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Background: LacdiNAc (GalNAc�1,4GlcNAc) is present on O- and N-linked carbohydrate moieties of
pro-opiomelanocortin.
Results: �1,4-N-acetylgalactosaminyltransferases �4GalNAc-T3 and �4GalNAc-T4 mediate peptide-specific transfer of Gal-
NAc to O-linked structures in vivo and in vitro.
Conclusion: �4GalNAc-T3 and �4GalNAc-T4 can account for LacdiNAc sequences on O-linked structures on specific
glycoproteins.
Significance: The protein-specific addition of LacdiNAc to O-linked carbohydrates generates a family of unique structures
recognized by carbohydrate-specific receptors.

N- and O-linked oligosaccharides on pro-opiomelanocortin
both bear the unique terminal sequence SO4-4-GalNAc�1,
4GlcNAc�. We previously demonstrated that protein-specific
transfer of GalNAc toN-linked oligosaccharides on glycopro-
tein substrates is dependent on the presence of both an oligo-
saccharide acceptor and a peptide recognition motif consist-
ing of a cluster of basic amino acids. We characterized how
two �1,4-N-acetylgalactosaminyltransferases, �4GalNAc-T3
and�4GalNAc-T4, require the presence of both the peptide rec-
ognition motif and the N-linked oligosaccharide acceptors to
transfer GalNAc in �1,4-linkage to GlcNAc in vivo and in vitro.
We now show that �4GalNAc-T3 and �4GalNAc-T4 are able to
utilize the samepeptidemotif to selectively addGalNAc to�1,6-
linked GlcNAc in core 2 O-linked oligosaccharide structures to
form Gal�1,3(GalNAc�1,4GlcNAc�1,6)GalNAc�Ser/Thr. The
�1,4-linked GalNAc can be further modified with 4-linked sul-
fate by either GalNAc-4-sulfotransferase 1 (GalNAc-4-ST1)
(CHST8) or GalNAc-4-ST2 (CHST9) or with �2,6-linked
N-acetylneuraminic acid by �2,6-sialyltransferase 1 (ST6Gal1),
thus generating a family of unique GalNAc�1,4GlcNAc� (Lac-
diNAc)-containing structures on specific glycoproteins.

The LacdiNAc2 sequence, GalNAc�1,4GlcNAc�, is found
onO-linked as well asN-linked oligosaccharides. The synthetic

pathway leading to LacdiNAc-containing structures on
O-linked oligosaccharides is illustrated in Fig. 1. Following con-
version of the core 1 structure (see structure denoted 1) to a
core 2 structure (see structure 4) by the addition of �1,6-linked
GlcNAc, either �1,4-linked Gal or �1,4-linked GalNAc can be
added to form structure 5 or the LacdiNAc-containing struc-
ture 7 in Fig. 1. The LacdiNAc can be further modified with
either SO4 (see structures 10 and 11) or �2,6-linked sialic acid
(see structure 9). Pro-opiomelanocortin (POMC) was the first
glycoprotein reported to bearO-linked structures with the Lac-
diNAc sequence (1). The presence of LacdiNAc-modified
N-linked oligosaccharides on murine POMC (2, 3) raised the
possibility that the addition of �1,4-linked GalNAc to the �1,6-
linked GlcNAc in O-linked oligosaccharides with a core 2
structure (see Fig. 1, structure 4) is mediated by the same �1,4-
N-acetylgalactosaminyltransferases (�4GalNAc-T) that we
have reported to account for protein-specific transfer of
GalNAc to N-linked oligosaccharides on glycoproteins such
as the luteinizing hormone (LH) (4–9) and carbonic anhy-
drase-6 (CA6) (10).Herewehave addressed this possibilitywith
chimeric glycoprotein substrates that can be used to exam-
ine GalNAc transfer in vivo and in vitro. We now demon-
strate that�4GalNAc-T3 (B4GALNT3, GenBankTMAB089940
and AB114826) (11) and �4GalNAc-T4 �4GalNAc-T4
(B4GALNT4, GenBankAB089939 andAB114827) (12)mediate
the protein-specific addition of �1,4-linked GalNAc to core 2
O-linked structures both in vivo and in vitro. In addition, Gal-
NAc-4-sulfotransferase 1 (GalNAc-4-ST1, CHST8) (13), Gal-
NAc-4-sulfotransferase 2 (GalNAc-4-ST2, CHST9) (14, 15),
and �2,6-sialyltransferase (ST6Gal1) (16, 17) are able to add
4-linked sulfate and �2,6-linked NeuNAc to the LacdiNAc
structures on core 2O-linked structures, generating a family of
unique LacdiNAc-bearing structures. N-Linked oligosaccha-
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rides terminating LacdiNAc modified with sulfate or NeuNAc
are recognized by the mannose receptor (18–23) and the asia-
loglycoprotein receptor (24, 25), respectively, and regulate the
circulatory half-lives of glycoprotein hormones bearing these
structures in vivo. LacdiNAc termini modified with sulfate or
NeuNAconO-linked structuresmay be recognized by the same
and/or additional receptors and also have important biological
consequences in vivo.

