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Glycosyl-phosphatidylinositol (GPI)-anchored membrane proteins and certain protein tyrosine kinases associate
with a Triton X-100-insoluble, glycolipid-enriched membrane fraction in MDCK cells. Also, certain protein tyrosine
kinases have been shown to associate with GPI-anchored proteins in other cell types. To characterize the interaction
between GPI-anchored proteins and protein tyrosine kinases, GPI-anchored proteins were coexpressed with p56"k
in HeLa cells. Both proteins were shown to target independently to the glycolipid-enriched membranes. Coimmu-
noprecipitation of GPI-anchored proteins and p561k occurred only when both proteins were located in the
glycolipid-enriched membranes, and gentle disruption of these membranes abolished the interaction. The GPI
anchor was found to be the targeting signal for this membrane fraction in GPI-anchored proteins. Analysis of
mutants indicated that p56"k was nearly quantitatively palmitoylated at Cys-5 but not palmitoylated at Cys-3. The
nonpalmitoylated cysteine at position 3 was very important for association of p56Ik with the membrane fraction,
while palmitoylation at Cys-5 promoted only a low level of interaction. Because other src family protein tyrosine
kinases that are associated with GPI-anchored proteins always contain a Cys-3, we propose that this residue, in
addition to the N-terminal myristate, is part of a common signal targeting these proteins to a membrane domain
that has been linked to transmembrane signaling.

Proteins that are anchored to membranes by conjugation to
glycosyl-phosphatidylinositol (GPI anchored) (see reference
13 for a review) exhibit interesting properties. For example,
cross-linking of GPI-anchored proteins on the surface of T
cells results in activation (10, 24, 25). In epithelial cells, the
GPI anchor also serves as a sorting signal (6, 22, 32, 55)
directing proteins to specific cell surfaces. Recent character-
ization of GPI-anchored proteins in MDCK cells has shown
that they associate in the Golgi apparatus and at the cell
surface with a low-density membrane fraction that is enriched
in sphingolipids, including glycolipids, and is resistant to
solubilization by nonionic detergents (5). We will call this the
glycolipid-enriched membrane (GEM) fraction.
A complex containing caveolin and other proteins is also

contained within the GEM fraction in MDCK cells (23, 41).
Because caveolin is a major protein found in small invagina-
tions called caveolae at the cell surface (38), it is likely that the
GEM fraction includes partially purified caveolae. A similar
low-density Triton X-100 (TX100)-insoluble fraction has been
described for Rat-1 fibroblasts and Caco cells (15, 41).

Several studies have shown association of protein tyrosine
kinase activity with GPI-anchored proteins in nonionic deter-
gent lysates of cells (12, 45, 46, 48, 49), but the nature of the
association has not been established. This association has been
observed for both lymphoid and HeLa cells with the nonre-
ceptor protein tyrosine kinases p561ck, p59fi, and p560". In
experiments showing association of GPI-anchored proteins
and protein tyrosine kinases, the experimental conditions were
those that should maintain the GEM fraction characterized by
Brown and Rose (5), i.e., cell lysis in nonionic detergent at 4°C.
Other studies have shown the presence of large detergent-
resistant complexes containing GPI-anchored proteins and

* Corresponding author. Phone: (203) 785-6184. Fax: (203) 785-
7467.

t Present address: The Salk Institute, La Jolla, Calif.

protein tyrosine kinases in lymphoid cells (3, 7, 12). These
complexes likely represent the same glycolipid-enriched mem-
branes characterized previously, but the lipid composition has
not been reported.
To characterize the interaction between GPI-anchored pro-

teins and p561ck in the GEM fraction, these proteins were
transiently expressed in HeLa cells and the GEM fraction was
isolated by equilibrium centrifugation. Expression of different
protein constructs and subsequent isolation of the GEM
fraction have allowed us to define the signals mediating
targeting of each protein class to this fraction.

MATERIALS AND METHODS

Materials. Trans 35S-label, [3H]myristate, and [3H]palmitate
were purchased from DuPont (Wilmington, Del.). Rabbit
antiserum to placental alkaline phosphatase (PLAP) was pur-
chased from Dako Corp. (Carpinteria, Calif.), and Pansorbin
was purchased from Calbiochem (San Diego, Calif.). Poly-
clonal rabbit antiserum to vesicular stomatitis virus (VSV) and
a rabbit antipeptide serum to p561ck were prepared as de-
scribed elsewhere (36, 43).

Cell culture and protein expression. HeLa cells were grown
in Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% fetal bovine serum. The cells were main-
tained at 37°C in the presence of 5% CO2.

