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ABSTRACT. Spectrin is the major component of the erythrocyte membrane skeleton and exists as a 526
kDa o3 heterodimer. The 246 kD@g-chain of human spectrin is phosphorylated near the C-terminus, but
the exact phosphorylation sites are unknown and the role of this phosphorylation is not fully characterized.
In this study, we produced a monoclonal antibody, Sp316, capable of recognizing the C-terminal region
of -spectrin regardless of its phosphorylation state and used it to purify the phosphorylated region after
2-nitro-5-thiocyanobenzoic acid cleavage of spectrin. Two-dimensional gels, mass spectrometry, and
reversed-phase high-performance liquid chromatography were used to characterize these phosphorylation
states. Only about 1.5% of spectrin isolated from fresh blood is unphosphorylated, about 9% has more
than four phosphates per molecule, and the majority of the protein has one to four phosphates per molecule.
A total of six phosphorylation sites were identified by tandem mass spectrometry. Quantitative analysis
of the phosphorylation states by reversed-phase high-performance liquid chromatography revealed that
phosphorylation ofg-spectrin occurs in a sequential manner where each specific site is completely
phosphorylated before the next site is modified. The first phosphorylation event occurs on Ser-2114,
followed by Ser-2125, Ser-2123, Ser-2128, Ser-2117, and Thr-2110. The identification of the specific
phosphorylategb-spectrin residues and the ordered sequence of phosphorylation events in vivo should
provide an invaluable basis for further studies of the role of these posttranslational modifications in spectrin
function in situ.

The intracellular surface of the erythrocyte membrane  Erythrocyte spectrin undergoes a number of naturally
contains a network of proteins that form the membrane occurring or pathologically induced posttranslational modi-
skeleton. This protein skeleton is largely responsible for the fications such as phosphorylation, carbamylation, ubiquiti-
unique properties of the erythrocyte membrane including its nation, glycosylation, and oxidatiod$—24). Phosphoryla-
biconcave shape, elasticity, and deformability-8). The tion is the most extensively studied covalent modification
major component of the membrane skeleton is spectrin, of spectrin due to its potential role in regulating spectrin
which is composed of two large subunits(280 kDa) and function. The phosphorylation state of spectrin is dependent
B (246 kDa), that associate laterally in an antiparallel manner on various kinases and phosphatases present on the plasma
to form heterodimersA(=6). Both subunits primarily consist  membrane and in the cytoplasm of the erythrocy& 25—
of multiple tandem homologous triple-helical motifs of about 30). 32P-labeling studies indicate that only tResubunit of
106 amino acid residues, with 20 motifs in thechain and  spectrin is phosphorylated in intact erythrocyte, (31—33),

17 in thep-chain @, 5, 7). The N-terminus ofa-spectrin but the functional role of this phosphorylation remains
(a0) consists largely of a single unpaired helix and the last ambiguous. Early in vitro studies were not able to show any
homologous motif ofg-spectrin f17) has a partial motif  effects of phosphorylation on tetramer formation, interaction
consisting of two helices. In erythrocytes, spectrin exists yith ankyrin, or cell shape3d—36). However, in situ studies
predominately as tetramers that are formed by head—to-headoy Manno et al. 87) using intact erythrocyte membranes
self-association of two heterodimers. The tetramerization gemonstrated that an increasgispectrin phosphorylation
region involves interactions of the unpaire@ helix with  caysed a decrease in erythrocyte membrane mechanical
the two helices 0f17 to form a complete triple-helical motif  stapility, which suggested the studies using isolated proteins
(8—10). Spectrin tetramers are crucial for maintaining the gig not adequately mimic interactions within intact mem-
stability and integrity of the cell, and mutations that affect pranes. In addition, certain leukemia patients with ellipto-
tetramer formation frequently result in hereditary hemolytic ¢\ t4sis and poikilocytosis displayed an elevated amount of
anemias 11-18). spectrin dimers coinciding with increasgespectrin phos-
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structural study 19). It is now known from the cDNA Isolation of Spectrin from Human Erythrocytes and
sequence 5) that S-spectrin contains a terminal short Purification of Recombinant Protein€rude spectrin was
nonhomologous segment with a calculated mass of 5.8 kDaobtained from low ionic strength extracts of human eryth-
located immediately after th&l7 partial motif that contains  rocyte ghosts as previously describe&®)( The 5-spectrin

the tetramer binding site. In the early spectrin phosphory- recombinant protein16—17 (Thr-1902 to Arg-2084) and
lation site study, an average of four phosphates, three16—17C (Thr-1902 to Tyr-2137) were produced as glu-
phosphoserines and one phosphothreonine, were localizedathione S-transferase (GST) fusion proteins using the pGEX-
within a 20 kDa cyanogen bromide (CNBrragment on 2T vector (Amersham Biosciences) and GST was removed
the extreme C-terminal end @fspectrin (9). In addition, from the proteins by use of bovine thrombin (Sigma) as
all phosphorylation sites ifi-spectrin could be removed by  previously described4@). The cleaved recombinant proteins
mild tryptic proteolysis with an apparent 8 kDa reduction in were purified by rechromatography on a glutathiene
molecular mass as determined by sodium dodecyl suffate Sepharose column, concentrated with a Centriprep YM10
polyacrylamide gel electrophoresis (SBBAGE) (39). On concentrator (Millipore), and further purified by gel filtration
the basis of the minimum size of the identified phosphory- on a HiLoad 16/60 Superdex 75 column (Amersham Bio-
lated region in these early studies compared with the known sciences).

