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(Background: Polysialylated neuropilin-2 mediates CCL21-driven chemotactic migration of dendritic cells.
Results: Deletion of either ST8SialV or O-glycosylation sites located between b2 and ¢ domain abrogates polysialylation of

Conclusion: Polysialylation of neuropilin-2 occurs in the same linker region as GAGylation of neuropilin-1.
Significance: Defining enzyme and acceptor site requirements is crucial for understanding how polysialylation of neuropilin-2
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Neuropilin-2 (NRP2) is well known as a co-receptor for class 3
semaphorins and vascular endothelial growth factors, involved
in axon guidance and angiogenesis. Moreover, NRP2 was shown
to promote chemotactic migration of human monocyte-derived
dendritic cells (DCs) toward the chemokine CCL21, a function
that relies on the presence of polysialic acid (polySia). In verte-
brates, this posttranslational modification is predominantly
found on the neural cell adhesion molecule (NCAM), where it is
synthesized on N-glycans by either of the two polysialyltrans-
ferases, ST8Siall or ST8SialV. In contrast to NCAM, little is
known on the biosynthesis of polySia on NRP2. Here we identi-
fied the polySia attachment sites and demonstrate that NRP2 is
recognized only by ST8SialV. Although polySia-NRP2 was
found on bone marrow-derived DCs from wild-type and
St8sia2™'~ mice, polySia was completely lost in DCs from
St8sia4~'~ mice despite normal NRP2 expression. In COS-7
cells, co-expression of NRP2 with ST8SialV but not ST8Siall
resulted in the formation of polySia-NRP2, highlighting distinct
acceptor specificities of the two polysialyltransferases. Notably,
ST8SialV synthesized polySia selectively on a NRP2 glycoform
that was characterized by the presence of sialylated core 1 and
core 2 O-glycans. Based on a comprehensive site-directed
mutagenesis study, we localized the polySia attachment sites to
an O-glycan cluster located in the linker region between b2 and
¢ domain. Combined alanine exchange of Thr-607, -613, -614,
-615,-619, and -624 efficiently blocked polysialylation. Restora-
tion of single sites only partially rescued polysialylation, sug-
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gesting that within this cluster, polySia is attached to more than
one site.

The neuropilins, neuropilin-2 (NRP2)* and its close homo-
logue NRP1, function as co-receptors for class 3 semaphorins
and several vascular endothelial growth factors (VEGFs) and
are crucial for repulsive axon guidance, vascularization, and
angiogenesis (1-5). Both neuropilins are cell surface glycopro-
teins with identical domain structure and 44% homology at the
amino acid sequence level (6—8). Their extracellular part is
composed of five domains, namely two CUB domains, termed
al and a2, sharing homology with the complement binding fac-
tors C1r/Cls, two coagulation factor V/VIII (FV/VIII) homol-
ogy domains, termed b1 and b2, and a MAM (meprin/A5-pro-
tein/phosphotyrosine phosphatase u) domain, termed c. The
extracellular part is followed by a single transmembrane
domain (TMD) and a short cytosolic part (9, 10). As neuropilins
lack intracellular signaling motifs, they form co-receptor com-
plexes with plexins and VEGF receptors to mediate signal
transduction (9, 10).

In addition to their well studied functions during nervous
system development, vascularization, and angiogenesis, novel
roles emerged for neuropilins in the immune system. NRP1 was
found to play a role in the immunological synapse (11, 12) and
the transmigration of dendritic cells (DCs) into the lymphatics
(13). NRP2 was shown to be involved in chemotactic migration
of human monocyte-derived DCs toward the CC-motif chemo-
kine CCL21 (14—-16). After pathogen recognition, DC traffic to
secondary lymphoid organs to activate naive T cells through
antigen presentation. This migration depends on the G-pro-

3The abbreviations used are: NRP2, neuropilin 2; NRP1, neuropilin 1;
CCL19, cysteine-cysteine motif chemokine 19; CCL21, cystein-cystein
motif chemokine 21; polySia, polysialic acid; DC, dendritic cell; BM-DC,
bone marrow-derived DC; GAG, glycosaminoglycan; NCAM, neural cell
adhesion molecule; endoN, endoneuraminidase; a-benzyl-GalNAc,
a-benzyl-N-acetylgalactosamine.
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tein-coupled Cys-Cys-chemokine receptor 7 (CCR7), which
has two known ligands, CCL19 and CCL21 (17, 18). Although
migration of maturing DCs into peripheral lymphatic vessels is
regulated by CCL21 expressed by these vessels, migration from
the afferent lymphatics into the lymph node is mediated by
CCL19 and CCL21 expressed by stromal cells in the T cell areas
of the lymph node (19, 20). In vitro and in vivo studies revealed
that NRP2 enhances the chemotaxis of DCs toward CCL21 but
not toward CCL19 (16). Notably, this NRP2 function was found
to be dependent on the posttranslational modification of NRP2
by polysialic acid (polySia) and was lost by specific removal of
this glycan polymer (15, 16).

PolySia represents a linear polysaccharide composed of «2,8-
linked sialic acids. In vertebrates, polySia is found predomi-
nantly as a developmentally regulated posttranslational modi-
fication of the neural cell adhesion molecule NCAM, a member
of the immunoglobulin super family (21, 22). Polysialylation of
NCAM starts on complex N-glycans at two particular N-glyco-
sylation sites and is mediated by the two Golgi-resident poly-
sialyltransferases, ST8Siall and ST8SialV (23-25). Both
enzymes share 59% amino acid sequence identity and are inde-
pendently able to modify NCAM by polySia chains of up to 90
a2,8-linked sialic acid residues (26-28). Modification of
NCAM by these highly hydrated and negatively charged polySia
chains not only masks the underlying protein core, preventing
NCAM-mediated interactions, but also increases the inter-
membrane space, resulting in a general negative regulation of
cell adhesion (29-31). Accordingly, the polysialylated form of
NCAM is involved in dynamic processes such as migration
of neural precursor cells, brain wiring, and synaptic plasticity
(21, 22, 32). The crucial role of the carbohydrate polymer poly-
Sia was highlighted by the lethal phenotype of polySia-negative
mice that were generated by genetic ablation of both polysialyl-
transferases (24).

In contrast to most other glycosyltransferases, the polysialyl-
transferases are highly protein-specific, and only a few polysia-
lylated proteins have been identified in mammals. Apart from
NCAM and NRP2, these are the synaptic cell adhesion mole-
cule SynCAM 1 on NG2 cells of the developing mouse brain
(33), the a-subunit of a voltage-gated sodium channel in adult
rat brain (34), and the scavenger receptor CD36 in human and
murine milk (35). Moreover, the two polysialyltransferases
have the ability to modify themselves in a process termed auto-
polysialylation (36, 37). However, our knowledge on the biosyn-
thesis of polySia on proteins other than NCAM is still limited.

