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Abstract

Latent membrane protein 1 (LMP1), an oncogenic protein encoded by Epstein–Barr virus (EBV), has been verified to be phosphor-
ylated in vitro by protein casein kinase 2 (CK2). In this study, we characterized the phosphorylation of the carboxyl terminus of LMP1
fused with glutathione-S-transferase (GST-LMP1c) and the FLAG-epitope-tagged LMP1 (F-LMP1) proteins expressed in HEK293T
cells. Using a combination of chemical modification and tandem mass spectrometry, we detected the phosphorylation of a tryptic pep-
tide, 191–223 amino acids, in both GST-LMP1c catalysed by CK2 and F-LMP1-expressing cell lines. Serine residues at positions 211 and
215 were determined to be the substrates of CK2 in vitro. Most importantly, the S215 phosphorylation was also detected in F-LMP1-
expressing human cell lines. The phosphorylation of S215, which is located in the carboxyl-terminus activation region 1 of LMP1, pro-
vides a new insight for investigating the role and modulation of the phosphorylation of LMP1.
� 2006 Elsevier Inc. All rights reserved.
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Latent membrane protein 1 (LMP1) is an Epstein–Barr
virus (EBV)-encoded oncogenic protein that is expressed in
viral latent infection status. It plays a critical role in the
malignancy of nasopharyngeal carcinoma and EBV-associ-
ated lymphoma [1–3]. In EBV-infected or LMP1-gene
transfected cells, LMP1 is expressed as an integral
membrane protein comprising three structural regions,
including the cytoplasmic amino terminus, transmembrane
region, and cytoplasmic carboxyl terminus. Similar to most
of the cellular receptors, the activation of LMP1 is regulat-
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ed by molecular aggregation and post-translational modifi-
cation [4–6]. The oligomerization and activation of LMP1
results from hydrophobic interactions between transmem-
brane regions and is independent of a ligand. Phosphoryla-
tion—one of the most important post-translational
modifications—of LMP1 has been studied in various
LMP1-expressing cells [7]. Using mutants of LMP1 as
study materials and analytical techniques such as radio-iso-
topic labelling and two-dimensional gel electrophoresis, the
existence of several phosphorylated forms of LMP1 has
been confirmed. Although two amino acid residues, name-
ly, S313 and T324, have been implicated as the major phos-
phorylation sites of LMP1 [7], the kinase responsible for
the phosphorylation of LMP1 and the exact phosphoryla-
tion sites in cells remain ambiguous.

Currently, tandem mass spectrometry-based methods
have emerged as powerful and preferred tools for the
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analysis of protein phosphorylation because of their high
sensitivity and accuracy as well as the absence of hazardous
radio-isotopic labelling [8,9]. However, low abundance,
ionization suppression of the phosphate moiety, and the
metastable loss of HPO3 (�80) and H3PO4 (�98) from
the parent ions [10–13] are the factors that challenge the
specific characterization of phosphorylation sites by using
tandem mass spectrometry. Therefore, various techniques
have been developed to overcome these limitations
[14–17]. Among these techniques, immobilized metal affin-
ity chromatography (IMAC) is one of the most popular
techniques to enrich phosphopeptides or phosphoproteins
[18–20]. However, acidic biomolecules interfere with the
binding capacity and efficiency of IMAC, thereby restrict-
ing its utility [21–24].

The cytoplasmic carboxyl terminus of LMP1, which is
rich in acidic residues, is the only possible region that can
be phosphorylated in vivo. Previously, using an in vitro

kinase assay, we demonstrated that several serine residues
in this region could be the targets for recombinant and cel-
lular CK2 [25]. In the present study, we investigated the
exact phosphorylation sites of recombinant LMP1 cataly-
sed by CK2 in vitro and the phosphorylation sites of
LMP1 expressed in human cells by tandem mass spectrom-
etry. Our results clearly showed that S211 and S215 that
are located in the carboxyl-terminus activating region 1
(CTAR1) of LMP1 could be phosphorylated by CK2
in vitro. Most importantly, we demonstrated that S215 is
the major phosphorylation site in CTAR1 of LMP1
expressed in human cell lines.
Materials and methods

Materials. Most of the chemicals were purchased from Sigma Chem-
ical Co. (St. Louis, MO). The sequencing grade trypsin was obtained from
Promega (Madison, WI). ZipTipC18, a tip-type reverse-phase column, was
from Millipore (Bedford, MA). The protease inhibitor cocktail was
obtained from Roche. A SphereClone 5-l SAX column was purchased
from Phenomenex (Torrance, CA).