sequence mass, these data suggestedStspectrin phos- NTCB Cleaage of Cysteine Residues and Sp316 mAb
phorylation sites may extend into th#l7 motif that i pyyification of NTCB PeptidesCrude spectrin extract or
involved in tetramer formation. In support of this possibility, p16—-17C (dialyzed in 1 mM sodium phosphate, 0.5 mM
the elliptocytosis-associated spectrin Rouen was able to becpta 0.5 mM B-mercaptoethanol, and 0.15 mM PMSF,
phosphorylated despite deletion of thechain C-terminal =14 7 5y were Iyophilized and redissolved in 200 mM Tris-
nonhomologous regionl§). In addition to the uncertainty | g\ guanidine hydrochloride, and 1 mM EDTA, pH

in location of phosphorylation sites, Pedroni et &0)( g g at 5 final concentration of 2 mg/mL. NTCB was then
reported thaj-spectrin may contain at least six phospho- ,4eq in 20-fold molar excess of the total cysteine content.

rylated residues based on the number of components theyrhe cyanylation reaction was allowed to proceedd at
observed using two-dimensional gels. Therefore, to further 37 °C, after which the pH of the reaction was raised to 9.0

dissect the functional role gi-spectrin phosphorylation, a i 1 M NaOH for cleavage to occurdd). In some
precise analysis of the extent Bfspectrin phosphorylation experiments, prior to the pH increase, the reaction mixture
in vivo, identification of the specific phosphorylated amino |, - ¢ chromatographed on an Econo-Pac 10DG column (Bio-
acids, and elucidation of the in vivo phosphorylation pattern Rad) equilibrated with 20 mM Tris-HCI6 M guanidine
(S?quﬁ.m'al or randq(rjn) a_;g geededl. f six phosphorviated hydrochloride, and 1 mM EDTA, pH 8.0, to prevent

n this report, we identified a total of six phosphorylated it ey ) carbamylation caused by NTCB reaction byprod-
residues that define the phosphorylation states of spectrinin ..« The reaction was stopped after 16 h of incubation at

intact human req cells. Furtr_\ermore, we present evidencezy o by addings-mercaptoethanol to a final concentration
that phosphorylatlon gf-spectrin occurs in a specific ordered of 3 mM. Gel analysis of the NTCB reaction products was
fashion. performed after dialysis in 20 mM NHICO; and 1 mM
MATERIALS AND METHODS B-mercaptoethanol, pH 8.0.

Materials 2-Nitro-5-thiocyanobenzoic acid (NTCB) was For antibody binding, the quenched NTCB reaction
purchased from SigmaAldrich (St. Louis, MO). Trypsin ~ mixture was diluted 6-fold with 20 mM Tris-HCI, 130 mM
(sequencing grade) was obtained from Promega (Madison,NaCl, and 0.1% Triton X-100, pH 7.0, and applied onto a
WI). All other reagents were high-performance liquid chro- column containing Sp316 mAb coupled to CNBr-activated
matography (HPLC) grade or the highest quality analytical Sepharose CL-4B beads at°€. After the column was
reagent grades. The monoclonal antibody (mAkf-spectrin washed with the same buffer, the bound NTCB peptides were
nonhomologous C-terminal region (Sp316) was obtained by eluted with 100 mM triethylamine and 0.1% IGEPAL CA-
immunizing mice with the recombina16—17C peptide 630 (Sigma), pH 11.5, and neutralized witky volume of 2
and was developed with the assistance of The Wistar InstituteM Tris-HCI, pH 6.0. Fractions containing NTCB peptides
Monoclonal Antibody Core Facility. The recombinghspec- were pooled, dialyzed against 20 mM BHHCOz; and 1 mM
trin expression plasmids were generated by polymerase chair3-mercaptoethanol, pH 8.0, and lyophilized. For dephos-
reaction with Vent polymerase (New England Biolabs). The phorylation reactions, lyophilized samples were dissolved in
B-spectrin cDNA template was kindly provided by Dr. 0.01% SDS, and an aliquot was treated with 2 units of shrimp
Bernard Forget (Yale University, New Haven, CT). alkaline phosphatase (Roche Diagnostics) aftG7or 30

min in the buffer supplied by the manufacturer.
1 Abbreviations: CNBr, cyanogen bromide; NTCB, 2-nitro-5-

. ISEI " Polyacrylamide Gel Electrophoresis and Western Blot
thiocyanobenzoic acid; RP-HPLC, reversed-phase high-performance . . o .
liquid chromatography; mAb, monoclonal antibody; PCR, polymerase Analysis 1-D SDS gels were performed using 6% Tris-
chain reaction; GST, glutathione S-transferase; SDS, sodium dodecylglycine Laemmli gels45) or 12% NuPAGE Bis-Tris gel
Z.U'fa.te? tPfGE' PolngryliaMngge %e' ellec”t?]phore?f's? ElEI)TA" dEthl\%'ng‘)eS' with MOPS running buffer (Invitrogen) as indicated. For

iaminetetraacetic acid; , phenylmethanesulfonyl fluoride; , .
3-(N-morpholino)propanesulfonic acid; Tris, tris(hydroxymethyl)ami- Western bIOt_S' proteins separated b}’ _1'D gels were b_IOtted
nomethane; Bis-Tris, bis(2-hydroxyethyl)aminotris(hydroxymethyl)- Onto Immobilon P membranes (Millipore) as described
methane; 2-DE, two-dimensional gel electrophoresis; IPG, immobilized previously @2)_ The primary antibody was Sp316 mAb, and

pH gradient; MALDI, matrix-assisted laser desorption/ionization; TOF, ; ; ; _ .
time-of-flight; MS, mass spectrometry; MS/MS, tandem mass spec- the secondary antibody was horseradish peroxidase-conju

trometry; LC, liquid chromatography; IMAC, immobilized metal ion g‘?ted anti-mouse 1gG (Pr_omega). The enhanced chemilu-
affinity chromatography; IEF, isoelectric focusing. minescence Western blotting detection reagents (Amersham
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Biosciences) were used to visualize antibedyntigen in-
teractions.