So far, polysialylation of NRP2 has been exclusively found on
human monocyte-derived DCs (38). In these cells, transcripts
of both polysialyltransferases, ST8Siall and ST8SialV, were
detected (38). During maturation, however, only ST8SialV
mRNA levels were up-regulated, coincident with an increased
appearance of polySia-NRP2 on the cell surface (14, 38). More-
over, siRNA knockdown of ST8SialV resulted in decreased
CCL21-driven chemotaxis (15), suggesting a prominent role for
ST8SialV in the polysialylation of NRP2. Although previous
studies indicated that O-glycans may serve as preferred attach-
ment sites of polySia (14, 38), nothing is known on the localiza-
tion of these sites.
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In the present study we defined the polySia attachment sites
of NRP2 and investigated whether ST8Siall and ST8SialV differ
in their ability to polysialylate NRP2. Our study revealed that
NRP2is an acceptor molecule exclusively for ST8SialV that acts
selectively on mucin-type O-glycans that are clustered in a
short stretch between b2 and ¢ domain of NRP2.

EXPERIMENTAL PROCEDURES

Materials—Mouse anti-polySia monoclonal antibody (mAb)
735 (39) and endoneuraminidase (endoN) were purified as
described previously (28). Mouse anti-Myc mAb 9E10 was pur-
chased from Roche Applied Science, and mouse anti-actin mAb
was from Millipore. The rabbit polyclonal antibody directed
against human NRP2 (H-300) was obtained from Santa Cruz
Biotechnology, and rabbit monoclonal anti-mouse NRP2
(D39A5) was from Cell Signaling. Allophycocyanin-labeled
anti-mouse CD11c and phycoerythrin-labeled anti-MHC class
II antibodies were obtained from BD Biosciences. Secondary
antibodies Alexa568-conjugated anti-rabbit IgG was obtained
from Molecular Probes, and horseradish peroxidase-conju-
gated anti-mouse IgG was purchased from Southern Biotech.
The O-glycosylation inhibitor a-benzyl-N-acetylgalactosamine
(a-benzyl-GalNAc) was obtained from Merck. The plasmids
encoding human ST8SiaIV and ST8Siall in the vector pcDNA1
(Invitrogen) were gifts from Drs. Minoru Fukuda and Paul
Scheidegger, respectively.

Expression Plasmids—For the expression of different human
NRP2 isoforms, constructs encoding full-length proteins with a
C-terminal Myc/hexahistidine epitope were generated. The
coding sequence of NRP2a(17) was amplified by PCR using the
primers MR23 and MR24 and a NRP2a(17) cDNA clone (Ulti-
mate ORF Clone, Invitrogen, accession no. NM_003872.2) as
template. The resulting PCR product was digested with HindIII
and Xbal and ligated into the corresponding sites of
pcDNA3.1/myc-His (Invitrogen) leading to the plasmid
pNRPa(17)-Myc. Transcript variant a(22), which encodes for
the longest isoform, was generated based on pNRP2a(17)-Myc
by insertion of an oligonucleotide adapter encoding the amino
acid sequence GENFK using the primers MR121 and MR122.
Accordingly, the plasmid encoding isoform a(0) was obtained
by deletion of the sequence encoding the 17-amino acid stretch
VDIPEIHEREGYEDEID using the primers MR124 and MR125.
For the generation of a construct encoding isoform b(0), the
coding sequence was amplified by PCR with the primer pair
MR23 and MR25 and an NRP2b(0) cDNA clone (Ultimate ORF
Clone, Invitrogen, accession no. NM_201267.1) as template.
After digestion with HindIII/Xbal, the obtained PCR product
was ligated into the corresponding sites of pcDNA3.1/myc-His,
resulting in the formation of pNRP2b(0)-Myc. Isoform b(5) was
amplified by reverse transcription (RT)-PCR from HEK-293
mRNA using the SuperScript First-Strand Synthesis System
(Invitrogen) and primers MR114 and MR25. The obtained
PCR-product was digested with Notl/Xbal and ligated into the
corresponding sites of pNRP2b(0)-Myc. The identity of all con-
structs was confirmed by sequencing. The sequences of the
indicated primers are given in supplemental Table 1.

Generation of NRP2 Glycosylation Variants—Individual gly-
cosylation sites were destroyed by site-directed mutagenesis
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using a double-joint PCR strategy. All mutagenesis PCR reac-
tions were performed with Phusion DNA polymerase (New
England Biolabs) and pNRP2b(5)-Myc as template. O-glycosy-
lation mutants were generated by a subsequent exchange of
residues Thr-607, -613, -614, -615, -619, and -624 against ala-
nine resulting in a hexa mutant. Based on this mutant, penta
mutants were obtained by individual back mutation of single
alanine residues to threonine. Briefly, two overlapping gene
fragments were amplified using a mutagenesis primer in com-
bination with a vector primer (antisense and sense mutagenesis
primer in combination with primer T7 and BGH-reverse,
respectively). PCR products were joined by PCR and amplified
by nested PCR using the primers NRP2C and MR25. Nested
PCR products were ligated into Bsu36l/Xhol sites of
pNRP2b(5)-Myc. N-Glycosylation mutants were generated
using the same strategy, except for the nested PCR, which was
performed using the primer pair MR23 and NRP2B. Nested
PCR products were ligated into HindIII/BamHI sites of
pNRP2b(5)-Myc. The identity of all constructs was confirmed
by sequencing. Sequences of all mutagenesis primers are given
in supplemental Table 2.

Cell Culture and Transfection of COS-7 Cells—COS-7 cells
were maintained in DMEM/Ham’s F-12 1:1 (Seromed) supple-
mented with 10% FCS and 1 mm sodium pyruvate ina 37 °C, 5%
CO, incubator. Transient transfections were performed with
FuGENE HD (Roche Applied Science) according to the manu-
facturer’s recommendations. Inhibition of O-glycosylation was
achieved by feeding cells with 2 mm a-benzyl-GalNAc (Merck)
before start of the transfection.

Generation of Murine Bone Marrow-derived Dendritic Cells—
Bone marrow-derived dendritic cells (BM-DCs) were gener-
ated from 8-week-old wild-type, St8sia2”'~ (40), and
St8sia4~’~ (41) mice. Knock-out animals were backcrossed to
C57BL/6] mice for six generations, and genotyping was per-
formed as described (24). Mice were sacrificed by cervical dis-
location, hind limbs were collected, and bone marrow was
flushed out from the femur and tibia using a 27-Gauge needle
syringe. Red blood cells were removed by ammonium chloride
treatment. Cells were filtered through a nylon mesh, suspended
in RPMI 1640 medium supplemented with 20 ng/ml recombi-
nant, murine granulocyte-macrophage colony-stimulating fac-
tor, 10% FCS, 100 units/ml penicillin, 100 units/ml streptomy-
cin, and plated at a concentration of 1 X 10° cells/ml. Medium
was changed on days 3, 5, and 7. On day 8, DCs were matured
using 5 nm CpG-ODN 1668 (TIB Molbiol Syntheselabor
GmbH, Berlin, Germany), and cells were harvested on day 9.
Differentiation into DCs was analyzed on day 9 using allophy-
cocyanin-labeled anti-CD11c and phycoerythrin-labeled anti-
MHC class II mouse monoclonal antibodies using a BD LSR II
Flow Cytometer (BD Biosciences).

