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Abstract

Post-translational modifications provide the proteins with the possibility to perform functions in addition

to those determined by their primary sequence. However, analysis of multifunctional protein structures in the environ-
ment of cells and body fluids is made especially difficult by the presence of other interacting proteins. Bioinformatics tools
are therefore helpful to predict protein multifunctionality through the identification of serine and threonine residues
wherein the hydroxyl group is likely to become modified by phosphorylation or glycosylation. Moreover, serines and
threonines where both modifications are likely to occur can also be predicted (YinYang sites), to suggest further functional
versatility. Structural modifications of hydroxyl groups of P-, E-, and L-selectins have been predicted and possible
functions resulting from such modifications are proposed. Functional changes of the three selectins are based on the
assumption that transitory and reversible protein modifications by phosphate and O-GIcNAc cause specific
conformational changes and generate binding sites for other proteins. The computer-assisted prediction of glycosylation
and phosphorylation sites in selectins should be helpful to assess the contribution of dynamic protein modifications in
selectin-mediated inflammatory responses and cell-cell adhesion processes that are difficult to determine
experimentally. J. Cell. Biochem. 100: 1558—1572, 2007. © 2007 Wiley-Liss, Inc.
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Multifunctional proteins are involved in
diverse and often unrelated activities, and
may perform different tasks in different bio-
logical environments [Jeffery, 1999]. Many
proteins are physiologically multifunctional,
both as extracellular components of body fluids
and as cellular components. Selectins, a family
of sugar-binding adhesion proteins, are multi-
functional molecules involved in a variety of
cellular interactions occurring in inflammatory
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responses (Fig. 1). Reversible phosphorylations
induce changes in secondary and tertiary
structures and control the modular interactions
of proteins [Pawson and Gish, 1992]. In addi-
tion, phosphorylation and alternative glycosy-
lation of the same hydroxyl group also control
the functional behaviour of a growing list of
proteins [Cheng and Hart, 2001]. Phosphoryla-
tion of serine/threonine or tyrosine residues
has different effects resulting either in pro-
motion of proteolysis [Elorza et al., 2003] or
resistance to proteolysis, as in the case of
carboxyl or sulfate groups in glycoproteins
[Nasir-ud-Din et al., 2003].

Protein functional information can be
deduced from their 3-D structures [Bork et al.,
1998; Attwood, 2000]. However, determination
of the 3-D structure in vivo is difficult, as a
given configuration is constantly modified by
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Inflammatory cascade in which leukocyte rolls on endothelium mediated by selectins and adheres

firmly by integrins through their respective receptors and finally transmigrates to the site of inflammation.

intra- and intermolecular interactions occurr-
ing between proteins in body fluids or in the cell.
Most of the structural data available in protein
databases have been determined by X-ray
crystallography and NMR, but these structural
determination methods provide information
that is only partially relevant to the dynamic
behavior of proteins in vivo.

The O-GlcNAc and phosphate modifications
of proteins are temporary and reversible
[Roquemore et al., 1996; Shafi et al., 2000;
Kamemura et al.,, 2002] and allow proteins
to sequentially perform multiple functions.
However, the conformational changes caused
by these modifications are still elusive and their
realistic assessment through experimentation
remains improbable for the time being. Theore-
tical assessment of modifications at hydroxyl-,
amino-, or carboxy-amino acids, particularly at
the serine and threonine residues would be very
informative, as these modifications are known
to result in functional switches in multifunc-
tional proteins [Kamemura et al.,, 2002]. A
list of proteins whose stability is affected by
phosphorylation or O-B-GlcNAc glycosylation is
shown in Table I.

It is pertinent to define the structure—
function relationship of a protein or a modified
protein after experimental verification of its
three dimensional structure. However, know-
ing that the majority of blood proteins

are multifunctional and a large number of the
modifications causing functional switches are
only transitory, relating structure (primary
sequence) and function should be considered
nearly impossible at the present time.

Computational biology and computational
chemistry have considerably helped under-
standing how post-translational protein modi-
fications such as phosphorylation, sulfation,
and glycosylation regulate biological processes.
Several programs have been developed to
predict different structural and functional
aspects of protein post-translational modifica-
tions with reliable accuracy [Nielsen et al.,
1999]. Protein O-GlcNAc glycosylation of
MSP-1 [Hoessli et al., 2003] and phosphoryla-
tion have been predicted and experimentally
verified for the malarial vaccine candidate
protein MSP-1. Prediction of modifications
and their experimental verification is only
possible where the half life of the protein
and its availability allows such analysis. The
computer-assisted methods are essential in
cases where conditions of limited availability
and instability of proteins prevail and transi-
tory proteins compete for modifications to
perform diverse functions.