For 2-D polyacrylamide gel electrophoresis (2-DE), ly-
ophilized samples were dissolvad? M urea 2 M thiourea,
0.1 M dithiothreitol, 2% IGEPAL CA-630, and 2% IPG
buffer, pH 4-7. Proteins were isoelectrofocused by use of
pH 4—7 immobilized pH gradient (IPG) strips (18 cm) on

Biochemistry, Vol. 43, No. 14, 20041253

of ZipTip pipet tips (Millipore). The IMAC tips were washed
with 0.1% acetic acid/50% acetonitrile; charged with 200
mM GaCk; washed with Milli-Q water followed by 1%
acetic acid/10% acetonitrile; and equilibrated with 0.1%
acetic acid/10% acetonitrile. Tryptic digests were acidified
with 20% acetic acid (1:1 ratio) and loaded onto the IMAC
tips. The tips were then washed with 0.1% acetic acid/10%

the IPGphor isoelectric focusing system (Amersham Bio- acetonitrile followed by Milli-Q water. The bound peptides
sciences). The strips were rehydrated and focused by a 10 Hvere eluted with 200 mM sodium phosphate, pH 8.9,

rehydration (1 h without curren® h at 30 V)followed by
1 h each at 500, 1000, and 2000 V, followed by 8000 V for
a total of 45 k\¥h. Immediately prior to loading focused

desalted by use of C18 ZipTips (Millipore), and analyzed
by MALDI MS.

strips on the second-dimensional gels, the strips were reduced?ESULTS

and alkylated as described previous#g). Second-dimen-
sional gels were performed on Txiglycine SDS-13%
polyacrylamide gels 45) prepared in Bio-Rad vertical
Protean Il xi chambers (18 18 cm, 1.5 mm thickness) and
were stained with Coomassie Brilliant Blue R-250 or
Colloidal Blue (Invitrogen). Stained 2-D gels were analyzed
after densitometry scanning by use of Melanie 3 2-DE
analysis software (Genebio, Geneva, Switzerland).
Tryptic Digest and Reersed-Phase HPLC Separation of
Peptides Protein spots were subjected to in-gel tryptic
digestion as previously describetl]. Tryptic peptides were

Immunoaffinity Purification of thgs-Spectrin Phospho-
rylated Region with Sp316 mARo facilitate the study of
the S-spectrin phosphorylation sites, we produced a mAb
capable of recognizing the C-terminal regionfb§pectrin
regardless of its phosphorylation state. This mAb, Sp316,
recognized3-spectrin specifically from crude spectrin pre-
pared from low ionic strength extracts of human erythrocyte
ghosts (Figure 1A). The Sp316 mAb was also able to
recognize a recombinant fragmefil6—17C) containing the
16th and 17th repeats and the nonhomologous C-terminal
region (Figure 1B, lane 5). But the antibody did not recognize

separated by reversed-phase (RP) HPLC on a Zorbaxgje-17, which lacks the nonhomologous region (Figure 1B,

300SB-C18 column (2.1x 150 mm 5-micron, Agilent)

lane 6). Furthermore, the nonhomologous C-terminal region

using a Beckman Coulter System Gold 126 system (Beckmanof g-spectrin is highly susceptible to proteolysg &nd the

Instruments, Fullerton, CA) at a flow rate of 0.2 mL/min.
Solvent A was 0.05% trifluoroacetic acid (TFA) in Milli-Q
water, and solvent B was 0.045% TFA in 95% acetonitrile.

purified recombinant$16—17C displayed a number of
degradation products that did not interact with the Sp316
mADb (Figure 1B, lane 5). MALDI MS analysis of the purified

The peptides were eluted with a gradient program consistin9516_17c showed that the intact protein mass (NHbf

of 0% B for 5 min, 0-5% B over 5 min, 5-25% B over 65
min, 25-45% B over 50 min, 4575% B over 15 min, and

27 473.45 Da was within experimental error of the calculated
mass of 27 477.76 Da (Figure 1C). The largest degradation

75% B for 10 min. The absorbance was monitored at 215 product 0f316—17C that did not bind to Sp316 has a MH

nm.

of 26 028.18 (Figure 1C), indicating that the epitope for

Mass Spectrometric Analysdglasses were obtained by Sp316 is located within the last 12 amino acidgfpectrin.
matrix-assisted laser desorption/ionization time-of-flight-mass  T¢ jsolate the phosphorylated region, spectrin was cleaved
spectrometry (MALDI-TOF MS) on a Voyager DE-PRO  yjth NTCB and peptides containing the C-terminus were
mass spectrometer (Perspective Biosystems). Samples wergyrified with the Sp316 antibody column (Figure 1B, lanes
desalted by use of C18 Ziptips (Millipore) when necessary. 1 and 2). NTCB cleaves cysteine residues but the reaction
Peptides were applied to MS sample plates precoated withis ysually highly incomplete, presumably due to a competing
a saturated solution of nitrocellulose awdcyano-4-hy-  g_elimination reaction44). Hence, multiple protein bands
droxycinnamic acid (1:4 w/w) in 2-propanol/acetone (50:50 with apparent molecular masses ranging from about 17 to
vIv) (48). For f16-17C, the protein solution was diluted 120 kDa were observed due to cleavage at cysteine residues
1:1 with a saturated solution of sinapinic acid in 33% at different distances from the C-terminusfépectrin. The
acetonitrile and 0.1% TFA. apparent 17 kDa peptide represents the C-terminal 127

