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Sequential phosphorylation of protein band 3 by Syk and Lyn tyrosine
kinases in intact human erythrocytes: identification of primary and
secondary phosphorylation sites
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Treatment of intact human erythrocytes
with pervanadate induces Tyr (Y)-phos-
phorylation of the transmembrane pro-
tein band 3; in parallel, the activity of the
immunoprecipitated tyrosine kinases Syk

and Lyn is increased. When erythrocytes
are incubated with pervanadate together
with PP1, a specific inhibitor of Src ki-
nases, including Lyn, the Y-phosphoryla-
tion of band 3 is only partially reduced.
Indeed, the PP1-resistant phosphoryla-
tion of band 3 precedes and is a prerequi-
site for its coimmunoprecipitation with

Lyn, which interacts with the phosphopro-
tein via the SH2 domain of the enzyme, as
proven by binding competition experi-
ments. Upon recruitment to primarily
phosphorylated band 3, Lyn catalyzes
the secondary phosphorylation of the
transmembrane protein. These data are
consistent with the view that band 3 is
phosphorylated in intact erythrocytes by
both PP1-resistant (most likely Syk) and
PP1-inhibited (most likely Lyn) tyrosine
kinases according to a sequential phos-
phorylation process. Similar radiolabeled

peptide maps are obtained by tryptic

digestion of 32P-band 3 isolated from ei-
ther pervanadate-treated erythrocytes
or red cell membranes incubated with

exogenous Syk and Lyn. It has also
been demonstrated by means of mass
spectrometry that the primary phosphory-

lation of band 3 occurs at Y8 and Y21,
while the secondary phosphorylation

affects Y359 and Y904. (Blood. 2000;96:
1550-1557)

© 2000 by The American Society of Hematology

Introduction

Phosphorylation/dephosphorylation of protein tyrosine residuasth enzyme activatioA?18-20 while Csk-mediated phosphoryla-
has been implicated in the regulation of several erythrocyt®mn of the C-terminal Y527 gives rise to inactive forms of Src
functions, including metabolisi? membrane transpotf cell kinases. Indeed, phosphorylated Y527 interacts with the SH2
volume, and cell shage? Protein tyrosine kinases identified to datedomain of the Src molecule, thus triggering a reorganization of the
in red cells include insulin receptor tyrosine kind¥eand the enzyme structure that forces the kinase to adopt a locked and
Syk!t12and Src-like nonreceptor tyrosine kinagds!?2Among the down-regulated conformatio.
Src-like tyrosine kinases detected in human erythrocytes, Lyn and p72¥kcontains 2 SH2 domains, a linker region that is postulated
Fgr are expressed predominantly, with Hck being found at a lower bind cellular effectors, a catalytic domain that includes autophos-
levels® The attempt at purifying the native protein tyrosine kinasgshorylation sites, and a short carboxyl-terminal extension of
from erythrocytes led to the isolation of substantial amounts of onj)et undetermined functio#.A proteolytic form of p72kdisplay-
the 2 tyrosine kinases, Syk and L¥h. ing a Mr of 36 kd (p36% has been purified from erythrocyt&s.
The tyrosine kinases belonging to the Src family share a high analogy with the 36- to 40-kd forms of Syk found in other
degree of structural similarity, with a common domain architectutgpes of cellsi222-23p36¥k corresponds to the C-terminal part of
and regulatory mechanisms. The Src sequence consists of a popilgyk and exhibits higher activity than that displayed by the
conserved N-terminal segment, 2 conserved domains ternfeil-length enzyme
SH3 and SH2, followed by the catalytic domain, SH14The SH3 The multifunctional transmembrane protein termed band 3
and SH2 domains interact with protein sequences containingpresents the major Y-phosphorylated protein in human erythro-
polyproline Il helices and phosphotyrosine residues, respectivetytes (Figure 1C$.11.25Y8, located in the highly acidic cytoplasmic
and play a dual role in Src regulation, because they are batbmain of band 3, has been identified as the major Y-phosphoryla-
required for keeping Src kinase in an inactive Sfateand tion site in vitrd-26:2%7 Y21, Y359, and Y904 have also been
targeting the enzyme to specific substrates by directing proteieported to be phosphorylated in vifdTreatment of intact red
protein interactiond’ cells with pervanadate has been found to increase both the
The activity of Src-related kinases is modulated by phosphory-phosphorylation of band 3 and p¥Ractivity, suggesting that
lation of 2 tyrosine residues: Autophosphorylation of Tyr (Y)41@his tyrosine kinase is likely responsible for the Y-phosphorylation
(c-Src numbering), located inside the catalytic domain, correlates band 3 in intact cell$ We have provided evidence for a
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synergistic involvement of both Syk and Lyn in band 3L00°C. The solubilized membranes were analyzed by 10% SDS-
phosphorylation in isolated erythrocyte membratfest has polyacrylamide gel electrophoresis (PAGE).

been demonstrated that the primary phosphorylation of band 3 ) ) )

catalyzed by p38k (or p72¥9 in erythrocyte membranes is a.'I'reatment of intact red cells and antiphosphotyrosine

prerequisite for the association of added Lyn with the menjhmunoblotting

branes and for the subsequent Lyn-catalyzed phosphorylationm@ked cells, prepared as above described, were resuspended (at 16%
different band 3 tyrosine residuésThe present study shows hematocrit) in buffer A (20-mmol/L Tris-HCI, pH 7.5; 150-mmol/L NaCl;
that, in intact human red cells stimulated with pervanadate, bam@mmol/L KCI; 1-mmol/L MgC}; 1004uwg/mL streptomycin; 25:g/mL

3 undergoes sequential phosphorylation catalyzed by the cehloramphenicol; 24-mmol/L glucose; and 1-mmol/L adenosine). Resus-
certed action of the Src-unrelated tyrosine kinasesffahd the pended cells (30QuL for each sample) were incubated for 30 minutes at
Src-related tyrosine kinase Lyn. Our findings suggest that, upda’C in the absence or presence of pervanadate, prepared by mixing
phosphorylation by p7% Y8 and Y21 act as docking sites forhydrogen peroxide (3 mmol/L) and sodium orthovanadate (2 mmol/L).

