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of PSA in the nervous system.
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(Bacl(ground: Polysialic acid (PSA) plays important roles in the developing and adult nervous system.
Results: The interaction of PSA with myristoylated alanine-rich C kinase substrate (MARCKS) at the plasma membrane

Conclusion: The MARCKS/PSA interaction regulates PSA-triggered signal transduction.
Significance: Study of the molecular mechanisms underlying PSA-induced cellular responses helps to understand the functions
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Polysialic acid (PSA) is a homopolymeric glycan that plays
crucial roles in the developing and adult nervous system. So
far only a few PSA-binding proteins have been identified. Here,
we identify myristoylated alanine-rich C kinase substrate
(MARCKS) as novel PSA binding partner. Binding assays
showed a direct interaction between PSA and a peptide com-
prising the effector domain of MARCKS (MARCKS-ED). Co-
immunoprecipitation of PSA-carrying neural cell adhesion
molecule (PSA-NCAM) with MARCKS and co-immunostaining
of MARCKS and PSA at the cell membrane of hippocampal neu-
rons confirm the interaction between PSA and MARCKS. Co-
localization and an intimate interaction of PSA and MARCKS at
the cell surface was seen by confocal microscopy and fluores-
cence resonance energy transfer (FRET) analysis after the addi-
tion of fluorescently labeled PSA or PSA-NCAM to live CHO
cells or hippocampal neurons expressing MARCKS as a fusion
protein with green fluorescent protein (GFP). Cross-linking
experiments showed that extracellularly applied PSA or PSA-
NCAM and intracellularly expressed MARCKS-GFP are in close
contact, suggesting that PSA and MARCKS interact with each
other at the plasma membrane from opposite sides. Insertion of
PSA and MARCKS-ED peptide into lipid bilayers from opposite
sides alters the electric properties of the bilayer confirming the
notion that PSA and the effector domain of MARCKS interact at
and/or within the plane of the membrane. The MARCKS-ED
peptide abolished PSA-induced enhancement of neurite out-
growth from cultured hippocampal neurons indicating an
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important functional role for the interaction between MARCKS
and PSA in the developing and adult nervous system.

PSA?is alinear homopolymer composed of at least 8 to >100
negatively charged sialic acid (5'-N-acetylneuraminic acid) res-
idues in an unusual «2,8-linkage (1). PSA chains form large
negatively charged and highly hydrated helical structures (2)
that have been suggested to attenuate cellular interactions and
increase cell motility (3). Thus, PSA belongs to a class of func-
tionally important anionic glycans (4). In the mammalian brain,
PSA is predominantly attached to the protein backbone of the
neural cell adhesion molecule NCAM (4), but it has also been
found on neuropilin 2 (5) and SynCam1 (6).

PSA is associated with morphogenetic changes during devel-
opmental processes, such as cell migration, axonal growth, neu-
rite branching, and synaptogenesis and persists in the adult
brain mainly in structures that display a high degree of func-
tional plasticity (4, 7).

So far only brain-derived neurotrophic factor (8), histone H1
(9), and fibroblast growth factor 2 (10) have been identified as
PSA-binding proteins and shown to directly interact with PSA.
Here, we identified MARCKS as a novel interaction partner of
PSA using an anti-idiotype approach.

MARCKS shows tissue-specific expression with high levels
in certain brain regions, such as the hippocampus. It is
expressed in the brain and spinal cord from early stages of
development (11, 12), and MARCKS-deficient embryos die

3 The abbreviations used are: PSA, polysialic acid; NCAM, neural cell adhesion
molecule; MARCKS, myristoylated alanine-rich C kinase substrate;
MARCKS-ED, MARCKS effector domain; EndoN, endoglycosidase N; BASP1,
brain acid soluble protein 1; PLL, poly-L-lysine; PIP,, phosphatidylinositol
4,5-bisphosphate; scFv, single chain variable fragment; RIPA, radioimmune
precipitation assay buffer.
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around birth showing severe abnormalities of the central nerv-
ous system (13). Heterozygous mice appear normal but exhibit
impaired spatial learning (14). MARCKS is a protein kinase C
(PKC)-specific substrate and binds calmodulin and actin (15,
16). MARCKS is a rod-shaped, acidic protein that possesses
three highly conserved regions: 1) the N terminus, which con-
tains a consensus sequence for myristoylation that is involved
in membrane binding of MARCKS (17), 2) the MH2 domain,
which resembles the cytoplasmic tail of the cation-independent
mannose-6-phosphate receptor, and 3) the phosphorylation
site domain, which contains the PKC phosphorylation sites and
the effector domain (18, 19). The effector domain is highly
basic, in contrast to the rest of the highly acidic protein, and has
been shown to be crucial for the function of MARCKS, whereas
myristoylation of MARCKS is not required for many of the in
vivo functions of MARCKS as indicated by studies using
expression of non-myristoylatable MARCKS in MARCKS-null
mice (19). The effector domain mediates the membrane inser-
tion of MARCKS as well as the cross-linking and membrane
association of actin filaments (20). The phosphorylation of the
effector domain by PKC and/or binding of calmodulin to the
effector domain regulates the membrane insertion of MARCKS
and the interaction of MARCKS with actin.

In the present study we show that PSA binds directly to the
effector domain of MARCKS. We provide evidence that
MARCKS and PSA interact at the cell membrane of hippocam-
pal neurons and that the interaction between MARCKS and
PSA modulates the neuritogenesis of hippocampal neurons.

EXPERIMENTAL PROCEDURES

Mice—C57BL/6] mice or NCAM-deficient (NCAM /")
mice (21) that had been back-crossed onto the C57BL/6] back-
ground for more than nine generations and their wild-type
(NCAM +/+) littermates were bred and maintained at the ani-
mal facility of the Universitatsklinikum Hamburg-Eppendorf.

Antibodies and Reagents—Rabbit polyclonal antibody
against MARCKS has been described (22). Phospho-MARCKS
antibody (sc-12971) recognizing Ser(P)-159/163 was from
Santa Cruz Biotechnology (Santa Cruz, CA), and the GFP anti-
body was from Rockland Immunochemicals (Gilbertsville, PA).
Polyclonal NCAM antibody 182 against the extracellular
domain of NCAM has been described (23). Polyclonal antibody
against tubulin was from Covance (Princeton, NJ). Mouse
monoclonal IgG2a antibody 735 against PSA (24) and endogly-
cosidase N (EndoN) were kind gifts from Dr. Rita Gerardy-
Schahn (Zentrum Biochemie, Zellulire Chemie, Medizinische
Hochschule, Hannover, Germany). Secondary antibodies were
purchased from Dianova (New York). Colominic acid, chon-
droitin sulfate, and heparin were purchased from Sigma. PSA-
mimicking peptide with the sequence NTHTDPYIYPID and a
scrambled version of this peptide with the sequence TNYDIT-
PPHDIYC have been described (25). MARCKS-ED peptide
(KKKKKRFSFKKSFKLSGFSFKKNKK) and the correspond-
ing control peptide (KKKKKRASAKKSAKLSGASAKKNKK;
sequence differences are underlined) as well as two peptides
deriving from brain acid soluble protein 1 (BASP1) and com-
prising putative effector domains similar to that present in
MARCKS (BASP1-ED peptide 1, EEKPKDAADGEAKAEEKE-
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ADKAAAAKEAPKA; BASP1-ED peptide 2, GGKLSKKKKGY-
NVNDEKAKDKDKKA) were purchased from Schafer-N
(Copenhagen, Denmark).

Polysialylated NCAM (PSA-NCAM) was produced as
recombinant PSA-NCAM-Fc containing the extracellular por-
tion of murine NCAM fused with the Fc fragment of human
IgG (26, 27).

Fusion constructs of wild-type, non-myristoylatable or non-
phosphorylatable MARCKS and the green fluorescent protein
(GFP) have been described (17, 28). Non-myristoylatable or
non-phosphorylatable MARCKS mutants were obtained by
alanine replacement of the N-terminal glycine preventing myr-
istoylation (A2G2 mutant) and by replacement of the four
phosphorylatable serines within the phosphorylation site
domain by alanine, glycine, asparagine, or aspartic acid (AS, GS,
NS, or DS mutants), respectively. The F/A MARCKS-GFP
mutant in which the phenylalanine residues in the effector
domain are exchanged to alanine residues was generated using
the GENEART® site-directed mutagenesis system (Invitrogen,
Darmstadt).