Prediction programs to assess the potential of
a protein for substituting hydroxyl or amino
groups with phosphate or O-GlcNAc would
provide significant incentives to experimentally

TABLE 1. Stability/Turnover of Different Proteins Controlled by PTMs

Protein PTM/s Function Stability/turnover

c-Myc 0-GlcNAc Phosphate Central regulator for cell growth and Affected by phosphorylation
proliferation especially at Thr 58

Apl O-GlcNAc Phosphate Transcription factor Affected by phosphorylation

RNA polymerase II O-GlcNAc Phosphate

BimEL Phosphate
RaplGAP Phosphate
Spl O-GlcNAc Transcription factor

Pyruvate kinase O-GlcNAc Phosphate

Enzyme catalyzing the mRNA synthesis

in nucleoplasm
Apoptotic cascade activating protein
Activator of GTP hydrolytic activity of Rapl

Glycolytic enzyme

Affected by phosphorylation

Affected by phosphorylation
Affected by phosphorylation
Affected by O-GlcNAc modification
Affected by phosphorylation
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verify protein multifunctionality. Conserved
residues and motifs are known [La et al.,
2005; Nikolaidis et al., 2005] to be involved in
performing essential functions. The identifica-
tion of conserved Ser/Thr residues with margi-
nally positive or negative modification potential
(false positive and false negative) is mandatory
to define real modification potential [Ahmad
et al., 2006a,b].

C-type mammalian lectins, or selectins, are
cell-cell adhesion molecules that play key
roles in transendothelial migration of hema-
topoietic inflammatory cells [Vestweber and
Blanks, 1999] (Fig. 1). These molecules
mediate the initial steps of leukocyte adhesion
to the vascular endothelium at the site of
inflammation [Vestweber and Blanks, 1999].
Amongst the selectin family [Bevilacqua and
Nelson, 1993], L-selectins act as primary
cell adhesion molecules in lymphocyte recircu-
lation [Gallatin et al., 1983] and in leukocyte
recruitment to the site of inflammation
[Rosen and Bertozzi, 1994], whereas E- and P-
selectins are expressed on endothelial cells and
platelets. Selectin has an N-terminal domain
that is critical for adhesion [Tedder et al., 1995]
and contains potential sites for N- and O-
glycosylation.

The reason for choosing selectins as a
model for this study was precisely their
multifunctionality in adhesion and their recent
designation as targets for drug delivery and
anti-inflammatory drug development as well as
in anti-cancer therapy [Ehrhardt et al., 2004].
Utilizing computer-assisted studies, we demon-
strate that selectins have potential for both O--
GlcNAc modification and phosphorylation.
Phosphorylation is an important reversible
protein modification involved in transmem-
brane signaling, growth control, cell cycle
progression, membrane trafficking, platelet
activation, and protein turnover [Corvello
et al., 1993; Fujimoto and McEver, 1993;
Smeets et al.,, 1993; Tonks and Neel, 1996;
Yoshida et al., 1998] (Table I). Rapid selectin
phosphorylation (15-30 s) and selective de-
phosphorylation after platelet activation is
quite likely to be involved in signal transduction
[Corvello et al., 1993]. A similarity between
phosphorylation and glycosylation and dynamic
interplay between O-glycosylation and O-phos-
phorylation have been described [Roquemore
et al., 1996; Shafi et al., 2000; Kamemura
et al., 2002]. The potential modification sites,

O-glycosylation and O-phosphorylation, have
been found on conserved residues. This
prompted us to investigate the role of transitory
modifications by O-GlcNAc and phosphate in
the cytoplasmic domains of transmembrane
selectins, similar to what has been described
for cytoplasmic and nucleoplasmic proteins
[Whelan and Hart, 2003].

In this study, we have investigated the
primary amino acid sequence of human
selectins for the presence of signals for phos-
phorylation, glycosylation and alternative
phosphorylation/glycosylation in phylogeneti-
cally conserved sites that are functionally
relevant. False negatively predicted Yin Yang
sites have also been identified. The computer-
assisted modifiable sites identified in this
study suggest functional diversity generated
by substitutions.

MATERIALS AND METHODS
The Sequence Data

The sequence data of all three selectins of
Homo sapiens used for predicting phosphoryla-
tion and glycosylation sites was taken from
Entrez protein database, the NCBI sequence
viewer. The L-selectin sequence with Entrez
database No A34015 and SWISSPROT entry
name LEM1 HUMAN [Ord et al, 1990],
the E-selectin sequence with Entrez database
No. A35046 and SWISSPROT entry name
LEM2 HUMAN [Collins et al.,, 1991], and
the sequence of P-selectin with Entrez data-
base No. P16109 and SWISSPROT entry name
LEM3_HUMAN [Johnston et al., 1989] were
retrieved. All three sequences of human
selectins were precursor sequences having the
signal peptide at C-terminus (L-selectin 1-28,
E-selectin 1-21, and P-selectin 1-41). The
same sequences with signal peptide regions
were used for further analysis just to retain
uniformity in results for the analysis and
prediction. The numbers of residues cited in
this article include the signal peptide, thus for
finding the exact position of any amino acid in
sequence of each functional mature selectin
molecule, the signal peptide region may be
removed. Blast search was made against all
three selectins using NCBI-protein program
[Altschul et al.,, 1997]. Default parameters
were used for the search. Total 1,691 hits for
L-selectin, 2,711 hits for E-selectin, and 3205
hits for P-selectins were obtained. From these
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hits, 10 for L-selectin (human, chimpanzee,
orangutan, rhesus monkey, baboon, rabbit,
dog, bovine, rat, and mouse), 10 for E-selectin
(human, horse, dog, mouse, rat, rabbit, sheep,
mule deer, bovine, and pig), and 9 for P-selectin
(human, horse, dog, mouse, rat, sheep, bovine,
pig, and rabbit) were selected from their
respective blast search results to find out
conserved regions in cytoplasmic part of
different mammalian species (Table II). Con-
served sites were identified using CLUSTALW
[Thompson et al., 1994].