RT-PCR Analysis—Total RNA was extracted from BM-DCs
using TRIzol reagent (Invitrogen) according to the manufactur-
er’s instructions. 2.5 ug of total RNA was reverse-transcribed
with random hexamer primers using RevertAid reverse tran-
scriptase (Fermentas) according to the manufacturer’s recom-
mendations. Gene-specific cDNA was amplified by PCR with
the following primer pairs: 5'-GGCTGTGGCCAGGAG-
ATTG-3" and 5-GGCATACTCCTGAACTGGAGCC-3’
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(st8sia2); 5'-GGTCCAGTTGGCTTGGCCTG-3" and 5'-
CAGTCGTTTGGGTGACAGGTG-3' (st8sia3); 5'-GCACC-
AAGAGACGCAACTCATC-3" and 5'-CAGAGCTGTTGAC-
AAGTGATCTGC-3' (st8sia4); 5'-CCTCAGCTGCACTGAA-
GACAC-3" and 5'-GGTTGTCTTCTCATCCAGATATG-3’
(st8sia6); and 5'-TTCCTCATGGACTGATTATGGACA-3’
and 5'-AGAGGGCCACAATGTGATGG-3’ (hprt).

PCR was performed with a denaturation step at 98 °C for 30 s
followed by 30 cycles of denaturation at 98 °C for 10 s, primer
annealing at 60 °C for 30 s, and primer extension at 72 °C for
20 s. Upon completion of the cycling steps, a final extension at
72 °C for 2.5 min was done. PCR products were separated on a
10% acrylamide gel and stained with ethidium bromide.

Protein Extraction, Immunoprecipitation, and Western Blot
Analysis—Transfected cells of one well of a 6-well plate were
lysed in 200 ul of lysis buffer (50 mm Tris-HCI, pH 8.0, 150 mm
NaCl, 5 mm EDTA) containing 1% Triton X-100, 200 units/ml
aprotinin, 2 mm phenylmethylsulfonyl fluoride, and 10 ug/ml
leupeptin. For detection of polysialylated protein, one-half of
the lysate was treated with 1 ug of endoN for 30 min on ice.
BM-DCs were lysed with lysis buffer containing 2% Triton-X-
100, 50 ul/ml protease inhibitor mixture (Sigma), 20 pg/ml
calpain inhibitor II, 1 mm benzamidine, and 2 mm phenylmeth-
ylsulfonyl fluoride. For immunoprecipitation of polySia-NRP2,
mAb 735 was covalently coupled to M-280 tosylactivated
Dynabeads (Invitrogen) according to the manufacturer’s
instructions. One part of the isolated polysialylated protein was
treated with 600 ng of endoN for 30 min at 37 °C. Immunopre-
cipitation of Myc-tagged NRP2 was performed with anti-Myc
mAb 9E10 coupled to Protein G-Sepharose (GE Healthcare).
Lysates and immunoprecipitated proteins were separated by
SDS-PAGE under reducing conditions and transferred to poly-
vinylidene difluoride membrane (Immobilon-P; Millipore). Pri-
mary antibodies were used at a concentration of 5 ug/ml and
detected by peroxidase-conjugated anti-mouse IgG or anti-rab-
bit IgG antibodies followed by enhanced chemiluminescence
(ECL) detection.

Enzymatic Desialylation of NRP2—Immunoprecipitated
NRP2 was washed twice with 1 ml of sialidase buffer (50 mm
sodium acetate, pH 5.5) and incubated for 3 h at 37 °C in 50 ul
of sialidase buffer containing 12.5 milliunits of sialidase from
Arthrobacter ureafaciens (EY Laboratories).

Lectin Staining—Western blot analysis with digoxigenin-la-
beled peanut agglutinin (PNA) was performed with the DIG
glycan differentiation kit (Roche Applied Science) according
to the manufacturer’s recommendations. Bound lectin was
detected by peroxidase-conjugated anti-digoxigenin Fab frag-
ments (Roche Applied Science) followed by ECL detection. To
allow parallel visualization of Myc-tagged NRP2, blots were re-
probed with anti-Myc mAb 9E10 followed by alkaline phospha-
tase-conjugated anti-mouse IgG antibodies (Southern Biotech)
and colorimetric detection with 5-bromo-4-chloro-3-indolyl
phosphate and nitroblue tetrazolium.

Gel-based O-Glycomics—Coomassie-stained protein bands
in SDS-gels were treated with Pronase to generate Pronase-
stable glycopeptides for the off-gel liberation of O-linked gly-
cans by reductive B-elimination (42). The permethylated glycan
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alditols were analyzed by matrix-assisted laser desorption ion-
ization (MALDI)-TOF-TOF mass spectrometry.

MALDI-TOF-TOF Mass Spectrometry—MALDI mass spec-
trometry was performed on an UltrafleXtreme instrument
(Bruker Daltonics). The methylated glycan alditols contained in
methanol were applied to the stainless steel target by mixing a
0.75-ul aliquot of sample with the same volume of matrix (sat-
urated solution of 4-hydroxy-a-cyanocinnamic acid in acetoni-
trile, 0.1% TFA). Analyses were performed by positive ion
detection in the reflectron mode. Ionization of co-crystallized
analytes was induced with a pulsed Smart-beam laser (accumu-
lation of about 5000 shots), and the ions were accelerated in a
field of 20 kV and reflected at 23 kV. The structural assignments
of major glycan components in the peptide mixture were con-
firmed by MS/MS analysis of post-source decay fragments in
the laser-induced dissociation mode.

Immunofluorescence Analysis—One day before transfection,
1.8 X 10° COS-7 cells were seeded per well of a 6-well plate
containing four glass coverslips. 24 h after transfection cells
were fixed in 4% paraformaldehyde and stained with anti-NRP2
polyclonal antibody H-300 (4 pg/ml in 20% horse serum) fol-
lowed by incubation with Alexa568-conjugated anti-rabbit IgG
secondary antibody. Coverslips were mounted in Vectashield
mounting medium containing DAPI (Vector Laboratories)
and analyzed under a Zeiss Axiovert 200M microscope
equipped with ApoTome module, AxioCam MRm digital
camera, and Axio Vision software (Zeiss).

RESULTS

Polysialylation of NRP2 on Murine Bone Marrow-derived
DCs Strictly Depends on ST8SialV—To unambiguously define
the impact of the two polysialyltransferases in vivo, we made
use of the two existing mouse models lacking either ST8Siall
(40) or ST8SialV (41). Because polySia-NRP2 has so far only
been described in the human system, we first analyzed the
expression and polysialylation status of NRP2 on mature
BM-DCs from wild-type mice. Western blot analysis of whole
cell lysate with an anti-polySia mAb revealed a diffuse signal
that was completely abolished after treatment by endosialidase
(endoN), an enzyme that specifically removes «2,8-linked
polySia (43) (Fig. 1A, top panel). Immunoprecipitation of the
polysialylated material and staining with an anti-NRP2 mAb
revealed a single band at ~125 kDa that was shifted to ~110
kDa after enzymatic removal of polySia by endoN (Fig. 14, bot-
tom panel), demonstrating that polySia-NRP2 is expressed on
murine BM-DCs. Similar to what was found for human mono-
cyte-derived DCs (38), the total polySia signal was much
broader than the signal obtained for polySia-NRP2. Moreover,
like human monocyte-derived DCs, we found no polySia-
NCAM on murine BM-DCs, and BM-DCs derived from
Ncam ™'~ mice showed the same polySia and polySia-NRP2
signals as the corresponding wild-type cells (data not shown).