Phosphorylation of GST-LMP1c protein. The GST-LMP1 fusion pro-
teins with the entire carboxyl-terminal portion of LMP1 (GST-LMP1c)
were expressed and purified as described previously [25]. The purified
GST-LMP1c protein (5–10 lg) was phosphorylated by 20–40 U CK2
(New England Biolabs, Beverly, MA) in a 30-ll phosphorylation buffer
(100 mM KCl, 1 mM DTT, 20 mM MgCl2, 200 mM ATP, and 20 mM
Tris, pH 7.5) at 30 �C for specific time intervals, as indicated. The reaction
was terminated by heating at 95 �C for 5 min.

Construction and expression of FLAG-epitope-tagged LMP1 and its

mutants. The full-length LMP1 gene in the pEGFP vector (a gift from Bill
Sugden, McArdle Laboratory for Cancer Research, Madison) was
amplified using the primer pairs B+43 (5 0ACTCAAGCTTATGGAAC
ACGACCTTGAG3 0) and L1-4 (5 0CGCGGATCCTTAGTCATAGTA
GCTTAG3 0). The BamHI and HindIII digest fragments of the amplicon
were subcloned into the pCMV-FLAG2 vector (a gift from Zee-Fen
Chang, Graduate Institute of Biochemistry and Molecular Biology,
National Taiwan University, Taiwan) to generate FLAG-tagged LMP1
(F-LMP1). The mutants of F-LMP1, F-S211A, and F-S215A were gen-
erated by the overlapping PCR method using two primer pairs, S211A-F
(5 0CGATGATGCTGGCCATG3 0) and S211A-R (5 0CATGGCCAGCA
TCATCG30) for the F-S211A mutant, and S215A-F (5 0TCTGGCCATG
AAGAGGTATCTAACTC3 0) and S215A-R (5 0AGTTAGAGTCCTCT
TCATGGCCAG30) for the F-S215A mutant. The purified pCMV-
FLAG2 plasmid with or without the LMP1 gene insert was transfected
into 60% confluent human embryonic kidney 293T (HEK293T) cells by
using the calcium phosphate precipitation method. The cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with heat-inactivated 10% fetal bovine serum (FBS) and antibiotics
(penicillin/streptomycin). After transfection for 24 h, the cells were har-
vested and lysed in Triton lysis buffer (100 mM NaCl, 50 mM Tris–HCl,
1% Triton X-100, 10 mM sodium fluoride, 1 mM sodium orthovanadate,
and protease inhibitor cocktail).

Immunoprecipitation of F-LMP1 protein. The lysate containing 1 mg of
total protein was pre-incubated with 50 ll of protein G–Sepharose beads
(Amersham Pharmacia Biotech) at 4 �C for 1 h. After centrifugation, the
supernatant was incubated with 30 ll of agarose beads conjugated with
anti-FLAG M2 antibody at 4 �C overnight. The beads were then washed
sequentially with 20 volumes of Triton lysis buffer, saline buffer (150 mM
NaCl, 50 mM Tris–HCl, pH 7.5), and low-salt buffer (50 mM Tris, pH
7.5).