Protein expression was achieved by infection of HeLa cells
(4 x 105 cells per 35-mm-diameter dish) with the recombinant
vaccinia virus vTF7-3 encoding the T7 RNA polymerase (14),
followed by transfection with plasmid DNA. The cells were
infected with vaccinia virus at a multiplicity of infection of 20
to 30 in 0.5 ml of DMEM. Following incubation with the virus
at 37°C for 30 min, the inoculum was removed and the cells
were transfected with 5 pRg of DNA and 15 RI of cationic
liposomes (37) in 1.5 ml of DMEM.
The cells were metabolically labeled at 3 h posttransfection.
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For [35S]methionine labeling, the cells were first washed and
incubated in DMEM minus methionine for 15 min at 37°C.
The cells were then incubated for 1 h at 37°C in 1 ml of DMEM
minus methionine containing 100 ,uCi of [35S]methionine.
Protein labeling with [3H]myristate and [3H]palmitate was
done following washing and incubation of the cells in fatty acid
labeling medium consisting of DMEM containing 10% tryp-
tose phosphate buffer, sodium pyruvate (1.0 mM), and nones-
sential amino acids (1.0 mM). The cells were then incubated
for 90 min at 37°C with [3H]myristate (200 ,uCi/ml) or
[3H]palmitate (400 puCi/ml) in 1 ml of fatty acid labeling
medium. Prior to addition to the labeling medium, the 3H-fatty
acids were dried and dissolved in dimethyl sulfoxide in a
volume equaling 1% of the total labeling volume. After protein
labeling, the cells were lysed either immediately or following a
chase period in DMEM supplemented with 10% fetal bovine
serum and 2 mM unlabeled methionine.

Construction of mutants. Construction of plasmids encoding
p56'Ck (pGEM-kck), the p561ck mutant lacking the N-terminal
myristoylation (G2A), GThy-1, and VSV G has been previ-
ously described (9, 43, 44, 53). pGEM-PLAP was generously
provided by S. Udenfriend, and the orientation of the insert
was reversed for transcriptional control by the T7 promoter.
The chimeric protein PLAPG, consisting of the PLAP ectodo-
main with the VSV glycoprotein (G) transmembrane and
cytoplasmic domains (see Fig. 1) (1), was inserted into
pGEM-4 with transcriptional control by the T7 promoter by
performing PCR (39) on the previously described construct
containing PLAPG (6). The oligonucleotides used for the PCR
were 5'-CGATCGAAGC'l'CCCAGCATGCTGCTGCTGC
TGCTG and 5'-ACGTGCAGATCTGCAGGATlffGAGTT
AC1TTTC. The underlined sequences are HindIII and BglII
restriction sites introduced at the ends of the PCR product.
The PCR fragment was digested with HindIlI and BglII and
cloned into HindlIl- and BamHI-digested pGEM-4. p56Ick
mutants were generated by oligonucleotide-directed mutagen-
esis using PCR. Codons for Cys-3 and Cys-5 were changed to
serine residues either individually or together, and the mutants
are designated C3S; C5S; and C3,5S. The mutagenic oligonu-
cleotides used for PCR were 5'-TAAGGAATTCATG
GGCT.CTGTCTGCAGC TCAAACCCTGAAG, 5'-GGAGG
AATTCATGGGCTGTGTCT-CCAGCTCAAACCCTGAAG,
and 5'-TAAGGAATTCATGGGCT-CTGTCTCCAGCTCAA
ACCCTGAAG for the C3S, C5S, and C3,5S mutants, respec-
tively. The PCR was conducted with each mutant primer in
combination with the primer 5'-TTCCGGATGGGCAGC
GAGATCT. The PCR fragments were digested with EcoRI
and BglII and cloned into EcoRI- and BglII-digested pGEM-
lck. All sequences generated by PCR were confirmed by DNA
sequencing (40).

Cell lysis and equilibrium centrifugation. The cells were
first washed with phosphate-buffered saline (150 mM NaCl, 20
mM sodium phosphate [pH 7.4]). For experiments employing
equilibrium centrifugation, lysis was in 0.75 ml of 1%
TX100-10 mM Tris-HCl (pH 7.5)-150 mM NaCl-5 mM
EDTA-10 mM iodoacetamide-75 U of aprotinin. The lysate
was collected with a rubber policeman and then Dounce
homogenized (eight strokes) on ice. The lysate was then
centrifuged for 5 min at 1,300 X g to remove the nuclei and
other large cellular debris. All steps were performed at 4°C.
For equilibrium centrifugation, the clarified lysate was di-

luted with an equal volume of an 85% (wt/vol) sucrose solution
in 10 mM Tris (pH 7.5)-150 mM NaCl-5 mM EDTA (TNE).
The diluted lysate was placed at the bottom of a Beckman
SW41 centrifuge tube, and 6.0 ml of a 30% (wtlvol) sucrose
solution in TNE and then 3.5 ml of a 5% (wt/vol) sucrose

extracellular cytoplasmic
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FIG. 1. Chimeric protein constructs. PLAP, Thy-1, and GThy-1 are
proteins anchored to the membrane by the GPI moiety. PLAPG
contains the transmembrane and cytoplasmic domains of VSV G with
the PLAP ectodomain. GThy-1 contains the VSV G ectodomain
anchored to the membrane by a GPI moiety.