While in BM-DCs derived from St8sia2”~ mice normal
polySia-NRP2 level were detected (Fig. 1A, bottom panel), the
same cell type derived from St8sia4 /~ mice was completely
devoid of polySia (Fig. 1A, upper panel). Although NRP2
expression was not affected as demonstrated by direct analysis
of cell lysate with an anti-NRP2 antibody (see the last row of the
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FIGURE 1. PolySia-NRP2 in murine BM-DCs. A, shown is a Western blot anal-
ysis of mature murine BM-DCs generated from wild-type, St8sia2™/~, and
St8sia4~’~ mice. Before and after removal of polySia by endoN, whole cell
lysates were separated by SDS-PAGE and analyzed by Western blotting with
anti-polySia mAb 735 (top panel), anti-actin mAb (second panel), and anti-
NRP2 mAb (third panel). The bottom panel shows the Western blot analysis of
immunoprecipitated polySia-NRP2. Using mAb 735, polysialylated proteins
were immunoprecipitated from whole cell lysates of murine BM-DCs gener-
ated from wild-type, St8sia2 /", and St8sia4 /~ mice, and the isolated mate-
rial was then analyzed before and after endoN treatment with anti-NRP2 mAb
D39A5. WB, Western blot; IP, immunoprecipitation. B, shown is RT-PCR of
protein-specific «2,8-sialyltransferase mRNA expression in immature and
mature BM-DCs (iDCs and mDCs, respectively) from wild-type mice. Ethidium
bromide-stained PCR products of mouse St8sia2 (72 bp), St8sia3 (82 bp),
St8sia4 (68 bp), and St8sia6 (86 bp) are shown, whereas RT-PCR products of
the house keeping gene hypoxanthine-guanine phosphoribosyltransferase
(hprt, 86 bp) were used as controls for quality and equal loading of the cDNAs.
cDNA from postnatal day 1 mouse brain was used as the positive control (pos.
contr.). Water instead of cDNA was used in the negative control (neg. contr.)
reactions for each PCR.

upper panel in Fig. 1A4), no polySia-NRP2 was found in BM-DCs
of St8sia4~"~ mice (Fig. 1A, bottom panel). This finding dem-
onstrated that in murine BM-DCs, polysialylation of NRP2 is
strictly dependent on the presence of ST8SialV.
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Using RT-PCR, we analyzed the expression pattern of the
polysialyltransferases in BM-DCs of wild-type mice (Fig. 1B).
ST8SialV transcripts were already detectable in immature DCs,
and expression was up-regulated after maturation induced by
the toll-like receptor 9 agonist CpG. By contrast, no ST8Siall
transcripts were detected, highlighting that ST8SialV is the
only polysialyltransferase expressed in murine BM-DCs. We
also analyzed the expression of ST8Sialll and ST8SiaVI, two
other members of the a2,8-sialyltransferase family that use gly-
coproteins as acceptors. While ST8SiaVI is a monosialyltrans-
ferase (44, 45), ST8Sialll has been shown to form oligosialic
acid in vitro (46, 47). During maturation of BM-DCs, the
expression of ST8SiaVI was up-regulated, and transcripts were
clearly detectable in mature DCs (Fig. 1B). In contrast, neither
immature DCs nor mature DCs expressed ST8Sialll tran-
scripts, excluding a contribution of this enzyme to the polysia-
lylation status of NRP2.

Polysialylation of NRP2 Is Restricted to a Particular Glyco-
but Not Isoform—To address the question of whether ST8Siall
per se is able to polysialylate NRP2, we analyzed polysialylation
of NRP2 in a cell culture system that allowed co-expression of
NRP2 with either ST8Siall or ST8SialV. To provide optimal
conditions for polysialylation of NRP2, we first evaluated
whether all isoforms of NRP2 serve as targets for polysialyla-
tion. Alternative splicing of NRP2 transcripts results in the for-
mation of a soluble and several transmembrane isoforms (48).
Based on differences in the primary sequence of transmem-
brane domain (TMD) and cytosolic domain, the membrane-
bound isoforms fall into two classes, termed NRP2a and NRP2b
(see Fig. 2A). In humans, two NRP2a forms have been described
that are characterized by insertion of 17 and 22 (17 plus 5)
amino acids and were termed NRP2a(17) and NRP2a(22),
respectively. By database mining, an additional NRP2a isoform
was found (GenBank™ accession number AF022859.1) that
lacks any short variable insertions and was termed NRP2a(0)
(Fig. 2A4). In the case of NRP2b, two isoforms, termed b(5) and
b(0), are known that differ only by insertion of a five-amino acid
peptide of the sequence GENFK that is also part of isoform
NRP2a(22) (48). Rey-Gallardo et al. (16) showed polysialylation
for both one NRP2a and one NRP2b form but did not further
discriminate between NRP2a and NRP2b subforms. To study a
possible contribution of the variable peptide sequences on
NRP2 polysialylation, we analyzed all five transmembrane iso-
forms for their capacity to serve as a target for polysialylation.
Therefore, cDNAs encoding each human isoform with a C-ter-
minal Myc tag were generated and expressed in COS-7 cells.
Western blot analysis with an anti-Myc antibody revealed for
all variants a double band (Fig. 2B). Although the signal for the
lower band was in all cases of almost equal intensity, the signal
of the upper band was much more prominent for the NRP2b
forms. Mass spectrometric analysis of the upper and lower band
of NRP2b(5) confirmed that both bands contained protein that
was N-glycosylated at positions Asn-152 and Asn-157 located
in the a2 domain (supplemental Fig. S1). To investigate poten-
tial differences in O-glycosylation, immunoprecipitated NRP2
was analyzed by PNA (Fig. 2C), a plant lectin that recognizes
O-GalNAc glycans of the structure GalB1,3GalNAc-Thr/Ser
(49). Because sialylation of this glycotope blocks PNA binding,
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FIGURE 2. NRP2 isoforms are expressed as two glycoforms. A, shown is a sche-
matic representation of human NRP2. The N-terminal extracellular part (amino
acids (aa) 1-808) is shared by all isoforms and consists of two CUB domains (a7
and a2), two coagulation factors V/VIII (FV/Vill) homologous domains (b7 and b2),
and one MAM or ¢ domain. This common part is followed by a short stem
region, a single transmembrane domain (TMD), and a cytosolic part. Based on
two alternative C-terminal transmembrane domain/cytoplasmic regions (repre-
sented by black and white horizontal boxes), the membrane-bound isoforms are
classified as NRP2a or NRP2b forms. Variable insertion of two short peptides com-
prising 5 and 17 amino acids (depicted as black and white vertical rectangles,
respectively) gives rise to three NRP2a isoforms. They contain 22 (17 + 5),17,0r 0
additional amino acids and are denoted as a(22), a(17), or a(0), respectively. The
two known NRP2b isoforms b(5) and b(0) differ by the insertion of the same vari-
able five amino acid peptide that is found in NRP2a(22). The number of amino
acids of each isoform is indicated in the right margin. Black triangles indicate the
position of potential N-glycosylation sites. B, shown is a Western blot analysis of
NRP2 isoforms. COS-7 cells were transiently transfected with cDNAs of full-length
NRP2 isoforms carrying a C-terminal Myc-epitope. Twenty-four hours after trans-
fection, cells were harvested, and whole cell lysates were separated by 7% SDS-
PAGE. Western blot analysis was performed with the anti-Myc mAb 9E10 fol-
lowed by ECL detection. C, shown is lectin analysis of NRP2 isoforms. NRP2
isoforms were expressed in COS-7 cells as described in B. After immunoprecipi-
tation with anti-Myc mAb 9E10, proteins were separated by 7% SDS-PAGE before
and after treatment with sialidase from A. ureafaciens. Western blot analysis was
performed with digoxigenin-labeled PNA followed by peroxidase-conjugated
anti-digoxigenin antibodies and ECL detection (left panel). Thereafter, the same
blot was re-probed with anti-Myc mAb 9E10 followed by alkaline phosphatase-
conjugated anti-mouse IgG antibodies and colorimetric detection (right panel).
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FIGURE 3. Polysialylation of NRP2 isoforms is mediated by ST8SialV but not ST8Siall. In COS-7 cells the indicated Myc-tagged NRP2 isoforms were
transiently co-expressed with either ST8SialV (A) or ST8Siall (B). Cells were harvested 24 h after transfection, and cell lysates were analyzed either directly (top
panels) or after immunoprecipitation (/P) with anti-Myc mAb 9E10 (middle and bottom panels). For direct analysis, one aliquot of each lysate was treated with
endoN to remove polySia. After separation by 7% SDS-PAGE, samples were analyzed by Western blotting (WB) using anti-Myc mAb 9E10 (top panels).
Immunoprecipitated NRP2 was separated by 7% SDS-PAGE before and after endoN treatment and analyzed by Western blotting using anti-polySia mAb 735
(middle panels) or anti-NRP2 antibody H-300 (bottom panels). Because endoN cannot remove the most proximal «2,8-linked sialic acid residues of a protein-
bound polySia chain (26), the endoN-treated polySia-NRP2 shown in A migrates slightly slower than the non-polysialylated NRP2 shown in B.