: . hen indicated, PP1 inhibitor was added to the incubation mixture
the SH2 d°m."’?'” of Lyn, wh|ch.subsequently pI’]OSphorylat(%lrgnmediately after pervanadate addition. After incubation, each sample was
band 3 at additional secondary sites.

centrifuged, and the packed cells were hemolyzed in 1.8 mL of a hypotonic
buffer containing 5-mmol/L sodium phosphate, pH 8; 0.02% MaN
30-umol/L phenylmethylsulphonylfluoride; 1-mmol/L sodium orthovana-

Materials and methods date; and protease inhibitor cocktail. Membranes were separated from
hemolysates by centrifugation (20 @dfdr 20 minutes), and an aliquot (3
Materials 1g) was solubilized in SDS-PAGE sample buffer (50-mmol/L Tris-HCI

2 — . buffer, pH 8.9, containing 5-mmol/L ethylenediaminetetraacetic acid
We purcha}sefd/[_ PJATP and P P]F_)' fr_orn Amersha}m (Little Chalfont, (EDTA), 380-mmol/L glycine, 2% SDS, and 1femercaptoethanol). After
UK). PP1 inhibitor and protease inhibitor cocktail were obtained frorg \in tes of treatment at 100°C, the solubilized membrane proteins were

Calbiochem (Dgrmstadt,' Germany) aqd Boehringgr (Mannheim, Geé'ﬂbjected to SDS-PAGE (10% gels), transferred to nitrocellulose mem-
many), respectively. Antiphosphotyrosine and antiband 3 monoclon&]anes and immunostained with anti-P-Y antibody.
antibodies were purchased from ICN Biotechnology (Irvine, CA) and '

Sigma (Dorset, UK), respectively. Anti-Lyn and anti-Syk polyclonalyng | vy anti-Syk, and anti-GST immunoprecipitations

antibodies, raised against protein residues 44 to 63 and 257 to 352,

respectively, were purchased from Santa Cruz Biotechnology (SarRacked membranes prepared from intact erythrocytes treated as described
Cruz, CA), and anti-GST antibody was purchased from Amershaabove were extracted for 1 hour at 4°C with 20-mmol/L Tris-HCI, pH 7.5;
Pharmacia Biotech. Recombinant glutathione-S-transferase (GST) a6 glycerol; 1% Nonidet P-40; 1-mmol/L EDTA; 50-mmol/L NaCl;
the Lyn SH2 domain fused with GST were expressed as previouslynmol/L sodium orthovanadate; and protease inhibitor cocktail. After
described for c-Fgr SH2 doma#i.The phosphopeptides band 3 (1-24)centrifugation, the supernatants were incubated for 5 hours at 4°C with the
and Src (523-533) and their unphosphorylated analogues were synthppropriate antibody bound to protein A-Sepharose. The immune com-
sized as detailed elsewhéfeThe 40- to 45-kd fragment of the cytoplasmicplexes were washed 3 times by centrifugation and resuspension in
domain of band 3 was prepared as described elsewh@taer reagents were 50-mmol/L Tris-HCI, pH 7.5, containing protease inhibitor cocktail and
purchased from Sigma. 1-mmol/L sodium orthovanadate.

Enzymes Immune complex kinase assays

Lyn and p36”were isolated from human erythrocytéand further purified Tyrosine kinase assays of immune complexes formed with anti-Lyn and
as previously described for rat spleen p88nd Lyn2430 anti-Syk antibodies as described above were performed in basal medium

containing either 300 ng of the cytoplasmic domain of bard &
2004umol/L cdc2 (6-20) peptidé® which served as exogenous substrates
for Syk and Lyn, respectively. Following incubation for 10 minutes at 30°C,
Human erythrocytes were prepared from fresh blood collected from healtplgosphorylation of the cytoplasmic domain of band 3 was analyzed by

Isolation of human erythrocytes

donors as previously describ&t. SDS-PAGE followed by autoradiography. In the experiments containing
cdc2 (6-20) peptide, the reactions were stopped by spottingL256f the
Isolation and phosphorylation of erythrocyte incubation mixture onto P81 phosphocellulose paper, which was then

membranes (ghosts) processed as described elsewtiére.

Erythrocyte membranes were isolated from hemolyzed red cells as @&P-peptide mapping of band 3 phosphorylated

scribed elsewher®. Erythrocyte membranes (8g) were phosphorylated in vivo or in vitro

for 10 minutes at 30°C in 3@L of an incubation mixture containing

50-mmol/L Tris-HCI, pH 7.5; 10-mmol/L MnG] 30-umol/L y[3?P]ATP  In vivo phosphorylation of band 3 was performed as follows: Packed

(specific activity, 1000 cpm/pmol); 20@mol/L sodium orthovanadate €rythrocytes (40QuL), prepared as described above, were preincubated in

(basal medium); and the indicated amount of either S§s36r Lyn 3.6 mL of buffer B (buffer Awithout glucose and adenosine) for 4 hours at

tyrosine kinase. 35°C to deplete endogenous ATP stores. The cells were then centrifuged at

750y for 3 minutes, resuspended in 2.1 mL of buffer A (16% hematocrit)

containing carrier-free’fP]Pi (11.1 MBq), and radiolabeled for 14 hours at

35°C, followed by incubation for 30 minutes at 35°C with pervanadate.