Affinity Chromatography with a PSA Mimicking Anti-idio-
typic Antibody—Propagation and screening of the phage library
as well as selection, purification, and characterization of PSA-
mimicking single chain variable fragment (scFv) antibody was
performed as described (9). For the preparation of soluble brain
proteins, 15 brains from postnatal (0—7 days old) or adult
(12—16 weeks old) C57BL/6] mice were homogenized in 4 ml of
TNE buffer (25 mm Tris-HCI, pH 7.5, 150 mm NaCl, 5 mm
EDTA). This and all following steps were carried out at 4 °C.
The homogenates were centrifuged at 1,000 X g for 10 min, and
the resulting supernatants were centrifuged at 100,000 X g for
30 min. The supernatants containing soluble brain proteins
were first run over a Sepharose 4B column (GE Healthcare) and
then over a column with 3.2 mg of purified scFv antibodies
immobilized on 2 ml of CNBr-activated Sepharose 4B (GE
Healthcare) overnight at a flow rate of 0.2 ml/min. After wash-
ing the immunoaffinity column with 15 ml of PBS (0.3 ml/min),
bound proteins were eluted with 200 mwm glycine, 500 mm NaCl,
pH 2.7 (0.3 ml/min). The eluted fractions were collected, neu-
tralized immediately with 1 m Tris/HCI, pH 8.8, and subjected
to protein precipitation (29).

Western Blot Analysis, Two-dimensional Gel Electrophoresis,
Silver Staining, and Mass Spectrometry—W estern blot analysis,
silver staining, and mass spectrometry were performed as
described (30). For two-dimensional gel electrophoresis, the
protein precipitate of the eluate was resuspended in 5 M urea, 2
M thiourea, 65 mm dithiothreitol, 4% CHAPS, and 0.8% Ampho-
line™ pH3-10 (GE Healthcare) and incubated with Immobi-
line™ DryStripe pH3-10 (GE Healthcare) overnight at room
temperature. A Multiphor II apparatus (GE Healthcare) was
used for isoelectric focusing at 17 °C and 2 mA applying the
following protocol: 1 min at 200 V, continuous increase of volt-
age to 3500 V within 90 min, 3500 V for 60 min. After isoelectric
focusing, the stripes were incubated two times for 10 min in
equilibration buffer composed of 15 ml of 1 m Tris/HCI, pH 6.8,
36 g of urea, 30 ml of 87% glycerol, 100 mg of dithiothreitol, 15
ml of 10% SDS, 14.5 ml of H,O, and a spatula tip of bromphenol
blue and then subjected to SDS-PAGE.
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ELISA and Label-free Binding Assay—For ELISA, 384-well
flat bottom microtiter plates with high binding surface (Corn-
ing, Lowell, MA) were coated in triplicate with 25 ul of
MARCKS-ED or control peptide (100 pg/ml in PBS) or PBS
alone at 4 °C overnight. All of the following steps were carried
out at room temperature. After blocking with 1% BSA for 1 h,
the wells were washed once with PBS containing 0.05% Tween
20 (PBST). Wells were incubated with increasing concentra-
tions of soluble colominic acid for 1 h. After washing 3 times
with PBST and once with PBS, 25 ul of PSA antibody 735 (5
pg/ml) were added to each well. After incubation for 1 h, the
plates were washed 3 times with PBST. The wells were incu-
bated with horseradish peroxidase (HRP)-conjugated second-
ary mouse antibody for 1 h and washed 3 times with PBST.
Binding was visualized by incubating the wells with 50 ul of 0.5
mg/ml o-phenylenediamine dihydrochloride (Thermo Scien-
tific, Waltham, MA) for 2—5 min. The reaction was stopped by
the addition of 50 ul of 2.5 M H,SO, and quantified using an
ELISA reader at 490 nm and the software KCjunior (Bio-TEK,
Winooski, VT).

As an alternative to ELISA, a label-free binding assay with
photonic crystal optical biosensors (SRU Biosystems, Woburn,
MA), which allows detection of interactions without labeling,
was performed as described (31). Briefly, 384-well plates with a
TiO, surface (SRU Biosystems) were washed 3 times with PBS
containing Ca>* and Mg>" (PAA, Cdlbe, Germany) (PBS™) and
coated overnight at 4 °C with 125 ng peptide/well. Wells were
then washed 3 times with PBS™, and the peak wavelength shift
was measured (BIND® PROFILER, SRU Biosystems) to control
or to measure the coating efficiency. Wells were then blocked
with 2% BSA in PBS™ for 3 h at room temperature. After three
washes with PBS™, different amounts of ligands in PBS™ were
added to the wells. Binding of ligands to substrate-coated pep-
tide was measured by determination of peak wavelength shift
every 30 s for 60 min. Values obtained from wells without
ligands were set as background and subtracted from values
obtained with ligand solution. All interactions were performed
in triplicates.

Co-immunoprecipitation—Brains from 2-day-old C57BL/6]
mice were homogenized in 50 mm Tris-HCl, pH 7.5, 1 mm
CaCl,, 1 mm MgCl,, and 1 mm NaHCO, plus complete EDTA-
free protease inhibitor mixture (Roche Diagnostics). Brain pro-
tein extracts were generated by lysing brain homogenates with
RIPA buffer containing 50 mm Tris-HCI, pH 7.5, 150 mm NaCl,
1% Nonidet P-40, 1 mm Na,P,0,, 1 mm NaF, 1 mM EDTA, 2 mm
NazVO,, and 1 mm PMSF for 1 h at 4 °C. After centrifugation at
700 X g for 10 min at 4 °C, the resulting supernatant was taken
as detergent extract for immunoprecipitation. In parallel,
supernatant containing 1 mg of total protein was incubated
without or with 5 ug of EndoN at 37 °C for 3 h. EndoN-treated
and untreated supernatants were then precleared with protein
A/G-agarose beads (Santa Cruz Biotechnology) for 3 h at 4 °C
and then incubated with polyclonal MARCKS antibody or con-
trol IgG overnight at 4 °C with gentle rotation. Protein A/G-
agarose was added and incubated 6 h at 4 °C under constant
agitation. After extensive washes with RIPA buffer, immuno-
precipitated proteins were eluted from agarose beads by 2X
SDS sample buffer (125 mm Tris-HCI, 4% SDS, 30% glycerol,
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10% B-mercaptoethanol, and 0.00625% bromphenol blue, pH
6.8).

Immunostaining of Hippocampal Neurons—The hip-
pocampi of 0—2-day-old C57BL/6] mice were isolated and dis-
sociated using the method published previously (32). Dissoci-
ated hippocampal neurons were seeded at a density of 2 X 10°
on 12-mm glass coverslips pretreated with 0.01% poly-L-lysine
(PLL) and maintained for 20 h at 37 °C. For live staining of PSA
and MARCKS, cells were washed 3 times with serum-free cul-
ture medium and incubated with antibodies against PSA and
MARCKS for 20 min on ice. Cells were then gently washed with
serum-free culture medium, fixed with 4% paraformaldehyde
for 30 min, washed 3 times with PBS, and blocked with 1% BSA
in PBS for 30 min at room temperature. Fixed cells were then
incubated with secondary antibodies coupled to the fluorescent
dyes Cy3 or Cy2 for 20 min, stained with DAPI for 2 min,
washed 3 times with PBS, and mounted with Fluoromount-G
(Southern Biotech, Birmingham, AL). For staining of fixed cells,
hippocampal neurons were treated with 4% paraformaldehyde
for 30 min, washed with PBS, blocked, and permeabilized with
PBS containing 0.2% Tween 20 and 1% BSA for 30 min and
incubated with primary antibodies for 30 min at room temper-
ature. After washing with PBS, cells were incubated with sec-
ondary antibodies coupled to the fluorescent dye Cy2 or Cy3 for
30 min at room temperature, washed 3 times with PBS, stained
with DAPI for 2 min, washed 3 times with PBS, and then
mounted with Fluoromount-G. For co-staining of PSA,
MARCKS, and actin, live neurons were incubated with the PSA
antibody for 20 min on ice, fixed, incubated with MARCKS
antibody for 30 min at room temperature followed by incuba-
tion with secondary antibodies coupled to the fluorescent dyes
Cy2 or Cy5 and with Alexa Fluor® 594 phalloidin (Invitrogen)
for 20 min at room temperature in the dark. Images were taken
with an Olympus FluoView 1000 microscope (Olympus, Ham-
burg, Germany).

