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Abstract

In neutrophils, the major substrate of MAPKAPK?2 (MK2) is an F-actin binding protein LSP1. Studies using mutants of the two
potential Serine phosphorylation sites in LSP1 C-terminal F-actin binding region indicated that the major phosphorylation site for
MK2 is Ser243 in murine neutrophils (Ser252 in humans).

Human phosphoLSP1 antibodies that recognize phosphoSer252 site were prepared and revealed fMLP-induced neutrophil LSP1
phosphorylation. The phosphorylation was inhibited by p38 MAPK (upstream kinase for MK?2) inhibitor SB203580. The antibodies also
detect LSP1 phosphorylation in murine neutrophils. Immunostaining revealed that in WT murine neutrophils phosphoLSP1 was local-
ized in F-actin enriched lamellipodia and oriented toward the fMLP gradient while non-phosphoLSP1 failed to colocalize with F-actin.
In suspension, WT neutrophils exhibited persistent F-actin polarization following fMLP stimulation, while MK2~'~ neutrophils exhib-
ited transient F-actin polarization. These studies suggest that MK2-regulated LSP1 phosphorylation is involved in stabilization of

F-actin polarization during neutrophil chemotaxis.
© 2007 Elsevier Inc. All rights reserved.
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LSP1, despite its name, is expressed in lymphocytes,
macrophages, neutrophils, and endothelial cells [1-6]. It
is an F-actin-binding protein with a highly acidic N-termi-
nal domain and a basic C-terminal domain [2]. The LSP1
C-terminal domain has two caldesmon homologous
domains (CI and CII) and two villin headpiece homolo-
gous regions (VI and VII) for F-actin binding [7,8]. In lym-
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phocytes, LSP1 is a major substrate for protein kinase C
(PKC) [9,10], and is found in the cytoskeleton of lympho-
cytes and cocaps with the IgM receptor [11]. Most recent
studies suggest that LSP1 could interact with DC-SIGN
in dendritic cells to facilitate virus transport into protea-
some [12]. Neutrophils from human patients overexpress-
ing LSP1 have deficiencies in chemotaxis, phagocytosis,
and cell spreading [4]. In these neutrophils, thin-hairlike-
F-actin structures are projected from cell surface, which
was also shown in hairy leukemia cells [13]. While
LSP1~/~ mice showed normal T and B cell development,
they exhibited an enhanced influx of neutrophils and mac-
rophages into the peritoneum upon thioglycollate (TG)
challenge. In vitro studies suggested that the negative reg-
ulatory roles of LSP1 on neutrophil adhesion/polariza-
tion/migration occurred in an integrin-dependent manner
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[14]. LSP1/~ neutrophils showed impairments in both
migration speed and chemotaxis direction during chemo-
kine KC-induced chemotaxis, while morphologically
exhibiting discontinuous primary actin-rich cortexes [15].
Recent intravital microscopy studies indicated that the
observed impaired neutrophil transmigration in LSP1 /-
mice was solely due to the reduction of endothelial barrier
permeability in these mice [6].

Besides being a target site of the endogenous anti-
inflammatory agent lipoxin [16], LSP1 is the major sub-
strate for MK2 in neutrophils [17]. MK2 is a specific
downstream target of p38 MAPK. Treatments of cells with
chemotactic factors, endotoxin, and proinflammatory cyto-
kines activate p38 MAPK and MK2 [18]. The inhibitor of
p38 MAPK, SB203580, blocks chemotactic factor-induced
neutrophil chemotaxis [19,20]. MK2~'~ neutrophils showed
a partial loss of directionality but a higher migration speed
in Zigmond chambers containing an fMLP gradient [21].
These studies suggest that LSP1, as the major substrate
for MK2 and a potential regulator for F-actin structure,
may play an important role in mediating neutrophil activa-
tion and chemotaxis. The function of LSP1 may be regu-
lated through the phosphorylation of LSP1 by MK2. In
this paper, we identified the major phosphorylation site
for MK2 on LSPI1, and the role of this MK2-mediated
LSP1 phosphorylation in fMLP-stimulated neutrophil acti-
vation and chemotaxis was studied.

