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ABSTRACT Protein 4.1 was initially characterized as a
protein that regulates cytoskeletal assembly in erythrocytes.
However, recent studies have shown that protein 4.1 is ubiq-
uitous in mammalian cells. Here, we show that protein 4.1 is
phosphorylated on tyrosine by the epidermal growth factor
receptor (EGFR) tyrosine kinase. The phosphorylation site has
been localized to the 8-kDa domain, which has one tyrosine,
tyrosine-418. The 8-kDa region is required for the assembly of
the spectrin/actin complex, and phosphorylation by EGFR
reduced the ability ofprotein 4.1 to promote the assembly ofthe
spectrin/actin/protein 4.1 ternary complex. Immunoblotting
with anti-phosphotyrosine antibodies showed that purified
protein 4.1 contained phosphorylated tyrosine, and this in-
creased upon phosphorylation by EGFR. This suggests that
tyrosine phosphorylation of protein 4.1 occurs in vivo and may
be functionally significant. The tyrosine phosphorylation site is
in the center of a sequence motif that is expressed by a
differentiation-specific splicing mechanism.

The human erythrocyte membrane skeleton is composed of
a network of proteins that regulate cell shape and deform-
ability. The membrane skeleton also gives the erythrocytes
their mechanical integrity required for passage through the
microcirculation. The major components of this network are
spectrin and actin, which form the lattice structure (for
review, see ref. 1). Protein 4.1 regulates the association
between spectrin and actin (2) and attaches the spectrin/
actin/protein 4.1 complex to the overlying membrane by an
interaction between protein 4.1 and the integral membrane
glycophorins (3-5). The interaction between protein 4.1 and
the glycophorins is tightly regulated and requires phosphati-
dylinositol 4,5-bisphosphate as an obligate cofactor (3, 5).
Protein 4.1 also associates with protein band 3, but this is of
lower affinity and does not occur when protein 4.1 is bound
to spectrin (6).

Protein 4.1 is cleaved by a-chymotrypsin into four resistant
domains: the 30-kDa, 16-kDa, 8-kDa, and 24-kDa regions (7).
The function of two of these domains is well defined. The
30-kDa region is involved in binding to both glycophorin and
band 3 (3, 7). The 8-kDa region promotes the assembly of the
spectrin/actin network (8). The 8-kDa region of protein 4.1
also interacts with myosin and regulates myosin ATPase
activity in vitro (9). These observations suggest that protein
4.1 is a multifunctional molecule.

Protein 4.1 is a phosphoprotein in vivo and a substrate for
cAMP-dependent protein kinase and protein kinase C (10-
12). In vitro phosphorylation of protein 4.1 by membrane-
associated casein kinase I (13), protein kinase C, and cAMP-
dependent kinase (12) reduces protein 4.1 binding to spectrin.
Phosphorylation of protein 4.1 by the latter two kinases
reduces its ability to promote the assembly of the spectrin/

actin/protein 4.1 complex (12). However, phosphorylation of
protein 4.1 by protein kinase C also reduces protein 4.1
binding to band 3 but not to glycophorin, while phosphory-
lation by cAMP-dependent kinase does not affect membrane
interactions (12). These results suggest that protein 4.1 is
phosphorylated at multiple sites by different protein kinases,
and each phosphorylation event selectively modulates pro-
tein 4.1 function. The phosphorylation sites by cAMP-
dependent protein kinase and protein kinase C are in the
8-kDa and 16-kDa domains (10).

Protein 4.1 isoforms have been identified in a wide variety
ofcells (ref. 14 and references cited therein), and the diversity
in these protein 4.1 molecules is partly due to alternative
splicing ofmRNA (15-17). The erythroid form of protein 4.1
contains a 21-amino acid sequence (amino acids 407-427) that
is inserted by a lineage-specific splicing mechanism during
terminal differentiation (17). This sequence motif (motif I)
may be required for spectrin/actin/protein 4.1 assembly and
contains a regulatory sequence that is a site for tyrosine
phosphorylation. We report that phosphorylation on tyro-
sine-418, in motif I, functionally modulates the ability of
protein 4.1 to assemble spectrin and actin.