Stimulation and Transfection of Hippocampal Neurons and
Neurite Outgrowth Measurements—For transient transfection
of hippocampal neurons, Basic Neuron small cell number
(SCN) Nucleofector® kit was used according to the manufac-
turer’s instructions (Amaxa Biosystems, Cologne, Germany). In
brief, 100 nm peptides (titration tests indicated 100 nm as opti-
mal concentration for transfection) were dissolved in 10 ul of
nucleofector solution equilibrated to room temperature. Four
to six million cells were suspended in 90 ul of nucleofector
solution and mixed with 10 ul of peptide-containing solution.
After electroporation in the Nucleofector® device (Amaxa Bio-
systems) applying Basic Neuron SCN Program 7, the neurons
were transferred from the cuvette into tubes with 0.5-1 ml of
prewarmed neurobasal medium (Invitrogen) using the plastic
pipettes supplied in the kit. The neurobasal medium was sup-
plemented with 10% horse serum (Sigma) and 5 mg/ml genta-
mycin (Invitrogen). Cells were counted using trypan blue
(Sigma) and plated on glass coverslips coated with 100 pg/ml
PLL at a density of 300 or 1500 cells/mm?. Neurons were main-
tained for 24 h at 37 °C in the absence or presence of 10 ug/ml
colominic acid, chondroitin sulfate, or heparin. For EndoN
treatment, neurons were treated with 5 ug/ml EndoN for 3 h.
For determination of the levels of phosphorylated MARCKS,

VOLUME 288+NUMBER 9-MARCH 1, 2013



neurons were incubated without or with 20 ug/ml colominic
acid or chondroitin sulfate for 3 h, lysed in RIPA buffer supple-
mented with phosphatase inhibitor PhosStop™ (Roche Diag-
nostics), and kinase inhibitor K262a (Tocris Bioscience, Ellis-
ville, MO), and subjected to Western blot analysis. For
quantification of the level of phosphorylated MARCKS by con-
focal microscopy, neurons were treated without or with 20
png/ml colominic acid or chondroitin sulfate for 3 h, fixed, and
subjected to immunostaining using the phospho-MARCKS
antibody and confocal microscopy followed by determination
of the fluorescence intensities of 10 neurons per group using
Image] software. Statistical comparisons between the groups
were performed using Student’s ¢ test. For neurite outgrowth
measurements, neurons were incubated with 20 ug/ml colomi-
nic acid, chondroitin sulfate or heparin, and/or with 10 ug/ml
MARCKS-ED or control peptide, fixed with 2.5% glutaralde-
hyde, and stained with 1% methylene blue/toluidine blue in 1%
borax. Morphological quantification of neurite lengths was per-
formed as described (30). Neurites of hippocampal neurons
with a length of at least one cell body diameter were counted,
and total neurite length per cell was determined by counting
100 cells in each of two wells per experiment. Differences
between the groups were statistically evaluated using Student’s
t test followed by one-way analysis of variance.

Conjugation of Fluorescent Dyes to Colominic Acid and Chon-
droitin Sulfate—For coupling of colominic acid or chondroitin
sulfate to aminomethylcoumarin hydrazide (Sigma) or HiLyte
Fluor™ 405 hydrazide (MoBiTec, Gottingen, Germany), 15
mg of colominic acid or chondroitin sulfate were incubated
with 1.5 ml of 100 mM sodium metaperiodate for 15 min and
then with 1 ml of ethylene glycol for 1 h. The oxidized carbo-
hydrates were precipitated by 3.75 ml of ethanol and collected
by centrifugation for 15 min at 4000 X g and 4 °C. After resus-
pension of the carbohydrates in water (3 mg/ml), 100 ul of 2 mm
aminomethylcoumarin hydrazide or HiLyte Fluor™ 405
hydrazide in dimethyl formamide were added to 1 ml of oxi-
dized carbohydrates. After incubation for 2 h, the carbohy-
drates conjugated to the dyes were precipitated by 1.5 ml of
ethanol and centrifugation for 15 min at 4000 X gand 4 °C. The
conjugates were resuspended in PBS (final concentration, 30
mg/ml). For preparation of fluorescently labeled PSA-NCAM,
100 pg of recombinant PSA-NCAM-Fc were subjected to mild
periodate oxidation, incubation with HiLyte Fluor™ 405
hydrazide, and dialysis against PBS. Mild periodate oxidation
leaves the glycans intact because oxidation affects only the non-
reducing end of the glycans.

Transfection of Cells with MARCKS-GFP Constructs and
FRET Analysis—CHO cells (2 X 10° cells/ml) or primary hip-
pocampal neurons (5 X 10° cells/ml) were seeded onto PLL
coated glass coverslips. CHO cells were transfected using
FuGENE® HD Transfection Reagent (Roche Diagnostics) or
TurboFect (Thermo Scientific) 1 day after seeding. Hippocam-
pal neurons were transfected using the CalPhos™ mammalian
transfection kit (Clontech, Mountain View, CA) 2 days after
seeding. The dye/carbohydrate conjugates were added to the
cells 24 h after transfection. After incubation for 15 min, the
coverslips were transferred to a plastic dish containing 3 ml of
prewarmed medium. During the live imaging the cells were
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maintained in an incubation chamber at 37 °C, 5% CO,, and
70% humidity. FRET analysis was performed using the sensi-
tized emission method at the confocal laser scanning micro-
scope Olympus FluoView1000 (Olympus). The donor was the
HiLyte Fluor™ 405, and the acceptor was the GFP of the
MARCKS fusion proteins.

Cross-linking Experiments Using L-Photo-Leucine—CHO
cells (5 X 10 cells per 6-well) transfected with MARCKS con-
structs were maintained in DMEM-LM (Thermo Scientific)
supplemented with 1% penicillin, 1% streptomycin, 4 mm
L-Photo-Leucine (Thermo Scientific) and 2 mM methionine
(Sigma). After 24 h, 10 ug/ml colominic acid/PSA or PSA-
NCAM-Fc was added to the cells and incubated for 5 min at
37 °C. Cells were then exposed to UV light (365 nm, 3 X 15
watts, 5-cm distance) and lysed in 500 ul of RIPA buffer with
protease inhibitor mixture (complete, EDTA-free; Roche Diag-
nostics). Cell lysates were subjected to immunoprecipitation
using GFP or PSA antibodies and/or Protein A beads.

Lipid Bilayer Technology—For the formation and analysis of
artificial lipid bilayers, the Ionovation Compact V02 system
(Ionovation GmbH, Osnabriick, Germany) was used. In this
system two chambers are separated by a Teflon septum with a
120-pum pinhole where bilayers are formed upon repetitive low-
ering and raising the level of a lipid mixture in one chamber. In
all experiments, a 1:1 mixture of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (POPE) from Ionovation
was used. Both chambers were filled with 1.4 ml of electrode
buffer (250 mm KCI, 2 mMm CaCl,, 10 mMm Tris/MOPS, pH 7)
from Ionovation. The bilayer formation was monitored opti-
cally and by measuring the capacitance (a stable bilayer displays
a capacitance of 60— 80 picofarads). After a stable bilayer had
established, 3 um colominic acid/PSA or chondroitin sulfate
was added into the anode chamber (representing the extracel-
lular compartment), and then 3 um MARCKS-ED peptide or
control peptide was applied to the cathode chamber (represent-
ing the intracellular compartment). During the experiments the
capacitance of the bilayer was recorded.