solution in TNE were layered above it. The samples were
centrifuged at 200,000 x g for 14 h. Following centrifugation,
the gradients were fractionated by collection of the material
from the top of the gradient. All steps were performed at 4°C.
For experiments examining total protein expression without

gradient separation, the lysis was in 1.0 ml of a solution
containing 1% Nonidet P-40-0.4% deoxycholate-66 mM
EDTA-10 mM Tris (pH 7.4). The lysate was clarified by
centrifugation for 5 min at 16,000 x g at 4°C.

Immunoprecipitations. Each gradient fraction was diluted
with an equal volume of chilled 1% TX100 in TNE and
precleared by incubating with 10 pJ of Pansorbin for 1 h and
then centrifuging (16,000 x g for 5 min). One microliter of
rabbit antiserum to the corresponding protein was added to
each precleared fraction, and the mixtures were incubated
overnight. Ten microliters of Pansorbin was again added to
each fraction, and the samples were incubated for an addi-
tional hour. The antibody-antigen complexes were pelleted by
a 1-min centrifugation (16,000 x g), and the samples were
washed twice with chilled 1% TX100 in TNE. All steps were
performed at 4°C. The material was eluted into a sample buffer
used for sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE).
When total protein expression was examined without gradi-

ent separation, SDS was added to the clarified lysate to a final
concentration of 0.1%. The lysate was incubated with anti-
serum for 30 min at 37°C and then with Pansorbin for 15 min
at 37°C. Following precipitation, the Pansorbin was washed
with a 10 mM Tris-0.1% SDS-1% deoxycholate-1% Nonidet
P-40-150 mM NaCl (pH 7.4) solution. The samples were then
eluted in SDS-PAGE sample buffer.
SDS-PAGE was done by using Hoefer (San Francisco,

Calif.) Mighty Small electrophoresis units with a 10% poly-
acrylamide gel (21). The gels were visualized by fluorography
(4) and quantitated by densitometry (model GS 300; Hoefer).

RESULTS

GPI-anchored proteins are associated with a nonionic-
detergent-insoluble fraction in HeLa cells. GPI-anchored pro-
teins associate in MDCK cells with a GEM fraction that is
resistant to solubilization by nonionic detergents (5). To
determine if a TX100-resistant membrane fraction existed in
HeLa cells, PLAP (Fig. 1), a GPI-anchored protein, was
expressed by using the vaccinia virus-T7 system (see Materials
and Methods). PLAP associates with the detergent-resistant
membranes only after transport to the Golgi in MDCK cells
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FIG. 3. Association of p561ck with the GEM fraction in HeLa cells.
HeLa cells were transfected with 5 pLg of plasmid DNA encoding
p561ck. Protein labeling, cell lysis, and membrane flotation were done
as outlined for Fig. 2. The resulting gradient fractions were immuno-
precipitated with rabbit antiserum to p561ck. Fraction 1 represents the
top of the gradient. Fractions 3 to 5 were used to represent the amount
of protein associated with the GEM fraction. Molecular weights (in
thousands) are indicated on the left.
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FIG. 2. Equilibrium centrifugation of TX100 lysates from cells
expressing PLAP, PLAPG, GThy-1, or VSV G. HeLa cells were
transfected with 5 jg plasmid DNA encoding PLAP (A), PLAPG (B),
GThy-1 (C), or VSV G (D). Following labeling with [35S]methionine
and a 2-h chase, the cells were lysed with a 1% TX100 detergent
solution. After equilibrium centrifugation in a discontinuous sucrose
gradient, the gradients were fractionated and immunoprecipitated with
rabbit antiserum to each of the proteins. Fraction 1 represents the top
of the gradient. Fractions 3 to 5 were used to represent the amount of
protein associated with the GEM fraction. Molecular weights (in
thousands) are indicated on the left.

