinase (1 h,
37°C) followed by anti-FcyRIl antibodies preserved residual capping ability. Scale bar = 10 pm.

Proiein tyrosine phosphorylation is
blocked upon cholesterol and
sphingomyelin depletion

Cross-linking of FeyRs and related immuno-
receptors with specific antibodies induces the
phosphorylation of tyrosine residues of several
proteins (Huang et al, 1992; Kiener et al.,
1993; Zenner et al, 1995). Accordingly, patch-
ing of FeyRII in U937 cells at 0°C evoked an in-
crease of tyrosine phosphorylation of 150, 130,
110, 95, 28 kDa polypeptides (Fig. 5, compare
lane 2 and 1). Assembly of the receptor caps at
20°C correlated with the dephosphorylation of
these proteins (Fig. 5, lane 6).

Pretreatment of the cells with 5 mM S-cyclo-
dextrin precluded protein tyrosine phospho-
rylation which occurred during the cross-
linking of FeyRII in untreated cells (Fig. 5,
lanes 3, 4). Similarly, depletion of plasma

membrane sphingomyelin by exogenous
sphingomyelinase reduced the level of protein
phosphorylation (Fig. 5, lane 5). When f-cy-
clodextrin and sphingomyelinase pretreated
cells were shifted to 20°C in order to induce
cap formation, no significant changes in the
pattern of protein tyrosine phosphorylation
were ohserved (not shown).

Inhibition of protein tyrosine phosphoryla-
tion by cholesterol and sphingomyelin deple-
tion correlated with the inability of the cells to
assembly FeyRII caps (compare Fig. 5 with
Figs. 3 and 4).

DISCUSSION

We have recently demonstrated that patch-
ing (erosslinking) of FeyRII by specific anti-
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capping (% of control)

Figure 4. Estimation of inhibitory influence of j§-
cyclodextrin and sphingomyelinase on assembly
of FoyRII caps.

The cells with caps were scored under a fluorescence
microscope assuming that cap was formed when the
erogslinked receptors occupied less than 25% of the cell
surface. Data show the mean :5.E.M. from six experi-
ments,

bodies in U937 cells is accompanied by inten-
sive phosphorylation of tyrosine residues of
several proteins (Kwiatkowska et al, 1997;
Kwiatkowska & Sobota, 1999b). Inhibitors of
protein tyrosine kinases abolished this phos-
phorylation and simultaneously blocked
translocation of crosslinked FeyRII, arrest-
ing the receptors at the patching stage. These
data indicated that the activity of tyrosine ki-
nases is a prerequisite for capping of FeyRII
to ocecur.

Here, we report that protein tyrosine phos-
phorylation, as well as capping of FeyRIl, is
inhibited upon depletion of cellular choles-
terol and sphingomyelin. The lack of tyrosine

Figure 5. Cholesterol and sphingomyelin deple-
tion disturbs protein tyrosine phosphorvlation
during cross-linking of FeyRIL

Lane 1: Unstimulated, resting cells displayed low
level of protein tyrosine phosphorylation, Lane 2:
Cross-linking of FeyRIL with mouse anti-FeyRII and
anti-mouse goat [gG-FITC at 0°C tripgered tyrosine
phosphorylation of severnl proteins (arrowheads).
Lanes 3, 4, 5: Before crosslinking of FeyRII cells
were exposed to 5 mM cvelodextrin (Jane 3), 2 mM ey-
clodextrin (lane 4) or 70 mU/ml sphingomyelinase
(lane 5). Note lack of the rise in protein tyrosine phos-
phorylation which accompanied receptor cross-linking
in untreated cells (compare with lane 2). Lane 6: As-
sembly of FoyRII caps at 20°C in cells unexposed to the
compounds was correlated with dephosphorylation of
protein tyvrosine residues. Om the left, molecular
masses of prestained standards (myesin, 197 kDa; g-
galactosidase, 117 kDa; bovine serum albumin, 89
kDa; ovalbumin, 52 kDa) are shown.

phosphorylation of proteins during patching
of FeyRII could result either from inactiva-
tion of tyrosine kinases or from the inaccessi-
bility of their target proteins. Since, in our
hands, depletion of cholesterol and sphingo-
myelin was non-toxic to the cells {(confirmed
by trypan blue exclusion fest) we assumed
that disturbances in kinase-substrate inter-
actions are likely to take place. Tyrosine ki-
nases of the sre-family initiate a signaling cas-
cade triggered by crosslinked FeyRs (Be-
warder et al., 1996; Matsuda et al., 1996). The
palmitoylated and myristoylated N-terminus
of these kinases provides an anchor by which
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the enzymes are docked into detergent-
insoluble microregions of the plasma mem-
brane (Shenoy-Scaria et al., 1994; Resh,
1994). The integrity of these membrane mi-
crodomains is maintained by cholesterol and
sphingolipids which laterally separate within
the glycerophospholipid environment (Schro-
eder et al., 1994; Edidin, 1997; Simons & Ik-
onen, 1997; Brown, 1998). We assume that
the removal of cholesterol by cyclodextrin, or
the destruction of sphingomyelin by sphingo-
myelinase, leads to disorganization of the
plasma membrane microdomains and to the
dispersion of membrane anchored sre-family
kinases. Under these conditions, FeyRs cross-
linked by externally added antibodies, fail to
interact with srcfamily kinases; this blocks
signal transduction and as a result no capping
of the receptor occurs. Our current knowl-
edge about the role of cholesterol-
sphingolipids microdomains in tyrosine ki-
nase function sheds new light on the results
reported almost 20 years ago by Karnovsky
and colleagues (Klausner et al., 1980; Hoover
et al., 1983). In their studies the removal of
cholesterol from lymphocytes by incubation
with lipid vesicles inhibited the capping of cell
surface immunoglobulin. Although, Kar-
novsky's group proposed that lipid domains
of the plasma membrane are essential for cap-
ping, these structures were considered as cal-
cium enriched compartments. Release of ions
during patching was proposed to control the
interaction between plasma membrane pro-
teins and the actin-based cytoskeleton during
cap formation.

In our studies we depleted cellular choles-
terol with the use of S-cyclodextrin. This com-
pound associates with, but does not penetrate
through, the plasma membrane and specifi-
cally sequesters cholesterol (Kilsdonk et al.,
1995; Atger et al, 1997, Christian et al,
1997). Due to a high affinity of S-cyclodextrin
for sterols it does not remove membrane
phospholipids (Yancey et al, 1998). Since the
plasma membrane contains 90% of total cellu-
lar cholesterol (Lange et al., 1989) cells can be

efficiently deprived of cholesterol with the
use of S-cyclodextrin without disturbing cell
integrity. Despite the well documented use of
PBcyclodextrin for the manipulation of the
plasma membrane cholesterol content, there
are few reports examining the influence of
this process on plasma membrane function
(Neufel et al., 1996; Harder et al., 1998; Keller
& Simon, 1998). On the other hand, lowering
cellular cholesterol by growing the cells under
cholesterol depletion conditions as well as oxi-
dation of membrane cholesterol affect the
clustering of some plasma membrane recep-
tors, organization of caveolae and caveolae-
dependent internalization of these receptors
(Chang et al., 1992; Smart et al, 1994). Cyclo-
dextrins, in view of their specificity and effi-
ciency in cholesterol removal from the plasma
membrane, provide a convenient tool for the
studies of the role of cholesterol in cell sur-
face receptor behavior.

We thank Dr. Edward Czurylo for valuable
advice concerning the use of the spectrofluo-
rimeter, and Kazimiera Mrozinska for an ex-
cellent technical assistance.
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