Fractionation of tryptic peptides. The phosphorylated or non-phos-
phorylated GST-LMP1c and the affinity-purified F-LMP1 were digested
with trypsin (enzyme:substrate = 1:50 by weight) at 37 �C overnight. For
phosphopeptide enrichment, the tryptic peptide mixture containing
phosphopeptides was diluted five-fold with binding buffer (50 mM
ammonium formate (AF) at pH 6.8 and 15% acetonitrile (ACN)) and then
applied onto a laboratory-scale 10 ll-microtip column packed with an
anion exchange resin—SphereClone 5-l SAX (particle size, 5 lm; pore
size, 80 Å). After washing with 40 ll of binding buffer, the bound peptides
were eluted by a step gradient from 100 to 500 mM AF as indicated. The
peptides were then desalted by ZipTipC18 according to the manufacturer’s
instructions prior to MS analysis. For determining the relative amount of
phosphorylated peptides in different samples (see Results section), the
tryptic peptides were acidified with 1% trifluoroacetic acid (TFA) and
directly fractionated in a 10 ll-microtip column packed with reverse-phase
resin (LiChrosphere RP-18; particle size, 5 lm; Merck, Germany). After
washing with 5% ACN/TFA solvent, the peptides were fractionated by a
step-increased ACN gradient. The tCTAR1 and its phosphoryl derivatives
eluted in 10–15% ACN/TFA solvent were collected.

b-Elimination/Michael addition. The b-elimination/Michael addition
reaction was performed according to the method described by Knight
et al. [26]. Briefly, the phosphopeptides were incubated in 0.2 N NaOH for
1 h at ambient temperature and then in 0.2 N b-mercaptoethylamine
(bMEA) solution for another 2–4 h at 37 �C. The reaction was terminated
by the addition of 10–20 volumes of 1% TFA. The acidified sample was
desalted and concentrated using ZipTipC18. Aminoethylcysteine-modified
peptides were then analysed by matrix-assisted laser desorption/ioniza-
tion-time of flight (MALDI-TOF) mass spectrometry.

MALDI-TOF mass spectrometric analysis. The MS and MS/MS
spectra were performed in an Ultraflex MALDI-TOF instrument (Bruker
Daltonic GmbH, Bremen, Germany) equipped with a nitrogen laser
(337 nm). The peptide solution was spotted on the MALDI plate and then
co-crystallized with 0.3 ll a-cyano-4-hydroxycinnamic acid (CHCA)
matrix solution (2 mg/ml in 80% ACN and 0.1% TFA) containing internal
peptide mass standards. The instrument was operated in the linear mode
for phosphopeptide detection, in the reflectron mode to obtain an accurate
m/z of peptides, and in the LIFT mode for tandem MS analysis. An
accelerating voltage of 25 kV and a delay of 200 ns were used in both
linear and reflectron mode analyses. Calibration of the instrument was
performed internally with [M+H]+ ions of bovine serum albumin (BSA)
(161–167 and 421–433) and adrenocorticotropic hormones (18–39),
respectively. In the TOF1 stage of the LIFT mode, all ions were acceler-
ated by 8 kV under conditions to promote metastable fragmentation.
After selection of jointly migrating parent and fragment ions in a timed
ion gate, the ions were lifted by 19 kV to a high potential energy in the
LIFT cell. After further acceleration of the fragment ions in the second ion
source, their masses were simultaneously analysed in the reflector with
high sensitivity. All the processed spectra were analysed using Bruker’s
BioTools� and Mascot (Matrix Science Ltd, London, UK) software,
combined with user-defined modified amino acids.
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Results

Detection of the CK2-catalysed phosphorylation of GST-

LMP1c by MALDI-TOF MS

GST-LMP1c containing the cytoplasmic carboxyl termi-
nus of LMP1 was expressed in Escherichia coli and purified
by glutathione affinity column chromatography as described
previously [25]. The structural and amino acid sequences of
GST-LMP1c are shown in Fig. 1. The amino acid sequence
and the theoretical masses of tryptic peptides derived from
the carboxyl terminus of LMP1 are summarized in Table
1. The three tryptic fragments were tentatively denoted as
tCTAR1, tCTAR3, and tCTAR2, due to the similar amino
acid sequence when compared with the well-defined
functional domains, CTAR1 (a.a. 187–231), CTAR3 (a.a.
232–351), and CTAR2 (a.a. 352–386) of LMP1, respectively.
For detecting the phosphopeptides, GST-LMP1c with or
without CK2 treatment was digested with trypsin overnight
at ambient temperature. Without further purification, the
tryptic peptides were analysed by MALDI-TOF MS in the
linear mode (Fig. 2A). The tCTAR1 peptide with an average
mass at m/z 3676.55 was detected. Interestingly, the mono-
phosphoryl-tCTAR1, which has a theoretical average mass
Fig. 1. The scheme of F-LMP1 and GST-LMP1c fusion proteins. (A) The st
polynucleotides encoding the full-length and carboxyl terminus (LMP1c) of LM
respectively. (B) The amino acid sequences of the cytoplasmic carboxyl termin
CK2 recognition consensus sequences (CK2-Pi) are underlined.