Glycosylation Prediction Methods

The methods used for defining potential
glycosylation sites involved prediction of both
O- and N-linked sites. The three methods
for predicting O-linked glycosylation sites
include NetOGlyc 2.0 and 3.1 (http://www.
cbs.dtu.dk/services/NetOGlyc/) [Hansen et al.,
1998; Julenius et al.,, 2005], that predicts
O-glycosylation sites in mucin-type proteins
(i.e., for O-GalNAcsites), DictyOGlyc 1.1 [Gupta
et al.,, 1999] (http:/www.cbs.dtu.dk/services/
DictyOGlyc/) that predicts O-a-GlcNAc

sites in eukaryotic proteins and YinOYang
1.2 (http://www.cbs.dtu.dk/services/YinOYang/
) (unpublished), that predicts O-B-GlcNAc sites
in eukaryotic proteins. NetNGlyc 1.0 (http://
www.cbs.dtu.dk/services/NetNGlyc/) (unpub-
lished) was used for predicting N-glycosylation
sites. The above-mentioned four methods
for predicting glycosylation sites are neural
network based.

Phosphorylation Prediction Method

For prediction of phosphorylation sites in
selectins, NetPhos 2.0 [Blom et al., 1999]
(http://www.cbs.dtu.dk/services/NetPhos/) was
utilized. NetPhos 2.0 is also a neural network-
based program designed by training the
neural networks through protein phosphoryla-
tion data from phosphoBase 2.0. NetPhosK
1.0 (http://www.cbs.dtu.dk/services/NetPhosK)/)
[Blom et al., 2004] was also used to find the
potential of three selectin cytoplasmic domains
for their specificity to be phosphorylated by
different kinases at Ser/Thr/Tyr.

Prediction methods described above are
neural network-based and are designed by

TABLE II. Sequences Selected From Blast Search

Blast search results

S. no. Species Database Accession no. E-value Bitsscore % Identity
L-selectin
1 Homo sapiens Swissprot P14151 0.00 764 100
2 Pan troglodytes RefSeq NP_001009074.1 0.00 762 99
3 Pongo pygmaeus Swissprot Q95235 0.00 755 98
4 Macaca mulata Swissprot Q95198 0.00 730 94
5 Papio hamadryas Swissprot Q28768 0.00 728 94
6 Oryctalagus cuniculus GenBank AAA67896.1 0.00 656 85
7 Bos taurus RefSeq NP_776607.1 6e-178 625 78
8 Canis familaris RefSeq XP 537201.2 0.00 643 81
9 Rattus norvegicus Swissprot P30836 e-168 594 77
10 Mus musculus RefSeq NP_035476.1 2e-168 594 76
E-Selectin
1 Homo sapiens Swissprot P16581 0.00 1275 100
2 Equus caballus GenBank AAK48712 0.00 1056 82
3 Canis familaris RefSeq NP_001003310 0.00 993 76
4 Mus musculus Swissprot Q00690 0.00 944 73
5 Rattus norvegicus Swissprot P98105 0.00 758 70
6 Oryctalagus cuniculus Swissprot P27113 0.00 728 65
7 Ovis aries GenBank AAK48711 0.00 633 67
8 Odocoileus hemionus GenBank AAK48710 2e-180 632 67
9 Bos taurus Swissprot P98107 8e-178 624 66
10 Sus scrofa Swissprot P98110 e-156 553 59
P-Selectin
1 Homo sapiens Swissprot P16109 0.00 1802 100
2 Equus caballus GenBank AAST9432 0.00 1451 79
3 Canis familaris RefSeq XP_537202.2 0.00 1163 65
4 Mus musculus Swissprot Q01102 0.00 1134 63
5 Rattus norvegicus Swissprot P98106 0.00 1130 64
6 Ovis aries Swissprot P98109 0.00 1130 64
7 Bos taurus Swissprot P42201 0.00 770 60
8 Sus scrofa RefSeq NP_999243.1 0.00 761 59
9 Oryctalagus cuniculus GenBank AAA81385.1 0.00 734 59
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memorizing the known sequence environment
data of glycosylated/phosphorylated serine/threo-
nine and non-glycosylated/non-phosphorylated
serine/threonine. A jury of networks is used to
evaluate the performance of neural networks.
The results obtained from all the networks are
sigmoidally arranged and averaged to obtain a
value between zero and one by these prediction
methods. Usually a threshold of 0.5 is used for
prediction, which means that a site with an
output of more than 0.5 is assigned as having a
potential to be glycosylated or phosphorylated.
These methods use back propagation algorithm to
learn the examples and adjusting saliency of
weights [Rumelhart et al., 1996]. Cross validation
data has also been used by these methods to check
the performance and sensitivity of the neural
networks using Matthews correlation coefficients
[Matthews, 1975]. Among them, the YinOYang
1.2 method (unpublished) is efficient in a
cross validation test as it correctly identifies
72.5% of the glycosylated sites and 79.5% of the
non-glycosylated sites in the test set, verifying
the Matthews correlation coefficient of 0.22 on
the original data, and 0.84 on the augmented
data set. The method has the capability to
predict the Yin Yang sites that can be glycosylated
and alternatively phosphorylated. NetPhos
2.0 predicts phosphorylation on the OH- function
of serine, threonine or tyrosine residues with a
sensitivity range of 69—96% [Blom et al., 1999].