Ghosts were phosphorylated by 15-nmol/L §86or 10 minutes in basal Membranes were then isolated from the red cells and solubilized in

medium containing unlabeled adenosine triphosphate (ATP) instead SIDS-PAGE sample buffer.

radiolabeled ATP. Syk-phosphorylated ghosts were separated froffkp36 Band 3 was phosphorylated in vitro by incubating erythrocyte ghosts

ATP, and other reagents by centrifugation and washed twice as descrilfg8l wg) for 10 minutes at 30°C with p36& and Lyn in the presence of

elsewheré? Syk-phosphorylated ghosts were then seconda#fly- y[3?P]ATP as described above and then solubilized in SDS-PAGE sample

phosphorylated by Lyn in the basal medium. buffer. Solubilized in vivo or in vitro phosphorylated proteins were
The reactions were stopped by addition of 2% sodium dodecyl sulfaeparated by SDS-PAGE and electrophoretically transferred to polyvinyli-

(SDS) and 1% 2-mercaptoethanol followed by 5 minutes of treatment dine difluoride; the membrane was then treated with 2-mol/L NaOH at 55°C

Preparation of Syk-phosphorylated ghosts
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for 1 hour to eliminate phosphoserines and phosphothreonines, dmimunostaining

32p-Y-labeled band 3 was localized by autoradiography, excised, and

digested with trypsii? The resulting peptides were separated in frotelns transferred to nitrocellulose membranes were incubated with the

dimensions on thin-layer cellulose plates by electrophoresis in 1% amrﬁ'ag'_cated antibodies fOHOW.Ed by the approprlatg blgtlnylated secon(_i
nium bicarbonate (pH 8.9) (1 hour, 1000 V) followed by ascendingntlbody and developed using an enhanced chemiluminescence detection

chromatography in a buffer containing 25% pyridine, 7.5% acetic acid, ai gstem (ECL, Amersham).
37.5% butanot?

Identification of the band 3 residues either primarily Results

phosphorylated by Syk or secondarily phosphorylated by Lyn In vivo and in vitro phosphorylation of human erythrocyte

Isolated membranes (60y) were phosphorylated, in a final volume of SOOband_3 is §ynergistica|ly catalyzed by Syk and Src-related
uL, first by p36¥<and unlabeled ATP and then by Lyn agff?P]JATP as tyrosine kinases

described above. Band 3 was then isolated by SDS-PAGE and digested first . ith . datd additi f K ified f
with cyanogen bromide (1 mg/mL in 70% formic acid). The digest wa onsistent with previous data.addition of p38*; purified from

dried in a Speed-Vac and then resuspended inuGOof 100-mmol/L human erythrocytes, to isolated red cell membranes (ghosts)
ammonium acetate buffer, pH 8.0, containing 2 of sequencing-grade induced a marked Y-phosphorylation of band 3 (Figure 1A, lane 3).
trypsin (Promega, Madison, WI) and incubated at 37°C for 6 hours. Tt contrast, purified Lyn behaved as a very poor phosphorylating
digest was stopped by the addition of acetic acid to give a final pH of 3.agent (Figure 1A, lane 2). However, preincubation of membranes
The digest was then loaded onto an immobilized metal ion chromatographjth p36¥kand unlabeled ATP converted band 3 into an excellent
minicolumn. This was made by packing a 1a0-plastic pipette tip (witha substrate for Lyn (Figure 1B, lane 2). Prolonged direct incubation
plug of glass fiber at the end) with iminodiacetic acid—derivatized Sephgf the isolated membranes with Lyn alone did not obviate the
rose (Amersham Pharmacia Biotech). The column was presaturated W@ﬁuirement for p38k as a priming agent (not shown). Similar
FeCk, and the sample was loaded in 0.1-mol/L acetic acid. The column WASsults were obtained using p¥2ourified from rat spleen instead
washed with 20-bed volumes of 0.1-mol/L acetic acid. Elution was

erythrocyte p3&(not shown).

performed with 0.1% ammonium acetate, pH 8.0, containing 500 -mmolﬁ_f fi ial bh horvlati f band
NaHPQO,. The eluate was acidified by the addition of dDof trifluoroace In an attempt to confirm sequential phosphorylation of band 3

tic acid (TFA), and the digest was injected onto a 30-nmq5-C-18, 0.18 catalyzed by Syk and Lyn tyrosine kinases in intact cells, we
mm X 20 cm, reverse-phase microcolumn. A gradient was run from 10084imulated the Y-phosphorylation of human erythrocytes by treat-
A (0.1% TFA in water) to 70% B (0.07% TFA, 80% acetonitrile in water)ing them with a combination of sodium orthovanadate and
over 1 hour. An ABI 120A syringe pump generated the gradient ditydrogen peroxide (ie, pervanadate). Control and treated cells were
50-uL/min, which was split, giving a flow of 0.4.L/min into the column. then hemolyzed, and erythrocyte membranes were immediately
Individual peaks were collected manually (according to the UV trace) inf@olated as described in “Materials and methods.” Antiphosphoty-
500L Eppendorf tubes containing a few beads of C-18 reverse-phaggsine immunoblotting revealed band 3 as the major Y-phosphory-
material to prevent sample loss. The radioactivity in each fraction Wastad protein in membranes isolated from stimulated erythrocytes