(5). Therefore, the cells were subjected to a 2-h chase following
labeling to allow time for transport of the labeled protein from
the endoplasmic reticulum. The TX100 lysate of the cells was
then subjected to equilibrium density gradient centrifugation
in a discontinuous sucrose gradient to separate the low-density
detergent-resistant membrane fraction from the TX100-solu-
ble material.
The TX100-resistant membrane fraction localized at the

interface between the top (5%) and middle (30%) sucrose
layers, corresponding to fractions 3 to 5 in Fig. 2. The
TX100-soluble material remained at the bottom of the gradi-
ent in fractions 9 and 10. To determine if the detergent-
resistant membranes of the HeLa cells were enriched in
sphingolipids as described for MDCK cells (5), the lipids from
detergent-resistant membranes were extracted (2) and sepa-
rated by thin-layer chromatography using CH3Cl-MeOH-
NH40H (60:40:5). Using a-naphthol (51) for detection, we
determined that the majority of the lipids from this fraction
represented sphingolipids (data not shown). The detergent-
resistant membranes of HeLa cells, therefore, also represent a
GEM fraction.

Sixty-five percent of the labeled PLAP was associated with
the GEM fraction (Fig. 2A). PLAP separates into three bands
representing different extents of oligosaccharide processing.
However, it is the upper band that is present in the GEM
fraction. This band represents PLAP that has been transported
to the Golgi and has processed oligosaccharides as described
earlier (5).
To determine if association of PLAP with the GEM fraction

was due to the GPI anchor, the chimeric protein PLAPG (1)

(see Materials and Methods) was expressed in HeLa cells.
Following metabolic labeling and chase, a TX100 lysate of the
cells was subjected to equilibrium centrifugation as described
for PLAP. The results of the gradient are presented in Fig. 2B.
All of the PLAPG was soluble in TX100, confirming that
association of PLAP with the GEM fraction results from the
presence of the GPI anchor. Since PLAPG was transported to
the Golgi as rapidly as PLAP, the failure of PLAPG to
associate with the GEM fraction was not due to a block in
transport.
To extend the analysis to two other proteins, we compared

the association of VSV G and GThy-1 with the GEM fraction.
GThy-1 contains the VSV G ectodomain and the signal for
GPI addition from Thy-1 (Fig. 1). Previous studies showed that
GThy-1 is linked to the membrane by a GPI anchor (9). Figure
2C shows that 25% of the labeled GThy-1 associated with the
GEM. Conversely, the membrane-spanning VSV G protein
was entirely TX100 soluble as previously shown with MDCK
cells (5). The smaller amount of GThy-1 association with the
GEM fraction relative to PLAP probably results from the
reduced efficiency of transport of this chimera (9).

Association ofPLAP and p561ck in the GEM fraction. The src

family tyrosine kinase p56lck is found in large complexes with
GPI-anchored proteins in nonionic detergent lysates from
lymphoid and HeLa cells (3, 7, 12, 46, 48). It seemed likely that
these complexes might be the GEM fraction because the
conditions that were used in those experiments would preserve
interaction with the GEM fraction. To determine if p56Ick
associated with the GEM fraction in HeLa cells, we expressed
it and performed protein labeling, lysis, and equilibrium cen-
trifugation as described above for the GPI-anchored proteins.
Figure 3 shows that approximately 50% of the labeled p561ck
was associated with the GEM fraction.
To determine if PLAP and p561ck coimmunoprecipitated in

the GEM fraction, the proteins were coexpressed in HeLa
cells. Following equilibrium centrifugation of the TX100 ly-
sate, the gradients were fractionated. Half of each fraction was
immunoprecipitated with anti-PLAP and half with anti-p56lck.
PLAP and p56Ick coimmunoprecipitated only in the GEM
fractions (gradient fractions 3 to 5 in Fig. 4). We also observed
coimmunoprecipitation of GThy-1 and p56Ick in the GEM
fraction of cells coexpressing these proteins (data not shown).
The absence of coimmunoprecipitation in the soluble fraction
demonstrates that the coimmunoprecipitations in the GEM
fraction are not due to cross-reactivity of the respective
antibodies.
Because the GEM fraction contains large membrane sheets

and vesicles (5, 41), we controlled for the possibility that the
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FIG. 4. Coimmunoprecipitation of PLAP and p56lck in the GEM
fraction. (A) HeLa cells were cotransfected with 1 jig of DNA
encoding PLAP and 4 ,ug of DNA encoding p561ck. The cells were

labeled with [35S]methionine, chased for 2 h, and lysed with a 1%
TX100 solution. Following equilibrium centrifugation, each gradient
fraction was immunoprecipitated with rabbit antiserum to PLAP
(a-PLAP) or p561ck (a-p56 ck). Fraction 1 represents the top of the
gradient. (B) HeLa cells were cotransfected, labeled, and lysed as

described for panel A. Following equilibrium centrifugation, gradient
fractions 3 to 5 were collected and immunoprecipitated with antibody
(a) to p56'k, PLAP, or VSV G as an irrelevant antibody. Molecular
weights (in thousands) are indicated on the left.