Materials and methods

Materials. Neutrophils were isolated from human blood using Ficoll/
Hypaque gradient as described [22], or isolated from murine bone marrow
using Ficoll gradient [23]. N-Formyl-Met-Leu-Phe (fMLP), protein kinase
A (PKA), protein kinase C (PKC), and calcium—calmodulin-dependent
kinase II (CAPMPKII) were obtained from Sigma (St. Louis, MO). The
autoactive truncated MK2 mutant T334A was prepared as described [24].
Antibodies to non-phosphoLSP1 (Ser252) were purchased from AnaSpec
(San Francisco, CA). Antibodies to LSP1 were a generous gift from
Dr. Jongstra. MK2 /" mice were generated at Martin Luther University
(Halle, Germany; Ref. [25]) and maintained at University of Connecticut
Health Center. C57BL6/J WT mice were purchased from the Jackson
Laboratory (Bar Harbor, ME).

Site-directed mutagenesis of LSPI. Oligonucleotides for site-directed
mutagenesis were as follows. S243A LSP1 mutant: forward primer is
5'GCTGTCCCGCCAGCCCGCCATAGAGCTG3', and reverse primer
is 5CAGCTCTATGGCGGGCTGGCGGGACAGC3'. S243E LSP1
mutant: forward primer is 5GTCCCGCCAGCCCGAGATAGAGCTG
CCCAG?3’, and reverse primer is 5CTGGGCAGCTCTATCTCGGGC
TGGCGGGAC3’, S195A LSP1 mutant: forward primer is 5TAGGAC
CGAGGCCCTGAACCG?', and reverse primer is 5CGGTTCAGGGC
CTCGGTCCTA3', 5’GCGACCATCCTCCAAAATCGG3’, and 5'TCA
CGATGCGGCCGCTCGAG3' were used as outside primers. Two
rounds of PCR are performed in a PTC-100 thermal cycler (MJ Research,
Inc., Watertown, MA) for 30 cycles at 92 °C for 30s, 55 °C for 30 s and
72 °C for 1 min. The final PCR fragment was eluted from the gel, purified
with DNA purification kits (Promega, Madison, WI) and subsequently
treated with restriction enzymes to form the two required ends so that the
DNA fragment would be cloned into corresponding restriction sites of
pGEX-4T2 expression vector. The pGEX-4T2 mutation vectors were
transformed directly into competent Escherichia coli strain UT481 cells.
Mutant colonies were selected randomly and confirmed by DNA
sequencing.

Phosphorylation of various forms of GST-fusion proteins of LSP1 by
MK?2 (T334A4) and other kinases. GST fusion proteins of murine LSP1
were prepared as described previously [17]. Purified GST fusion proteins
of the recombinant LSP1 were phosphorylated by MK2 mutant (T334A)
according to the procedure described [26]. Reaction buffer contains
20 mM Hepes (pH 7.3), 10 mM MgCl,, 1 mM EGTA, 5mM sodium
orthovanadate, 5 pM okadaic acid, 2 mM DTT, 20 mM H-7, and 0.2 mM
[y-*PJATP (10° c.p.m./pmol). Phosphorylation of LSP1 by PKA was
performed by incubating 2 pg protein with 180 ng of PKA kinase in 40 pl
reaction buffer at RT for 30 min. Phosphorylation by PKC was carried out
by incubating 2 pg protein with 10.5 ng of PKC in 40 pul reaction buffer,
plus 100 ng/ml PMA, 100 ng/ml PS at 30 °C for 30 min. The phosphor-
ylation of LSP1 by CAMPKII was done by incubating 2 pg protein with
25U of CAMPKII in 40 pl reaction buffer (20 mM Tris-HCI, pH 7.5,
10 mM MgCl,, 0.5 mM DTT, 0.1 mM EDTA, 1 mM CaCl,, 2.4 uM cal-
modulin, and 0.2 mM [y-?PJATP (10> c.p.m./pmol), at 30 °C for 30 min.

Preparation of antibodies to phophoLSPI. Antisera specific for phos-
phoserine 252 of human LSP1 was generated by Chiron Technologies
(Clayton Victoria, Australia) in New Zealand white rabbits. The rabbits
were immunized with the phosphopeptide RTPKLARQAS(PO,)IELPSM
conjugated to diphtheria toxoid. The amino acid sequence of this phos-
phopeptide corresponds to the amino acid 243-258 of human LSPI.
Antibodies were purified from the antisera by affinity chromatography.
This antibody also recognize the corresponding phosphorylation sequence
RTPKLSRQPS(PO,)IELPSM in murine LSPI1.