Tandem mass spectrometry (MS/MS) of tryptic peptides residues of3-spectrin resulting from cleavage at Cys-2012,
was performed on an LCQ ion trap mass spectrometerand the abundant apparent 21 kDa peptide is produced by
(Thermo Electron). Tryptic peptides were separated with a cleavage at Cys-1962 (Figure 2). The multiple bands between
C18 reversed-phase capillary column g% i.d. x 10 cm) the 17 and 21 kDa bands were due to artifactual migration
as described previousl¥§). The LCQ was set to repetitively  of 17 kDa peptides with differing phosphorylation levels
monitor m/z of 400-1800, executing data-dependent scans (Figure 1B, lane 2). On lower percentage acrylamide gels,
on the most abundant ions, followed by high-resolution zoom the 21 kDa band can also be resolved into phosphorylation-
scans and MS/MS. In some experiments, to increase sensitivrelated multiple bands (data not shown). Dephosphoryla-
ity for detection of low-abundance phosphopeptides, the tion of these peptides with alkaline phosphatase collapsed

instrument was set to monitor specifig¢z corresponding to
the phosphorylated peptides, followed directly by MS/MS
fragmentations.

Immobilized Metal lon Affinity Chromatography Purifica-
tion of Phosphorylated Peptidedn some experiments,

the multiple bands between 17 and 21 kDa to a single band
with similar mobility to the NTCB fragment from unphos-
phorylated Sp316-purifieg16—17C (Figure 1B, lanes 3
and 4).

Analysis of Sp316-Purified Spectrin NTCB Peptides by

phosphopeptides from tryptic digests were isolated by use High-Resolution 2-DE2-DE is useful for separating different
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Ficure 1: Characterization of the Sp316 mAb and affinity purificationespectrin phosphorylated region. (A) Spectrin extract separated
on 6% Tris-glycine SDS-polyacrylamide gel stained with Coomassie Blue (left) and western blot of a replicate gel (right) probed with
the Sp316 mAba andp indicateo- andf-spectrin; a indicates actin. (B) NTCB cleavage of spectrin extract (lane 1), Sp316 mAb-purified
spectrin NTCB peptides without (lane 2) and with (lane 3) alkaline phosphatase treatment, Sp31644L6ifiedC NTCB peptides (lane

4), uncleaved316—17C (lane 5), and uncleave#ll6—17 (lane 6) electrophoresed on 12% NuPAGE Bis-Tris gel with MOPS running
buffer, stained with Colloidal Blue (left) and western blot of a replicate gel (right) probed with the Sp316 mAb. (C) MALDI MS spectrum
of 816—17C. Average masses (Mhlof the three major peaks and the C-terminal sequengd®f17C with calculated masses are shown.

phosphorylation states of proteindd). We 6) and Pedroni peptides, whereas four major spots were observed for the
et al. @0) previously reported the separationé®-labeled 17 kDa peptide (Figure 3A,B). Some of the spots have a
spectrin NTCB peptides by 2-D gels. However, the peptides corresponding faster migrating species. The positions of the
were poorly resolved by older 2-D gel methods, and no unphosphorylated fragments (PO) were determined by use
attempt was made to characterize them. In this study, weof Sp316-purified NTCB peptides of the unphosphorylated
initially used a similar NTCB cleavage condition to that used recombinant316—17C cleaved under identical conditions
in previous studies; 40), but we found a significant amount  (Figure 3C). Two-dimensional gel analysis of the unphos-
of the NTCB fragments (up to 45%) were carbamylated on phorylated316—17C NTCB peptides mixed with spectrin
lysine residues (data not shown). These unexpected artifactuaNTCB peptides unequivocally identified the PO position for
modifications resulted in isoelectric point shifts similar to the 17 and 21 kDa series (Figure 3D). Since addition of
those caused by phosphorylation, but we were able to phosphates will cause acidic shifts of the peptides, the eight
minimize the carbamylation artifact by subjecting the cya- spots more acidic than PO suggest the presence of up to eight
nylated reaction mixture to gel filtration before the overnight phosphorylation sites if-spectrin. Most of the peptides have
cleavage at 37C. one to four phosphates, and a minor amount have zero or
With the improved NTCB cleavage method, Sp316- more than four phosphates (Figure 3B). For the 21 kDa
purified spectrin NTCB peptides displayed increased yield series, the most abundant phosphorylation state is P2
of larger fragments due to reduced efficiency of the NTCB (33.0%), followed by P3 (26.6%), P1 (15.5%), P4 (14.1%),
cleavage. When analyzed on high-resolution 2-D gels, nine P5 (4.5%), P6 (2.8%), PO (1.5%), P7 (1.4%), and finally P8
spots (charge states) were observed for the 21 and 32 kDg0.6%). A similar distribution of phosphorylation states was
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..... ¢cLELGESLLQRQHQASEEIREKLQQVMSRRKE of the peptide was apparent. It is likely that similar
1962 m ! b rt T Tt nonphosphate charge heterogeneity will occur for the spectrin
MNEKWEARWERLRMLLEV¢QFSRDASVAEAWLIA peptides and will be superimposed on the phosphorylation-
7 T8 tot T 500, - i )
QEPYLASGDFGHTVDSVEKLIKRHEAFEKSTASWA related shifts. In addition, about 10% of the unphosphorylated
12 ot st T16 peptide appeared to migrate faster. This is most likely caused
ERFAALEKPTTLELKERQIAERPAEETGPQEEEGE by proteolysis of the parent peptide. Faster migrating species
T17 t I8 Pt 10 f : . . .
TAGEAPVSHHAATERTSPVSLWSRLSSSWESLQPE were also observed in spectrin peptides at P2 in 32 kDa, P1
21 1 ™ t 23 in 21 kDa, and in P2 and P3 of the 17 kDa peptides.
PSHPY RP-HPLC Tryptic Peptide Maps of tffeSpectrin 21 kDa
w7 NTCB PeptidesAlthough all peptides on the 2-D gel (Figure