determined, and 5 phosphopeptide-containing fractions were obtaine F'?r ure 1C, lane 2). The involvement of prein the Y-
radioactive and 3 nonradioactive. The reverse-phase beads containingt g ' )

peptides were packed individually into nanotips. The peptides were elu[ﬁﬁosphorylatlon of band 3 in erythrocytes activated by pervanadate

with 80% acetonitrile and 5% acetic acid and were subjected to collisio as already been suggestédo verify the contribution of Lyn to

activated dissociation in a Finnigan TSQ700 tandem quadrupole m&&nd 3 phosphorylation in vivo, we carried out experiments with
spectrometer using a collision energy of 10 to 30 eV anck1®2mmHg PP1, which is a highly potent inhibitor selective for Src family
argon with a parent ion window of 2 to 3 mass units (50% half height) andtrosine kinase8! including Lyn32 Accordingly, PP1 proved

daughter ion resolution of 1 to 2 mass units. unable to inhibit the in vitro phosphorylation of band 3 catalyzed
z 12 3 435
12 3 4 5 6 e
Band3 »| w@Oo@® “r- Eand 3% i---
- - - —
Ghosts A A S Erythrocytes EEE
Phospho-ghosts R + o+ + 4+ Pervanadate -+ b
p36auk -k ok 4 - - = = - PP1 (uM) - - 1 1028
Lyn =k = = = - -+ o o+ o+
PP1 (uM) - - -1 1028 - - 1 1025
Figure 1. Y-phosphorylation of band 3 in isolated ghosts and in intact human erythrocytes. (A) Radioactive phosphorylation pattern of human erythrocyte membranes

(ghosts) incubated with y[32P]ATP either alone (lane 1) or in the presence of 35-nmol/L Lyn (lane 2) or 15-nmol/L p36% (lanes 3-6). Increasing concentrations of PP1 were
present in the incubation medium of assays shown in lanes 4 to 6. (B) Radioactive phosphorylation pattern of erythrocyte ghosts, first phosphorylated by p36¥%in the presence
of unlabeled ATP as described in “Materials and methods” and further incubated for 10 minutes in the presence of y[32P]ATP without (lane 1) or with 35-nmol/L Lyn (lanes 2-5).
Assays in lanes 3 to 5 were performed in the presence of increasing concentrations of PP1 added immediately before Lyn. 32P-radiolabeled proteins were subjected to
SDS-PAGE on 10% gels followed by autoradiography. (C) Anti-P-Y immunostaining of erythrocyte membrane proteins phosphorylated in vivo. Intact human erythrocytes were
incubated either in the absence (lane 1) or presence (lanes 2-5) of pervanadate as described in “Materials and methods.” Increasing concentrations of PP1 were present in the
assays shown in lanes 3 to 5. After incubation, erythrocyte membranes were rapidly isolated, solubilized, and submitted to SDS-PAGE followed by transfer to a nitrocellulose
filter. The filter was then immunostained with anti-P-Y antibody. Other experimental details are described in “Materials and methods.” Panels are representative of at least 6
different experiments.
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by p36Yk (Figure 1A, lanes 4-6). In contrast, secondd&®?- membranes and subsequent phosphorylation of additional band 3
phosphorylation of band 3 catalyzed by Lyn was almost completelyrosine residues (Figure 1B To assess the actual occurrence of
abolished in the presence of PP1 (Figure 1B, lanes 3-5). PP1 veasinteraction between Lyn and band 3 in vivo, we assayed for the
also tested for its effect on pervanadate-stimulated Y-phosphorypaesence of band 3 in the anti-Lyn IP obtained from intact red cells
tion in intact erythrocytes. As shown in Figure 1C (lanes 3-5as described in Figure 2B. Figure 3A shows that Lyn coimmunopre-
preincubation of red cells in the presence of both pervanadate anpitated with band 3 when Y-phosphorylation was stimulated by
PP1 decreased the amount of phosphotyrosine detected in banpeBvanadate treatment (compare lanes 1 and 2 in Figure 3A),
This result is consistent with the involvement of Lyn or anotharrespective of the presence of the Lyn-specific inhibitor PP1
PP1-inhibited kinase in the phosphorylation of band 3 in inta¢Figure 3A, lanes 3-5).
erythrocytes. The residual Y-phosphorylation of the protein ob- Immunostaining with anti-P-Y antibody of anti-Lyn IP obtained
served even in the presence of 2Bwol/L PP1 (Figure 1C, lanes from stimulated cells shows that the band 3 species coimmunopre-
3-5) discloses the contribution of Src-unrelated protein kinases, @pitated with Lyn was Y-phosphorylated (compare lanes 1 and 2 in
expected assuming that the sequential model of phosphorylatiigure 3B). Phosphotyrosine was also detectable in band 3
also takes place in intact cells. coimmunoprecipitated from PP1-treated erythrocytes, in accor-
We also tested the effect of PP1 on band 3 Y-phosphorylatiaiance with the view that the primary phosphorylating agent is not
triggered by different stimuf:8 For this purpose, we treated intactLyn but rather a Src-unrelated kinase that is also activated by
erythrocytes for 30 minutes with diamide (1-3 mmol/L), N-pervanadate treatment. Syk is therefore the first-choice candidate to
ethylmaleimide (2-4 mmol/L), or with a hypertonic buffer (900perform this task.