MATERIALS AND METHODS
Materials. Human blood was obtained fresh from the

American Red Cross Society of Wisconsin. Fast-flow
S-Sepharose was obtained from Pharmacia, DE-52 from
Whatman, Sepharose CL-4B from Sigma, and inorganic
[32P]phosphate and sodium [125I]iodide from DuPont and
Amersham. [y-32P]ATP was synthesized using a [32P]ATP
synthesis kit from Promega; monoclonal anti-phosphoty-
rosine antibodies (PY-20 antibodies) were from ICN; nitro-
cellulose was from Schleicher & Schuell. Protein A, a-chy-
motrypsin [treated with "N'-(toSyl)-L-lysine chloromethyl
ketone" (7-amino-1-chloro-3-tosylamido-2-heptanone)], and
trypsin (treated with L-1-tosylamido-2-phenylethyl chloro-
methyl ketone) were from Sigma; all other reagents were
from Sigma.

Purification of Proteins. Protein purification was carried out
on ice or at 4°C, unless otherwise noted. Protein 4.1 was
extracted from inside-out erythrocyte membrane vesicles with
2.5 M urea/1 M KCl/0.1 M glycine, pH 7.7/5 mM dithiothrei-
tol/0.1 mM phenylmethylsulfonyl fluoride on ice. The extract
was dialyzed extensively against 5 mM sodium phosphate, pH
7.7/1 mM EDTA/1 mM phenylmethylsulfonyl fluoride (buffer
A) and applied to a DE-52 column (7 cm x 1 cm) preequili-
brated with 20 mM KCI in buffer A. Protein 4.1 was eluted
from the column with a linear salt gradient of 20-400mM KCl
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in buffer A. Fractions containing protein 4.1 were pooled,
adjusted to pH 7.0 and 200 mM KCl in buffer A, and chro-
matographed on an S-Sepharose column (5 cm x 1 cm).
Protein 4.1 was eluted from the column with a linear salt
gradient of 200-800 mM KCl in buffer A. Protein 4.1 fractions
were pooled and concentrated by dialysis against 25% (wt/vol)
polyethylene glycol (Mr 8000)/10 mM Tris Cl, pH 7.4/20 mM
NaCl/130 mM KCl (isotonic KCl buffer) and stored on ice.
Spectrin was extracted from erythrocyte ghosts with 0.1 mM
EDTA (pH 8.0) at 370C in the presence of 0.1 mM diisopropyl
fluorophosphate and purified further on a Sepharose CL-4B
gel filtration column (18). Spectrin dimers were concentrated
as above and stored in isotonic KCI buffer with 50%o glycerol
at -200C. Actin was purified from chicken muscle acetone
powder (19). Epidermal growth factor receptor (EGFR) tyro-
sine kinase was affinity-purified from solubilized membranes
ofA-431 human epidermoid carcinoma cells, as described (20).
All proteins were analyzed for purity by SDS/PAGE.

Phosphorylation of Protein 4.1 by EGFR Kinase. Phospho-
rylation reactions were carried out in 20 mM 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid, pH 7.4/5 mM
MgCl2/4 mM MnCl2/1 mM dithiothreitol/0.1 mM orthovan-
adate/130mM KCl/0.1 mM [y-32P]ATP (500-800 cpm/pmol)
with 5-10 pmol ofEGFR per 1-2 ,umol of protein 4.1 for 1 hr
at 20°C. Phospho amino acid analysis was carried out as
described (21). Two-dimensional tryptic phosphopeptide
mapping was done according to Gould and Hunter (22).

Partial Proteolysis of Protein 4.1. Protein 4.1 was subjected
to limited proteolysis with a-chymotrypsin on ice to generate
the characteristic peptide fragments (7).