RESULTS

The prediction results obtained for O-f-
GlcNAc sites by YinOYang 1.2 showed that
potential O-B-GlcNAc sites were the most
frequent among all three types of O-glycosyla-
tion (Fig. 2a, Table III). L-selectin was predicted
to have altogether four potential sites for O-p-
GlcNAc modifications, at Ser 177, 286, 319, and
Thr 170, and no YinYang site. E-selectin was
predicted to have a total of 12 potential sites for
O-B-GleNAc modifications, at Ser 4, 19, 147,
227,288, 314,477,592, 607 and at Thr 140, 146,
303, with one YinYang site at Ser 227; whereas
P-selectin was predicted to have a total of
13 potential sites for O-B-GlcNAc modifications,
at Ser 87,287,371,462, 529,530,619, 829 and at
Thr 48, 511, 618, 628, 696, with two YinYang
sites, at Ser 287 and 619 (Fig. 2a). Utilizing
NetPhos 2.0, O-linked phosphorylation at
serine, threonine, and tyrosine in the different
selectins were predicted (Fig. 2b, Table III),

showing that in L-selectin, there were nine Ser
(at 106, 226, 249, 263, 313, 322, 324, 364, and
367); six Thr (at 10, 99, 104, 239, 240, and 301),
and five Tyr (at 61, 75, 132, 331, and 372). The
E-selectin prediction results showed that 20 Ser
(at 37, 131, 149, 185, 207, 209, 218, 226, 227,
318, 320, 383, 387, 392, 397, 407, 446, 460, 505,
and 596), 8 Thr (at 26, 32, 86, 266, 298, 326, 452,
and 514), and 6 Tyr (at 58, 69, 377, 453, 603,
and 608) had potential for phosphorylation.
Potential phosphorylation sites predicted in P-
selectin included 17 Ser at 52, 227, 278, 287,
291, 385, 472, 531, 534, 557, 582, 586, 619, 623,
685, 689, and 813, 10 Thr at 106, 251, 334, 522,
561, 568, 647, 746, 756, and 767, and 10 Tyr at
64,78,135, 196,234, 358,408,532, 544, and 726.
The percentage of phosphorylatable Ser is
highest of the three amino acids for all three
selectins.

The NetPhosK 1.0 prediction results showed
that the cytoplasmic domains of three selectins
had utilization potential for different kinases
at different Ser/Thr and Tyr residues. The
predictions results suggested that the cyto-
plasmic domain of L-selectin have phosphoryla-
tion potential by PKC (at Ser 364), PKA (at
364 and 367), PKG (at Ser 367), and INSR
(at Tyr 372) acceptor substrate sites. The
potential sites for different kinases activity
predicted in cytoplasmic domain of E-selectin
were all at Ser on positions 596 by PKC,
599 by CKI, 602 by DNAPK, PKC, and cdc2,
and 607 by PKA. P-selectin cytoplasmic
domain contained only two potential acceptor
substrate sites for different kinases, which
include Ser 829 by GSK3 and cdk5; and Thr
817 by PKC.

Besides these predicted, false negative Yin
Yang sites in cytoplasmic domains of three
selectins were identified. In L-selectins, the
cytoplasmic Ser 364, and Ser 367 showed
positive potential for phosphorylation but
negative (but close to threshold) potential
for O-GlecNAc, and both of these residues are
conserved in most mammalian species (Fig. 3a).
If a kinase can access these residues, OGT is
also likely to access them [Kamemura et al.,
2002]. Thus Ser 364 and 367 seem to be false
negative Yin Yang sites, as both phosphoryla-
tion and O-B-GlcNAc addition could occur at
these sites. Similarly for E-selectin, cytoplasmic
Ser 592 and Ser 596 appear to be false negative
Yin Yang site (Figs. 2a and 3b), and for
P-selectin, Tyr 818 is conserved in mammals
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(Fig. 3c) is false negative prediction site for
phosphorylation (Fig. 2b). However, Ser 829,
which is almost conserved in mammals (Fig. 3¢),
is a positive prediction site for O-GlcNAc
modification but negative for phosphorylation
and should be considered a false negative Yin
Yang site.

DISCUSSION

Definition of the functional structures of
proteins in biological contexts has to take into
account the simultaneous presence of a high
number of interacting proteins. For instance in
human blood, nearly 1,444 proteins interact
[Chang et al.,, 2004] and definition of an
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individual protein structure is not feasible with
the tools available. Under such circumstances,
one could begin to approach the multifunctional
nature of proteins by establishing the potential
for transitory conformational changes. This
could be achieved by mapping the functional
groups and sequence signals likely to become
post-translationally modified. For instance,
the anionic group modification may change the
protein conformation [Berlot et al., 2002] and
so contribute to the formation of active sites
capable of specific interactions [Zaia et al.,
2001]. Similarly, the negative charge of phos-
phate groups [Varki and Kornfeld, 1980] may
alter the balance of non-covalent interactions
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Fig. 2. The potential for O-p-GlcNAc modification on Ser and
Thr residues and phosphorylation at Ser, Thr, and Tyr residues
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phosphorylation.
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modify the secondary, tertiary, or even
quaternary structures. Such alterations may
induce conformational changes in a protein and
modify its biological function or multimeric
state [Yuan et al., 2003]. Thus, the predictions
based on amino acid sequence signals should
become useful to define modifications and guide
further exploration of protein function.