mOsm) and found that PP1 always inhibited partially the band 3 o o
Y-phosphorylation (not shown). Peptide maps of band 3 phosphorylated in vitro or in vivo:
identification of the protein residues phosphorylated by p36 syk

Activation of p72 ¥ and Lyn by pervanadate treatment or Lyn in isolated erythrocyte membranes

of intact erythrocytes We compared thé2P-peptide maps of band 3 obtained either from

Pervanadate treatment of intact red cells correlates with an activatio§fvanadate-treated erythrocytes incubated in the presence of

p72¥<1 This is also demonstrated by the immunoprecipitation experi A
ments shown in Figure 2A, carried out using extracts of membranes
isolated from control and treated cells prepared with Nonidet P-40 as
described in “Materials and methods.” After centrifugation, the ex-
tracted proteins were immunoprecipitated with antisg7antibodies,

and p7*activity was tested in vitro toward the cytoplasmic domain of
band 3. p72kactivity present in the anti-p?2immunoprecipitates (IP)
from stimulated cells was more than 3-fold higher relative to the basal
activity found in untreated cells (compare histograms 1 and 2 in Figure
2A). As expected, PP1 treatment of erythrocytes did not affec@{p72 o
activity (Figure 2A, histograms 3-5).

Using assays similar to those described above, we also per-
formed anti-Lyn IP and Lyn activity was tested in vitro toward the Pervanadate s W G 9 %
synthetic peptide cdc2 (6-20), a substrate specific for Src kinases. PP1 (uM) - - 110 25
While Lyn activity in control erythrocytes was low, it was greatly
enhanced (by about 7-fold) in IP from pervanadate-treated cells B r 2 3 4 5
(compare histograms 1 and 2 in Figure 2B). As expected, PP1
treatment of erythrocytes almost completely prevented phosphory-
lation of the peptide by the immunoprecipitated Lyn (Figure 2B,
histograms 3-5). The high extent of Lyn activity found in pervana-
date-treated erythrocytes (Figure 2B, histogram 2) is consistent
with the presence of the doubly autophosphorylated (at Y396 and
Y507), hyperactive Lyn conformatiéh due to the blockage of
phosphotyrosine phosphatase activities. I

These results show that both gf2and Lyn are activated by o - s
pervanadate treatment, ie, under conditions that trigger band 3 Lyn —p |== == — —— —
Y-phosphorylation. This finding, in conjunction with the effect of the Src
specific inhibitor PP1, supports the view that §7% probably the :;';"a"adm -t
tyrosine kinase responsible for the band 3 Y-phosphorylation that is 0sD - - 1 10 25
resistant to PP1 inhibition in vivo. Moreover, comparison of dateigure 2. Activation of both p72 % and Lyn by pervanadate treatment of intact
presented in Figures 1C and 2B suggests that Lyn might be the Syérocytes. Human erythrocytes were incubated without (histogram 1) or with

. L . : . pervanadate (histograms 2-5) either in the absence (histograms 1 and 2) or presence
kinase inhibited by PP1and involved in band 3 Y—phosphorylatlon. of PP1 (histograms 3-5). Erythrocyte membranes were then rapidly isolated and

treated with extraction buffer as described in “Materials and methods.” The extracted
Recruitment of Lyn to Y-phosphorylated band proteins were immunoprecipitated with either anti-Syk (A) or anti-Lyn (B) antibodies,
and tyrosine kinase activities of the immune complexes were tested in vitro as
described in “Materials and methods.” Aliquots of packed membranes were also
. . . _subjected to SDS-PAGE, transferred to nitrocellulose membranes, and incubated
Accordlng to the Sequentlal model of band 3 phosphorylatlom,-,th either anti-Syk or anti-Lyn antibody (insets in both panels). Reported values

p72Y¥k generates the docking sites for the binding of Lyn to the@present means of 4 separate experiments, with SE indicated by vertical bars.

¢

Syk activity (cpm)

P72V P | e e e e

6000

4000 -

2000 -

Lyn activity (cpm)

3 in pervanadate-treated cells
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A 1 2 3 4 5 suggests the involvement of the SH2 domain of Lyn in the
interaction between the enzyme and its substrate. This concept is
also supported by the sequences containing the Syk-phosphory-
i e L lated residues identified in vitro, MEELQDRQEDM and
Anti-band 3 H u H H EENLEQEEY,,EDP, which exhibit a Src SH2-recognition maotif.
- ' Our hypothesis was validated by competition experiments per-
formed with band 3 phosphorylated both in vitro and in vivo.

B Assays performed using synthetic peptides and isolated
: g R ok erythrocyte membranes revealed that peptide band 3 (1-26),
Anti-P-Tyr H H _ phosphorylated at Y8 and Y21, but not its unphosphorylated

derivative, prevented Lyn-mediated secondary phosphorylation
of the transmembrane protein in a dose-dependent manner
(Figure 6A). The stringent specificity of this inhibition is