Table 1
Theoretical monoisotopic and average masses of tryptic peptides derived from

Peptide (position) [M+H]+ Amino acid sequence

Average Monoisotopic

tCTAR1 (191–223) 3676.5536 3674.4743 HSDEHHHDDSLPHPQ
tCTAR3 (224–330) 10936.0130 10929.6158 HHLLVSGAGDGPPLC

QDPDNTDDNGPQD
DNTDDNGPQDPDN

tCTAR2 (331–386) 5452.6306 5449.3594 GGDQGPPLMTDGGG
at m/z 3756.55, appeared when the CK2-catalysed reaction
time was increased (Fig. 2A). The signals in m/z 5450–5500
may be contributed by tCTAR2 and doublet-charged
tCTAR3. However, the phosphorylated peptides of
tCTAR2 and tCTAR3 could not be detected. Therefore,
the peptide corresponding to the phosphorylated tCTAR1
was further examined.

The enrichment and aminoethylcysteine modification of

phosphorylated tCTAR1

In order to investigate the phosphorylation sites of
tCTAR1, the phosphopeptide was first enriched by an
anion exchanger instead of the commonly used IMAC
because of the presence of multiple acidic amino acids
and histidine residues in this peptide. The tryptic peptide
mixture was separated on a microtip column packed with
a SAX anion exchanger. As shown in Fig. 2B, the ions with
the same average mass as monophosphorylated tCTAR1 at
m/z 3756.5 were detected in the 300–400 mM ammonium
formate-eluted fractions.

Since there are six serine (S) and one threonine (T)
residues in tCTAR1, the b-elimination/Michael addition
reaction was performed to accurately identify the phos-
ructural and functional domains of full-length LMP1 are indicated. The
P1 were fused to the 3 0-end of FLAG (F-LMP1) and GST (GST-LMP1c),
us of LMP1. The trypsin digestion sites are indicated by arrows, and the

the cytoplasmic carboxyl terminus of LMP1

QATDD SGHESDSN SNEGR
SQNLGAPGGGPDNGP
PDNTDDNGPHDPLPQDP
TDDNGPH DPLPHSPSDS AGNDGGPPQLTEEVENK
GHSHDSGHGGGDPHL PTLLLGSSGSG GDDDDPHGPVQLSYYD



Fig. 2. tCTAR1 of GST-LMP1c phosphorylated by CK2. (A) Five micrograms of affinity-purified GST-LMP1c was incubated with 20 U CK2 for specific
time, indicated. The reaction was terminated by heating at 95 �C for 5 min. The crude tryptic peptides (1/600) were spotted on the MALDI plate, co-
crystallized with CHCA solution, and analysed by MALDI-TOF MS in the linear mode. The phosphopeptides are indicated by asterisks. (B) The tryptic
peptides of 1 h-reaction product as shown in (A) and upper panel of (B) were further purified using a 5-ll bed volume SAX anion exchanger microtip
column. The tCTAR1 peptide was eluted in the 200-mM AF fraction, and its phosphopeptides were enriched in the 300- and 400-mM AF fractions (pH
6.8). The mass spectra were acquired in the positive-ion linear mode.