EXPERIMENTAL PROCEDURES

Reagents and Assays—Soluble, secreted forms of �4GalNAc-
T3-F and �4GalNAc-T4-F were obtained by transfection of
HEK 293T cells as described (26). pcDNAI-C2GnT1 (27) was
provided by Dr. Minoru Fukuda (Burnham Institute for Medi-
cal Research, La Jolla, CA), and a plasmid for expression of
�2,6NeuNAc-transferase (17) was provided by Dr. Karen Col-
ley (University of Illinois, Chicago, IL). pcDNA3.1-GalNAc-
4-ST1 and pcDNA3.1-GalNAc-4-ST2 were described previ-
ously (13, 14).Diplococcal�-galactosidase (DP�-galactosidase)
was prepared by affinity chromatography (28). Arthrobacter
ureafaciens neuraminidase was purchased from Roche Applied
Science.
Quantitation of GalNAc incorporated either in vitro or in

vivo intoGaussia luciferase (GLuc)-containing chimeric glyco-
proteins was carried out as described (26). The pH of the
medium was adjusted to pH 5.0 with sodium acetate for diges-
tionwithA. ureafaciens neuraminidase andDP�-galactosidase
at 37 °C. The digestions were stopped by heating.
pCMV-GlucCG-CTP-CA(1–19)Myc-His and pCMV-GlucCG-

CTP-CA(1–2)Myc-His—pCMV-GlucCG-CTP-CA(1–19)Myc-
His was prepared from pCMV-GLuc-�CA(1–19)Myc-His
and a plasmid, pcDNA1/Amp-hCG�, containing hCG�. An
acceptor plasmid was prepared by subjecting pCMV-GLuc-
�CA(1–19)Myc-His to 10 cycles of PCR using Klentaq Long
and Accurate DNA polymerase (29, 30) and the primers
Gaussia-3�ASr: GTCACCACCGGCCCCCTTGAT(ribo)c and
LMYC-S: GAGGGCCCGAACAAAAACTCATCT(ribo)c. The
sequence containing the carboxyl terminal 28-amino acid
peptide sequence from hCG (CTP) was prepared by PCR
by performing five cycles of PCR with CAVI-LMYCb: CAAA-
GAGGAAAAAAGAAAAGTATTGGCCGTCTAGAGGGC-
CCGAACAAAAACTCATCTC plus LYMC-AS: GAGATGA-
GTTTTTGTTCGGGCCCT(ribo)c followed by five addition-
al cycles with 19CAVIb: TTGAGAAGATTTATTGAACAG-
AAGATAACAAAGAGGAAAAAAGAAAAGTATTGGCCG.
GAU-CTP AS-BA: GGAGGGGCCTTTGAGGAAGAGGAG-
TCACCACCGGCCCCCTTGATC plus Gaussia-3�Sr: GATC-
AAGGGGGCCGGTGGTGA(ribo)c and pcDNAI/AMP-CG�
were added, and 15 additional cycles of PCR were performed.
The 159-bp product and the plasmid acceptor were digested
with ribonuclease and ligated to generate pCMV-GlucCG-
CTP-CA(1–19)Myc-His. pCMV-GlucCG-CTP-CA(1–2)Myc-
His was generated from pCMV-GlucCG-CTP-CA(1–19)Myc-
His by PCR using CTP-CA1–2-BA-S: CTCGGACACCCCGA-
TCCTCCCACAAAGCTTGTCTAGAGGGCCCGAACAAA-
AACTCATCTC and LYMC-AS plus LYMC-S. All constructs
were confirmed by sequencing.