FIGURE 2: Amino acid sequence of the 21 kiBaspectrin NTCB ~ 3A) contained the3-spectrin C-terminal region, the most

pef’.tt'.de- T?«fhtwo ‘;y.Ste'”e .gas'duesd(t'ﬁwter Casel)tand. ““mef'cfa' useful peptides for peptide mapping were the 21 kDa series,

positons o € cysteine resiaues an e terminal tyrosine resiaue _. . . .

in the complete sequence @Espectrin B) are shown. Arrows since thelr yields were higher than the 17 kDa fragments

indicate trypsin cleavage sites, and major tryptic peptides are and the different charge states were adequately separated.

labeled. For T12, cleavage was also observed after Tyr-2031, All spots in the 21 kDa series were excised, digested in-gel

[eSLu”mfoZns)Tszr{l (ASﬁ-201|7 to Ter-2t031) arlld Tiﬁﬁfﬂ%ﬂ:ﬁ%% with trypsin, and analyzed by RP-HPLC (Figure 4). Due to

O Lys- . € nonnomologous C-terminal regio ectrin . i : :

begins at approximately Pro-2085 (beginning of T21). the low y|elds of PO, P7 and P8, high-quality rellablle
comparative maps could not be generated for these peptides.

observed for the 17 kDa peptides, except that the unphos-A reference PO map was obtained from the major spot of
phorylated peptide and peptides with more than four the recombinan16-17C 21 kDa NTCB peptide (Figure
phosphate groups were not clearly visible, presumably due3C). The identity of each peak was determined by MALDI
to the lower amount of peptides in this series. Also, the SDS MS (Table 1), and peaks showing differences in retention
gel migration artifact caused by phosphorylation is much time or abundance were confirmed by tandem MS or Edman
more pronounced on the 17 kDa peptides than on largersequencing. The numbering and sequence of each tryptic
peptides (Figures 1B and 3A). peptide are shown in Figure 2. Except for T11, all other
Analysis of the unphosphorylatetl6—-17C NTCB pep-  tryptic peptides containing serine or threonine were recovered
tides containing the C-terminal region revealed a minor (Table 1). Comparison of the RP-HPLC maps to the PO map
amount of charge heterogeneity (Figure 3C). About 16% of shows that, in P1, there is a clear loss of the T22 peptide
the total peptide displayed a one-charge acidic shift, and 5%and appearance of a new peak containing the singly-
had a two-charge shift. The nature of these shifts is not phosphorylated T22 (T22P). In P2, loss of T23 and appear-
known but is not caused by the carbamylation artifact ance of the singly-phosphorylated T23 (T23P) were observed.
observed when reaction mixtures were not desalted prior toln P3 and P4, the T23P peak disappeared but no major new
incubation at pH 9.0 (data not shown). While no distinct peaks emerged. For P5 and P6, a major loss of T22P and

spot was observed in the basic region, a minor smea#4) reduction of T21 (compare T21 and T16) were observed. In
i pH 1 s
A r— . B 14 28 N {14.1 30 405
kba - - 26.6 t\‘ g 15
A !
155 63.6
ey, C s
w p7 P6 T /P:‘/m P2 ®
P8 P1 A
A / PO 10.4
20- 5 ""'/‘/
L]
15= ) #
BE L ™
PO
™ /

Ficure 3: Analysis of the phosphorylated C-terminal region of spectrin by 2-DE. (A) Sp316 mAb-purified NTCB peptides of spectrin

extract. Crude spectrin was cleaved with NTCB and the C-terminal region was purified on an Sp316 antibody column. The different charge
states of the 21 kDa peptides are indicated (isolated from 3.2 mg of crude spectrin). PO refers to the unphosphorylated state. (B) Expanded
view of the same gel showing the 17 and 21 kDa peptides. (C, D) Expanded view of gels showing the 17 and 21 kDa Sp316-purified NTCB

peptides ofs16—17C (94ug, panel C), and spectrjpil6—17C mixture (isolated from 1.6 mg of crude spectrin andug7of 316—17C,
panel D). The numbers in B and C refer to the percentage of each 21 kDa spots. All samples were focusee dnRiB trips, followed
by separation on Trisglycine SDS-13% polyacrylamide gels. Proteins were visualized by staining with Colloidal Blue.
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Ficure 4: Comparative RP-HPLC tryptic peptide maps of the 21 kDa NTCB peptides. Th@®&pots of the 21 kDa spectrin NTCB
peptides were excised, in-gel digested with trypsin, and analyzed by RP-HPLC. The PO map was obtained from the major 21 kDa spot of
recombinan316—17C cleaved with NTCB. The faster migrating species of P1 was not included in the P1 tryptic digest. The identities of
all major peaks are shown. pyT2 and py#2ZL indicate peptides where the N-terminal GIn residue was converted to pyroglutamic acid
during the trypsin digestion.