RESULTS

MARCKS and BASP1 Are Potential PSA Binding Partners—
In a recent study we used a PSA-mimicking anti-idiotypic scFv
antibody for immunoaffinity chromatography with a mouse
brain fraction enriched in membrane-associated proteins and
identified histone H1 as a novel PSA binding partner (9). Here,
we applied soluble brain proteins isolated from postnatal or
adult mice to the immobilized PSA-mimicking scFv antibody.
By silver staining upon SDS-PAGE, mainly two proteins of ~50
and ~70 kDa were detected in the eluate obtained after immu-
noaffinity chromatography of soluble brain proteins from post-
natal mice (Fig. 14) and adult mice (data not shown). These
proteins were not found in the wash fractions or after separa-
tion of the scFv antibody, which was seen as an ~30-kDa band,
and comparison with the flow-through showed that these pro-
teins were highly enriched by immunoaffinity chromatography
(Fig. 1A). By Western blot analysis with the scFv antibody, only
the 70-kDa protein was detectable in the eluate, whereas no
immunopositive protein band was observed in the flow-
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A silver staining Western blot
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FIGURE 1. Identification of MARCKS and BASP1 as PSA binding partners
using a PSA-mimicking scFv antibody for affinity chromatography.
A, purified scFv antibody was immobilized and used for affinity chromatog-
raphy with soluble brain proteins isolated from postnatal (0-7 days old) mice.
After collecting the flow-through (FT) and three consecutive wash fractions
(W1, W2, W3), proteins bound to the scFv antibody were eluted. The eluate (E),
the flow-through, the wash fractions, and the purified scFv antibody (sFv)
were separated by SDS-PAGE and subjected to silver staining or Western blot
analysis using the scFv antibody. B, the eluate was separated by two-dimen-
sional gel electrophoresis, pH 3-10, and the two-dimensional gel was sub-
jected to silver staining. A and B, the position of the ~70- and ~50-kDa pro-
tein bands, which were identified by mass spectrometry as MARCKS and
BASP1, are indicated by an arrow and arrowhead, respectively. The asterisk
indicates the position of the scFv antibody.

through, the wash fractions, or scFv preparation (Fig. 14). The
~50- and ~70-kDa bands were analyzed by ESI-MS/MS mass
spectrometry. After tryptic digestion of the ~50- and ~70-kDa
bands, 2 of the detected peptides from the ~70-kDa band and 3
of the detected peptides from the ~50-kDa band could be
assigned to MARCKS and BASP1, respectively. The MS/MS
spectrum of a 1813.958- and 784.411-Da precursor mass
(detected as triple- and double-charged ion at m/z = 605.660
and 393.213) matched the tryptic peptide GEATAERPGEAA-
VASSPSK (1814.887 Da) and LSGFSFK (785.419 Da) of mouse
MARCKS, whereas the MS/MS spectrum of a 3354.370-,
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3296.370-,and 2057.018-Da precursor mass (detected as 4-fold,
4-fold, or triple-charged ion at m/z = 839.600, 825.100, or
686.680, respectively) matched the tryptic peptide AGEA-
SAESTGAADGAAPEEGEAKKTEAPAAAGPEAK (3355.577
Da), SDAAPAASDSKPSSAEPAPSSKETPAASEAPSSAAK
(3297.535 Da), and SDAAPAASDSKPSSAEPAPSSK (2057.962
Da) of mouse BASP1. Separation of the eluate by two-dimen-
sional gel electrophoresis and silver staining of the two-dimen-
sional gel showed an intense staining of a ~70-kDa spot with a
pl of ~4.2 and a faint staining of a ~50-kDa spot with a pI of
~4.5 (Fig. 1B). Because the pl values of the ~70- and ~50-kDa
spots matched the theoretical pI of MARCKS and BASPI,
which are 4.34 and 4.5, the result of the two-dimensional gel
electrophoresis confirmed that the ~50- and ~70-kDa bands
represented BASP1 and MARCKS.

Because the PSA-mimicking scFv antibody binds to the
immunoaffinity-purified ~70-kDa protein, which was identi-
fied as MARCKS, but not to the ~50-kDa protein, which was
also present in the eluate after immunoaffinity chromatography
and was identified as BASP1, one can conclude that MARCKS
binds to PSA in a native and denatured conformation, whereas
BASP1 either does not bind to PSA but was co-purified with
MARCKS or only binds PSA in a native but not denatured
conformation.

PSA Directly Binds to the Effector Domain of MARCKS—To
analyze the direct binding of MARCKS or BASP1 to PSA,
ELISA experiments were performed. Using recombinant
MARCKS and BASP1 as the substrate coat, no binding of
colominic acid, which is the bacterial homolog of PSA, to
MARCKS and BASP1 was detectable (data not shown). Because
the effector domain of MARCKS is crucial for the function of
MARCKS, we tested a synthetic peptide that comprises the
effector domain of MARCKS (MARCKS-ED peptide) and a
corresponding control peptide as substrate coats and observed
a concentration-dependent and saturable binding of colominic
acid/PSA to the MARCKS-ED peptide but not to the control
peptide (Fig. 2A4).

We also used two synthetic BASP1 peptides as substrate
coats. These peptides have similar structural features like the
effector domain of MARCKS, e.g. amphipathic helical structure
with positively charged amino acids on one side and hydropho-
bic on the other side, and thus might function as effector
domains. However, in contrast to the MARCKS-ED peptide, no
binding of colominic acid/PSA to the putative BASP1-ED pep-
tides was detectable (data not shown). The results from the
ELISA experiments indicated that PSA directly interacts with
the effector domain of MARCKS, whereas no direct binding of
BASP1 or putative BASP1-ED peptides was detectable.

In a label-free binding assay, binding of colominic acid/PSA
to substrate-coated MARCKS-ED peptide was confirmed (Fig.
2B). In addition, we could also show that a PSA-mimicking
peptide (25) binds to MARCKS-ED peptide, whereas a scram-
bled version of the PSA-mimicking peptide did not bind the
MARCKS-ED peptide (Fig. 2B). A concentration-dependent
binding of colominic acid/PSA and PSA-mimicking peptide to
MARCKS-ED peptide, but not to control peptide, was observed
in label-free binding assay (Fig. 2, C and D) when using sub-
strate-coated MARCKS-ED and control peptides, which
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FIGURE 2. Identification of a direct binding of PSA to the MARCKS effector domain. A, MARCKS-ED peptide and the corresponding control peptide as
negative control were substrate-coated and incubated with increasing concentrations of colominic acid/PSA. The binding of colominic acid/PSA was detected
by ELISA using PSA antibody and HRP-conjugated secondary antibodies. Mean values = S.D. from three independent experiments carried out in triplicate are
shown. B, MARCKS-ED and control peptide were substrate-coated and incubated with 5 or 200 ng/ml colominic acid/PSA (PSA), PSA-mimicking peptide
(PSApep), or a scrambled version of the PSA-mimicking peptide (scr). C and D, substrate-coated MARCKS-ED peptide or control peptide was incubated with
increasing amounts of colominic acid/PSA (C) or PSA-mimicking peptide (D). B—D, binding was determined by measuring the peak wavelength shifts in a
label-free binding assay. E, coating efficiency of MARCKS-ED peptide (ED) or control peptide (ctrl) was determined by measuring the peak wavelength shifts.
F, MARCKS-ED and control peptide were substrate-coated and incubated with PSA-mimicking peptide in the absence or presence of increasing concentrations
of colominic acid/PSA, chondroitin sulfate, or heparin. Binding was determined by measuring the peak wavelength shifts. B-F, mean values *+ S.D. from of two

independent experiments carried out in triplicates are shown.

showed similar coating efficiencies (Fig. 2E). The binding of the
PSA-mimicking peptide to substrate-coated MARCKS-ED
peptide was inhibited in a concentration-dependent manner by
colominic acid/PSA, but not by other negatively charged poly-
mers, namely chondroitin sulfate and heparin (Fig. 2F).
MARCKS Interacts with PSA-NCAM via Its PSA Moiety—
Next, we further investigated the binding of MARCKS to PSA
by immunoprecipitation using a detergent extract of brain
homogenate treated in the absence or presence of EndoN,
which degrades PSA. Western blot analysis after immunopre-
cipitation using a MARCKS antibody revealed that a protein
band of ~250 kDa was recognized by the PSA antibody in the
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immunoprecipitates from untreated brain homogenate,
whereas only very small amounts of this protein were detect-
able in immunoprecipitates from EndoN-treated homogenate
(Fig. 3). Probing the Western blots with a NCAM antibody indi-
cated that the MARCKS antibody co-immunoprecipitated
large amounts of NCAM with an apparent molecular mass of
~250 and ~180 kDa from untreated brain homogenate,
whereas only small amounts of these NCAM forms were
detectable in the immunoprecipitates from EndoN-treated
homogenate (Fig. 3). Western blot analysis with a MARCKS
antibody showed that equal amounts of MARCKS were immu-
noprecipitated from the untreated and EndoN-treated homo-
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FIGURE 3. MARCKS co-immunoprecipitates with PSA-carrying NCAM.
Brain detergent extracts were treated without (mock) or with EndoN and sub-
jected to immunoprecipitation with polyclonal rabbit MARCKS antibody or
non-immune control rabbit antibody (IgG) as the negative control. The
immunoprecipitates were subjected to Western blot analysis (WB) using PSA,
NCAM, or MARCKS antibodies.

genates (Fig. 3). Neither MARCKS nor PSA-carrying NCAM
was detectable when a non-immune control antibody was used
for immunoprecipitation (Fig. 3). These results indicated that
PSA-carrying NCAM co-immunoprecipitates with MARCKS
and that predominantly the PSA glycan moiety mediates the
interaction between MARCKS and PSA-carrying NCAM,
whereas the protein backbone of NCAM plays a minor or no
role in the interaction between NCAM and MARCKS.