Preparation of �4GT3/CHO and �4GT4/CHO—Flp-InTM
Chinese hamster ovary (CHO) cell lines (Invitrogen) expressing
�4GalNAc-T3 (�4GT3/CHO) or �4GalNAc-T4 (�4GT4/
CHO)were prepared using protocols provided by themanufac-
turer.Murine�4GalNAc-T3 and�4GalNAc-T4were amplified
using Klentaq Long and Accurate DNA polymerase and ligated
into pEF5/FRT/V5-D-TOPO using the manufacturer’s proto-
cols. DNA sequencing confirmed that the sequence was cor-
rect. The constructs were co-transfected with pOG44 Flp
recombinase into Flp-InTM CHO cells and placed under selec-
tion with hygromycin. Hygromycin-resistant clones were
selected that expressed �4GalNAc-T3 and �4GalNAc-T4
based on immunostaining for the V5 epitope and the presence
of �1,4-linked GalNAc on glycoproteins expressed at the cell
surface by immunostaining with FITC-Wisteria floribunda
agglutinin, a lectin specific for terminal �1,4-linked GalNAc
(31, 32). After subcloning, the expression of �4GalNAc-T3 and
�4GalNAc-T4 was confirmed by Western blot using anti-V5-
HRP antibody (Invitrogen). Expression levels, under control of
the EF-1� promotor, were similar for �4GalNAc-T3 and
�4GalNAc-T4 based on Western blot analysis.

RESULTS

GLuc-CTP-CA(1–19)Myc-His andGLuc-CTP-CA(1–2)Myc-
His—A limited number of glycoproteins bearing either
N-linked or O-linked oligosaccharides containing the Lacdi-
NAc sequence have been described in vertebrates, suggesting
potential distinctive functions for this carbohydrate moiety. As
illustrated in Fig. 1 forO-linked structures, GalNAc is added to
the �1,6-linked GlcNAc moiety of core 2 type structures gen-
erating structure 7 that can be further modified with 4-linked
SO4 or �2,6-linked NeuNAc (structures 9 and 10). The addi-
tion of �1,4-linked GalNAc to N-linked oligosaccharides to
form LacdiNAc sequences on glycoproteins such as LH and
CA6 is mediated by protein-specific �1,4GalNAc transferases
that recognize a peptide motif as well as the oligosaccharide
acceptor (8, 9, 26). We previously utilized chimeric glycopro-
teins consisting of a secreted form of luciferase, GLuc (33, 34)
followed by a glycoprotein of interest and an epitope tag, Myc-
His, to define the protein-specific addition of GalNAc to
N-linked oligosaccharides by �4GalNAc-T3 and �4GalNAc-
T4 in vivo and in vitro (26). We have now taken a similar
approach to determine whether the same �4GalNAc-T3 and
�4GalNAc-T4 enzymes can account for the protein-specific
addition of GalNAc to core 2 O-linked oligosaccharides.
The substrates used for these studies are illustrated schemat-

ically in Fig. 2. The hCG� subunit has a CTP sequence contain-
ing four Ser residues that become O-glycosylated when this
protein is expressed in CHO cells (35). The CTP sequence was
added to the carboxyl terminus of GLuc (Gaussia luciferase)
followed by the 19-amino acid sequence from CA6 (CA1–19)
that we have shown is recognized by �4GalNAc-T3 and
�4GalNAc-T4 followed by the Myc-His epitope tag. The same
construct containing only the first 2 amino acids of theCA1–19
sequence (CA1–2) was also prepared. Because GLuc is not gly-
cosylated, the only carbohydrate moieties present on GLuc-
CTP-CA(1–19)Myc-His and GLuc-CTP-CA(1–2)Myc-His are
the O-linked structures in the CTP.
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Transfer of GalNAc to GLuc-CTP-CA(1–19)Myc-His and
GLuc-CTP-CA(1–2)Myc-His in Vivo—Flp-In CHO, �4GT3/
CHO, and �4GT4/CHO cells were transfected with pCMV-
GLuc-CTP-CA(1–19)Myc-His and pCMV-GLuc-CTP-CA(1–
2)Myc-His. Because CHO cells do not express the �1,6GlcNAc
transferase, C2GnT1, that is responsible for synthesis of the
core 2 structure (Fig. 1) (27), the CHO cells were co-transfected
with pcDNAI-C2GnT1. Based on the levels of GLuc activity
found in the medium and on Western blot analysis following
SDS-PAGE (Fig. 3A), GLuc-CTP-CA(1–19)Myc-His and
GLuc-CTP-CA(1–2)Myc-His were highly expressed. The
reduced mobility of both GLuc-CTP-CA(1–19)Myc-His and
GLuc-CTP-CA(1–2)Myc-His when C2GnT was present
reflects the increased size of the core 2when comparedwith the