@

addition, the T12 peak also decreased in P5 and P6, butphosphorylation events are due to addition of a second and
similar reduction in T12 was also observed in RP-HPLC third phosphate on T23P, respectively. A minor heterogeneity
tryptic maps of unphosphorylatgdl6—17C displaying the  of phosphorylation states was observed but was consistent
acidic charge shifts (Figure 3C; data not shown). This with the extent of acidic shift caused by the nonphospho-
suggests that T12 had undergone a nonphosphate modificarylation charge heterogeneity observed in the NTCB peptide
tion resulting in decreased yield of the T12 peak. The nature from the recombinanf16—17C (Figure 3C).
of this modification is unknown. All other spectrin tryptic Since phosphorylation of T23 is the second phosphory-
peptide-containing peaks did not show significant changes lation event, the contribution of the non-phosphate charge
and, aside from T22P and T23P peaks, no other peaksshifts can be estimated from the amount of T23P in P1 and
containing phosphorylated peptides were recovered. P3/P4. On the basis of RP-HPLC integrated peak areas, the
These results indicate that phosphorylation occurs in a percentages of T23P in P1 (basic shift), P2 (no shift), P3
sequential fashion. The first phosphorylation event occurs (single acid shift), and P4 (double acid shifts) are 5.2%,
on T22 and the second on T23. While no further peaks 74.5%, 16.6%, and 3.7%, respectively. This is in good
containing phosphorylated peptides were recovered, the cleaiagreement with the amount of charge heterogeneity deter-
loss of T23P in P3 and P4 suggests the third and fourth mined from 2-D gel analysis gf16—17C (Figure 3C). The
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Table 1: MALDI MS Analysis of the RP-HPLC Fractions of p0 MW peak with the mass of triply phosphorylated T23
Tryptic Digest (T23PPP) was detected. Each successive phosphorylation of
tryptic calcd massobsd mass tryptic  calcd massobsd mass T23 reduced the ionization ef_ﬂqency of these peptld_es, as

peptide  (MH*) (MH™) peptide  (MH*) (MH*) would be expected for addition of strongly negatively
T1 1285.68 128637 T16 907 43 90716 charged groups. In P5 and P6, the mass spectra were similar
T2 1097.53 1097.95 TH718 146085 1460.69 to that of P4 and no new peaks corresponding to other
pyT2 1080.58 1080.78 T20 616.34 616.44 phosphorylated peptides were detected (data not shown). To
T4 861.46  877.85 T21 2916.29  2914.69 confirm that these peptides were phosphorylated, we used
% igé-gi 28(1)'2471 TZ_?S;ﬂ giég-gg 333%27&5 IMAC ZipTips to selectively enrich phosphorylated peptides
T121 166279  1684.48 T% 103255 103235 from tryptic digests %0). When the tryptic digests were
T12.2 156174 1561.39 T22P 111255 111252 Subjected to IMAC analysis, all the phosphorylated peptides
T12 3205.53 3204.82 T23 1843.85 1843.66 identified by MALDI MS of the unfractionated tryptic digests
T15 760.36  760.46 T23P 192385  1924.13  were isolated by the IMAC tip. The isolation of the four
Ti4+15 091648  916.4/ phosphorylated peptides of the P4 tryptic digest by IMAC

@The masses shown are monoisotopic masses, obtained in theis shown in Figure 5. Not surprisingly, peptides with stretches
reflector mode with delayed extraction. The phosphorylated peptides of acidic residues, such as T21, were isolated as well. IMAC

T22P and T23P were obtained from P1 and P2 tryptic digests, ; PR ; ; e
respectively® After NTCB cleavage, the peptide mass increased by analysis of P5 and P6 tryptic digests did not yield additional

25 Da due to formation of 2-iminothiazolidine from cystein)( phosphorylated peptides (data not shown). Therefore, MAL-
¢ Conversion of GIn to pyroglutamic acid (py) reduced the mass by 17 DI MS analysis was successful in identifying four phospho-
Da. ?The Met oxidized {16 Da) mass was observetThe sodium rylated peptides and confirmed that the phosphorylation
adduct (-22 Da) of this peptide was observed. events on P3 and P4 were caused by double and triple
phosphorylation of T23, respectively (Table 2).

maps of P5 and P6 suggest the next two phosphorylation |dentification of Phosphorylated Residues by LC-MS/MS
events occur on T22P and T21. Taking into account the non-|n the experiments described above, all the phosphorylation
phosphate charge shifts and the large difference in theevents were localized to the T22 and T23 tryptic peptides.
amounts of P3/P4 and P5 (Figure 3B), a substantial amountBoth peptides have multiple serine or threonine residues that
of P3/P4 is expected to comigrate in the P5 spot due to thecould potentially be phosphorylated (Figure 2). To identify
acidic shifts. Similarly, the P6 spot would contain some the exact phosphorylation sites and other phosphorylation
amount of P4 and P5. Since the peak area of T21 and T22Pevents not found by MALDI MS, the tryptic digests of
in P5 is 63% and 42% of that in P4, respectively, the g-spectrin 21 kDa NTCB peptides were analyzed by LC-
predominant phosphorylation event in P5 is the double MS/MS. MS/MS spectra were compared to the theoretical
phosphorylation of T22P. spectra of tryptic peptides by use of SEQUEST, allowing
MALDI MS Analysis of the8-Spectrin 21 kDa NTCB  for possible covalent addition of a phosphate molecule (80
Peptides While RP-HPLC mapping of tryptic peptides is Da increase) to Ser and Thr, and all identified sites were
able to provide quantitative assessments of the relative yieldsmanually verified. Representative MS/MS spectra showing
of each peptide, its usefulness is limited in this study by the the specific residue modified by each phosphorylation event
inability to recover tryptic peptides with multiple phosphates are shown in Figure 6. For example, in P1, MS/MS
from the reversed-phase column, presumably due to irreversfragmentation of a doubly charged ion a¥z 556.87
ible binding of these peptides to metal surfaces of the HPLC generated a mixture of b- and y-series fragment ions that
components and/or heterogeneous interaction with the col-corresponded to T22P (Figure 6). A dominant fragment ion
umn. To verify the specific peptides modified at higher (m/z 508.0) that is 49 Da less than the parent ion was
phosphorylation states, we analyzed the tryptic digest observed, corresponding to the neutral loss 7@, which
mixtures of 21 kDa spots by MALDI MS without separation. is a hallmark of phosphopeptides subjected to fragmentation
For maximum sensitivity, masses were obtained in linear inion trap mass spectrometefsl(52). In addition, fragment
mode. In agreement with the RP-HPLC mapping, T22 and ions containing the phosphorylated residues have the ten-
T23 phosphorylations were found to occur in P1 and P2, dency to partially lose BPO, throughg-elimination, con-
respectively (Figure 5). In P3, a new peak corresponding to verting phosphoserine to dehydroalanine and phosphothre-
the mass of doubly phosphorylated T23 (T23PP) was onine to dehydroaminobutyric acid, 52). The appearance
observed as predicted by interpretation of the RP-HPLC of b2 and b4 ions, having an 80 Da increase to their
chromatograms. This peak was greatly reduced in P4, and acalculated mass, indicates either Thr-2113 or Ser-2114 was