- + + + + 2 .
Pervanadate highlighted by the observation that the Src (523-533) phos-
phopeptide TEPQpYQPGENL, which is highly homologous to
PP1 (uM) - - 1 10 25 the Lyn tail that interacts with the enzyme SH2 domain,
Figure 3. Detection of Y-phosphorylated band 3 in anti-Lyn immunoprecipi- inducing the locked Lyn conformation, was a less efficient

e e e s o s s, COMIPEUON than the band 3 (1-26) phosphopepiide (Figure 64).
stained with either anti-band 3 antibody (A) or anti-P-Y antibody (B). The figure is These data are consistent with the view that the occupancy of
representative of 3 separate experiments. Lyn’s SH2 domain by the specific phosphopeptide hinders both
the binding of the enzyme to band 3 and the secondary
v[3?P]Pi or from ghost§2P-phosphorylated in vitro by addition of phosphorylation of the protein. Similar results were obtained
both p36¥and Lyn. Figure 4shows that thé2P-Y-peptide maps using recombinant Lyn SH2 domain to antagonize the secondary
obtained from trypsin-digested band 3 radiolabeled in vivo (Figugshosphorylation of band 3 in isolated erythrocyte membranes
4A) or in vitro (Figure 4B) are similar. This finding corroborategFigure 6B). By specifically interacting with the primarily
the view that the same sequential phosphorylation process outlined
in vitro also operates in vivo. The peptide maps display 4 major A
radioactive fragments (Figure 4), suggesting that at least 4 tyrosine
residues are phosphorylated in stimulated cells. Y8 has been
suggested to be the main tyrosine residue of band 3 phosphorylated
in isolated erythrocyte membranes incubated w[@P]ATP%26.27
Y21, Y359, and Y904 have also been reported to be phosphorylated
under the same in vitro conditiod%.
To identify the band 3 residues directly affected by Syk and
Lyn, isolated erythrocyte membranes were phosphorylated with
unlabeled ATP by p38<and then secondarily radiolabeled by Lyn
as described in “Materials and methods.” Five phosphopeptide- ~_»
containing fractions were isolated and subjected to sequencing by
mass spectrometric sequencing (MS/MS). Two main nonradioac-
tive peaks were found corresponding to 2 band 3 peptides matching g A
the amino acids 2 to 11, EELQDDJEDm-lac (where m-lac indicates S s 2% "
homoserine lactone formed by the cyanogen bromide modification
of methionine and J indicates phosphotyrosine), and amino acids
13 to 31, EENLEQEEJEDPDIPESQme-lac. This indicates that Y8
and Y21 are the main sites of phosphorylation by Syk. A very small
amount of an unlabeled peptide corresponding to 347-t0-360
YQSSPAKPDSSFJK was found. The high-performance liquid
chromatography peak was eluted just before a larger radioactive
peak, which contained the same peptide because both gave
identical MS/MS spectra (Figure 5). This small peak is probably & - = : : ;
due to the separation of isomers arising from the cis-trans _ : “ ' 1
isomerization of the proline in the peptide and appears to be ) _ . -
. . . .Figure 4. Electrophoretic pattern of ~ 32P-peptides obtained from tryptic diges
nonradioactive S|mp|y because of the low amount of mate“@(fn of band 3 phosphorylated either in vivo or in vitro by both p36 sk and Lyn.
causing the signal to drop below background. The other mag intact erythrocytes were depleted of endogenous ATP and incubated with [32P]-Pi

radioactive peak contained the peptide ATFDEEEGRDEJDES described in “Materials and methods.” Cell membranes were then rapidly isolated
nd submitted to SDS-PAGE. (B) Isolated erythrocyte membranes were phosphory-

VAMPV corresponding to amino acids 893 to 911. Thus, I‘yl ted with y[32P]ATP in basal medium containing 15-nmol/L p36%¥< and 35-nmol/L Lyn
phosphorylates Y904 and Y359 of band 3. and submitted to SDS-PAGE. In vivo and in vitro radiolabeled membrane proteins
were transferred to polyvinylidine difluoride filters and treated with alkali to remove

The interaction between Lyn and band 3 is mediated phosphoserine and phosphothreonine residues. 3?P-Y-band 3 was excised from the
. . filters and digested with trypsin; resulting 32P-peptides were separated in 2 dimen-

by the SH2 domain of the kinase sions on thin-layer cellulose as detailed in “Materials and methods.” A similar amount
. . . . of radioactivity was loaded on the cellulose plates. Shown are autoradiographs of the

The importance of primary Y-phosphorylation of band 3 in they,ose plates, with the origin indicated by an arrow. The figure is representative of 3

recruitment of Lyn to the transmembrane protein (Figure 3Bpparate experiments.

Chromatography

Chromatography
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843.0

21e5 e xe0 Discussion

¥7
" 1.8e5 It has previously been reported that pFnay associate with band
2 1.5e5 3 and has been suggested that this tyrosine kinase is potentially
B 125 involved in the pervanadate-induced Y-phosphorylation of band
g 311 The present experiments validate the hypothesis that activation
}é 5.0e4 of p72¥induces the phosphorylation of specific tyrosine residues
= E0ed of band 3 (Figures 1, 3, and 4). Moreover, we present the first direct
evidence that, in pervanadate-stimulated red cells, a Src-related
3.0e4 kinase is activated and involved in the phosphorylation of band 3,

as judged by its reduced Y-phosphorylation brought about in vivo

300 600 500 1200 1500 by PP1, an inhibitor specific for Src kinases (Figures 1C and 2B).
m/z, amu The following evidence suggests that Lyn is the most likely
candidate, among Src kinases, to phosphorylate the band 3: (1) Lyn
e e is the only Src kinase we could purify in substantial amount from
13 121110 9 8 7 6 5 4 3 2 1 yions

Fragment ion m/z:
Average residue masses used for fragments larger

erythrocytes? (2) Lyn activity is highly increased in parallel with
pervanadate-induced band 3 Y-phosphorylation (Figure 2B), (3)
32p-radiolabeled peptide maps of band 3 phosphorylated either in

than 1500 d . ;
Y yan " intact erythrocytes or in cell membranes by exogenousYpaad
................ Lyn are similar (Figure 4), and (4) other authors found that Lyn
1522.585 761.78 13

activity, at variance with that of Src and Fyn, is enhanced under

1393.60 697.31 12 Lo . .