apparent coimmunoprecipitation of PLAP and p561k merely
represented nonspecific sedimentation of membranes contain-
ing the proteins. Following equilibrium centrifugation of the
TX100 lysate of cells cotransfected with PLAP and p561ck,
fractions 3 to 5 were collected, precleared, and incubated with
antibody to PLAP or pS6lck or an irrelevant antibody. The
sample incubated with the irrelevant antibody showed only a

low level of precipitation of PLAP or p561ck, less than 15% of
the amount precipitated with PLAP or p561ck antibody (Fig.
4B). Thus, only a small fraction of the material in the immu-
noprecipitations resulted from nonspecific pelleting of mem-
branes. Furthermore, when PLAP and p56ck were expressed
separately and the cells were mixed prior to lsis, there was no

coimmunoprecipitation of PLAP and p561c in the isolated
GEM fraction (data not shown). The latter point shows that
the GEM fraction does not represent a mixing artifact follow-
ing detergent lysis.

Because the GEM fraction consists largely of membrane
sheets and vesicles, we considered it likely that immunopre-
cipitation of PLAP or p561ck resulted in precipitation of the
entire GEM fraction. To examine this possibility, host proteins
in cells transfected with DNA encoding PLAP were labeled for
2 h with [35S]methionine starting at 2 h posttransfection.
Labeling, therefore, began prior to shutoff of host protein
synthesis by vaccinia virus. Following a 2-h chase, TX100 lysis,
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FIG. 5. Immunoprecipitation and sedimentation of the GEM frac-
tion. HeLa cells were either transfected with PLAP (lanes 1 and 2) or
mock transfected (lane 3) and prelabeled by adding [35S]methionine at
2 h posttransfection. After 2 h of labeling and a 2-h chase, the cells
were lysed and the GEM fraction was isolated as described for Fig. 4.
The GEM fraction was then immunoprecipitated by adding antibody
to PLAP (lane 1) or pelleted by centrifugation (lanes 2 and 3). For
pelleting of the membranes, the GEM fraction was diluted 1:10 with
1% TX100 in TNE and centrifuged at 200,000 x g for 3 h at 4°C.
Molecular weights (in thousands) are indicated on the right.

and equilibrium centrifugation, the GEM fraction (gradient
fractions 3 to 5) was collected and either immunoprecipitated
with antibody to PLAP or pelleted by centrifugation. The
GEM fraction from nontransfected, vaccinia virus-infected
cells was also prepared and pelleted. Figure 5 (lanes 1 and 2)
shows PLAP and host protein bands with molecular weights of
180,000, 130,000, 80,000, 40,000, 35,000, and 28,000 that were
reproducibly present in both the PLAP immunoprecipitate and
the sediment of the GEM fraction. Two faint bands occur in
the 22- to 24-kDa region, corresponding approximately to the
size of caveolin, a protein which has been shown to associate
with the GEM fraction in MDCK cells (41). The GEM fraction
from cells infected with vaccinia virus but not transfected (lane
3) shows the same host cell proteins as the transfected cells.
The proteins in the GEM fraction from uninfected cells
appeared identical to those of the untransfected cells (data not
shown).

Coimmunoprecipitation of PLAP and p56ck requires an
intact GEM fraction. To determine if the GEM fraction must
be intact for coimmunoprecipitation of PLAP and p56Ick, cells
expressing both proteins were metabolically labeled and the
GEM fraction was isolated by equilibrium centrifugation.
Because earlier studies showed that the GEM fraction was
solubilized in TX100 at 37°C (5), one half of the sample was
immunoprecipitated at room temperature following a 5-min
incubation at 37°C. The second half of the sample was immu-
noprecipitated at 4°C with no incubation at 37°C. As shown in
Fig. 6, when the sample was warmed to 37°C, no coimmuno-
precipitation of PLAP and p561ck occurred. The observation
that the membranes must remain intact for the coimmunopre-
cipitation to occur suggests that PLAP and p56Ick are not
directly associated but simply anchored in the same membrane.