NRP2 was analyzed before and after sialidase treatment. Only
after de-sialylation, a single band was stained by PNA that was
most prominent for the NRP2b isoforms b(5) and b(0). Re-
staining of the PNA blots with anti-Myc mAb demonstrated
that de-sialylation increased the mobility of the upper band of
NRP2 and that the signal obtained by PNA staining corre-
sponded to the upper band. Thus, in COS-7 cells, NRP2 was
expressed as two glycoforms that differed in the presence or
absence of sialylated O-glycans.

To investigate whether all isoforms of NRP2 can serve as
polySia acceptor, ST8SialV was expressed together with all of
the five transmembrane isoforms of human NRP2, each tagged
with a C-terminal Myc-epitope. Cell lysates were analyzed
either directly (Fig. 34, top panel) or after immunoprecipitation
with an anti-Myc antibody (Fig. 34, middle and bottom panel).
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Direct analysis of lysates was performed before and after treat-
ment with endoN, and the subsequent Western blot analysis
with anti-Myc antibody revealed a diffuse endoN-sensitive sig-
nal that was much more intense in the case of NRP2b compared
with NRP2a variants (Fig. 34, top panel). However, in all cases
endoN treatment resulted in the collapse of this diffuse signal
and appearance of a focused band, clearly demonstrating that
all isoforms had been polysialylated by ST8SialV. Notably, the
lower NRP2 band at ~105-120 kDa was not affected by endoN
treatment, indicating that the PNA-negative glycoform did not
serve as a target for polysialylation (Fig. 3A, upper panel). Poly-
sialylation of all NRP2 isoforms was further confirmed by ana-
lyzing immunoprecipitated NRP2 with an anti-polySia mAb
(Fig. 3A, middle panel). For each isoform, an endoN-sensitive
signal was observed. These signals were most prominent for the
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NRP2b isoforms with the highest intensity seen for NRP2b(5).
In parallel, the immunoprecipitated material was analyzed with
an anti-NRP2 antibody (Fig. 34, bottom panel). Although low
amounts of polySia-NRP2 were difficult to stain with anti-
NRP2 antibody, the material was well seen after endoN treat-
ment when it had collapsed into a focused band. Comparison of
the band pattern before and after endoN treatment again
showed that the upper band, representing the PNA-positive
glycoform, served as polySia acceptor. Thus, ST8SialV was able
to modify all transmembrane isoforms of NRP2 but acted
exclusively on the PNA-positive glycoform. Because this glyco-
form was predominantly found for NRP2b variants (Fig. 2, B
and C), this might explain why these variants showed enhanced
polysialylation compared with NRP2a variants.

Differences in the Acceptor Specificity of the Polysialyltrans-
ferases ST8Siall and ST8SialV—To study the ability of
ST8Siall to use NRP2 as an acceptor substrate, each NRP2 iso-
form was individually expressed with ST8Siall, and cell lysates
were analyzed as described above. However, a high molecular
weight smear was not detected for either of the isoforms (Fig.
3B, top panel). Moreover, no polySia was detected if immuno-
precipitated NRP2 was stained with an anti-polySia mAb (Fig.
3B, middle panel), and analysis of the immunoprecipitated
material with an anti-NRP2 antibody showed no difference in
the band pattern before and after endoN treatment. Taken
together, these data demonstrated that none of the NRP2 iso-
forms had been polysialylated by ST8Siall.

PolySia on NRP2 Is Selectively Attached to O-Linked Glycans—
The finding that in human DCs most of the polySia could be
removed from NRP2 by alkali treatment led to the conclusion
that polySia is predominantly attached to O-glycans (38). The
residual amount of polySia that was still detectable after alkali
treatment could be either attributed to incomplete removal of
O-glycans or to polysialylated N-glycans. Enzymatic removal of
N-glycans by peptide N-glycosidase F did not affect polysialyla-
tion of NRP2 (38). However, because peptide N-glycosidase F
treatment did not lead to a decrease in molecular mass of NRP2
as expected, removal of N-glycans could not be verified (38). To
address the impact of N-glycans for NRP2 polysialylation, we
mutated the Asn residue in the Asn-XXX-(Ser/Thr) sequon of
the three potential N-glycosylation sites of NRP2b (Asn-152,
Asn-157, and Asn-629). Because polysialylation of NRP2 was
most efficient for NRP2b(5) (Fig. 3A), this isoform was used for
all subsequent analyses. Based on a C-terminal-Myc-tagged
variant of NRP2b(5), single (AAsn-629), double (AAsn-152,
AAsn-157) and triple mutants (AAsn-152, AAsn-157, and
AAsn-629) were generated and expressed in COS-7 cells either
alone (Fig. 4A) or in combination with ST8SialV (Fig. 4B). Like
wild-type NRP2b(5), all mutant proteins migrated as double
bands in the SDS-PAGE (Fig. 4A4), ruling out that loss of N-gly-
cosylation abolished O-glycosylation. Deletion of Asn-152 and
Asn-157 but not Asn-629 resulted in increased mobility of
NRP2 (Fig. 44), suggesting that only Asn-152 and Asn-157 are
glycosylated. As shown in Fig. 4B, even combined deletion of all
three N-glycosylation sites did not abolish polysialylation by
ST8SialV, highlighting that N-glycans are not essential for the
polysialylation of NRP2.
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FIGURE 4. Impact of N- and O-glycosylation on NRP2 polysialylation. A,
analysis of N-glycosylation-deficient NRP2 variants is shown. C-terminal-Myc-
tagged NRP2b(5) variants lacking N-glycosylation site Asn-629 (AN629), Asn-
152 and Asn-157 (AN152/157), or all three sites (AN152/157/629) were
expressed in COS-7 cells. Cell lysates were analyzed by Western blotting with
anti-Myc mAb 9E10. B, polysialylation of N-glycosylation-deficient NRP2 is
shown. Wild-type and the N-glycosylation-deficient NRP2b(5) variants shown
in A were co-expressed with ST8SialV. Cells lysates were analyzed before and
after endoN treatment by Western blotting using anti-Myc mAb 9E10. C, anal-
ysis of O-glycosylation-deficient NRP2 is shown. C-terminal Myc-tagged
NRP2b(5) and ST8SialV were co-expressed in COS-7 cells in the absence or
presence of the O-glycosylation inhibitor a-benzyl-GalNAc. Cell lysates were
analyzed by Western blotting with anti-Myc mAb 9E10.