Sedimentation Assay for Spectrin/Actin/Protein 4.1 Com-
plex. Assembly of the spectrin/actin/protein 4.1 ternary
complex was carried out exactly as described (23), with
protein 4.1 ranging from 1 to 6 ,ug. The spectrin/actin/protein
4.1 complex was sedimented by centrifugation at 150,000 x
g for 30 min. For quantitative studies, the supernatant and
pellet were analyzed by SDS/7-15% PAGE and the proteins
were stained with Coomassie blue. The dye bound to the
proteins was extracted with aqueous 25% pyridine and the
absorbance was measured at 605 nm (24). In each gel, known
concentrations of bovine serum albumin (BSA) were run as
standards, and the amount of spectrin in the supernatant and
in the pellet was determined.
For determining phosphate incorporation and its effect on

ternary complex formation, 120 ,ug of protein 4.1 was incu-
bated with EGFR in the presence of [y-32P]ATP for up to 1
hr at 30°C. At the end of 5, 10, 15, 20, 30, 40, and 60 min of
incubation, aliquots (5 ,ug) of protein 4.1 were assayed for
their ability to promote spectrin/actin assembly and for 32p
incorporation. For these experiments, the spectrin/actin
assembly buffer contained the same specific activity of
[_y-32P]ATP as for phosphorylation reactions. The results
showed that there was no further incorporation of 32P during
spectrin/actin assembly.
Immunoblotting with Anti-Phosphotyrosine Antibodies.

Protein 4.1 (5 ,tg) was incubated with ATP in the presence or
absence ofEGFR for 1 hr at 25°C. At the end ofthe incubation
period, protein samples were run in SDS/7-15% polyacryl-
amide gradient gels and transferred to a nitrocellulose sheet
by standard procedures (25). Nonspecific binding sites were
blocked by incubating the nitrocellulose sheet with 5% BSA
and 0.25% gelatin for 24 hr in phosphate-buffered saline
(PBS) containing 0.05% Tween 20. The blot was then incu-
bated with PY-20 antibodies (1:500 dilution in PBS with 3%
BSA) for 4 hr. Where competition with phospho amino acids
was carried out, identical blots were incubated with antibody
in the absence or presence of 10 mM phosphotyrosine and 10
mM p-nitrophenyl phosphate. The blots were washed with
PBS and incubated for 1 hr with "25I-labeled protein A (3 x

107 cpm/,ug). The blots were washed several times with PBS
and then exposed to x-ray film at -800C.
Other Analytical Techniques. The protein concentration

during purification of spectrin, actin, and protein 4.1 was
assayed according to Lowry et al. (26). SDS/PAGE was
according to Laemmli (27).

RESULTS
Tyrosine Phosphorylation of Protein 4.1. Protein 4.1 puri-

fied as described in Materials and Methods did not contain
contaminating protein kinase activity. Protein 4.1 was incu-
bated with or without EGFR in the presence of [_y-32P]ATP.
Fig. 1A shows the Coomassie blue-stained SDS/polyacryl-
amide gel and Fig. 1B the corresponding autoradiograph
demonstrating that protein 4.1 was readily phosphorylated by
the EGFR kinase. To show that protein 4.1 was phosphoryl-
ated on tyrosine residues, the purified protein 4.1 was im-
munoblotted with anti-phosphotyrosine antibodies in the
presence or absence of EGFR. Purified protein 4.1 was, to
some extent, phosphorylated on tyrosine, and the level of
phosphotyrosine was increased upon phosphorylation by
EGFR (Fig. 1C). The antibody reactivity toward phospho-
rylated protein 4.1 and EGFR was completely blocked by 10
mM phosphotyrosine and 10 mM p-nitrophenyl phosphate.
These antibodies did not crossreact nonspecifically with any
proteins in erythrocyte membrane "ghosts" (results not
shown). The phosphorylated protein 4.1 band was cut from
the gel and analyzed for phospho amino acids. One-
dimensional phospho amino analysis showed only phospho-
tyrosine (Fig. 1D). Stoichiometric analysis of tyrosine phos-
phorylation showed up to 0.6 mol of phosphate incorporated
per mol of protein 4.1 (data not shown).