Immunoblots. Protein obtained from cell lysates was analyzed by SDS—
PAGE (10%) gels and detected using antibodies against LSP1 (1:2000
dilution), antibodies against phosphoLSP1 (1:1000 dilution), and non-
phosphoLSP1 (1:1000 dilution).

Confocal microsopy of fMLP-stimulated neutrophils in suspension and
chemotaxing neutrophils in Zigmond chambers containing the fMLP gra-
dients. Cell suspensions of neutrophils derived from mouse bone marrow
were stimulated with fMLP (107> M) at 37 °C for the indicated time.
Following stimulation they were fixed using 4% paraformaldehyde. The
fixed cells were cytospun onto coverslips (1000 rpm, 3 min, RT) and per-
meabilized with 1% Triton lysis buffer for 15 min at 4 °C. After incubated
with the blocking reagent (2% BSA) for 2 h, the neutrophils were stained
with Rhodamine-conjugated Phalloidin (Molecular Probes, Eugene, OR).
To examine the intracellular localization of phosphoLSP1/non-phosp-
hoLSPI1 in chemotaxing neutrophils, the neutrophils were added into
Zigmond chambers for chemotaxis as described previously [21].
Anti-phophoLSP1/anti-nonphosphoLSP1 (1:50 dilution) followed by
FITC-conjugated donkey anti-rabbit IgG (1:100 dilution) and Rhoda-
mine-conjugated Phalloidin (Molecular Probes, Eugene, OR) were added
sequentially to stain the neutrophils. Slides were finally mounted with
slowfade mounting reagent (Molecular Probes, Eugene, OR).

Slides were examined using a Zeiss (Oberkochen, Germany) confocal
imaging system with excitation wavelengths of 488 and 568 nm and
emission filters.

Results

Identification of the major phosphorylation site for MK2 on
LSPI

As we have reported earlier [17], the amino acid
sequences surrounding the two serine residues at position
195 and 243 in mouse (204 and 252 in human) LSP1 are
in agreement with the minimal sequence required for effi-
cient phosphorylation by MK2, Xaa-Xaa-Xaa-Arg-Xaa-
Xaa-Ser-Xaa-Xaa- [27]. To test whether one or both of
the two serine residues are recognized by MK2, three
mutants of GST-LSP1 with point mutations, S243A,
S243E, and S195A were prepared and tested for phosphor-
ylation by various kinases. As shown in Fig. 1, mutation at
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Fig. 1. Identification of Ser243 as the major phosphorylation site for MK2 on LSP1. Phosphorylation of purified GST/LSP1 WT and mutant fusion
proteins by active MAPKAP kinase 2 mutant T334A, PKA, PKC, and CAMPKII was measured. Lanes 1, 5, 9, and 13 were WT fusion protein, lanes 2, 6,
10, and 14 were S243A mutant fusion protein, lanes 3, 7, 11, and 15 were S243E mutant fusion protein, lanes 4, 8, 12, and 16 were S195A mutant fusion
protein. Lanes 1-4 show the autoradiograph of the corresponding proteins after phosphorylation by T334A kinase mutant, lanes 5-8 show
phosphorylation by PKA, lanes 9-12 show phosphorylation by PKC, lanes 14-16 show phosphorylation by CAMPKII.

Ser243 (S243A or S243E), but not Ser195 (S195A) resulted
in the complete loss of phosphorylation of the LSP1 by the
MK?2 (T334A) kinase and a partial loss of phosphorylation
by the PKA, but not by PKC or CAMPKII. The result
indicates that Ser243, but not Ser195, is the major phos-
phorylation site recognized by the MK2 in murine cells.
This result is consistent with the previous report that the
major phosphorylation site is localized within the amino
acid residues 231-330 of C-terminal, but not N-terminal
of LSP1 [17].

The polyclonal affinity-purified anti-human phopsho LSP1
antibody can detect the LSPI1 phosphorylation in fMLP-
stimulated human and murine neutrophils

Antiphosphopeptide antibodies have been widely used
to detect the site-specific phosphorylation of proteins [28].
We prepared antibodies to a phosphopeptide with the
sequence RTPKLARQAS(PO4)IELPSM which contains
the amino acid residues surrounding the phosphorylation
site Ser252 of human LSP1 (PhosphoLSP1) for MK2.
The antibodies were able to detect an increase of the phosp-
hoLSP1 level in fMLP (0.1 M) stimulated human neutro-
phils. The fMLP-induced LSP1 phosphorylation was
inhibited by pretreatment with SB203580, an inhibitor for
p38 MAPK [29] (Fig. 2B).