Targeting signal in p56k. Recent studies have shown that
p56 ck is palmitoylated on one or more cysteines in addition to
having an N-terminal myristate group (30). From analysis of a

single p561ck mutant lacking both N-terminal cysteines 3 and 5,
Shenoy-Scaria et al. (46) suggested that both of these cysteines
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FIG. 6. PLAP and p561ck coimmunoprecipitation is abolished by
solubilization of the GEM fraction. HeLa cells were cotransfected,
labeled, chased, and lysed as described for Fig. 4. The GEM fraction
was isolated by equilibrium centrifugation and either immunoprecipi-
tated at 4°C with no further treatment or warmed to 37°C for 5 min and
immunoprecipitated at room temperature. Molecular weight (in thou-
sands) is indicated on the left.

were palmitoylated. Because src kinases lacking these N-
terminal cysteines are not in a complex with GPI-anchored
proteins (12), we considered the possibility that palmitoylation
at cysteine 3 or 5 might signal association with the GEM
fraction. To test this, we prepared mutants C3S, C5S, and
C3,5S (Fig. 7A), lacking each or both of these cysteines and
examined their palmitoylation. We also examined the mutant
G2A (Fig. 7A), which cannot be myristoylated since it does not
have the required N-terminal glycine (182.

Metabolic labeling of each of the p561c mutants with either
[35S]methionine or [3H]palmitate is illustrated in Fig. 7B. The
[35S)methionine label showed that the mutants and wild-type
p56 ek were expressed at similar levels. While both the wild
type and the C3S mutant demonstrated comparable levels of
[3H]palmitate labeling, the C5S and C3,5S mutants were
labeled at a level of about 25% of that measured for the
wild-type and C3S proteins. The similar low levels of 3H
labeling for both C5S and C3,5S indicate that only the cysteine
at position 5 is palmitoylated.
The G2A myristoylation mutant showed no labeling with

[3H]palmitate (Fig. 7B). Since this mutant did not bind to the
membrane, palmitoylation by a membrane-bound palmitoyl-
transferase was probably prevented (18). The complete lack of
labeling of the G2A mutant demonstrates that the residual
labeling of the C5S and C3,5S mutants was not a result of
metabolic degradation of [3H]palmitate and reincorporation
into protein as 3H-labeled amino acids. Thus, the small amount
of 3H labeling of C5S and C3,5S probably results from
degradation of [3H]palmitate to [3H]myristate. Alternatively,
there could be a low level of palmitoylation elsewhere in p56lck.
To quantitate the number of palmitates added to p56 ck, the

VSV G protein (Fig. 1) was expressed and labeled with
[3H]palmitate as an internal standard since it has been shown
previously to contain a single palmitate molecule attached to a
cysteine residue in the cytoplasmic domain (35, 42). By com-
paring the ratios of 3H labeling to 35S labeling in VSV G and
p56 ck, including subtracting the backg,round labeling of the
C3,5S mutant, we calculated that pS6lc is 90% palmitoylated
at Cys-5. This calculation also corrected for the number of
methionines in the two proteins (11 in p561ck and 10 in VSV
G). Because cysteines near the C termini of proteins are known
to be isoprenylated (8), we considered the possibility that Cys-3
might have some novel type of isoprenylation. However,
attempts to label p561ck with [3H]mevalonate, a precursor of
isoprenyl groups, were unsuccessful.
To determine if the signal for myristoylation was disrupted

in any of the cysteine mutants, we also labeled cells expressing
wild-type p561ck or the C3S, C5S, C3,5S, and G2A mutants with

[35S]Methionine [3H]-Palmitate PH]-Myristat
B U U l

(A
g FU -I

116 -

48- .:......_
no

36 -

FIG. 7. Palmitoylation and myristoylation of p561ck mutants. (A)
Three mutations changing cysteine residues in p56lck to serine were
constructed. C3S and C5S have the cysteines at positions 3 and 5
replaced with serine, respectively. C3,5S has both cysteines at positions
3 and 5 replaced with serines. A p561ck mutant (G2A) with glycine
replaced with alanine (41) was also employed. (B) Wild-type p561ck
(wt) and each of the p561ck mutants were expressed in HeLa cells. Cells
were metabolically labeled with either [35S]methionine, [3H]palmitate,
or [3H]myristate. Following labeling, the cells were lysed and the
proteins were immunoprecipitated with rabbit antiserum to p56lck. As
a reference for quantitation of p561ck palmitoylation, VSV G was
expressed and labeled with [35S]methionine or [3H]palmitate. Autora-
diograms were quantitated by densitometry. The ratios of [3H]palmi-
tate labeling to [35S]methionine labeling measured by densitometry
were calculated to be 0.25, 0.21, 0.07, 0.08, and 0.21 for wild-type, C3S,
C5S, and C3,5S p561ck molecules, respectively. The ratio for VSV G,
measured at a lighter exposure, was 0.21. Molecular weights (in
thousands) are indicated on the left.