The dynamic and regulatory O-GlcNAc
modification was found to occur at sites where
phosphorylation also occurred [Kelly et al.,
1993; Felin et al., 1994; Chou et al., 1995;
Medina et al., 1998; Cheng and Hart, 2001]. An
interplay between glycosylation and phospho-
rylation was noted in proteins such as RNA
polymerase II [Kelly et al.,, 1993], estrogen
receptor-f [Cheng and Hart, 2001], SV-40 large
T-antigen [Medina et al.,, 1998], and c-Myc
proto-oncogene product [Chou et al., 1995],

which led to the formulation of the
Yin-Yang hypothesis. According to this hypo-
thesis, O-GlcNAc modifications and phosphor-
ylations compete for the same site or region on a
protein backbone. For instance Thr58 in c-Myc
is alternatively glycosylated (by O-GlcNAc) and
phosphorylated, as evidenced by the use of
Thr-58 site-specific antibodies [Kamemura
et al, 2002]. It was further observed by
mutagenic replacement of Ser62 with Ala that
phosphorylation of Thr58 is dependent upon
prior phosphorylation of Ser62.

The role of O-GlcNAc modification of nuclear
and cytoplasmic proteins exhibiting lectin-like
activity [Felin et al., 1994] remains to be
determined. Further to the specific roles of
O-GlcNAc modification in signaling, nuclear
transport, regulation of protein multimer
formation, modulation of the half-life, and
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TABLE III. Prediction Results of Glycosylation and Phosphorylation in Human L-, E-,
and P-Selectins

L-selectin E-selectin P-selectin

Modification type and residues information

Total number of amino acids 372 610 830

Total number of Ser residues and (percentage) 30 (8.06%) 66 (10.81%) 71 (8.55%)

Total number of Thr residues and (percentage) 23 (6.18%) 40 (6.557%) 55 (6.62%)

Total number of Tyr residues and (percentage) 13 (3.49%) 18 (2.95%) 29 (3.49%)

Total number of Asn residues and (percentage) 21 (5.64%) 30 (4.91%) 47 (5.66%)
Number and percentage of O-a-GalNAc sites

Number and percentage of potential Ser residues 1 (3.33%) 2 (3.03%) 4 (5.63%)

Number and percentage of potential Thr residues 0 (0.00%) 1 (1.51%) 3 (4.22%)

Total modification sites and percentage 1 (1.88%) 3 (2.83%) 7 (5.55%)
Number and percentage of O-a-GlcNAc sites

Number and percentage of potential Ser residues 2 (6.66%) 01, 1.51% 01, 1.41%

Number and percentage of potential Thr residues 0 (0.00%) 00, 0.00% 00, 0.00%

Total modification sites and percentage 2 (3.77%) 01, 0.94% 01, 0.79%
Number and percentage of O-B-GlcNAc sites

Number and percentage of potential Ser residues 03, 10.00% 08, 12.12% 08, 11.26%

Number and percentage of potential Thr residues 01, 03.33% 03, 04.54% 05, 07.04%

Total modification sites and percentage 04, 7.55% 11, 10.38% 13, 10.32%
Number and percentage of N-glycosylation sites

Number of potential Asn residues within sequon N-Xaa-S/T and percentage 06, 28.57% 11, 36.66% 12, 25.53%

Number and percentage of other Asn with +ve score that don’t lie within 10, 47.62% 11, 36.66% 25, 53.19%

sequon N-Xaa-S/T

Number and percentage of Asn with —ve score 05, 23.81% 08, 26.66% 10, 21.28%
Number and percentage of phosphorylation sites

Number and percentage of potential Ser residues 09, 30.00% 20, 30.30% 17, 23.94%

Number and percentage of potential Thr residues 06, 26.08% 08, 20.00% 10, 18.18%

Number and percentage of potential Tyr residues 05, 38.46% 06, 33.33% 10, 34.48%

regulation of protein activity [Kelly et al., 1993,
Felin et al., 1994; Chou et al.,, 1995], other
possible roles of O-GlcNAc modification have
been proposed [O’Donnell, 2002]. These include
blocking of phosphorylation by occupying
serine and threonine residues at the same
position or region, and regulating protein turn-
over by blocking phosphorylation-dependent
proteolysis and protein—protein interactions.

Different domains (C-type lectin, EGF-like,
Sushi, and cytoplasmic domains) of all three
selectins share different degrees of sequence
homology. The sequence homology is higher in
the C-type lectin domain than in the cyto-
plasmic domain (Table IV). Both, pair-wise
and multiple alignments of three selectins
reveal the same trend in different domains.
The cytoplasmic domains of the three selectins
share little homology, although they are related
structurally and phylogenetically [Spertini
et al., 1991; Green et al., 1994].