core 1 structures (Fig. 1) and indicated that the core 1 structures
on the CTP sequence were beingmodified by C2GnT1. Each of
the products was examined for the presence of terminal
�-linked GalNAc by comparing the amount of GLuc activity
captured by WFA, a lectin specific for �-linked GalNAc (31,
32), onto 96-well plates where each well had the identical input
(Fig. 3B). CHO cells that did not express either �4GalNAc-T3
or �4GalNAc-T4 showed little or no evidence of terminal Gal-
NAc on GLuc-CTP-CA(1–19)Myc-His or GLuc-CTP-CA(1–
2)Myc-His in either the presence or the absence of C2GnT1
(Fig. 3B). In contrast, �4GT3/CHO and �4GT4/CHO both
transferred GalNAc to GLuc-CTP-CA(1–19)Myc-His but only
when C2GnT1 was also present. GalNAc was also transferred
to GLuc-CTP-CA(1–2)Myc-His when it was expressed in
�4GT3/CHO and �4GT4/CHO in the presence but not the
absence of C2GnT1. However, GLuc-CTP-CA(1–2)Myc-His
was less extensively modified with GalNAc by either
�4GalNAc-T3 or �4GalNAc-T4 than GLuc-CTP-CA(1–
19)Myc-His in the Flp-In CHO cells stably expressing these
enzymes.
The difference in the extent of modification with GalNAc

seen for GLuc-CTP-CA(1–19)Myc-His versus GLuc-CTP-
CA(1–2)Myc-His when expressed in �4GT3/CHO or �4GT4/
CHO cells was modest when compared with the 10-fold differ-
ence seen previously in our studies ofN-linked glycosylation of
GLuc-TrfCA6(1–19) versus GLucTrf when they were
expressed in either �4GT3/CHO or �4GT 4/CHO (9). In the
present experiments, high levels of �4GalNAc-T3 and
�4GalNAc-T4 expression in �4GT3/CHO and �4GT4/CHO
may have obscured or reduced any dependence on recognition
of the peptide motif for GalNAc addition to O-linked struc-
tures. A single copy of �4GalNAc-T3 or �4GalNAc-T4 under
the regulation of the EF-1� promotor was incorporated at the

FIGURE 1. Synthetic pathway for Ser/Thr O-linked LacdiNAc-containing structures on core 2 oligosaccharides. O-Linked oligosaccharides with a core 2
structure containing a GlcNAc-linked �1,6 to the O-linked GalNAc (structure 4) can be further modified by the addition of either �1,4-linked Gal or GalNAc to
generate structures 5 and 7, respectively. Structure 7 can be further modified to generate structures 8, 9, 10, and 11. CHO cells do not express the �1,6GlcNAc
transferase C2GnT1 and are not able to synthesize core 2 O-linked structures. �1,3 GalT, �1,3Galactosyltransferase; �4GalNAc-T, �1,4-N-Acetylgalactosaminyl-
transferase; NeuNAcT, NeuNAc transferase.