Fig. 3. The spectra of Pi-tCTAR1 and its chemical transformation derivates. The b-elimination/Michael addition reaction was performed for the
monophosphopeptide of tCTAR1, as described in Materials and methods. (A) The 300-mM AF fraction before aminoethylcysteine modification.
Pi-tCTAR1 is indicated by an asterisk. (B) The conversion of the phosphopeptide to a dehydroalanine-containing peptide under strong alkaline
conditions. The peptide ion peak containing the dehydroalanine residue is indicated by an arrow. (C) The aminoethylcysteine derivative (indicated by an
arrow) was finally obtained after the addition of bMEA. All the products were analysed by MALDI-TOF MS in the positive-ion linear mode. The scheme
of the chemical transformation of phosphoserine to dehydroalanine (�98) and subsequently aminoethylcysteine (+77) is shown at the top of the figure.
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phorylation sites. In the presence of NaOH and bMEA, the
phosphoseryl and phosphothreonyl groups were converted
to aminoethylcysteine and b-methylaminoethylcysteine,
respectively. As shown in Figs. 2B and 3A, for the b-elim-
ination/Michael addition reaction, the desalted ammonium
formate-eluted fraction was treated with NaOH for 1 h and
then incubated with bMEA for 4 h. The peptide with an
average mass at m/z 3756.5 (Fig. 3A) was shifted to m/z
3658 (Fig. 3B) and then further shifted to m/z 3735
(Fig. 3C). All the peptide masses observed in these experi-
ments were consistent with the theoretical masses of mono-
phosphorylated tCTAR1 (Pi-tCTAR1) and its chemically
modified derivates, which provide direct evidence that the
ion at m/z 3756.5 should be Pi-tCTAR1. The phosphoryla-
tion sites of this phosphopeptide and its derivates were then
analysed by MALDI-TOF/TOF tandem mass spectrome-
try (see below).

Identification of the phosphorylation sites of tCTAR1

catalysed by CK2

Three monoisotopic parent ions at m/z 3674.5, 3754.5,
and 3735.5 that correspond to non-phosphorylated
(tCTAR1), monophosphorylated (Pi-tCTAR1), and
bMEA-tagged tCTAR1 (bMEA-tCTAR1), respectively,
were selected for tandem mass analysis in the LIFT mode
(Figs. 4A–C). Comparison of the product ion mass spectra
revealed that the abundant fragment ion peak y7 appeared
Fig. 4. MALDI-TOF MS/MS spectra of tCTAR1 and its derivatives. The ph
was analysed. The MS/MS spectra of monoisotopic mass (A) at m/z 367
bMEA-tCTAR1 were expanded from m/z 700 to 1700.
at the same m/z position in all spectra. The mass of the y13
fragment ion, another intense ion peak, was obviously differ-
ent in these peptides. The peaks were observed at m/z 1375.4
for tCTAR1 (Fig. 4A), at m/z 1357.53 for Pi-tCTAR1
(Fig. 4B), and at m/z 1434.54 for bMEA-tCTAR1
(Fig. 4C). Therefore, the potential phosphorylation sites
should be located between the y7 and y13 fragment ions.
Based on the analysis of the ion peaks between the y7 and
y13 fragment ions, we confirmed that S215 was the phos-
phorylation site.

To test whether there are multiple CK2-catalysed phos-
phorylation sites in tCTAR1, GST-LMP1c was phosphor-
ylated by a higher amount of CK2 for a longer time (more
than 4 h), and an aminoethylcysteine-modified peptide of
potential diphosphorylated tCTAR1 (di-bMEA-tCTAR1)
was prepared as described previously (Fig. 5A and B).
The parent ion with monoisotopic mass at m/z 3794.5 that
corresponded to di-bMEA-tagged peptide (di-bMEA-
tCTAR1) was selected and reanalysed in the LIFT mode.
In addition to S215, S211 was determined as the other res-
idue that is phosphorylated by CK2, as shown in Figs. 5C
and D.

Identification of the in vivo phosphorylation sites of tCTAR1

To examine if the CK2-catalysed S211 and S215 phos-
phorylations could occur in vivo, the phosphorylation of
tCTAR1 in human cells was also analysed. The FLAG-
osphorylation site of tCTAR1 purified from tryptic GST-LMP1c mixture
4.8, tCTAR1; (B) at m/z 3754.8, Pi-tCTAR1; and (C) at m/z 3735.8,