To investigate whether polySia is exclusively attached to
O-glycans, we blocked the synthesis of mucin-type O-glycans
by treatment of COS-7 cells with a-benzyl-GalNAc. This struc-
tural analog of GalNAc-Ser/Thr acts as a competitive inhibitor
of O-glycan extension by serving as a decoy acceptor for
enzymes involved in these extensions (50, 51). NRP2b(5) and
ST8SialV were co-expressed in the presence or absence of
a-benzyl-GalNAc, and polysialylation was analyzed by West-
ern blotting. In the presence of inhibitor, NRP2 was completely
devoid of polySia (Fig. 4C), demonstrating that polysialylation
of NRP2 occurs exclusively on O-glycans. Moreover, NRP2b(5)
expressed in the presence of a-benzyl-GalNAc appeared as a
single band at ~105 kDa, confirming the finding that the addi-
tional band at ~125 kDa observed in the absence of inhibitor
(see Figs. 2B and 4A) represents NRP2 carrying mucin-type
O-glycans.

Mass Spectrometric Characterization of NRP2-derived
O-Glycans—So far, nothing is known on the O-glycosylation
pattern of NRP2. To obtain structural information of the O-gly-
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FIGURE 5. Gel-based O-glycomics of NRP2. C-terminal Myc-tagged
NRP2b(5) expressed in COS-7 cells was immunoprecipitated by anti-Myc mAb
9E10. After separation by SDS-PAGE, Coomassie-stained upper and lower
band of NRP2b(5) (see the inset) were cut out individually and digested in-gel
with Pronase E to generate Pronase-stable glycopeptides (42). Glycopeptides
eluted from gel slices were off-gel-treated with 50 mm NaOH in the presence
of sodium borohydride to liberate O-linked glycans by reductive B-elimina-
tion. The permethylated glycan alditols were analyzed by MALDI-TOF mass
spectrometry for O-glycoprofiling. Major sialyl-oligosaccharides correspond-
ing to core 1 and core 2 mucin-type glycans (refer to inset structural models)
were identified in the upper gel band on the basis of their molecular masses
and their calculated monosaccharide compositions in concert with MS/MS
analyses by post-source decay fragmentation of precursor ions under laser-
induced dissociation conditions (supplemental Table 3). The mass spectrum
shown revealed strong contamination with detergent, and the correspond-
ing signal series is indicated by asterisks. For NRP2b(5) of the lower gel-band,
no evidence for O-glycosylation was obtained in parallel analyses (data not
shown). a.u., arbitrary units.

cans attached to NRP2, a mass spectrometry approach was per-
formed with NRP2b(5) expressed in COS-7 cells.

Consistent with the PNA-staining, no O-glycans were
detected for NRP2b(5) obtained from NRP2 migrating in the
lower band. By contrast, three major signals at m1/z 1256, 1344,
and 1705 were detected for NRP2b(5) extracted from the upper
band, corresponding to di-sialylated core 1, mono-sialylated
core 2, and di-sialylated core 2 O-glycans, respectively (Fig. 5
and supplemental Table 3). No indications were found for the
presence of fucosylated species.

Core 1 O-Glycans Are Sufficient for Polysialylation of NRP2—
To investigate whether ST8SialV is selective for particular
O-glycan structures such as B6-branched core 2 glycans, we
analyzed polysialylation of NRP2 in CHO cells. These cells pro-
duce exclusively core 1 structures due to a lack of core 2 1,6-
N-acetylglucosaminyltransferase (C2GnT), essential for the
B6-branching (52, 53). NRP2b(5) expressed in CHO cells
showed the same double band pattern as in COS-7 cells (Fig. 6).
Moreover, co-expression with ST8SialV resulted in polysialy-
lation of NRP2, a process that was again restricted to NRP2
migrating in the upper band. Although the extent of NRP2
polysialylation was lower in CHO compared with COS-7 cells,
these data demonstrated that core 1 glycans were sufficient for
polysialylation of NRP2.

Determination of the O-Glycosylation Sites Involved in NRP2
Polysialylation—To identify the O-glycan attachment sites
required for polysialylation of NRP2, we performed a compre-
hensive site-directed mutagenesis approach. Because no con-
sensus recognition sequence for O-glycosyltransferases is
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FIGURE 6. Core 1 O-glycans are sufficient for NRP2 polysialylation. C-ter-
minal Myc-tagged NRP2b(5) was transiently expressed with or without
ST8SialVin COS-7 cells (left panel) and CHO cells (right panel). Cell lysates were
separated before or after treatment with endoN by 7% SDS-PAGE followed by
Western blot analysis using anti-Myc mAb 9E10.

known, putative sites for mucin-type O-GalNAc-glycosylation
were predicted by NetOGlyc 3.1 (54). Although almost 150 sites
stretching over the whole protein were identified, only a few of
them were predicted with high probability (supplemental Fig.
S2). The highest scores were obtained for residues Thr-607,
Thr-613, and Thr-614 followed by Thr-615, Thr-619, and Thr-
624. As shown schematically in Fig. 74, these residues are all
localized in the linker region between b2 and ¢ domain.

Based on isoform NRP2b(5), we first analyzed the impact of
Thr-607, Thr-613, and Thr-614 for NRP2 polysialylation. Each
site was deleted by single or combined exchange to alanine. The
ability of the mutants to serve as an acceptor for polysialylation
was analyzed in COS-7 cells by co-expressing the mutants with
ST8SialV. In each case, polysialylation of NRP2 was observed
by the appearance of an endoN-sensitive smear and even the
NRP2 variant lacking all three sites was still polysialylated (Fig.
7B). However, polysialylation of NRP2 was lost by combined
deletion of all six O-glycosylation sites shown in Fig. 7A (see
mutant-1 in Fig. 7C). Notably, the obtained hexa-mutant still
migrated as a double band, indicating the presence of additional
O-glycans that are located outside of the targeted amino acid
stretch.

To study the impact of individual threonine residues on the
polysialylation of NRP2, penta mutants were generated that
lacked all but one of the O-glycosylation sites deleted in
mutant-1. Restoration of one of the centrally located threonine
residues, i.e. Thr-613, -614, -615, or -619, resulted in decreased
but clearly visible polysialylation, evident by comparison of the
upper band before and after endoN digest (see mutant-2, -3, -4,
and -5 in Fig. 7C). The presence of a single threonine in one of
the flanking positions, i.e. Thr-607 or Thr-624, allowed, if at all,
the synthesis of only minute amounts of polySia (see mutant-6
and -7 in Fig. 7C), suggesting that the O-glycans attached to
Thr-613, Thr-614, Thr-615, and Thr-619 serve as the major
polySia attachment sites.