Table 2: Summary of the Phosphorylation Events and Identification of the Phosphorylated Residues in the C-Terminal Re§ecoin

phosphorylation tryptic calcd mass (MH) obsd mass (MH)

event peptide no phosphate phosphorylated MALDI-MS LC-MS/MS phosphorylated redidues
P1 T22P 1032.55 1112.55 1112.25 1112.74 TS*PVSLWSR
P2 T23P 1843.85 1923.85 1923.86 1923.90 LSSS*WESLQPEPSHPY
P3 T23PP 1843.85 2003.85 2003.92 2004.26 LS*SS*WESLQPEPSHPY
P4 T23PPP 1843.85 2083.85 2083.63 2083.80 LS*SS*WES*LQPEPSHPY
P5 T22PP 1032.55 1192.55 1192.56 TS*PVS*LWSR
P6 T21P 2916.29 2996.29 2996.29 PAEETGPQ...SHHAAT*ER

a Asterisks indicate phosphorylated residues.
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Ficure 5: MALDI MS analysis of the in-gel tryptic digests of P®4 21 kDa spots. Tryptic digests of spectrin-P4 and316—17C PO
were analyzed in linear mode with delayed extraction. The peaks corresponding to tryptic peptides of the 21 kDa C-terminal fragment
are indicated. MALDI MS analysis of phosphorylated peptides eluted from an IMAC tip is shown for a tryptic digest of P4 (bottom
spectrum).

phosphorylated. The y5y7 ions indicate that Ser-2117 and and P6 tryptic digests revealed a doubly changéd596.78
-2120 were not phosphorylated, and thé fidgment, where  and a triply chargedwz 999.43, corresponding to the
Ser-2114 has been converted to dehydroalanine, allowedcalculated MH of doubly phosphorylated T22 (T22PP) and
assignment of phosphorylation at Ser-2114. Interestingly, singly phosphorylated T21 (T21P), respectively (Table 2).
another intense ion at/z 486.0 that does not correspond to  Examination of the b and y fragment ions allowed assignment
any b or y ions was observed. This ion is 22 Da less than of phosphorylation at Ser-2117 and Thr-2110, respectively
m/z 508.0 and was also produced whemiz 508.0 was (Figure 6). Tryptic digests of P7 and P8 were also analyzed
subjected to subfragmentation (®$8lata not shown). Sub- by LC-MS/MS but no additional phosphorylation events were
fragmentation ofim/z 486.0 revealed that Thr-2113 of this found. Therefore, LC-MS/MS successfully identified all the
ion had lost its side chain [(€)C(OH)] (data not shown).  phosphorylated residues in charge statesPd (Table 2).

Similarly, MS/MS fragmentations of the doubly charged Figure 7 shows all the identified phosphorylation sites and
T23P Wz 962.45) in P2, T23PPn{z 1002.63) in P3, and  the order of the phosphorylation eventsArspectrin. The
T23PPP11vz1042.40) in P4 indicated that the second, third, locations of the phosphorylated residues in T22P and T23P
and fourth phosphorylation events occurred on Ser-2125, Ser-were also confirmed by Edman sequencing of the appropriate
2123, and Ser-2128, respectively (Figure 6). Analysis of P5 RP-HPLC fractions (data not shown).
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Ps Pl PS P3P2 P4 spectrin was prepared in the presence of phosphatase
ATERTSPVSLWSRLSSSWESLQPEPSHPY inhibitors (sodium fluoride and sodium orthovanadate; data
not shown). Therefore, aside from minor non-phosphate-
related charge shifts (see below), the phosphorylation pattern
B16 observed on 2-D gels closely reflects the phosphorylation
status of spectrin in vivo.
Ficure 7: Model showing the six phosphorylation sites of  Although the side reactions caused by NTCB had been
B-spectrin. The last two homologous motifs and the nonhomologous greatly reduced, we could still detect a minor amount of

C-terminal region of3-spectrin are shown. The 16th motif contains . .
the complete three helices, whereas the 17th motif has only two charge heterogeneity on the 2-D gel analysis of NTCB-

helices. Immediately after the partial 17th motif is the phosphory- cleaved316—17C (Figure 3C) as well §816—17C controls
lated nonhomologous C-terminal region. The six phosphorylation that were not exposed to NTCB. Typically, two acidic shifts