PSA Interacts with MARCKS at the Cell Membrane—Because
PSA is exposed at the cell surface, we tested the possibility of
whether MARCKS, which is a cytoplasmic protein, is present
extracellularly. To test this, cell surface biotinylation was car-
ried out and revealed no evidence for extracellular MARCKS
(data not shown). As an alternative method to test an extracel-
lular localization of MARCKS, live hippocampal neurons in
culture were immunocytochemically labeled with MARCKS
and PSA antibodies. Confocal microscopic analysis only
showed PSA immunoreactivity at the cell surface of hippocam-
pal neurons, whereas no immunostaining of MARCKS was
detectable (Fig. 4A). However, when immunocytochemical
analysis of fixed and permeabilized hippocampal neurons was
performed, a partial co-localization of PSA and MARCKS at the
cell body and along neurites was observed (Fig. 4B), suggesting
that PSA and MARCKS interact with each other at the cell
membrane. A more pronounced co-localization of MARCKS
and PSA was observed when live neurons were first incubated
with PSA antibody and then subjected to fixation, permeabili-
zation, and staining with MARCKS antibody (Fig. 4C), indicat-
ing that extracellular clustering of PSA by the PSA antibody
induces a co-distribution of intracellular MARCKS and extra-
cellular PSA. This notion suggests that PSA and MARCKS
interact with each other from opposite sides of the plasma
membrane. In addition, staining of actin using fluorescent-la-
beled phalloidin revealed a pronounced co-localization of actin
with MARCKS and PSA (Fig. 4C), suggesting that the
MARCKS/PSA interaction is involved in the organization of
the actin cytoskeleton.
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MARCKS

MARCKS

FIGURE 4. Co-localization of MARCKS and PSA in cultured hippocampal
neurons. A and B, cultured live hippocampal neurons (A) or fixed hippocam-
pal neurons (B) were incubated with rabbit polyclonal MARCKS antibody and
mouse monoclonal PSA antibody followed by incubation with corresponding
fluorescent dye-labeled secondary antibodies. After fixation and permeabili-
zation of cells, nuclei were stained with DAPI. Superimpositions of MARCKS
and PSA staining show partial co-localization (seen in yellow) at the surface of
cell bodies and processes. C, cultured live hippocampal neurons were incu-
bated with mouse monoclonal PSA antibody followed by fixation and per-
meabilization of the cells and by incubation of the fixed cells with rabbit
polyclonal MARCKS antibody, fluorescent dye-labeled secondary antibodies,
and phalloidin. Superimpositions of MARCKS, PSA, and actin staining show
partial co-localization (seen in white) at the surface of cell bodies and pro-
cesses. The scale bar represents 5 um.

If PSA interacts with MARCKS at the plasma membrane,
increasing amounts of MARCKS should be recruited to the
plasma membrane in the presence of PSA. Because MARCKS
can only associate with the plasma membrane when the effector
domain is not phosphorylated by PKC (17), the level of PKC-
phosphorylated MARCKS should decrease. To test this
assumption, hippocampal neurons were incubated in the
absence or presence of colominic acid/PSA or, for control,
chondroitin sulfate, and then subjected to Western blot analy-
sis using an antibody that recognizes only PKC-phosphorylated
MARCKS. Indeed, in the presence of colominic acid/PSA, the
amount of PKC-phosphorylated MARCKS was reduced by
~40% when compared with the amount observed in its
absence, whereas the level of total MARCKS was similar under
both conditions (Fig. 54). In the presence of chondroitin sul-
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FIGURE 5. Reduction of the level of phosphorylated MARCKS by PSA.
A and B, primary hippocampal neurons were incubated without (control) or
with chondroitin sulfate (CS) or colominic acid (PSA). A, neurons were lysed
with RIPA buffer and probed by Western blot (WB) analysis with an antibody
against phosphorylated MARCKS (pMARCKS), total MARCKS, and tubulin as
loading control (upper panel). Band intensities were quantified by densitom-
etry. The levels of pMARCKS in the presence of colominic acid or chondroitin
sulfate relative to the levels obtained in their absence, which was set to 100%,
are shown (lower panel). Mean values = S.E. (n = 3) are shown (***, p < 0.001,
paired Student’s t test). B, neurons were immunostained with an antibody
against phosphorylated MARCKS. Representative images of neurons and the
quantification of the fluorescence intensity are shown. The levels of
PMARCKS in the presence of colominic acid or chondroitin sulfate relative to
the levels obtained in their absence (set to 100%) are shown (lower panel).
Mean values = S.E. of 10 cells per group are shown (***, p < 0.001, paired
Student'’s t test). The scale bar represents 5 um.

fate, the level of phosphorylated MARCKS was only slightly
reduced in comparison to the level observed in its absence (Fig.
5A). Similarly, when using the antibody against phosphorylated
MARCKS for immunocytochemical staining, a reduction of the
level of phosphorylated MARCKS by ~50% was observed in the
presence of colominic acid/PSA relative to the presence of
chondroitin sulfate or the absence of these polymeric glycans
(Fig. 5B). This result suggests that PSA at least partially triggers
signal transduction via an interaction with MARCKS at the
plasma membrane and that this interaction interferes with
PKC-dependent signal transduction.
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PSA Interacts with MARCKS within the Plane of the Plasma
Membrane but from Opposite Sides—It has been shown that
insertion of myristoylated MARCKS into membranes is medi-
ated by its effector domain (33, 34). Exchanging the serine res-
idues in the effector domain to alanine, asparagine, or aspartic
acid or mutation of the myristoylation site prevents the mem-
brane insertion of MARCKS (28). PSA has also been reported to
insert into membranes (35—37). Because both MARCKS and
PSA insert into membranes, it seemed likely to us that cytoplas-
mic MARCKS penetrates the inner leaflet of the plasma mem-
branes and interacts with extracellular PSA, which penetrates
the outer leaflet of the plasma membrane. To test this possible
interaction within the plane of the plasma membrane, we
performed confocal microscopic analysis of CHO cells after
transfection with MARCKS-GFP constructs and incubation
with colominic acid/PSA that was labeled with the fluores-
cent dye aminomethylcoumarin. Cells expressing non-mu-
tated MARCKS fused to GFP showed pronounced binding of
labeled colominic acid/PSA (Fig. 6A4), whereas labeled colomi-
nic acid/PSA did not bind to cells expressing GFP fusions with
the non-myristoylatable MARCKS mutant (Fig. 6B) or the non-
phosphorylatable MARCKS mutants (data not shown), neither
of which insert into membranes (19, 28). Similarly, colominic
acid/PSA labeled with the dye HiLyte Fluor 405 also bound to
cells expressing non-mutated MARCKS-GEFP (Fig. 6C) but did
not bind to cells expressing the non-myristoylatable MARCKS
mutant fused to GFP (Fig. 6D) or the non-phosphorylatable
MARCKS mutants fused to GFP (data not shown). Moreover,
chondroitin sulfate labeled with HiLyte Fluor 405 did not
bind to cells expressing non-mutated MARCKS-GFP (Fig.
6E). FRET analysis of cells shows a pronounced co-localiza-
tion of labeled colominic acid/PSA and non-mutated
MARCKS-GFP and revealed an approximate distance of 20 —50
nm between the labeled colominic acid/PSA and MARCKS-
GFP (Fig. 6F). A similar co-localization and approximate dis-
tance between the HiLyte Fluor 405-labeled colominic acid/
PSA and non-mutated MARCKS-GFP was observed when
transfected hippocampal neurons were used for confocal
microscopy and FRET analysis (Fig. 6G).