To exclude that the high number of introduced amino acid
exchanges led to impaired folding and trafficking, we analyzed
the cell surface localization of hexa- and penta-mutants by
immunofluorescence analysis with an anti-NRP2 antibody
directed against the extracellular part of the protein. For both
wild-type and mutant forms of NRP2, the same cell surface

JOURNAL OF BIOLOGICAL CHEMISTRY 22887



Polysialylation of Neuropilin-2 by ST8SialV

A
NRP2b(5) ngCal a2 ] b1 || b2 |%( c )1:0
1 O-glycosylation site v KSEETTTPY PE EE T
N~ ™ < W) (2] b
o = = = I
| O © ©| © |
B wild-type AT607 AT613 AT614 ATé07/
T613/T614
kDa - + - + - + - + - + endoN
250
150-]
wl = 8 B 8 A 08 _ 2. =
c s )& 3 . IS o . &
¥ P P & Pa P P P
& « & « & . & . & & v & « &
N v v v \a L v
< < < < < 3 < <
< v oA R\ < R\ R\ v S v ot
3 R R *Q * & R R R
& * oY v,\" * &Y * * P * v,v o
<& <~ <& et <~ < <&
& & & & & & &
& s s . L = & Y
< & & & & & < 3
ild-t tant-1 mutant-2 mutant-3 mutant-4 mutant-5 mutant-6 mutant-7
wild-type mutan (+T613) (+T614) (+T615) (+ T619) (+T607) (+ T624)
+ - + - + - + - + - + - + - + endoN
kDa
150 “
- e - -
b A A L AN A A I AT
D

wild-type mutant-3

mutant-7

FIGURE 7. Identification of particular O-glycosylation sites involved in NRP2 polysialylation. A, a schematic representation of NRP2(b) shows the location
of the six O-glycosylation sites targeted in this study. The peptide sequence carrying these sites is shown below with the amino acid numbers of the
corresponding threonine residues. B, shown is analysis of single and triple mutants. In COS-7 cells, ST8SialV was co-expressed with C-terminal Myc-tagged
NRP2b(5) either as the wild-type form or as a mutant variant lacking the indicated O-glycosylation sites due to a corresponding threonine to alanine exchange.
Cell lysates were separated before and after treatment with endoN by 7% SDS-PAGE followed by Western blot analysis using anti-Myc mAb 9E10. C, shown is
analysis of hexa and penta mutants. ST8SialV was co-expressed with Myc-tagged NRP2b(5) lacking either all six O-glycosylation sites highlighted in A
(mutant-1) or a combination of five sites (mutant-2 to -7). As in B, cell lysates were separated by 7% SDS-PAGE before and after treatment with endoN, and
Western blot analysis was performed with anti-Myc mAb 9E10. Above each panel, the peptide sequence of the linker region is given with alanine exchanges
marked by an asterisk. In the case of the penta mutants, the retained threonine residue that can still serve as O-glycosylation sites is underlined. D, shown is
surface expression of wild-type and mutant forms of NRP2b(5). COS-7 cells were transfected with either wild-type NRP2b(5) or the mutant forms of NRP2b(5)
analyzed in C (mutant-1 to -7). 24 h after transfection, cells were fixed with 4% paraformaldehyde and stained with anti-NRP2 antibody followed by Alexa568-
conjugated secondary antibody (red). Nuclei were stained with DAPI (blue).

staining was observed (Fig. 7D), excluding the possibility that
the mutant forms were retained in the endoplasmic reticulum
and were thus not accessible to the Golgi-localized polysialyl-
transferase ST8SialV.

Consistent with the finding that polySia is attached to O-gly-
cans in the linker region between b2 and ¢ domain, mass spec-
trometric analyses of NRP2(5) revealed a clear difference in the
peptide pattern of this region between the two glycoforms sep-
arated as upper and lower band by SDS-PAGE. For the lower
band glycoform, which did not serve as polySia acceptor, non-
glycosylated peptides covering the linker region were observed,
whereas no corresponding peptides were found for the upper
band glycoform (supplemental Fig. S3). This indicates that the
whole pool of the latter glycoform has an O-glycosylated linker
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region. In line with this, the upper band glycoform was fully
converted to polySia-NRP2 in the presence of ST8SialV as indi-
cated by disappearance of the band and full transformation into
a diffuse microheterogeneous signal (see wild-type NRP2 in Fig.
7,Band C).

DISCUSSION

PolySia is a unique glycotope that largely impacts the func-
tion of the underlying protein (21, 22). Despite the restricted
number of polySia-carriers, two enzymes have been evolved in
vertebrates that catalyze polysialylation. In the nervous system,
both enzymes, ST8Siall and ST8SialV, contribute to polysialy-
lation of the major polySia-carrier NCAM, and genetic ablation
of both enzymes was necessary to fully abrogate polysialylation
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during brain development (24, 25, 40, 41, 55). Moreover, the
fact that only minor differences were found between the poly-
sialylated N-glycans of NCAM isolated from perinatal brain of
wild-type, St8sia2~'~, and St8sia4~ '~ mice highlighted very
similar catalytic functions of the two polysialyltransferases (28).
Beyond NCAM polysialylation, however, the two polysialyl-
transferases may exert very different functions by targeting dis-
tinct acceptor proteins. Recently, we showed that polysialyla-
tion of SynCAM 1 strictly depends on the presence of ST8Siall
(56). In the developing brain, the modification of SynCAM 1 by
polySia is cell type-specific and restricted to NG2 cells, a class of
multifunctional precursor cells (33, 57). Polysialylation of Syn-
CAM 1 was completely lost in St8sia2~ '~ but not in St8sia4~ '~
mice, and in cell culture experiments, Syn CAM 1 was efficiently
polysialylated by ST8Siall but served only as a poor substrate
for ST8SialV (56).

Here, we now showed that in contrast to SynCAM 1, NRP2 is
a substrate for ST8SialV but not for ST8Siall. In COS-7 cells,
co-expression of NRP2 with ST8SialV but not ST8Siall
resulted in the formation of polySia-NRP2. Consistently, poly-
sialylation of NRP2 was completely abrogated in BM-DCs of
St8sia4~"~ mice, whereas modification of NRP2 by polySia was
not affected in BM-DCs of St8sia2~”~ mice. Like in human
monocyte-derived DCs (38), the total polySia signal of murine
BM-DCs was stretched over a much broader molecular mass
region than the polySia-NRP2 signal. As discussed by Curreli ez
al., (38) this might be either due to impaired binding of anti-
NRP2 antibodies to highly polysialylated NRP2 or to the pres-
ence of additional, not yet identified polySia-carriers. However,
even if other carriers contributed to the total polySia signal,
these carriers were exclusively polysialylated by ST8SialV
because the polySia was completely lost in St8sia4 ™"~ -derived
BM-DCs.