sites (indicated by arrowheads) and the sequential phosphorylationyere observed wher100ug of NTCB-cleaved316—17C
events (P+ P6) are as shown. was analyzed. The nature of these charge shifts is unknown,
but deamidation of asparagine and glutamine residues are
DISCUSSION likely possibilities 4, 55). In addition, some degree of
Spectrin is a major component of the membrane skeleton horizontal streaking was often observed on 2-DE. While the
that is phosphorylated, but the role of phosphorylation is amount of streaking is minimal, it does contribute to the
poorly understood due to the lack of detailed understanding heterogeneity of neighboring spots. Due to non-phosphate-
of the phosphorylation events occurring in vivo. In this study, related charge shifts, it is very likely that not all the nine
we exploited the fact that phosphorylation of a protein charge states observed are caused by phosphorylation. In
changes its isoelectric point to distinguish the unphospho- support of this, only six phosphorylation sites have been
rylated and multiple phosphorylated spectrin NTCB peptides identified by LC-MS/MS and no new phosphorylated pep-
on 2-D gels. Separation of phosphorylated spectrin NTCB tides were observed in P7 and P8. This suggests that P7 and
peptides by 2-DE has been attempted previoug4Q), and P8 are caused by non-phosphorylation charge shifts of P5
up to six charge states have been reporéd). (However, and P6. More importantly, on the basis of quantitation of
no structural analysis was performed on these charge-shifted2-D gel spots, the six phosphorylation events identified in
spots, and these older 2-DE methods did not provide this study account for at least 96% of the spectrin molecules
sufficient separation of the phosphorylated peptides. Fur-in freshly isolated human red cells. Therefore, even if P7
thermore, visualization of the charge states by autoradio-and P8 do exist, their very low level argues against a
graphic detection of?P-labeled phosphopeptide40f did meaningful physiological role.
not permit accurate quantitation of the various charge states RP-HPLC and MALDI MS tryptic peptide mapping of
because the method only measures phosphorylation turnovethe 2-D gel spots clearly showed that the phosphorylation
and not basal levels. of -spectrin progressed through a distinctive ordered mech-
We used peptide isolation and characterization methodsanism. The first four phosphorylations (PR4) occurred on
to elucidate the majg#-spectrin phosphorylation sites. Using T22, T23, T23P, and T23PP, respectively. Each site appeared
our improved procedures, we observed a total of nine chargeto be completely phosphorylated before the next phospho-
states (P&-P8) for the 21 and 32 kDg#-spectrin NTCB rylation occurred. Of course, due to the non-phosphate-related
fragments. The most basic component (P0) of the 21 kDa charge shifts, some minor mixing of the phosphorylation
fragments was unambiguously determined as the unphos-states was observed. The phosphorylation states of P5 and
phorylated peptide by use of NTCB-cleaved recombinant P6 were more complicated as the low amount of these two
B16—17C from Escherichia colias a reference. The eight components was greatly influenced by charge shifts from
components more acidic than PO suggest the presence of uphe abundant lower-phosphorylation states. Therefore, the
to eight phosphorylation sites. Mogt-spectrin proteins  acidic shift of P3 and P4 to P5 resulted in a substantial
isolated from fresh blood exist in the lower phosphorylation amount of T22P in P5. For this reason, phosphorylation of
states (P%£P4); only 1.5% are unphosphorylated, and 9.3% T22P predominates in P5. Similarly, charge shifts from P4
have more than four phosphorylations. The low amount of and P5 affected the P6 phosphorylation state. However, the
the higher phosphorylation states observed is not due to thedecrease in T21 peak and the ability to detect phosphorylated
inability of Sp316 to recognize these phosphorylated pep- T21 by LC-MS/MS allowed us to assign phosphorylation
tides, since the higher phosphorylation sites are quite far fromof T21 as the P6 phosphorylation state. The sequential
the antibody’s epitope, at least in the linear sequence. Inphosphorylation of spectrin suggests that each phosphory-
addition, *?P-phosphate-labeled spectrin NTCB peptides lation event may induce a conformational change that
displayed lesser amounts of the higher phosphorylation stateexposes the next available site. Alternatively, the phospho-
when analyzed on 2-D gels (data not show). It is also rylated residue may serve as part of the kinase(s) recognition
unlikely that the highly phosphorylated proteins were tightly site for the next phosphorylation event.
bound to the membrane and not extractable by the method The phosphorylated region @Fspectrin has previously
employed because it was reported that spectrin isolated bybeen localized to the last three tryptic peptides of the protein
direct lysis of%?P-labeled erythrocytes in 5% SDS at 100 with a combined mass of 10.5 kDa by use of older protein
°C contained identical specific activity as purified spectrin chemical methods prior to the availability of mass spectrom-
dimer (63). The identical specific activities observed also etry (19). Since the calculated mass of the nonhomologous
indicate that no significant dephosphorylation occurred C-terminal region of3-spectrin is only 5.8 kDa, the phos-
during the purification of spectrin dimeb638). Supporting phorylated region might extend into the tetramerization
this, we observed similar phosphorylation patterns when domain off3-spectrin. In this report, six phosphorylation sites

NH

B17
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have been identified by tandem MS. Five of the phospho-
rylations occur on serine residues and one on threonine.
Surprisingly, only a minor amount of phosphothreonine was
detected, compared to the approximately 25% phosphothreo-
nine originally reported by Harris and Lux9). All the
identified phosphorylated residues are located on tryptic
peptides T21, T22, and T23, which are all on the nonho-
mologous C-terminal region g#-spectrin (Figure 7). The
adjacent tryptic peptides containing phosphorylatable residues
on 317 motif (T16 and T1#18) did not show any significant
variation on the RP-HPLC maps (Figure 4). Therefore, there
is no evidence that phosphorylation extends into the tet-
ramerization region off-spectrin. In addition, in an earlier
study @) we analyzed mild tryptic digests of spectrin by
2-DE and identified a 17 kDA-spectrin peptide (spot 2001)
involved in head-to-head association, which contained
the entire17 motif and did not display any charge shift
indicative of phosphorylation. Therefore, we conclude that
no detectable phosphorylation occurs outside the C-terminal
nonhomologous region gi-spectrin (T21+T23).

In summary, this study has identified the precise sites of
all significant phosphorylation events gftspectrin and
determined that these phosphorylation events apparently
occur in a tightly regulated sequential order. With knowledge
of the phosphorylation pattern gfspectrin, it will now be
possible to correlate spectrin phosphorylation events with
changes to membrane/spectrin properties in future in vivo
as well as recombinant protein studies.
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