1306.57  6s3.79 11 conditions that also induce an increase of band 3 Y-
1219.54 610.27 10 phosphorylatior‘i.

1122.49 561.75 °

1051.45 526.23 8

923.36 a62.18 7

826.30  413.66 6 A

711.28 3s6.14 s

624.24  312.63 4 100 TEPQYQPGENL
537.21 269.11 3

390.14 195.58 2 Band 3(1-26)
147.11 74.06 1

Figure 5. Mass spectrometric sequencing (MS/MS) of the phosphopeptide-

TEPQYpQPGENL
containing Y359. The radioactive fraction containing the 2* ion m/z 843 isolated by

immobilized metal affinity chromatography and reverse-phase chromatography was
subjected to sequence analysis by collisionally activated dissociation using a triple
quadrupole mass spectrometer. The resultant MS/MS spectrum is shown with the
sequence ions labeled as indicated.

50

Phospho-band 3(1-26)

phosphorylated tyrosines of band 3, recombinant GST-SH2 Pep:i(()izo(pM) 0
fusion protein prevented the secondary phosphorylation of the
transmembrane protein mediated by Lyn.

The specific involvement of the SH2 domain in the recruitment
of Lyn to band 3 is also validated by competition experiments
performed with band 3 phosphorylated in intact cells. Figure 7A
shows the coimmunoprecipitation of phospho-band 3 with Lyn in
anti-Lyn IP obtained from pervanadate-stimulated erythrocytes.
The presence of increasing concentrations of recombinant Lyn SH2
domain, added during the immunoprecipitation, progressively
hindered the interaction between the primarily phosphorylated
protein and Lyn (Figure 7A, lanes 2-5). The same conclusion is o
supported by the experiments shown in Figure 7B. Human red cells
treated as described in Figure 2B were immunoprecipitated WEGure 6. Specific inhibition of band 3 secondary phosphorylation by either
anti-GST antibody in the presence of GST-SH2 domain. Upand 3 (1-26) phosphopeptide or recombinant Lyn SH2 domain.  The ability of
Y-phosphorylation by pervanadate treatment of intact cells, bandy® to phospho_rylate band 3 following phosphoryl.ation by P36 with ur_\labeled ATP

. . . . .was measured in the presence of y[32P]ATP and increasing concentrations of either
cmmmunoprempltated with recombinant Lyn (GST)/SHZ domalme indicated synthetic phosphopeptides and their unphosphorylated homologues (A)
(compare lanes 6 and 7 in Figure 7B). The same interaction W@$ecombinant GST and GST-SH2 domain (B). Incubations were carried out for 5

detected in IP obtained from cells stimulated in the presence of fﬁ'@utes under conditions described in “Materials and methods.” The samples were
submitted to SDS-PAGE, and the radioactivity incorporated into band 3 was

Src inhibitor PP1 (Figure 7B, lanes 8'10)‘ thereby Confirming th&%aluated either by analysis on a Packard Instant Imager or by autoradiography and
hypothesis that band 3 phosphorylation catalyzed by a Skcintillation counting of the identified radiolabeled bands. Lyn activity is expressed as

. . . ‘e o e percentage of the control values obtained in the absence of effectors. Reported
uhnrelateq tyrosine kinase is a prerequisite for the bmdmg of Lyn {%Iues represent means of 4 separate experiments, with SE indicated by verti-
the protein.

cal bars.

100 4 GST

Lyn-phosphorylation of band 3 (% of control)

50 1

GST-SH2 domain

T T

0.5
Recombinant protein (uM)
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A B phosphorylation of band 3 (Figure 6B); (3) recombinant Lyn
(GST)-SH2 domain prevents the coimmunoprecipitation of
phospho-band 3 with Lyn in anti-Lyn IP from stimulated

1 2 3 4 5| ¢ 7 8 9 10 erythrocytes by competing with endogenous Lyn for binding to
band 3 docking sites (Figure 7A); and (4) recombinant Lyn
Band3 — ||yue wm e ve- - o (GST)-SH2 domain coimmunoprecipitates with primary phos-

phorylated band 3 as judged by anti-GST IP obtained from intact
red cells stimulated either in the absence or presence of the Lyn

Cell treatment inhibitor PP1.
Pervanadate + 0+ 4+ 4+ 4+ -+ o+ o+ o+ Our data demonstrate that the secondary phosphorylation of
PP1 (uM) - - = « -| - -1 1025 band 3 both in isolated membranes and in intact cells depends on

the ability of Lyn's SH2 domain to recognize and interact with
the protein after it has been primed by the first phosphorylation.
Accordingly, only a slight phosphorylation of band 3 is detected
Anti-Lyn + 0+ 4+ o+ o+ - - - when Lyn alone is added to isolated erythrocyte membranes
(Figure 1A). Upon recruitment to Syk-phosphorylated band 3,

Immunoprecipitation

Anti-GST - - = = =+ o+ o+ o+ . .
Lyn catalyzes the secondary phosphorylation of the protein.
GST/SHZ domain(uM) | - 0.5 1 2 10/ 4 4 4 4 4 Y359 and Y904 have been identified as the band 3 residues
specifically phosphorylated by Lyn. While Y359 is located at the
Figure 7. Recombinant GST-SH2 domain counteracts the interaction between junction between the N-terminal cytosolic domain and the transmem-