Through co-expression experiments, we demonstrated that
ST8SialV can modify all transmembrane isoforms of NRP2,
excluding the possibility that particular variable peptide
sequences serve as recognition sites for ST8SialV. However,
modification of NRP2 by polySia was strictly dependent on the
presence of O-glycans, and combined deletion of all three
N-glycosylation sites did not affect NRP2 polysialylation. This
is in contrast to both NCAM and SynCAM 1 polysialylation,
which occur selectively on N-glycans (23, 33, 58). In COS-7
cells, we blocked mucin-type O-glycosylation at the level of the
Tn antigen (GalNAc-Thr/Ser) by a-benzyl-GalNAc. This sugar
analog mimics the structure of the Tn antigen and acts as com-
petitive decoy acceptor for enzymes involved in subsequent
O-glycan extension (50, 51). The observed block of NRP2 poly-
sialylation in a-benzyl-GalNAc-treated COS-7 cells indicated
that the Tn antigen is not sufficient for polysialylation of NRP2
and suggested a crucial requirement for O-glycan extensions.
Previously, we showed that terminal «2,3- or a2,6-sialylation of
acceptor glycans is a prerequisite for the polysialylation
of NCAM and SynCAM 1 (26, 33). Accordingly, polysialylation
of NRP2 might crucially depend on O-glycan capping by termi-
nal sialic acids. Consistent with this, structural analysis of the
O-glycans of NRP2 expressed in COS-7 cells demonstrated the
presence of di-sialylated core 1 as well as mono- and di-sialy-
lated core 2 glycans. NRP2 expressed in CHO cells, which syn-
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thesize exclusively core 1 glycans due to a lack of the core 2
B1,6-N-acetylglucosaminyltransferase (52, 53), was still poly-
sialylated by ST8SiaIV. Thus, a simple core 1 structure capped
by terminal sialylation may represent the minimal glycan struc-
ture required for NRP2 polysialylation. The fact that polysialy-
lation of NRP2 was more pronounced in COS-7 than in CHO
cells (Fig. 6) suggests that core 2 glycans were more efficiently
polysialylated than core 1 glycans. However, it has to be consid-
ered that in contrast to COS-7 cells, CHO cells express
ST8SialV and NCAM (59). Thus, in CHO cells, NRP2 has to
compete with NCAM for polysialylation. This fact is high-
lighted by the observation that despite endogenous ST8SialV
expression in CHO cells, polysialylation of NRP2 was only
achieved after the ST8SialV level was increased by co-expres-
sion of exogenous ST8SialV (Fig. 6).

During maturation of murine BM-DCs, we also observed an
up-regulation of ST8SiaVI (Fig. 1B). This enzyme transfers sin-
gle sialic acid residues preferentially to «2,3-sialylated O-gly-
cans, forming an «2,8-linked di-Sia motif (44, 45). Thus, in the-
ory, capping of NRP2 O-glycans by a di-Sia motif could occur in
BM-DCs and could provide a recognition signal for the polysia-
lyltransferase. However, by demonstrating polysiaylation of
NRP2 in COS-7 cells, we can rule out that this motif is prereq-
uisite for NRP2 polysialyation, as ST8SiaVI is not expressed in
COS-7 cells (data not shown) and we found no indications for
the presence of a di-Sia motif on the O-glycans of COS-7 cell-
expressed NRP2 (Fig. 5 and supplemental Table 3).

A comprehensive site-directed mutagenesis approach finally
allowed us to localize the O-glycans that serve as polySia accep-
tor sites in NRP2. Notably, the corresponding O-glycosylation
sites were all clustered in a short stretch of 17 amino acids
located between b2 and ¢ domain. Combined alanine exchange
of all six threonine residues located in this stretch completely
abolished polysialylation of NRP2. Reintroduction of single
threonine residues resulted only in a partial rescue of NRP2
polysialylation, indicating that in the native protein, polySia is
attached to more than one O-glycosylation site. Because the
rescue was most pronounced after reintroduction of single
threonines at the centrally located positions Thr-613, -614,
-615, and -619, these sites might represent the major polySia
attachment sites. Future work will be necessary to precisely
define whether all six or only particular sites are polysialylated
in vivo. However, due to the close proximity of mucin-type
O-glycan sites, O-glyopeptide analysis is in general still a chal-
lenge (60).

NRP1, the closely related homologue of NRP2, lacks the clus-
ter of threonines identified as polySia attachment site of NRP2
(Fig. 8), which might explain why it does not serve as a target for
polysialylation (38). However, NRP1 can be posttranslationally
modified by a glycosaminoglycan (GAG) chain at a single serine
residue at position 612 located in precisely the same linker
region that encompasses the polySia attachment sites of NRP2
(61-63). NRP1 exists as heparan sulfate or chondroitin sulfate
proteoglycan and the predominant GAG type as well as the
degree and length of modification depends on the cell type. In
vascular smooth muscles cells, chondroitin sulfate-modified
NRP1 was shown to enhance platelet-derived growth factor
(PDGF)-driven chemotaxis and cell migration (63). Initiation of

JOURNAL OF BIOLOGICAL CHEMISTRY 22889



Polysialylation of Neuropilin-2 by ST8SialV

NRP1 NRP2
[y ." ™ .
GAG H PolySia
. -
. H H
0 H H
. ettt :
- - -
. : J
4 L
’ o :
’ Rl
. S
Y N e,
e, ) T607 T613 S
s612 [p* - T614 T615 R,
T619 T624

NRP1 N

CEVEAPTAGPTTPNGNLVDECDDDQANCHSGTGDDFQLAGGTTVLATEKPTVI

NRP2
CDWTD--SKPTVET--LGPTVKSEETTTPYPTEEEATECGENCSFEDDKDLQL
OSSOy

FIGURE 8. Glycosaminoglycan and polySia attachment sites in NRP1 and
NRP2, respectively. Shown is a schematic representation of NRP1 and NRP2
modified by GAGylation and polySia, respectively. The amino acid sequence
of the linker region between b2 and ¢ domain is given for human NRP1 and
NRP2, and the amino acids used as attachment sites for GAGylation or poly-
sialylation are indicated by gray boxes.

GAGylation depends on a serine residue located in a Ser-Gly/
Ala dipeptide that has one or more acidic amino acids in close
proximity (64). As highlighted in Fig. 8, NRP2 lacks the Ser-
612—Gly-613 dipeptide used for GAGylation in NRP1 and is,
therefore, not modified by GAGs (61, 63). However, its post-
translational modification by polySia provides similar func-
tions. As highly negatively charged polymers, both GAGs and
polySia are known to serve as scavenger molecules for various
positively charged soluble factors such as chemokines and
growth factors. For example, polySia on NCAM of oligoden-
drocyte precursor cells is needed for directional cell migration
in response to concentration gradients of PDGF (65). On
hippocampal and hypothalamic neurons, polySia-NCAM
enhances the sensitivity to brain-derived neurotrophic factor
(BDNE), for which direct binding to polySia has been shown
(66, 67). Besides the well studied interaction of GAGs with
fibroblast growth factors, GAGs were reported to bind chemo-
kines, increase their local concentration, and present them to
their G-protein-coupled receptors (68 -70). The chemokine
CCL21 binds to both polySia and GAGs via its C-terminal basic
region (15, 71). Similar to the function of GAGs on NRP1, poly-
Sia on NRP2 was suggested to trap CCL21, increase the local
concentration of this chemokine, and facilitate the interaction
with its receptor CCR7 (cysteine-cysteine chemokine receptor
7) (15, 16).

The finding that almost the same position is used for
GAGylation of NRP1 and polysialylation of NRP2 suggests that
for both types of carbohydrate polymers, attachment to the
linker region between b2 and ¢ domain provides optimal posi-
tioning to fulfill their function in presenting or sequestering
adsorbed chemokines to their cell surface receptors. However,
as highlighted for FGF2 bound to heparan sulfate and polySia,
the type of carbohydrate chain will determine how a soluble
factor is displayed (72).
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