[3H]myristate (Fig. 7B). As shown in Fig. 7B, each of the
cysteine-to-serine mutants had levels of myristate labeling
equal to that for the wild-type p56Ick. As expected, the G2A
mutant was not myristoylated because of the removal of the N
terminal glycine.
To determine the amount of association of the p561ck

cysteine mutants with the GEM fraction, each was expressed in
HeLa cells and labeled with [35S]methionine. Following the
chase, Iysis, and equilibrium centrifugation, the gradient frac-
tions were immunoprecipitated with antiserum to p561ck. The
results of the experiment are shown in Fig. 8. Forty to forty-five
percent of the labeled wild-type p561ck and C5S mutant was
associated with the GEM fraction, while only 14% of the
labeled C3S mutant and none of the C3,5S and G2A mutants
were associated with the GEM fraction. Since the C5S mutant
lacks the N-terminal palmitate, these data demonstrate that
p561ck palmitoylation is not essential for its association with the
GEM fraction. These results also demonstrate that at least one
cysteine at position 3 or 5 is required to generate any binding
to the GEM fraction at all and that the apparently free cysteine
at position 3 is most critical. The lack of association of G2A
with the nonionic detergent-resistant fraction is expected since
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FIG. 8. Association of the p56"k cysteine mutants with the GEM
fraction. Wild-type p56lck and each of the p56lsk cysteine mutants were
expressed in HeLa cells. The cells were labeled with [35S]methionine,
chased for 2 h, and lysed with buffer containing 1% TX100. Following
equilibrium centrifugation of the lysate, the gradient fractions were
immunoprecipitated with rabbit antiserum to p561ck. Fraction 1 repre-
sents the top of the gradient. Fractions 3 to 5 were used to represent
the amount of protein in the GEM fraction.

this mutation removes all membrane binding of p561ck. From
the data in Fig. 8, we conclude that the myristoylated N
terminus and the cysteine at position 3 are critical components
of the signal mediating binding of p56Ick to the GEM fraction.
In the absence of Cys-3, the palmitoylated Cys-5 promotes only
a low level of association with this fraction.

Because the C3,5S and G2A mutants did not associate with
the GEM fraction, they would not be expected to coimmuno-
precipitate with PLAP. To test this, PLAP and either C3,5S or
G2A were coexpressed and the GEM fraction was isolated. In
each case, only PLAP was associated with the GEM fraction
while the p561ck mutants remained entirely TX100 soluble, and
there was no coimmunoprecipitation of PLAP and the p561Ck
mutants C3,5S and G2A (data not shown).

Finally, to determine if any of the p56lck mutants had lost the
ability to bind to CD4, wild-type p56 k and each of the mutants
were coexpressed with GCD4. GCD4 contains the VSV G
ectodomain and the CD4 cytoplasmic and transmembrane
domains and has been shown to bind to wild-type p561ck (43).
Each of the cysteine mutants bound to GCD4 as effectively as

wild-type p561ck, demonstrating that the N-terminal cysteines
do not influence this interaction (data not shown).

DISCUSSION

GPI-anchored proteins are located in the outer leaflet of the
plasma membrane, while the nonreceptor tyrosine kinases are
anchored to the cytoplasmic face of the membrane. The
important finding that certain nonreceptor tyrosine kinases are
associated with GPI-anchored proteins (12, 45, 46, 48, 49) has
raised a major question about the nature of this association.
Association might occur through transmembrane proteins such
as caveolin that have been found in membrane complexes
including GPI-anchored proteins and certain tyrosine kinases
(23, 41).
We have expressed GPI-anchored proteins and the nonre-

ceptor protein tyrosine kinase p56 ck in HeLa cells and report
here that these proteins associated independently with the
same low-density GEM fraction that has been characterized
previously with MDCK cells (5). Immunoprecipitation of the

Pal
Myr

LCK MGCVCSSNPE
FYN MGCVQCKDKE

LYN MGCIKSKRKD

C-YES MGCIKSKENK

C-SRC MGSNKSKPKD

FIG. 9. N-terminal sequences of tyrosine kinases that associate
with GPI-anchored proteins. Sequences of the N-terminal 10 amino
acids of murine p56ck (52), p560n (54), c-YES (20), and pp60csrc (27)
and human p59f? (19) are shown. p56Ick, p59&fy, and p56qpf associate
with GPI-anchored proteins, and c-YES associates with the GEM
fraction in HeLa cells.