Lyn and phosphorylated band 3. (A) Immunostaining of band 3 coimmunoprecipi-  prane domain of band 3, Y904 is situated at the C-terminal end of the
tated in anti-Lyn IP. Erythrocytes were treated with pervanadate, and the proteins . . : . :
extracted from the cell membranes were immunoprecipitated with anti-Lyn antibody prOteln' MOSt “kely’ the phospho_rylatlon Of_these residues by Lyn I_S not
as described in *Materials and methods.” The immunoprecipitations shown in lanes 2 directly dictated by local specificity determinants but by conformational
to 5 were performed in the presence of increasing concentrations of recombinant  features. The observation that the addition of either band 3 (1-26)
GST/SH2 domain. (B) Immunostaining qf bgnd 3 COImmunopreCIp}tated in anti-GST phosphopeptide or the recombinant SH2 domain of Lyn prevents the
IP. Human erythrocytes were treated as in Figure 2B, and the proteins extracted from . LT
the cell membranes were immunoprecipitated with anti-GST antibody in the presence band 3 segondary phosphorylatlon C_atal)_/zed by Ly_n |nd|ce_1tes that these
of 4-pmol/L recombinant GST-SH2 domain. Immune complexes were submitted to ~ conformational requirements rely primarily on the interaction between
SDSk—)PAch;i tratr:s;erred to nitrocTIIuIOSe membrac;nes,,I an immunolstainzd wi;h phospho-band 3 and the SH2 domain of Lyn. This hypothesis is
i- i . E i iti i in “M i - . T . .
anti-band 3 antibody. Experimental conditions are detalled in “Materials and meth-  jiqated by the finding that specific sequences are not stringently

ods.” The figure is representative of 5 separate experiments. N . - i
required for site recognition by Src kinases, apart from the frequent

The present results also demonstrate that band 3 is phosphtﬂr)‘?-sence ofghydrophobic residue at po.s,itiorﬁﬁﬂ?? i )
lated according to a sequential model of phosphorylation. Upon A sequential process of phosphorylation synergistically mediated by

stimulation, a primary tyrosine kinase, Src-unrelated and ppzYk and Src tyrosine kinases has already been demonstrated in vitro for
resistant, initiates the phosphorylation by acting on the prima e hematopoietic lineage-specific protein M8t Here we present the

phosphorylation sites of band 3. The experimental evidence poi t in vivo evidence of a protein sequentially phosphorylated and

toward p72as the most likely candidate to perform this task ar]aropose that Syk or related kinases may play a general role in generating

indicates Y8 and Y21 as specific targets of this enzyme. The gcking sites for Src SH2 domains in proteins, thereby converting them

residues are located at the N-terminal end of the flexible cytoso"go good substrates for Src tyr_osme Kinases. . .

domain of band 3, which contains the binding sites for cytoskel- We also sug_gest that the involvement of a S_rc Kinase in band 3
etal proteins and glycolytic enzymé&sThe primary phosphoryla Y-phosphorylation might be a general_ thgr_ne in human erythro-
tion most likely takes place by simple recognition of the seytes. In fact,_ we found ‘that PP inhibits a_Iso the k_)a_n(_j 3
quences containing Y8 and Y21, MEELODBEDM and Y-phosphory!atlon induced by cgll .treatment with the oxidizing
EENLEQEEY,EDP, which display the consensus sequence SIO%gents diamide and N-ethylmaleimide or cell exposure to hyper-

cific for p72¥k35-38|n fact, in contrast with Src kinases, pgT¢has tong: codndltlpns. tifunctional b . hich
been shown to be endowed with remarkable site specificity, and 3 is a multifunctional transmembrance protein, whic

exhibiting a stringent requirement for acidic residues locat r('jvels asl_e_mlon transporter, r;llnchor for cytoskelton, henglobln,
at the N-terminal side of the target residue. Moreover, thghd glyco itic enzymes, as well as a senescence antfgeime

requirement for acidic/acidic/hydrophobic residues at positiofj N-terminal domain of band 3 protrudes into the cytosol as a

+1, +2, and +3 with respect to the phosphorylatable tyrosin IeX|b!e finger and ggntalns the binding sites fqr cytoskeletal

enables p72kto generate binding sites for the SH2 domain of SrRrOteiNs and glycolitic enzymes, whereas the intramembrane

tyrosine kinase&:37 domain mediates anion transpé‘H_Because Syk and Lyn phosphor
The primary phosphorylation of band 3 catalyzed by $%2 ylate band 3 at both cytosoll_c "?‘”0_‘ me_mbrane _domalns, Y-

generates the SH2 binding motifs that are a prerequisite for tRQosphorylatlon/dephosphorylathn 1S |||_<er 'nVOIVe(_j in the regula-

following recruitment of Lyn. The interaction between the banfl°" of several erythrocyte funct.|ons (ie, glycolysis, cell shape,

3 docking sites generated by the primary phosphorylation afj{oSkeleton movements, and anion transport.

the Lyn SH2 domain is proven unambiguously by the following

evidence: (1) The specific occupancy of Lyn’'s SH2 domain by

the synthetic peptide band 3 (1-26) phosphorylated at Y8 awbknowledgments

Y21 counteracts the secondary phosphorylation of band 3

catalyzed in vitro by Lyn (Figure 6A); (2) recombinant LynWe are grateful to Dr Oriano Marin for generously providing

(GST)-SH2 domain, which sequesters the protein docking siteynthetic phosphopeptides. The technical assistance of Miss Carla

acts as a specific antagonist of the in vitro Lyn-mediateldlunariis gratefully acknowledged.
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