Fig. 5. MALDI-TOF MS and MS/MS spectra of double phosphorylated tCTAR1 and its derivatives. (A) The double phosphorylation form of tCTAR1
purified from the tryptic GST-LMP1c mixture was enriched and analysed by MALDI-TOF mass spectrometry, as shown in Fig. 2B. (B) The linear mode
MS spectra of the b-elimination/Michael addition reaction products of di-Pi-tCTAR1. The products of b-elimination reaction are indicated by asterisk.
(C,D) The MS/MS spectra of monoisotopic mass (C) at m/z 3674.8, tCTAR1 as shown in Fig. 4A and (D) at m/z 3794.09, di-bMEA-tCTAR1.
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tagged full-length LMP1 (F-LMP1) protein was expressed
in HEK293T cells, affinity purified by anti-FLAG M2
beads, and resolved in a 10% SDS–PAGE gel (Fig. 6A,
lane 3). The purified F-LMP1 was then trypsinized in-
solution status because the three tryptic fragments in the
cytoplasmic carboxyl terminus were too large to be
extracted efficiently when in-gel digestion was performed.
After trypsinization, tCTAR1 was separated from other
peptides by an RP-18 microtip column. As shown in the
upper panel of Fig. 6B, the peptides with average masses
at m/z 3676.5 and 3756.5 corresponding to tCTAR1 and
Pi-tCTAR1, respectively, were observed. However, the
signals for tCTAR2 and tCTAR3 at the theoretical aver-
age mass at m/z 10936 and 5452.6, respectively, could not
be clearly distinguished probably due to the interference
from other proteins co-purified during immunoprecipita-
tion (data not shown). This result indicates that tCTAR1
is phosphorylated when LMP1 is expressed in cells.
Detailed analysis of the zoom-in fragment ion spectra of
the parent ions at m/z 3674.5 and 3754.5 derived from
tCTAR1 of wild-type LMP1 clearly indicates the existence
of one phosphorylated residue between the y8 and y9
ions, i.e., S215 (see Figs. 6C and D for comparison).
For understanding the role of S211 and S215 in tCTAR1
phosphorylation in vivo, the F-LMP1 mutants in which
serine was replaced with alanine (F-S211A and
F-S215A) were generated and expressed in HEK293T
cells. The tCTAR1 peptides of F-S211A and F-S215A
(tCTAR1S211A and tCTAR1S215A, respectively) were puri-
fied as described previously. Interestingly, the potential
monophosphoryl tCTAR1 peak at average m/z 3756
disappeared when serine was replaced with alanine at
position 215 (Fig. 6B, lower panel). However, the phos-
phopeptide signal was still detectable in the F-S211A
mutant. Comparison of the fragment ion spectra of the
parent ions at m/z 3658.5 and 3738.5 corresponding to
tCTAR1S211A and Pi-tCTAR1S211A, respectively, con-
firmed the mutation of S211 and enabled the detection
of the phosphorylation of S215 in the F-S211A protein
(Figs. 6E and F). Taken together, these findings indicate
that S215 is the major in vivo phosphorylation site of
tCTAR1 in human cells.

Discussion

The functional domain, CTAR1, of LMP1 has been pro-
posed to be phosphorylated or regulated by phosphoryla-
tion [27–29]. In our study, we demonstrated CTAR1
phosphorylation in LMP1-expressing human cell line. A
novel phosphorylation site, namely S215, was characterized
as the major phosphorylation residue. To specifically iden-
tify S215 as the phosphorylation site in the monophosph-
orylation status, the TOF/TOF spectra of tCTAR1
peptides with or without phosphorylation were compared
(Figs. 4A and B; Figs. 6C and D). As shown in Fig. 4, the
signals of fragment ions between the y7 and y13 ions are
critical for determining the phosphorylation sites. However,
the peaks within this region are too weak to accurately
determine the phosphorylated residues—S211 or S215.
For reducing the complexity of spectra caused by the neu-