Localization of the Tyrosine Phosphorylation Site in Protein
4.1. When protein 4.1 was partially digested with a-chymo-
trypsin, it gave characteristic peptide fragments (7). Under
the same conditions, the phosphorylation sites within protein
4.1 have been determined. Both the 30-kDa and 8-kDa
fragment appeared to contain phosphorylation sites (Fig. 2).
When the time course of phosphorylation was coupled with
limited proteolysis, the 8-kDa region was the preferred site
for phosphorylation (results not shown). Since the 30-kDa
fragment may be contaminated with the 32-kDa fragment,
which contains the 8-kDa region, two-dimensional tryptic
phosphopeptide mapping was done to determine whether
there were two phosphorylation sites. The two-dimensional
phosphopeptide maps of intact protein 4.1 and the 30-kDa
and 8-kDa fragments were identical, suggesting that only the
8-kDa region was phosphorylated by EGFR (Fig. 3). When
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FIG. 1. Tyrosine phosphorylation of protein 4.1 by EGFR. Pro-
tein 4.1 (4 /ig) was incubated with [y-32P]ATP in the absence (lanes
1) or presence (lanes 2) of EGFR. (A) Coomassie blue-stained gel. (B)
Corresponding autoradiograph. (C) Western immunoblot probed
with anti-phosphotyrosine antibodies (PY-20 antibodies). (D) Phos-
pho amino acid analysis of phosphorylated protein 4.1. Left lane,
phospho amino acid standards; right lane, autoradiograph of
[32p]phospho amino acids from protein 4.1.
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FIG. 2. Localization of the site of tyrosine phosphorylation by
limited proteolysis of protein 4.1. Protein 4.1 (40 dig) was incubated
with or without EGFR for 1 hr. The phosphorylated form of protein
4.1 was incubated on ice for 30 min at chymotrypsin/protein 4.1
ratios ranging from 1:400 to 1:25. Lanes 1, no chymotrypsin; lanes 2,
1:400; lanes 3, 1:200; lanes 4, 1:100; lanes 5, 1:50; lanes 6, 1:25; lanes
7, without chymotrypsin in the absence of added EGFR. Proteolytic
fragments were separated by SDS/7-15% gradient PAGE in the
presence of SDS. (Left) Coomassie blue-stained gel. (Right) Corre-
sponding autoradiograph of the gel.

extensive proteolysis of phosphorylated protein 4.1 was
carried out with a-chymotrypsin, the amount of radioactive
label from the 30-kDa region was reduced, suggesting that the
8-kDa region was the major phosphorylation site (data not
shown). Since the 8-kDa region has only one tyrosine resi-
due, tyrosine-418 (8, 28), this must be the phosphate accep-
tor. The stoichiometry ofphosphate incorporated per mole of
protein 4.1 also suggests only one phosphorylation site within
protein 4.1.

Tyrosine Phosphorylation Blocks Promotion of Spec-
trin/Actin Assembly. Under physiological ionic strength, the
8-kDa fragment of protein 4.1 promotes assembly of the
spectrin/actin/protein 4.1 ternary complex (23). To study the
effect of tyrosine phosphorylation on ternary complex for-
mation, protein 4.1 was incubated with ATP in the presence
or absence of the EGFR. Phosphorylation of protein 4.1 by

FIG. 3. Tyrosine phosphorylation occurs in the 8-kDa domain.
Two-dimensional tryptic phosphopeptide maps of intact protein 4.1
(80 kDa), the 30-kDa peptide, and the 8-kDa peptide are shown.