In a next step recombinant soluble PSA-NCAM, which con-
tains PSA attached to the extracellular domain of NCAM, was
labeled with the fluorescent dye HiLyte Fluor 405 and applied to
cultures of NCAM-deficient hippocampal neurons transfected
with non-mutated MARCKS- or with MARCKS-GFP contain-
ing exchanges of the phenylalanine residues to alanine residues
in the effector domain. FRET analysis of neurons expressing
non-mutated MARCKS-GFP showed a pronounced co-local-
ization of labeled PSA-NCAM and non-mutated MARCKS-
GFP and revealed a large number of FRET signals indicating a
distance of 10-30 nm between PSA-NCAM and MARCKS-
GFP (Fig. 7A). Binding of fluorescent-labeled PSA-NCAM to
cells expressing mutated MARCKS-GFP was observed, but
FRET analysis showed either no FRET signals or a low number
of FRET signals for distances of less than 30 nm between the
labeled PSA-NCAM and the mutated MARCKS-GFP (Fig. 7B).
These results indicate that soluble PSA-NCAM interacts with
the effector domain of MARCKS and that mutation of the effec-
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FIGURE 6. PSA and MARCKS interact at the cell nembrane from oppo-
site sides. CHO cells (A-F) or hippocampal neurons (G) were transfected
with non-mutated MARCKS-GFP (A, C, and E-G) or with a non-myristoylat-
able MARCKS-GFP mutant (B and D). Colominic acid/PSA conjugated to
the fluorescent dye aminomethylcoumarin (AMCA; A and B) or HiLyte Fluor
405 (C, D, F, and G) or chondroitin sulfate conjugated to HiLyte Fluor 405
(E) was applied to the transfected cells. A-G, images of representative cells
from confocal microscopy and FRET analysis are shown. The scale bar rep-
resents 5 um.

tor domain leads to disruption or disturbance of this
interaction.

The results of the FRET analyses indicate an intimate inter-
action of PSA and MARCKS within the plane of the membrane.
To further substantiate this idea, we performed cross-linking
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experiments using L-Photo-Leucine. CHO cells were trans-
fected with MARCKS-GFP constructs and incubated with
L-Photo-Leucine, allowing incorporation of this photo-active
amino acid into newly synthesized proteins. After application
of colominic acid/PSA to live cells, they were exposed to UV
light. We expected that the photo-active leucine residue in the
effector domain of intracellularly expressed MARCKS-GFP
should form covalent bonds with extracellularly added colomi-
nic acid/PSA after photoactivation if colominic acid/PSA inter-
acts with the effector domain at or in the plasma membrane and
contacts the photo-activated leucine residues within a few
angstrom. Colominic acid/PSA irreversibly cross-linked to
MARCKS-GEFP could then be isolated and detected by polysialy
residues on MARCKS-GFP using immunoprecipitation and
Western blot analysis with GFP and PSA antibodies. Because
the colominic acid/PSA preparation contains molecules of dif-
ferent length, the molecular mass of colominic acid/PSA ranges
from 10 to 50 kDa, and its attachment to the 110-kDa
MARCKS-GFP protein should cause a molecular mass shift of
MARCKS-GFP to 120-150 kDa. By Western blot analysis
using a GFP antibody, a broad diffuse band ranging from ~120
to 150 kDa and one distinct band of 110 kDa were observed in
the GFP immunoprecipitates when cells were transfected with
non-mutated MARCKS, whereas only the GFP-positive 110-
kDa band was seen in the GFP immunoprecipitates from
cells transfected with the mutated MARCKS (Fig. 84). West-
ern blot analysis with the PSA antibody revealed staining
only of the broad diffuse band ranging from 120 to 150 kDa
in the GFP immunoprecipitates from cells expressing the
non-mutated MARCKS-GFP, whereas only a diffuse back-
ground staining was seen in immunoprecipitates from cells
expressing the MARCKS mutant (Fig. 84). Similarly, when
probing the PSA immunoprecipitates in Western blot anal-
ysis with the GFP antibody, only a diffuse immunoreactivity
ranging from 120 to 150 kDa was observed in immunopre-
cipitates from cells expressing non-mutated MARCKS,
whereas only a faint diffuse background staining was seen in
immunoprecipitates from cells expressing the MARCKS
mutant (Fig. 84). Importantly, for both MARCKS-GFP con-
structs, similar expression levels of the 110-kDa MARCKS-
GFP proteins were observed by Western blot analysis of the
cell lysates with GFP antibody (Fig. 84). The shift in appar-
ent molecular mass to 120 -150 kDa, observed only for non-
mutated MARCKS-GFP, indicates that colominic acid/PSA
was cross-linked to non-mutated MARCKS-GFP but not to
mutated MARCKS-GFP.

We then used recombinant PSA-NCAM in the cross-linking
experiment with CHO cells transfected with non-mutated
MARCKS or mutated MARCKS. After exposure to UV light
and isolation of Fc-carrying PSA-NCAM using protein A beads,
the precipitates were subjected to Western blot analysis with
PSA antibody. A band of ~220 kDa was observed in both pre-
cipitates, whereas an additional band of ~330 kDa was detect-
able only in the precipitate isolated from cells expressing non-
mutated MARCKS (Fig. 8B). Both MARCKS-GFP constructs
showed similar expression levels of the 110-kDa MARCKS-
GEFP proteins in cell lysates (Fig. 8B). The shift in apparent
molecular mass to 330 kDa observed for non-mutated
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FIGURE 7. PSA-NCAM interacts with MARCKS at the cell membrane from opposite sides. NCAM-deficient hippocampal neurons were transfected with
non-mutated MARCKS-GFP (A) or MARCKS-GFP mutant with phenylalanine to alanine exchanges (F/A) in the effector domain of MARCKS (B). Recombinant
PSA-NCAM conjugated to the fluorescent dye HilLyte Fluor 405 (A and B) was applied to the transfected cells. Images of representative cells from confocal

microscopy and FRET analysis are shown. Scale bar represents 5 um.

MARCKS-GEFP indicates cross-linking of the 220-kDa PSA-
NCAM and the non-mutated 110-kDa MARCKS-GFP. In sum-
mary, the results of the cross-linking approach provide further
evidence that the effector domain of MARCKS tightly interacts
with PSA at or within the plasma membrane from opposite
sides.

PSA and the MARCKS Effector Domain Peptide Interact
within Lipid Bilayers from Opposite Sides—To provide further
evidence for the interaction between PSA and the effector
domain of MARCKS at or within membranes, the capacitance
of lipid bilayers was monitored after the addition of colominic
acid/PSA or chondroitin sulfate and MARCKS-ED peptide or
the corresponding control peptide to opposite sides of the
bilayer.

Application of colominic acid/PSA to the stable bilayer did
not lead to significant alterations in relative capacitance of the
membrane (Fig. 94). Subsequent addition of the control pep-
tide to the opposite side of colominic acid/PSA or chondroitin
sulfate application led to a slight increase in relative membrane
capacitance (Fig. 9A4). After application of MARCKS-ED pep-
tide, the relative capacitance reached a plateau when chondroi-
tin sulfate was present on the opposite side, whereas the capac-
itance constantly decreased in the presence of colominic acid/
PSA on the opposite side (Fig. 94). Similarly, the capacitance
was also reduced when the MARCKS-ED peptide was
directly applied to colominic acid/PSA on the opposite site
but was not lowered upon direct application of the control
peptide (Fig. 9B). Moreover, when MARCKS-ED peptide was
directly added to the opposite side of chondroitin sulfate
application, a decrease in membrane capacitance was also
not observed (Fig. 9C). In addition, the relative membrane
capacitance of the lipid bilayer without the addition of pep-
tides, chondroitin sulfate, and colominic acid/PSA did not
change significantly with time (Fig. 9C), demonstrating the
stability of the bilayer. These results indicate that colominic
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acid/PSA and MARCKS-ED peptide interact with each other
after their membrane insertion and that this interaction
within the membrane affects the membrane properties,
allowing the flow of ions through the bilayer.