Fig. 6. Identification of the in vivo tCTAR1 phosphorylation site of F-LMP1 by MALDI-TOF MS/MS analysis. (A) The F-LMP1 expressed in HEK293T
cells was immunoprecipitated using anti-FLAG M2 antibody, resolved in a 10% SDS–PAGE gel, and detected by silver staining. Lane 1: protein marker
(M12, Invitrogen); lanes 2 and 3: the IP-purified protein from the lysate of HEK293T cells transfected with pCMV-FLAG2 (lane 2) or pCMV-F-LMP1
(lane 3). The F-LMP1 protein is indicated by an arrow. (B) The MS spectra of tCTAR1 peptides of F-LMP1, F-S211A, and F-S215A. The tCTAR1
fraction was purified from the tryptic peptide mixture using a reverse phase RP-18 microcolumn. The 12–16% ACN/TFA-eluted fraction was collected and
analysed by MALDI-TOF MS in the positive-ion linear mode. (C–F) The TOF/TOF MS spectra of monoisotopic mass at m/z 3674.5, tCTAR1 (C); at m/z
3754.8, Pi-tCTAR1 (D); at m/z 3658.5, tCTAR1S211A (E); and at m/z 3738.5, Pi-tCTAR1S211A (F) were expanded from m/z 700 to 1650.
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tral loss of the phosphopeptide, phosphoserine or phospho-
threonine was chemically tagged with bMEA by b-elimina-
tion/Michael addition reaction. Comparison of the results
of fragment ions of non-phosphorylated (Fig. 4A), phos-
phorylated (Fig. 4B), and chemically tagged (Fig. 4C)
tCTAR1 parent ions revealed that S215 was phosphory-
lated by CK2 during monophosphorylation reaction. Based
on this method, the phosphoryl S215 of LMP1 was also
determined in human HEK293T cells (Figs. 6C and D).

To examine the possibility that the phosphorylation of
S211 could be observed in monophosphorylated peptide,
we evaluated the tiny peaks around the y9 ions. The other
critical ions from b21 to b24 were also examined (data
not shown). However, the S211 phosphorylation in the
monophosphorylation status could not be detected. Sever-
al possibilities exist in this regard. First, the phosphoryla-
tion of S211 may occur only when S215 is
phosphorylated. Second, the LMP1 protein becomes
unstable when S211 is phosphorylated. Third, the phos-
phorylation of S211 is stimulated under certain physiolog-
ical conditions. Fourth, the population of Pi-
tCTAR1S211A is too small to be detected. In fact, the
phosphorylation of S211 was only observed when
tCTAR1 was in the double phosphorylation state in our
study (Fig. 5). The replacement of S215 with Ala—a res-
idue that cannot be phosphorylated—dramatically affect-
ed the phosphorylation of tCTAR1 (Fig. 6B). These
findings indicate that the phosphorylation of S211 may
be dependent on S215. In contrast, the comparison of
the relative mass signal of Pi-tCTAR1S211A to that of
Pi-tCTAR1 (Fig. 6B) indicates that the phosphorylation
of S215 may be independent of S211. However, we cannot
rule out these possibilities. In future studies, the extent of
tCTAR1 phosphorylation in LMP1 and its mutants will
be explored by the stable isotope labelling with amino
acids in cell culture (SILAC) [30,31].

Although S313 and T324 have been characterized as the
phosphorylation residues, the multiple phosphorylation
status and the S313- and T324-independent ubiquitination
of LMP1 indicate that another phosphorylation site in
addition to S313 and T324 exist [7,29,32]. This study
revealed a novel phosphorylation site S215 located in the
CTAR1 function domain in vivo and the CK2-catalysed
residues in vitro.

CK2 is ubiquitously expressed in eukaryotic cells as a
constitutively active S/T kinase. It targets hundreds of
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cellular and viral proteins [33–35]. The phosphoacceptor
sites of CK2 are specified by multiple acidic residues down-
stream from the phosphorylable amino acid [33,36]. The
acidic side chain at position n + 3 plays the most promi-
nent role in susceptibility to CK2 phosphorylation [37].
Based on the typical substrate consensus sequence of
CK2, S211 matches the request that with the acidic amino
acids in the downstream. Although there is no acidic resi-
due at position n + 3, S215—similar to S392 in p53—locat-
ed in a sequence surrounded by acidic residues at both sides
could be recognized by CK2 [38,39].

LMP1 was verified to be an oncoprotein that regulates
cell division, proliferation, and apoptosis. CTAR1—one
of the essential regions of LMP1—modulates cellular func-
tions by interacting with cellular proteins and modulating
the protein stability [27,28,40,41]. To the best of our knowl-
edge, this study is the first to report the phosphorylation of
CTAR1 in vivo and to prove that S215 is the phosphoryla-
tion site. The modulation and function of S215 phosphor-
ylation will be investigated in future studies.
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