EGFR reduced its ability to promote the ternary complex
formation by 50-70%. The reduction in the ternary complex
formation was proportional to the extent of phosphorylation
of protein 4.1 by EGFR (Fig. 4). Incubation of protein 4.1
with EGFR in the absence ofATP did not effect the formation
of ternary complex (data not shown). The maximal stoichi-
ometry of phosphorylation appeared to be about 0.6 mol of
phosphate per mol of protein 4.1, which corresponds well
with the extent of functional modification. These results
demonstrate that phosphorylation of tyrosine-418 regulates
protein 4.1 function.
When phosphorylation of protein 4.1 was attempted within

the spectrin/actin/protein 4.1 complex, the phosphorylation
site was not accessible to EGFR. However, the presence of
spectrin or actin alone did not inhibit phosphorylation of
protein 4.1 by EGFR, providing further evidence for phos-
phorylation of largely the 8-kDa region (Fig. 5).

DISCUSSION
Protein tyrosine phosphorylation has been implicated as a
regulatory event important for cell growth, differentiation,
and many other cellular events. In this paper, it is shown that
tyrosine phosphorylation of the human erythroid protein 4.1
by EGFR modulates its function. The phosphorylation site
has been localized to tyrosine418, within the 8-kDa domain.
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FIG. 4. Tyrosine phosphorylation of protein 4.1 blocks assembly of the spectrin/actin/protein 4.1 ternary complex. (Left) Protein 4.1 was

phosphorylated with EGFR for various times to determine the molar phosphate incorporation. At each time point, 5 Ag ofprotein 4.1 was assayed
for its ability to promote spectrin/actin assembly, and the percentage of spectrin sedimented was calculated. Results obtained from a single
experiment (e) and from two different phosphorylation reactions (o) are shown. In these experiments protein 4.1 was phosphorylated for 1 hr
with EGFR at 20TC and then assayed for spectrin/actin assembly-promoting activity. (Inset) Concentration dependence of phosphorylated
protein 4.1 (e) and unphosphorylated protein 4.1 (o) in promoting spectrin/actin assembly. In this experiment, 0.6 mol of phosphate was

incorporated per mol of protein 4.1. (Right) SDS/PAGE analysis of spectrin/actin complex sedimented in the absence of protein 4.1 (lanes 1),
in the presence of 4 ,ug of protein 4.1 (lanes 2), or in the presence of 4 ,ug of the phosphorylated form of protein 4.1 (lanes 3). Equal volumes
from supernatant (lanes S) and pellet (lanes P) were loaded in each lane.
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Table 1. Comparison of amino acid sequences of tyrosine phosphorylation sites

Sequence surrounding tyrosine

Protein -9 -8 -7 -6 -5 -4 -3 -2 -1 0 +1 +2 +3 +4 +5 +6 +7 Ref.

Protein 4.1 Arg-Glu-Arg-Leu-Asp-Gly-Glu-Asn-Ile-Tyr-Ile-Arg-His-Ser-Asn-Leu-Met 28
pl20w-abl Leu-Ser-Arg-Leu-Met-Thr-Gly-Asp-Thr-Tyr-Thr-Ala-His-Ala-Gly-Ala-Lys 29
pp6v-src Leu-Ala-Arg-Leu-Ile-Glu-Asp-Asn-Glu-Tyr-Thr-Ala-Arg-Gln-Gly-Ala-Lys 30
p9OP1yes Leu-Ala-Arg-Leu-Ile-Glu-Asp-Asn-Glu-Tyr-Thr-Ala-Arg-Gln-Gly-Ala-Lys 31
p140wf~Ps Met-Ser-Arg-Gln-Glu-Glu-Asp-Gly-Val-Tyr-Ala-Ser-Thr-Gly-Gly-Met-Lys 32
p~logafes Met-Ser-Arg-Glu-Ala-Ala-Asp-Gly-Ile-Tyr-Ala-Ala-Ser-Gly-Gly-Leu-Arg 33
The peptide sequence shown starts from amino acid 409 of the erythroid protein 4.1 sequence (28). Boldface indicates the conserved basic

amino acids.