MARCKS Mediates PSA-induced Neurite Outgrowth of Hip-
pocampal Neurons—Next, we investigated whether the inter-
action between extracellular PSA and intracellular MARCKS
has functional consequences. To test whether PSA influences
neurite outgrowth and if the effects of PSA on neurite out-
growth were mediated via MARCKS, hippocampal neurons
were grown on substrate-coated PLL in the absence or presence
of soluble colominic acid/PSA and without or with soluble
MARCKS-ED or control peptide. In comparison to neurite out-
growth on PLL without additives, neurite outgrowth was
increased in the presence of soluble colominic acid/PSA (Fig.
10A) but was not altered in the presence of chondroitin sulfate
or heparin (Fig. 10A). In the concomitant presence of colominic
acid/PSA and soluble MARCKS-ED peptide, which binds to
PSA in vitro (Fig. 2), neurite outgrowth was not increased and
was similar to that observed in the absence of MARCKS-ED
peptide and colominic acid/PSA (Fig. 104), indicating that sol-
uble MARCKS-ED peptide had interacted with PSA and thus
PSA was no longer able to trigger neurite outgrowth. In con-
trast to the MARCKS-ED peptide, the control peptide, which
did not bind to colominic acid/PSA (Fig. 2), had no effect on the
enhancement of neurite outgrowth by colominic acid/PSA.
These results indicate that the interaction between extracellu-
lar PSA and intracellular MARCKS via its effector domain is
involved in neurite outgrowth.

To further investigate whether MARCKS is involved in PSA-
mediated neurite outgrowth, neurite outgrowth was deter-
mined after perturbing the interaction of endogenous cytoplas-
mic MARCKS with colominic acid/PSA by transfecting
hippocampal neurons with the MARCKS-ED peptide. The
experiment was performed with the expectation that the
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FIGURE 8. PSA and MARCKS interact within the plane of the plasma mem-
brane. CHO cells were transfected with non-mutated MARCKS-GFP or
MARCKS-GFP mutant with phenylalanine to alanine exchanges (F/A). After
incubation with L-Photo-Leucine and colominic acid/PSA (A) or PSA-NCAM
(B), cells were exposed to UV light and subjected to immunoprecipitation (/P)
with PSA or GFP antibody (A) or to precipitation with Protein A (B). The immu-
noprecipitates were probed by Western blot (WB) analysis using GFP and PSA
antibodies. Expression levels were determined by Western blot analysis of the
cell lysates (input) using the GFP antibody.

MARCKS-ED peptide competes with the interaction of endog-
enous MARCKS effector domain with colominic acid/PSA at
the membrane and thus should block neurite outgrowth.
Transfection of MARCKS-ED peptide indeed blocked neurite
outgrowth promotion by soluble colominic acid/PSA, whereas
transfection of the control peptide had no effect on the promo-
tion of neurite outgrowth by colominic acid/PSA (Fig. 10B).
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The combined results show that MARCKS regulates PSA-in-
duced neurite outgrowth and that perturbation of the interac-
tion between PSA and the MARCKS effector domain impairs
neurite outgrowth.

Unexpectedly, neurite outgrowth was enhanced in the pres-
ence of soluble MARCKS-ED peptide or upon transfection of
the MARCKS-ED peptide when compared with neurite out-
growth obtained in the presence or upon transfection of the
control peptide and in the absence of peptides or upon mock
transfection (Fig. 10, A and B). To test whether this enhance-
ment of neurite outgrowth by the MARCKS-ED peptide is PSA-
dependent, neurite outgrowth of hippocampal neurons was
determined after incubation without or with EndoN in the
absence or presence of MARCKS-ED peptide. In parallel, neu-
rite outgrowth of NCAM-deficient hippocampal neurons,
which are devoid of PSA, was measured in the presence or upon
transfection of MARCKS-ED peptide. In the absence of pep-
tide, neurite outgrowth was not altered by EndoN treatment,
whereas EndoN treatment abolished the neurite outgrowth
enhanced by the MARCKS-ED peptide (Fig. 10C), indicating
that the MARCKS-ED peptide-triggered neurite outgrowth is
PSA-dependent. Moreover, application or transfection of the
MARCKS-ED peptide had no effect on neurite outgrowth of
NCAM-deficient neurons (Fig. 10D), confirming that neurite
outgrowth induced by MARCKS-ED depends on PSA and indi-
cating that the interaction between PSA on NCAM and
MARCKS via its effector domain is involved in regulation of
neurite outgrowth.

Interestingly, as seen with wild-type neurons, neurite out-
growth from NCAM-deficient neurons was also increased in
the presence of colominic acid/PSA, although to a lesser extent
(20% reduction of the neurite lengths of NCAM-deficient neu-
rons in the presence of colominic acid/PSA when compared
with the length of WT neurons). In addition, the concomitant
application of MARCKS-ED peptide and colominic acid/PSA
did not promote neurite outgrowth from NCAM-deficient
neurons, whereas neurite outgrowth was enhanced in the con-
comitant presence of the control peptide and colominic acid/
PSA. These results indicate that the effect of soluble PSA on
neurite outgrowth is mostly independent of cellular NCAM
and PSA-carrying NCAM but is mainly mediated via the effec-
tor domain of MARCKS.

DISCUSSION

In the present study we identified MARCKS as a PSA bind-
ing partner using a PSA-mimicking anti-idiotypic antibody
for affinity chromatography of soluble mouse brain proteins.
Although we could not show a direct interaction between
PSA and full-length MARCKS, we showed direct binding of
colominic acid/PSA to the MARCKS-ED peptide comprising
the effector domain of MARCKS, indicating that this
effector domain interacts with PSA. We also showed an asso-
ciation between PSA and MARCKS by co-immunoprecipita-
tion of PSA-carrying NCAM and by co-localization of
MARCKS and PSA at the plasma membrane of hippocampal
neurons.

It has been reported that MARCKS inserts into cell mem-
branes via electrostatic interactions between positively charged
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residues within the effector domain and negatively charged
phospholipids and via a penetration of the phenylalanine side
chains within the effector domain into the lipid bilayer (33, 34).
Similar to MARCKS, it has been shown that PSA associates
with liposomal membranes and penetrates lipid bilayers (35—
37). This intimate interaction of PSA with membranes is medi-
ated or facilitated by the helical and random-coil conforma-

MARCH 1, 2013 «VOLUME 288-NUMBER 9

tions of PSA (38). Based on the similar properties of PSA and
MARCKS to insert into lipid bilayers, we propose that
MARCKS and PSA interact at or within the plasma membrane
from opposite sides. Cross-linking of extracellularly applied
colominic acid/PSA or PSA-NCAM and intracellularly
expressed MARCKS-GFP via a photo-active leucine residue in
the effector domain of MARCKS as well as co-localization stud-
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ies and FRET analysis using fluorescently labeled colominic
acid/PSA or PSA-NCAM and MARCKS-GFP-expressing cells
supports this idea. Moreover, colominic acid/PSA and the
MARCKS-ED peptide insert into lipid bilayers from opposite
sides and the insertion and interaction of colominic acid/PSA
and the MARCKS-ED peptide leads to an ion flow through the
bilayer and a concomitant reduction in membrane capacitance.
These findings suggest that the interaction of PSA and
MARCKS at and/or within the plasma membrane modulate the
electric properties of the plasma membrane.

The interaction between PSA and MARCKS at or within
the plasma membrane from opposite sides appears necessary
to interpret our observation that transfection of the
MARCKS-ED peptide or individual application of colominic
acid/PSA or MARCKS-ED peptide in the culture medium
promotes neurite outgrowth of hippocampal neurons,
whereas the promoting effect of colominic acid/PSA and
MARCKS-ED peptide is perturbed when the MARCKS-ED
peptide and colominic acid/PSA are concomitantly applied
to hippocampal neurons.