FIGURE 2. Chimeric glycoprotein substrates used for characterization of
GalNAc transfer in vitro and in vivo. Plasmids pCMV-GlucCG-CTP-CA(1–
19)Myc-His and pCMV-GlucCG-CTP-CA(1–2)Myc-His encoding chimeric pro-
teins consisting of GLuc, the CTP sequence, the CA1–19 sequence, or the
CA1–2 sequence, respectively, and the epitope tag Myc-His were prepared.
The Ser residues in the CTP that have been shown to be modified with
O-linked GalNAc when expressed in CHO cells are indicated by asterisks. The
sequence of the 19-amino acid carboxyl terminal peptide from CA6 is shown,
and the residues deleted from the sequence to generate CA(1–2) are blocked
out with a black line.
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FRT site of Flp-In CHO cells to generate these �4GT3/CHO
and �4GT4/CHO cell lines. Although EF-1� is a weak pro-
moter, the levels of �4GalNAc-T expression were high when
compared with the levels of expression seen in cell lines such as
HEK 293T that express endogenous �4GalNAc-T3 and
�4GalNAc-T4 (11, 12). Steady state �4GalNAc-T3 and
�4GalNAc-T4mRNA levels were 7- and 55-fold greater per �g
of RNA in �4GT3/CHO and �4GT4/CHO than in HEK 293T
cells, respectively. Furthermore, using the in vitro assaywe have
described for transfer of GalNAc toN-linked glycans on GLuc-
�(PLRSKK)CA(1–19) (26), we determined that cell extracts
from�4GT3/CHOand�4GT4/CHOhad 40- and 58-foldmore
�4GalNAc-T activity per 106 cells, respectively, thanHEK293T
cells (not shown). The high levels of GalNAc-T expression in
�4GT3/CHO and �4GT4/CHO likely account for GalNAc
transfer to glycoproteins that do not contain a peptide recogni-
tion determinant. We therefore expressed GLuc-CTP-CA(1–
19)Myc-His and GLuc-CTP-CA(1–2)Myc-His in HEK 293T
cells to see whether there would be a greater dependence on the
presence of the peptide recognition motif than was seen in
�4GT3/CHO or �4GT4/CHO.
GLuc-CTP-CA(1–19)Myc-His and GLuc-CTP-CA(1–2)Myc-

His were expressed in HEK 293T cells in the absence or pres-

ence of additional C2GnT1 to ensure that production of core 2
structures would not be limiting. Because HEK 293T cells also
express endogenous �2,6NeuNAc transferase activity, the
products were digested with neuraminidase to expose any Gal-
NAc that had been modified with �2,6-linked NeuNAc. The
products were also digested with DP �-galactosidase to remove
any �1,4-linked Gal that had been transferred to the �1,6-
linked GlcNAc to yield structure 5. Western blot analyses of
GLuc-CTP-CA(1–19)Myc-His and GLuc-CTP-CA(1–2)Myc-
His and their digestion products are shown in Fig. 4A. GLuc-
CTP-CA(1–19)Myc-His and GLuc-CTP-CA(1–2)Myc-His
both expressed well and were modified with NeuNAc as indi-
cated by the shift in mobility following neuraminidase diges-
tion. GLuc-CTP-CA(1–19)Myc-His and GLuc-CTP-CA(1–
2)Myc-His that were expressed in the presence of exogenous
C2GnT1migrated at a slightly higher molecular weight follow-
ing digestion with either neuraminidase alone or neuramini-
dase plus DP�-galactosidase than their counterparts expressed
in the absence of exogenousC2GnT1. The slowermobility seen
with exogenous C2GnT1 was consistent with the presence of
additional core 2 structures being synthesized, suggesting that
the endogenous levels of C2GnT are limiting in the HEK 293T
cells.

FIGURE 3. Transfer of GalNAc to GLuc-CTP constructs expressed in
�4GT3/CHO, �4GT4/CHO, and CHO cells. A, Flp-In CHO cells expressing
�4GalNAc-T3 (�4GT3/CHO), �4GalNAc-T4 (�4GT4/CHO), or nothing (CHO)
were co-transfected with pCMV-GlucCG-CTP-CA(1–19)Myc-His or pCMV-
GlucCG-CTP-CA(1–2)Myc-His and either control plasmid (odd numbered
lanes) or pcDNAI-C2GnT1 (even numbered lanes). The media were collected
and analyzed by SDS-PAGE. Following electrophoretic transfer to PVDF, the
bands were visualized using anti-His. B, the amount of GalNAc transferred to
the products of transfection of �4GT3/CHO, �4GT4/CHO, and CHO cells with
pCMV-GlucCG-CTP-CA(1–19)Myc-His or pCMV-GlucCG-CTP-CA(1–2)Myc-His
and either control plasmid or pcDNAI-C2GnT1 was compared by determin-
ing the amount of GLuc activity captured onto 96-well plates coated with
WFA, a GalNAc-specific carbohydrate-binding protein. In all cases, the
amount of GLuc activity loaded into each well during the binding phase
was identical. All assays were done in quadruplicate. Error bars indicate
S.E. LU, light units.