The phosphoLSP1 antibody can also detect the phos-
phorylation of LSP1 in WT murine neutrophils but the
immunoblotting pattern of LSP1 in murine cells differs
from that of human cells (could be due to different alterna-
tive splicing isoforms of LSP1 existent in human and mur-
ine cells [1]). The site-specific LSP1 phosphorylation was
reduced in MK2~'~ neutrophils (Fig. 2C). In addition, a
decrease of non-phosphoLspl was shown in fMLP-stimu-
lated murine WT neutrophils by using site-specific antibod-
ies (Fig. 3A).

Since LSP1 antibody used here is a polyclonal rabbit
antibody, it gives rise to strong intensity of blotted LSP1
band. However, phospho- and non-phosphoLSP1 antibod-
ies are both site-specific antibodies, which exhibit much less
band intensities in immunoblots. Therefore, the percentage
of LSP1 phosphorylation cannot be simply deduced from
dividing phosphoLSP1 band intensity by total LSP1 band
intensity.
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Fig. 2. Detection of LSP1 phosphorylation in fMLP-stimulated human
and murine neutrophils using our phospho-Ser252 specific human LSP1
antibody. (A) The dose-course and time-course of LSP1 phosphorylation
in fMLP-stimulated human neutrophils. Lanes 1 and 2 were control cells.
Lanes 3-5, 6-8, and 9-11 were neutrophils treated with different dosages
of fMLP at different time lengths. (B) The inhibitory effects of SB203580
on LSP1 phosphorylation. Lanes 1-8 were immunoblots with phosp-
hoLSP1 antibody. Neutrophils were pretreated without (lanes 1 and 2) or
with (lanes 3-8) SB203580 of different dosages, then simulated without
(lanes 1, 3, 5, and 7) or with (lanes 2, 4, 6, and 8) 10~7 M fMLP. Lanes
9-16 were reblots using human LSPI antibody. (C) MK2~'~ mice
neutrophils have reduced LSP1 phosphorylation. Purified bone marrow
neutrophils from WT and MK2~'~ mice were stimulated without or with
10°M fMLP. The cell lysates were used for immunoblots with
phosphoLSP1 antibody (lower panel) and reblots with mouse LSPI
antibody (upper panel).

Intracellular staining of phosphoLSP1 and non-phosphoLSP1
in chemotaxing neutrophils

To examine the polarization pattern of phsphoLSP1 in
chemotaxing neutrophils, we placed murine neutrophils
in the Zigmond Chambers containing the fMLP gradient
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Fig. 3. PhosphoLspl and non-phosphoLspl have different subcellular localizations in chemotaxing WT neutrophils. (A). Immunoblotting analysis of
phosphoLspl and non-phosphoLspl amounts in fMLP-stimulated WT neutrophils for the indicated time. (B) Neutrophils were incubated in Zigmond
chambers containing the fMLP gradient for 10 min, and then immunostained for phosphoLspl (green) and F-actin (red) (upper panel). Non-phosphoLspl

(green) and F-actin (red) immunostaining were in the lower panels.

(10 uM) prior to immunostaining. In chemotaxing WT
neutrophils most of phosphoLSP1 accumulated at the
lamellipodia region enriched with F-actin and oriented
toward the fMLP gradient (Fig. 3B, upper 2 panels). In
contrast, non-phosphoLsp1 did not colocalize with F-actin
in neutrophils undergoing chemotaxis (Fig. 3B, lower 2
panels). This suggested that phosphoLSP1 could, in part,
regulate the neutrophil chemotaxis.

Failure of maintaining polarization in fMLP-stimulated
MK2™'~ neutrophils

Neutrophils can have F-actin polarized at the pre-
sumptive leading edge even in a suspension state that
lacks chemotactic gradient, which will prepare them for
responding rapidly to the chemoattractant stimuli [30].
In order to identify whether F-actin is polarized, we per-
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Fig. 4. Failure of F-actin polarization and stabilization in fMLP-stimulated MK2~'~ neutrophils in suspension. (A) Whole-field pictures showing F-actin
staining pattern of WT (left) and MK2~'~ (right) neutrophils at 10 min after fMLP (10~> M) stimulation. (B) The percentage of neutrophils that have
F-actin polarization at different time points after fMLP stimulation. 100 individual neutrophils obtained from WT and MK2~'~ mice, respectively, were
examined at different time points after fMLP stimulation. The data shown are representatives of two similar experiments.
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formed F-actin (red) staining. Both WT and MK2 '~
neutrophils exhibited F-actin polarization immediately
after fMLP stimulation (data not shown). But at
10 min after stimulation, while WT neutrophils still
showed the polarized morphologies with F-actin accumu-
lated at the presumptive leading edge, MK2~/~ neutro-
phils had lost polarity (Fig. 4A). The percentage of
neutrophils that had F-actin polarization was 78% and
12% in WT and MK2~'~, respectively (Fig. 4B).