GPI-anchored proteins or the kinase apparently resulted in
precipitation of the entire membrane fraction including the
associated proteins. Very gentle disruption of these mem-
branes by warming to 37°C in the presence of TX100 dissoci-
ated the interaction of the p561ck with GPI-anchored proteins
in the same fraction. These results suggest that the observed
interaction of the two proteins arises from their mutual
association with the GEM fraction and that binding to a
common transmembrane protein intermediate would not be
required to explain their interaction.
We have also examined the signals that are involved in

targeting GPI-anchored proteins and a tyrosine kinase to the
GEM fraction. Results with chimeric proteins demonstrate
that the GPI anchor constitutes a signal that is sufficient for
targeting proteins to this fraction. An earlier study had shown
that the signal determining association of p561ck with a GPI-
anchored protein resided in the N-terminal 10 amino acids
(46). On the basis of the results reported here it is likely that
this signal was actually targeting p56lck to the GEM fraction. It
was also suggested in that study that palmitoylation might be a
critical part of the signal for association, because mutation of
cysteines at positions 3 and 5 abolished palmitoylation as well
as interaction with the GPI-anchored protein.
We performed a more detailed analysis of the palmitoylation

of p56 ck and reached a different conclusion about the nature
and role of this modification in p561ck. We found that Cys-5 is
nearly quantitatively palmitoylated while Cys-3 is not palmi-
toylated. Interestingly, the nonpalmitoylated cysteine is the
most critical residue for binding to the GEM fraction. In
addition, the ability of mutants to bind the GEM fraction
correlated directly with their ability to associate with GPI-
anchored proteins. In agreement with the idea that the non-
palmitoylated Cys-3 is a critical part of the signal, the four
tyrosine kinases known to associate either with GPI-anchored
proteins (12, 45, 46, 48, 49) or with the GEM fraction (41) have
only this Cys residue and the N-terminal myristylated glycine in
common in the first 10 residues (Fig. 9). pp6Ocsrc does not
associate with GPI-anchored proteins and lacks the cysteine at
position 3 (12). Thus, the common signal for association of
these proteins with the GEM fraction is likely to consist of the
myristylated glycine at the N terminus followed by a nonpalmi-
toylated cysteine.

In addition to p561ck, some a subunits of heterotrimeric G
proteins are both myristoylated and palmitoylated (28). In
these proteins, N-terminal palmitoylation is limited to the
cysteine residue at position 3, the residue that is not palmitoy-
lated in p561ck. Although palmitoylation of as appears to be
modulated by activation of ,B-adrenergic receptors, the effect of
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this modification on membrane binding properties appears to
vary among different a-subunit species. cx-subunit palmitoyla-
tion may function in interactions with the Pi and -y subunits of
G proteins rather than in direct association with the mem-
brane. Alternatively, a-subunit palmitoylation may have a
largely accessory role as shown here with p561ck.

Concentration of the GPI-anchored proteins in the GEM
fraction may result from direct interaction with glycolipids that
are highly enriched in this membrane domain, but a role for
other proteins in the domain cannot be ruled out. On the
cytoplasmic side of the membrane, the N-terminal myristyl
group on p561Ck is likely to interact directly with membrane
lipids, but the means by which the Cys-3 confers specificity for
the GEM fraction is unclear. Enrichment of certain lipids in
the inner leaflet may be sufficient to direct binding of p56lck.
Alternatively, a transmembrane protein such as caveolin that is
enriched in this fraction (41) may also be involved in binding.
The interactions among many of the protein components in the
GEM fraction may also be stabilized by lipids. Communication
between the two leaflets could occur either by coupling of the
lipids in each half of the bilayer in the GEM fraction or
through a transmembrane protein intermediate. Examples of
leaflet coupling by lipids exist in some model systems (17), but
their applicability to cell membranes remains to be shown.

Interactions between proteins and specific lipids are well
documented (11, 26, 29, 34) and are probably important for
formation of lipid domains in biological membranes (33). The
specific enrichment of sphingolipids, including glycosphingo-
lipids, in the GEM fraction suggests that there are features
within these molecules that are responsible for domain forma-
tion. Evidence of glycosphingolipid domains in model systems
is well documented (reviewed in reference 50). Furthermore,
interactions between glycosphingolipids and cholesterol (47)
and the presence of phosphatidylinositol domains in biological
membranes (16) have been demonstrated and further suggest
a mechanism in which lipids are important for formation and
stabilization of the GEM fraction.

Coassociation of GPI-anchored proteins and tyrosine ki-
nases with the GEM fraction may serve as a mechanism for
assembling signal transduction complexes in the plasma mem-
brane, resulting in the observed activation of T cells by
cross-linking of surface GPI-anchored proteins (10, 24, 25).
Other functions that may be assigned to the GEM fraction
include sorting of GPI-anchored proteins to the apical mem-
brane in epithelial cells (6) and sorting of proteins destined to
reside in caveolae (41). The observation that CD4 endocytosis
is inhibited by binding to p561ck (31) might be explained by
association of the p56 ck-CD4 complex with the GEM fraction
rather than with coated pits involved in endocytosis. The role
of the GEM fraction in these various membrane events
remains a topic of further investigation.
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