From studies on calmodulin binding, a Ca®"-
dependent process [Matala et al., 2001], and
cleavage of L-selectin, it was inferred that
changes in intracellular Ca®" may be respon-
sible for the dissociation of calmodulin from
L-selectin before proteolysis [Matala et al.,
2001]. Cleavage of L-selectin occurs within a
membrane-proximal region resulting in the
shedding of an extra-cellular fragment and

retention of a 6-kDa transmembrane fragment
[Kahn et al., 1994]. The membrane-proximal
cleavage site shows relaxed sequence specifi-
city, but requires spatial and possibly conforma-
tional changes [Migaki et al., 1995]. The relaxed
sequence specificity for the action of proteases
has also been supported by prediction results of
NetPhop 2.0 (http://www.cbs.dtu.dk/services/
NetChop/) (prediction results not shown). In
addition, the cytoplasmic domain of L-selectin is
phosphorylated on tyrosine [Migaki et al., 1995]
and serine [Haribabu et al., 1997] residues
following cell activation. The important point
is that a highly conserved serine residue in the
NH,-terminal region of the cytoplasmic domain
of L-selectin is phosphorylated before shedding
[Haribabu et al., 1997; Kilian et al., 2004]. It was
also shown that the recognition site(s) for
protein kinase C (PKC) is exclusively contained
within the ectodomain [Fors et al., 2001] and
that a metalloprotease is involved in the extra-
cellular cleavage [Bennett et al., 1996], but the
mechanism for L-selectin recognition by the
surface metalloprotease is not clearly under-
stood. It is well possible that intracellular
signals might be responsible for the metallopro-
tease action on L-selectin, either by activating
the enzyme or by inducing a conformational
change in the extracellular domain of L-selectin
that exposes the cleavage site [Werb and Yan,
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Fig. 3. Multiple alignment of L-selectin (a), E-selectin (b), and P-selectin (c) in different animal groups.

Important conserved Ser/Thr residues with modification potential are highlighted in yellow.

1998]. Shedding of the extracellular part of
L-selectin may result in both conformational
changes in the residual extracellular part of
L-selectin and activate a trans-membrane
metalloprotease (Figs. 4a and 5b). It has been
described that metalloprotease inhibitors
downregulate L-selectin shedding [Feehan
et al., 1996; Walcheck et al., 1996], whereas,
phorbol esters induce collective shedding of a
wide variety of cell-surface molecules including
L-selectin. Moreover, phorbol myristate acetate
(PMA) stimulates PKC [Kaldjian et al., 1988]
(Fig. 5b,c) which in turn may activate metallo-
protease through phosphorylation signaling to
bind and cleave the extracellular part of
transmembrane proteins such as L-selectin
[Arribas et al., 1996; Mullberg et al., 1997].

On the basis of available data and according
to our prediction results, we propose that
phosphorylation at Ser364 or 367 (Fig. 4a)
within the cytoplasmic domain may be respon-
sible for metalloprotease binding following
conformational changes in the membrane prox-
imal, extracellular part of L-selectin. PMA
activates PKC [Kaldjian et al., 1988] which in
turn activates the metalloprotease (Fig. 5b,c). It
is also expected that at the same time, PKC also
triggers inside-out signaling through phosphor-
ylation of the L-selectin cytoplasmic domain at
Ser 364 which is highly conserved in different
mammalian species (Fig. 3a) and bears mod-
ification potential as predicted by both NetPhos
2.0 and NetPhosK 1.0. Phosphorylation of
cytoplasmic domain of L-selectin by PKC has

TABLE IV. Homology Among Different Domains of Three (L-, E-, and P) Selectins of
Homo Sapiens

% ldentity

% Similarity

Selectin Types CTLD EGF Sushi D Ct.D CTLD EGF SushiD Ct.D
E&L 66% 66% 30-37% N.S 75% 77% 44-51% N.S
E&P 68% 63% 37-39% N.S 75% 74% 55—58% N.S
L&P 68% 64% 37-45% N.S T7% 77% 48-62% N.S
E,L&P 58% 53% — N.S 64% 58% — N.S

CTLD, C-type lectin domain; EGF, epidermal growth factor; Sushi D, Sushi domain; Ct. D, cytoplasmic domain; N.S, not significant.
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also been evidenced [Kilian et al.,, 2004].
Similarly, inactivation and decreased mem-
brane attachment of PKC and PKA by increased
levels of O-GleNAc incorporation and vice versa
has been shown [Griffith and Schmitz, 1999;
Matthews et al., 2005]. Thus, we propose that
the false negative Yin Yang sites at Ser 364 or
367, when modified by O-B-GlcNAct may block
or delay phosphorylation and consequently
increase the half life of L-selectin. This complex
interplay of phosphorylation and O-B-GleNAc
modification on Ser 364 and 367 seems to
regulate the signaling events of L-selectin in
leukocyte during inflammatory response.
Inside-out signals may cause phosphorylation
of Ser 322 and 324 and induce conformational
changes that favor metalloprotease binding. In
summary, we propose here that L-selectin
shedding is regulated in both the cytoplasmic
and extracellular domains through specific
modifications, inducing conformational changes
in the metalloprotease binding region of
L-selectin (Figs. 4a and 5b).