MARCKS shows high affinity binding to phosphatidylino-
sitol 4,5-bisphosphate (PIP,) and plays an important role in
regulating the availability of PIP, by sequestration of PIP, (39),
which has been implicated in signal transduction (40). The
MARCKS-ED peptide binds PIP, with high affinity like the full-
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length MARCKS and inhibits PIP, hydrolysis in vitro (41), indi-
cating that the effector domain mediates the sequestration of
PIP,. This notion is supported by the finding that a MARCKS
mutant lacking the effector domain is not able to sequester PIP,
(41). Furthermore, overexpression of MARCKS or inhibition
of the phosphoinositide metabolism results in reduction of
PIP, levels and in enhanced neurite outgrowth, whereas
overexpression of a MARCKS mutant lacking the effector
domain does not enhance neurite outgrowth (41). These
findings indicate that sequestration of PIP, by MARCKS reg-
ulates neurite outgrowth. In our view it is unlikely that the
MARCKS-ED peptide enhances neurite outgrowth by bind-
ing to PIP,, leading to enhanced sequestrations of PIP,, as
the MARCKS-ED peptide has no effect on neurite outgrowth
of NCAM-deficient neurons, which lack PSA. This view is
supported by our observation that MARCKS-ED peptide
also promotes neurite outgrowth when applied to the neu-
rons extracellularly. Because PIP, is present predominantly
in the inner leaflet of the plasma membrane, it is unlikely
that the peptide sequesters PIP, and regulates signal trans-
duction from outside of the cell.

The MARCKS-ED peptide promotes neurite outgrowth
from untreated wild-type neurons upon transfection or appli-
cation but has no effect on neurite outgrowth of EndoN-
treated, PSA-ablated wild-type neurons or on neurite out-
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growth of NCAM-deficient neurons, which lack the
predominant neuronal PSA carrier. Thus, we propose that
the MARCKS-ED peptide interferes with the interaction
between MARCKS and membrane-bound PSA-carrying
NCAM at the cell surface, leading to the dissociation of PSA
chains from intracellular MARCKS. The dissociated PSA
chains may interact with PSA-binding proteins present in the
near vicinity of PSA-NCAM. This interaction then could trig-
ger, most likely MARCKS-independently, signal transduction
pathways leading to promotion of neurite outgrowth. Alterna-
tively, it is also possible that the dissociation of PSA chains from
MARCKS leads to conformational changes of the protein back-
bone of PSA-NCAM. Upon conformational change, PSA-
NCAM may trigger signal transduction events and neurite out-
growth directly or indirectly through an interaction with an
associated or nearby binding partner. Because only NCAM
and/or the fibroblast growth factor receptor have been sug-
gested to be involved in PSA signaling (25, 42), we believe that
the promotion of neurite outgrowth by MARCKS-ED peptide is
mediated by NCAM and may involve the fibroblast growth fac-
tor receptor.

Because application of colominic acid/PSA to NCAM-defi-
cient neurons lacking PSA-carrying NCAM promotes neurite
outgrowth, although to a lesser extent, we propose that promo-
tion of neurite outgrowth by soluble PSA depends mainly on
the direct binding of soluble PSA to MARCKS. In this context it
is important to stress that we have detected significant levels or
elevated levels of soluble PSA-NCAM in cerebrospinal fluids of
healthy patients and of patients with Alzheimer disease, respec-
tively (43). This finding and the observation of high PSA-
NCAM levels in cerebrospinal fluids of patients with medullo-
blastoma metastasis (44) indicate that soluble PSA occurs in
vivo as soluble PSA-NCAM, which can be generated by pro-
teolytic cleavage (45), and suggests that soluble PSA attached
to NCAM not only plays an important role under normal
conditions but also under pathological conditions such as
neurodegeneration.

The interaction of soluble PSA-NCAM and plasma mem-
brane-bound MARCKS may not only modulate membrane
properties but also may play an important role in regulation of
MARCKS-triggered signal transduction pathways and/or
MARCKS-dependent functions, e.g. PIP, sequestration and the
cross-linking of actin to the membrane. Disturbance of the
direct interaction between colominic acid/PSA and MARCKS
by the MARCKS-ED peptide abolishes the PSA-triggered and
MARCKS-dependent intracellular functions and blocks
MARCKS-mediated promotion of neurite outgrowth. In addi-
tion, binding of the MARCKS-ED peptide to colominic acid/
PSA also inhibits the promotion of neurite outgrowth induced
by the peptide.

The important role of PSA in brain development and in syn-
aptic plasticity of the adult brain has been shown in a number of
studies using EndoN for removal of PSA or using mice deficient
in the PSA-synthesizing enzymes and thus deficient in PSA
(46-53). The ablation of PSA results in reduction of neurite
outgrowth and in deficits in cell migration, axonal targeting,
and development of hippocampal mossy fibers as well as long
term potentiation and learning and memory (26, 46-50,
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53-55). Most of these deficits have also been observed in
NCAM-deficient mice (52, 56-58), indicating that NCAM is
the major and most important PSA carrier in the nervous sys-
tem and that the PSA moiety on NCAM plays a crucial role in
nervous system development and function. Furthermore, the
importance of PSA, in particular of PSA on NCAM, in synaptic
plasticity associated with memory and learning has been shown
by in vitro and in vivo application of PSA. The addition of
colominic acid/PSA or of soluble PSA-carrying NCAM to acute
hippocampal slices of NCAM-deficient mice restores long term
potentiation that is impaired in NCAM-deficient mice, whereas
application to the hippocampus of wild-type mice leads to
impairment in formation of hippocampus-dependent contex-
tual memory (26). The addition of colominic acid/PSA
increased the open time of the AMPA receptors (57, 59),
whereas colominic acid/PSA addition prevents activation of
GIluN2B-containing NMDA receptors at low glutamate con-
centrations (60).

Similarly to PSA, a number of different in vitro and in vivo
studies on the functional role of MARCKS in the nervous sys-
tem indicated that MARCKS is expressed in regions undergo-
ing neuronal proliferation and migration as well as neurite out-
growth (12). In addition, MARCKS is involved in cell adhesion,
lamellipodia formation, initiation of neuritogenesis, neurite
outgrowth, growth cone adhesion, pathfinding, dendrite
branching, dendritic spine morphogenesis, and synaptic plas-
ticity (13, 28, 39, 41, 61-71). Knockdown of MARCKS by RNA
interference and overexpression of MARCKS mutants revealed
that non-phosphorylated MARCKS stabilizes growth cone
adhesion, enhances branching and growth of dendrites, elon-
gates dendritic spines, and enhances initiation of neuritogen-
esis and neurite outgrowth (65, 66, 68, 69). Expression of differ-
ent mutants such as the effector domain-deficient mutant
indicated that binding of MARCKS to the surface membrane
via its effector domain is essential for MARCKS-induced den-
dritic morphogenesis and neurite outgrowth (66, 68). The
observations that thelevel of membrane-bound, non-phosphor-
ylated MARCKS increases in a learning paradigm (67) and that
heterozygous MARCKS mice and transgenic mice overexpress-
ing MARCKS show deficits in spatial learning (13, 69) and an
impairment of long term potentiation in the hippocampal
mossy fiber-CA3 pathway (70) implicate MARCKS in hip-
pocampus-dependent learning processes. In addition, because
infusion of MARCKS-ED peptide into the hippocampus
impairs learning and memory, it is highly likely that the effector
domain of MARCKS plays a significant role in regulation of
learning and memory (68).

The findings on the functional role of PSA and MARCKS
in nervous system development and function and our data on
neurite outgrowth mediated by the PSA/MARCKS interaction
at the plasma membrane suggest that the interaction between
PSA and MARCKS not only regulates important events in the
developing, but also in the adult nervous system, such as regen-
eration and synaptic plasticity. Because colominic acid/PSA-
induced promotion of neurite outgrowth is blocked by the
MARCKS-ED peptide and because the addition of colominic
acid/PSA enhances the level of non-phosphorylated MARCKS,
itis very likely that PSA triggers signaling and cellular responses
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at least partially via its interaction with non-phosphorylated
MARCKS at the plasma membrane. It will thus be important to
study the role of MARCKS in PSA-dependent signal transduc-
tion during nervous system development as well as in regener-
ation after injury and synaptic plasticity in the adult nervous
system. In addition, the study of the MARCKS-PSA connection
may allow insights in the functions of PSA in the pathogenesis
of neuropsychiatric and neurodegenerative disorders, such as
schizophrenia, bipolar disorder, depression, anxiety, and
Alzheimer disease (72).
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