Discussion

The C-terminal domain of LSP1 is more conserved
across species compared with its N-terminal domain and
includes several threonine/serine residues. GST-LSP1 can
be phosphorylated by various kinases at Ser/Thr residues
(Fig. 1). Only the point mutation of Ser243 totally abol-
ished the phosphorylation of GST-LSP1 induced by
MK2, which indicates that Ser243 of mouse LSPI is the
only phosphorylation site on LSP1 recognized by MK2
in vitro. In contrast, PKA, PKC, and CAMPKII can
bypass the Ser243 mutation and phosphorylate GST-
LSPI at other Ser/Thr residues.

The Ser252 phosphorylation site-specific antibody can
detect phosphorylation mediated by MK2 in both human
and murine neutrophils, although the amino acid resi-
dues around this phosphorylation site are not identical
between human and murine LSP1. When comparing
the LSP1 Ser243 phosphorylation level between WT
and MK2~/~ murine neutrophils, MK2~'~ exhibited less
but not absent LSP1 phosphorylation. This may be
attributable to the existence of other kinases, such as
MK3 [31] and 3PK [32], which share the high amino acid
identity with that of MK2 and whose activities can be
blocked by the p38 MAP kinase-inhibitor SB203580
[31]. In addition, the concentration of fMLP used for
murine neutrophil stimulation is 100 times higher than
that for human cells (107> M vs. 1077 M), which is due
to the weak fMLP receptor affinity in murine neutrophils
[21].

LSP1 246-295 (CII domain) is homologous to the cal-
desmon F-actin binding site and its binding capability with
F-actin has been proven [8]. Ser243 is located right before
this CII domain, thus its phosphorylation may affect the
affinity of LSP1 for F-actin. Using neutrophils from
MK2~"~ mice, we assessed the effects of LSP1 Ser243 phos-
phorylation defects on cytoskeleton F-actin in fMLP-stim-
ulated neutrophils. Intracellular F-actin staining revealed
that F-actin was well polarized in WT neutrophils at
10 min after stimulation while this polarization was absent
in MK2~/~ neutrophils. We speculate there is an interrela-
tionship between MK2-regulated LSP1 phosphorylation
and F-actin polarization/stabilization. Intracellular phos-
hoLSP1 staining indicates that most of the phosphorylated
LSP1 was localized at the leading front of the polarized
neutrophils and slightly behind the polarized F-actin at
the leading edge. However, there is still a relative amount

of phosphoLSP1 localized in the posterior of neutrophils,
which could be due to its association with other LSP1 tar-
get proteins. F-actin assembly is a dynamic process, with
actin monomer added to the newly formed plus ends of
actin filaments [33]. It is presumed that the location of
polarized phosphoLSP1 represents the sites at which the
minus ends of F-actin exist. Therefore, phosphoLSP1
would help to maintain the polarized F-actin in place by
stabilizing F-actin minus ends and preventing actin mono-
mer dissociation from the actin filaments. In addition, our
finding that non-phosphoLSP1 was not colocalized with F-
actin suggests that the F-actin—bound LSP1 identified
in vitro most likely is phosphorylated. Although in
Fig. 3B, more phosphoLSP1 staining was observed com-
pared to that of non-phosphoLSP1, suggesting that most
LSP1 is phosphorylated upon fMLP stimulation, this
difference in staining intensities may be due, in part, to
potential different sensitivities of the phosphoLSP1 and
non-phosphoLSP1 antibodies used in this study. Among
three major families of MAP kinases, p38 MAPK can be
activated by cellular stress, such as inflammatory cyto-
kines, and triggers a variety of proinflammatory events
including chemotaxis [34]. Therefore, the role of p38
MAPK-—MK?2-mediated LSP1 phosphorylation involved
in neutrophil activation and chemotaxis is most likely a
stress response. This response would serve to maintain
and possibly reinforce neutrophil polarity during chemo-
tactic migration.
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