FIGURE 4. Transfer of GalNAc to GLuc-CTP constructs expressed in HEK
293T cells. A, HEK 293T cells were co-transfected with pCMV-GlucCG-CTP-
CA(1–19)Myc-His or pCMV-GlucCG-CTP-CA(1–2)Myc-His and either control
plasmid (lanes 1–3 and 7–9) or pcDNAI-C2GnT1 (lanes 4 – 6 and 10 –12). The
media were collected, and the products were digested with neuraminidase
(Nase) or neuraminidase plus DP �-galactosidase as indicated. Following sep-
aration by SDS-PAGE and electrophoretic transfer to PVDF, the bands were
visualized using anti-His. B, the amount of GalNAc transferred to the products
of transfection of HEK 293T cells with pCMV-GlucCG-CTP-CA(1–19)Myc-His or
pCMV-GlucCG-CTP-CA(1–2)Myc-His and either control plasmid or
pcDNAI-C2GnT1 was compared by determining the amount of GLuc activity
captured onto 96-well plates coated with WFA. The same samples were
digested with neuraminidase to expose any GalNAc modified with �2,6-
neuraminic acid. All assays were done in quadruplicate. Error bars indicate S.E.
LU, light units.
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In contrast to what we observed in �4GT3/CHO or �4GT4/
CHO cells, a significant fraction of the GLuc-CTP-CA(1–
19)Myc-His expressed in HEK 293T cells was modified with
GalNAc when it was expressed in the absence of exogenous
C2GnT1 (Fig. 4B versus Fig. 3B). Co-expression of exogenous
C2GnT1 in HEK 293T cells increased the amount of GLuc-
CTP-CA(1–19)Myc-His modified with GalNAc by 3.5-fold
(Fig. 4B), indicating that C2GnT activity rather than
�4GalNAc-T activity was limiting in HEK 293T cells. Notably,
5-fold more GLuc-CTP-CA(1–19)Myc-His was modified with
GalNAc in either the presence or the absence of exogenous
C2GnT1 than was GLuc-CTP-CA(1–2)Myc-His. This
enhancement ofGalNAc transfer by the full-length peptide rec-
ognition determinant indicated that the endogenous
�4GalNAc-T activity inHEK 293Twas displaying the expected
protein specificity. Digestionwith neuraminidase increased the
amount of GLuc-CTP-CA(1–19)Myc-His or GLuc-CTP-
CA(1–2)Myc-His that could be bound by WFA by only 25%
(Fig. 4B), indicating that a minor fraction of the added GalNAc
was further modified with �2,6-linked NeuNAc when these
proteins were expressed in HEK 293T cells.
Transfer of GalNAc to GLuc-CTP-CA(1–19)Myc-His and

GLuc-CTP-CA(1–2)Myc-His in Vitro—GLuc-CTP-CA(1–
19)Myc-His and GLuc-CTP-CA(1–2)Myc-His were expressed
in CHO cells in the absence or presence of C2GnT1 to generate
substrates for in vitro transfer of GalNAc by �4GalNAc-T3 and
�4GalNAc-T4. GLuc-CTP-CA(1–19)Myc-His and GLuc-
CTP-CA(1–2)Myc-His expressed in the presence of C2GnT1
migrated at a higher molecular weight than GLuc-CTP-CA(1–
19)Myc-His andGLuc-CTP-CA(1–2)Myc-His expressed in the
absence of C2GnT1 when examined byWestern blot following
SDS-PAGE (Fig. 5A). The slower migration reflected the larger
size of the core 2 structures (Fig. 1, structures 4, 5, and 6) when
compared with the core 1 structures (Fig. 1, structures 1 and 2)
synthesized by CHO cells in the presence of C2GnT. The CHO
products were digested with neuraminidase plus DP �-galacto-
sidase, which removes �1,4-linked but not �1,3-linked Gal on
the core 2 structure, to convert structures 5 and 6 to structure 4
in Fig. 1, the acceptor for GalNAc addition by either
�4GalNAc-T3 or �4GalNAc-T4. Following these glycosidase
digestions, GLuc-CTP-CA(1–19)Myc-His and GLuc-CTP-
CA(1–2)Myc-His expressed in the presence of C2GnT1 con-
tinued to migrate at a slightly higher molecular weight than
GLuc-CTP-CA(1–19)Myc-His and GLuc-CTP-CA(1–2)Myc-
His expressed in the absence of C2GnT1, reflecting the addi-
tional �1,6-linked GlcNAc in the core 2 structure.
The neuraminidase- plus DP �-galactosidase-digested prod-