%

%

Fig. 4. Different domains of L-, E-, and P-selectins and the
residues involved in regulating their function. The figure was
prepared by generating theoretical models of three selectins (L-
Selectin with 372, E-Selectin with 610, and P-selectin with 830
amino acids) with the Robetta Structure Prediction Server.
RasMol was used to view and annotate the structural models.
a: L-selectin. Cytoplasmic domain (356—372, C-terminal region)
in red. Transmembrane domain (a.a. 333-355) in green.
Extracellular domain in yellow (39-332), terminal signal peptide
(1-28) in blue, and pro-peptide (29-38) in brown. Ser 364 and
367 in the cytoplasmic domain are shown in purple (space fill
style). Phosphorylation of these residues may result in signals for
conformational changes in the membrane proximal extracellular
domain at Ser 322 and 324 (in gray). b: E-Selectin. Cytoplasmic
domain (579-610, C-terminal region) in red. Transmembrane

Rapid endocytosis of E-selectin was reported
to depend upon tyrosine-containing motifs
[Chuang et al., 1997]. There are, however,
endocytosis motifs that do not involve tyrosine,
such as the di-leucine [Spertini et al., 1991]
and di-lysine [Itin et al., 1995] sequences.
Depending on the particular protein, phospho-
rylation of specific cytoplasmic serine residues,
membrane-proximal to the di-leucine motifs,
may or may not be required for efficient
endocytosis [Spertini et al., 1991]. The signal
for the internalization of E-selectin seems to be
complex and might involve a novel route.
Chuang et al. [1997] showed that Ser581, along
with additional upstream residue(s), is neces-
sary for internalization. They suggested that
Ser581 may be phosphorylated and serve as a
constitutive endocytosis signal. E-selectin is
indeed phosphorylated at cytoplasmic serine
but not at tyrosine residues [Smeets et al.,
1993]. Specific cytoplasmic serine phosphoryla-
tion of other surface receptors was shown to be
associated with ubiquitination of neighboring

i~
! "y
8

(AS\]

5
b L

169
domain (557-578) in green. Extracellular domain in yellow
(22-556), terminal signal peptide (1-21) in blue. Ser592 in red
has potential for O-GlcNAc modification and may block
phosphorylation at Ser596, in violet. The neighboring Lys586
and 587 in brown are considered to be ubiquitinated and to
signal for endocytosis of E-Selectin. c: P-Selectin. Cytoplasmic
domain (796-830, C-terminal region), in red. Transmembrane
domain (772-795) in green. Extracellular partinyellow (a.a. 42—
771), and terminal signal peptide (1-41) in blue. Positive signal
sequence KCPL (Lys806-Leu809), in purple and negative signal
sequences YGVF (Tyr818-Phe821) in gray and the DPSP
(Asp827-Pro830) with Ser829 in red. The penultimate Ser829
in the DPSP sequence has been proposed as a site for interplay of
GlcNAc and phosphate in regulating negative signals.



1568 Ahmad et al.

C-type bectin domam —— |
EEF-ke domain g
Consensng repest -p-{

Memwbrane proxmal extracellolar part ————
Tramomembesne domain ——

Cytoplarmnc domam —— 4

Actrvation ol gy by ylation of
Metalloprotease (ytpplarmsc bail of Selectm

L-salectim |
’ l E-selectm l
Selectm ecfodomam sheddng

€ | Extracelular proteais domain

DtherBequlatory factors
@& }

PratealysisfInternalization!
Other requlation

Phaspharylation of
Cytoplasmic tail of Selectm

| / [ @
PMA et  PRC FMA
of other Activation b or other PKC Regulatory Factor(s) c
activatlor aclivalor Activation Activation
jlatiom of - B-GlcH A« maditicetion of
tytqahsmr uﬂ of $elects Selectin Cytoplasmic Tail
PEC e— Regulalmy Fal:tnrtsj OGT
Inactivation ]

Fig. 5. The possible mechanism of PKC mediated phosphoryla-
tion of different selectins and other regulatory factors including
transmembrane metalloproteases and role of O-GlcNAc mod-
ification in the cytoplasmic domain of three selectins and PKC (a).
Domain structure of three selectins and their regulatory factors. b:
Activated PKC phosphorylates directly the metalloprotease or
cytoplasmic domain of three selectins resulting in binding of the
metalloprotease to the membrane proximal extracellular part of
L-selectin and shedding of extracellular part. c: Activated PKC

lysine residues that in turn signal for endocy-
tosis [Kolling and Hollenberg, 1994].

We expect E-selectin expression to be down-
regulated through a cytoplasmic serine phos-
phorylated signal resulting in the association of
a protease with an extracellular cleavage
similar to L-selectin (Figs. 4c and 5) or
alternatively the activated PKC may activate

phosphorylates cytoplasmic domains of selectins or other
regulatory factors which in turn control selectin shedding and/
or internalization. d: The activated OGT inactivates PKC by
addition of O-GIcNAc, thus blocking all functions attributed to
PKC. In addition, the OGT adds O-GlcNAc to the cytoplasmic
domain of three selectins and occupies the PKC phosphorylation
sites. PKC, protein kinase C; PMA, phorbol myristate acetate;
OGT, O-GlcNAc transferase.

other regulatory factors which are necessary for
internalization of E-selectin. On the basis of
our prediction results, we suggest that in
the human E-selectin, Ser592 (potential for
O-GlecNAc modification, see Fig. 2a) may block
phosphorylation at Ser596 (predicted as poten-
tial phosphorylation site, see Fig. 2b). This may
result in the delay of E-selectin proteolysis
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(by preventing extracellular protease associa-
tion) or endocytosis, prolong its surface ex-
pression, and consequently sustain the
inflammatory reaction (Figs. 4b and 5c). The
highly conserved Ser592 (Fig. 3b), shows poten-
tial for O-GlcNAc modification and the con-
served Ser 596 (Fig. 3b), shows positive
potential for phosphorylation with PKC kinase
specificity. These Ser592 and 596 residues of E-
selectin behave similarly to those of L-selectin
(Ser364 and 367) as false negative Yin Yang
site(s), thus providing important signals in
regulating the stability and endocytosis of
E-selectin (Fig. 5¢).