Three lines of evidence are presented for localization of the
phosphorylation site: (i) proteolysis with a-chymotrypsin
showed the 8-kDa peptide to be the major phosphopeptide;
(ii) two-dimensional tryptic phosphopeptide maps from intact
protein 4.1 and 30-kDa and 8-kDa peptides were identical;
and (iii) phosphorylation modulates the ability of protein 4.1
to promote spectrin/actin assembly, and protein 4.1 in the
spectrin/actin/protein 4.1 complex was less accessible to the
EGFR kinase.
The 8-kDa peptide has only one tyrosine residue (tyrosine-

418) in its sequence (8, 28). When this sequence was com-
pared with consensus tyrosine phosphorylation sequences, it
was clear that the region around tyrosine-418 has a consensus
sequence for phosphorylation by tyrosine kinases (Table 1).
This 8-kDa region is important for the function of the eryth-
roid isoform of protein 4.1 and the 21-amino acid sequence
(motif I) containing the tyrosine phosphorylation site is
specifically "spliced into" protein 4.1 upon differentiation
from progenitor cells (17). Phosphorylation of tyrosine-418,
in the center of motif I, may be the functional significance of
insertion or deletion of this sequence. Potentially, tyrosine
phosphorylation may be important for protein 4.1 function
during erythrocyte development.
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FIG. 5. Time course of phosphorylation of protein 4.1 by EGFR.
(Lower) *, Protein 4.1 in the ternary complex with spectrin and actin;
o, protein 4.1 and spectrin; e, protein 4.1 and actin; o, protein 4.1
alone. (Upper) Autoradiograph of protein 4.1 phosphorylation in the
ternary complex of spectrin/actin/4.1 (A), of protein 4.1 and spectrin
(B), of protein 4.1 and actin (C), and of protein 4.1 alone (D). Lanes
1-4, time points of 12, 20, 40, and 60 min, respectively.

In addition to protein kinase A and protein kinase C,
erythrocytes contain protein-tyrosine kinases and protein-
tyrosine-phosphatases (34-36). The functions of these en-
zymes are not known at present. However, the results
presented in this paper suggest that erythrocyte tyrosine
kinases could play a role in the maintenance of the erythro-
cyte membrane skeleton. Indeed, a small fraction of protein
4.1 appears to be phosphorylated on tyrosine when isolated
(Fig. 1C). Potentially, a protein that is phosphorylated by one
protein tyrosine kinase may also be a substrate for other
tyrosine kinases; for example, phosphatidylinositol 3-kinase,
phospholipase C-y, and enolase are substrates for many
tyrosine kinases (37-40). The in vitro and in vivo tyrosine
phosphorylation of protein 4.1 suggests that it could also be
a substrate for a number of tyrosine kinases. In addition to
erythrocytes, protein 4.1 isoforms are found in nonerythroid
cells, at various intracellular locations (14). In the human
epidermoid carcinoma cell line A-431, at least four isoforms
of protein 4.1 were recognized by antibodies against eryth-
roid protein 4.1 (unpublished results). It is to be determined
whether any of these isoforms are involved in EGF-induced
cytoskeletal reorganization in A-431 cells.
The search for a similar phosphorylation sequence in other

regions of the protein 4.1 molecule showed another consen-
sus sequence for phosphorylation by tyrosine kinases at
tyrosine-250 in the 30-kDa region. This sequence has all ofthe
requirements for tyrosine phosphorylation-i.e., at position
-7, it has arginine; in close proximity to the amino-terminal
side of tyrosine it has glutamate; and at positions +5 and +7
positions it has glycine and lysine residues, respectively.
However, this sequence was not recognized by the EGFR
kinase. Most protein 4.1 isoforms share homologies within
the 30-kDa region, and this region also shares some homology
with the cytoskeletal proteins ezrin and talin (41, 42). In
A-431 cells, ezrin has been shown to be phosphorylated on
tyrosine by EGFR (43). It will be interesting to find out
whether this cryptic phosphorylation site in erythroid protein
4.1 is phosphorylated by other tyrosine kinases in noneryth-
roid forms and whether phosphorylation has functional sig-
nificance.
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