By way of mutagenesis and inhibition studies,
Fujimoto and McEver [1993] provided evidence
for phosphorylation of serines and threonines in
the cytoplasmic domain of P-selectin and sug-
gested that phosphorylation is involved in
membrane trafficking and other functions of
this protein. Mutational studies suggested
that the 35-residue cytoplasmic domain was
involved in the internalization of P-selectin
[Setiadi et al., 1995]. Lysosomal targeting was
suggested by the existence of a balance of
positive (KCPL sequence within the C-1 domain
in the membrane proximal region) and negative
(sequences YGVF, in gray and DPSP in red
within the C-2 domain, cf. Fig. 3c) signals within
the cytoplasmic tail of P-selectin [Blagovesh-
chenskaya et al.,, 1998]. It was then demon-
strated that in the cytoplasmic tail, cysteine
provides a major positive signal along with
proline, whereas lysine and leucine play no role
in lysosomal targeting of P-selectin. Both in
lysosomal targeting and intracellular proteoly-
sis, the results of mutational analysis within
the C2 domain (by substitutions in the YGVF
and DPSP sequences) suggested the existence
of lysosomal avoidance signals. As shown in
Figure 4c, a possible role for phosphorylated Tyr
818 within the YGVF sequence (gray) and for a
O-B-GlecNAc-modified serine within the DPSP
sequence (red) may be envisaged in generating
lysosomal avoidance signals. However, our
prediction results with NetPhos 2.0 rather
predict that Tyr 818 within the YGVF sequence
(Tyr818-Phe821) has low potential (i.e., lower
than the threshold 0.5) for phosphorylation. But
this residue is highly conserved in all mamma-
lian species (Fig. 3c) and its phosphorylation
was experimentally shown by Fujimoto and
McEver [1993]. These authors suggested
that phosphorylation in cytoplasmic domain of

P-selectin plays an important role in lysosomal
targeting of P-selectin. Therefore, it appears to
be a false negative phosphorylation site. The
same group showed that Ser829 is the main
phosphorylation site in cytoplasmic domain of
P-selectin [Fujimoto and McEver, 1993], but it
was predicted negatively by NetPhos 2.0 and
positively by NetPhosK1.0 as substrate for
GSK3 and cdk5 kinases and YinOYangl.2 for
GlcNAc (Fig. 2a). Consequently, the Ser829
within the DPSP sequence (Asp827-Pro830) is
potentially a Yin Yang site. We suggest that
interplay between phosphorylation and O-f-
GlcNAc modification at the same Ser829 in the
DPSP sequence is important in regulating
inhibition lysosomal signals. Interestingly, this
serine is also preceded by proline. Proline was
shown to be preferred in close vicinity of Ser/Thr
acting as an interplay site [16]. Similarly,
Thr817 adjacent to Tyr818 (of YGVF sequence)
is highly conserved in all mammalian species.
This Thr817 showed positive potential by
NetPhosK 1.0 for PKC, but is negative with
both NetPhos 2.0 and YinOYang 1.2 (very high
just reaching the threshold line (Fig. 2a). With
experimental evidence [Fujimoto and McEver,
1993] for its phosphorylation and positive
prediction by NetPhosK1.0, Thr 817 is a false
negative phosphorylation as well as false nega-
tive Yin Yang site. Threonine 817 may also be
another possible interplay site for phosphate
and/or O-B-GleNAc modification involving PKC
for phosphorylation as shown earlier for L- and
P-selectin. Thus, Ser817 and Ser829 could be
involved in a similar mechanism of complex
interplay as proposed for L- and E-selectin.

From the above discussion, one common
mechanism emerges for inside out signaling
regulation of three selectins from their cyto-
plasmic domains is the PKC regulated phos-
phorylation of Ser/Thr. Additionally, an
upstream Ser residue is proposed as source of
interplay for phosphate and O-B-GlcNAc
modification in regulating the functions and
stability of three selectins. Although the three
selectins perform different functions, a common
mechanism may control their half lives and
multifunctional behavior (Fig. 5a).

The addition of O-B-GlecNAc to serine and/or
threonine and interplay with phosphorylation
has not been reported until now for selectins.
Our prediction results suggest that addition of
O-B-GlcNAc or alternatively of phosphate in the
cytoplasmic domain of L-, E-, and P-selectins
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may regulate proteolytic shedding or endo-
cytosis of those selectins (Fig. 5b). This should
provide useful information to test the potential
role of O-GlcNAc and phosphate modifications
in controlling the half-lives of selectins. Many
proteins have the potential to be modified
transitorily in vivo by various substituents,
and this property could be explored more
extensively utilizing computer-assisted predic-
tion tools for designing anti-inflammatory
compounds.
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