ucts were used as substrates for the in vitro assay. �4GalNAc-
T3-F and �4GalNAc-T4-F both transferred GalNAc to GLuc-
CTP-CA(1–19)Myc-His bearing core 2 O-linked structures
(Figs. 1 and 5B, bars marked A) but not to GLuc-CTP-CA(1–
19)Myc-His bearing core 1 (Gal�1,3GalNAc�) structures (Fig.
1) (Fig. 5B, bars marked B). Furthermore, neither �4GalNAc-
T3-F nor �4GalNAc-T4-F transferred GalNAc to either
core 2 (Fig. 5B, bars marked C) or core 1 (Fig. 5B, bars
marked D) structures on GLuc-CTP-CA(1–2)Myc-His. The
extent of GalNAc addition to GLuc-CTP-CA(1–19)Myc-His
(Fig. 5B, bars marked A) was similar to that seen for GLuc-

�(PLRSKK)CA1–19 (Fig. 5B, bars marked E), which bears
N-linked rather than O-linked structures.
Addition of Sulfate and NeuNAc to O-Linked LacdiNAc-con-

taining Structures in Vivo—The terminal GalNAc of LacdiNAc
structures on N-linked oligosaccharides can be further modi-
fied with either 4-linked SO4 or �2,6-linked NeuNAc. Either of
these additional modifications prevents binding by WFA. We
previously identified two GalNAc-4-sulfotransferases, Gal-
NAc-4-ST1 (CHST8) (13) and GalNAc-4-ST2 (CHST9) (14),
that specifically add SO4 to the terminal LacdiNAc sequence on
N-linked oligosaccharides. Expression of either GalNAc-4-ST1
or GalNAc-4-ST2 in either HEK 293T or �4GT3/CHO (Fig.
6A) expressing GLuc-CTP-CA(1–19)Myc-His and C2GnT1
abolished binding to WFA. Expression of �2,6NeuNAc-trans-
ferase in �4GT3/CHO also reduced binding of GLuc-CTP-
CA(1–19)Myc-His to WFA but was not as effective as either
GalNAc-4-ST1 or GalNAc-4-ST2 (Fig. 6B). Expression of Gal-
NAc-4-ST1, GalNAc-4-ST2, or �2,6NeuNAc-transferase
along with GLuc-�(PLRSKK)CA1–19 in �4GT3/CHO cells
also largely abolished binding of GLuc-�(PLRSKK)CA1–19 by

FIGURE 5. Requirements for transfer of GalNAc to O-linked oligosaccha-
rides by �4GalNAc-T3 and �4GalNAc-T4 in vitro. A, GLuc-CTP-CA(1–19)-
Myc-His (lanes 1– 4) and GLuc-CTP-CA(1–2)-Myc-His (lanes 5– 8) were
expressed in CHO Flp-In cells in the absence (lanes 1, 2, 5, and 6) or presence
(lanes 3, 4, 7, and 8) of C2GnT1. The media were collected, and the products
were digested with neuraminidase (Nase) plus �-galactosidase (lanes 2, 4, 6,
and 8) to generate the core 2 structure 4 in Fig. 1. Following separation by
SDS-PAGE and electrophoretic transfer to PVDF, the products were visualized
using anti-His. DP �-Gal, Diplococcal �-galactosidase. B, equal light units (LU)
of GLuc-CTP-CA(1–19)-Myc-His and GLuc-CTP-CA(1–2)-Myc-His expressed in
CHO-Flp-In cells and digested with neuraminidase and �-galactosidase were
incubated with no additions, �4GalNAc-T3, or �4GalNAc-T4. The amount of
GalNAc-modified product was determined by capture onto WFA-coated
96-well plates. GLuc-�(PLRSKK)CA1–19 expressed in Lec8 CHO cells was used
as a positive control containing the same recognition determinant. Bars are
marked as follows: A, GLuc-CTP-CA(1–19)Myc-His co-expressed with C2GnT1.
B, GLuc-CTP-CA(1–19)Myc-His. C, GLuc-CTP-CA(1–2)Myc-His co-expressed
with C2GnT1. D, GLuc-CTP-CA(1–2)Myc-His. E, GLuc-�(PLRSKK)CA1–19-Myc-
His. Error bars indicate S.E.
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WFA (Fig. 6C); however, GalNAc-4-ST2 and �2,6NeuNAc-
transferasewere not as effective asGalNAc-4-ST1. Digestion of
�2,6NeuNAc-modified GLuc-CTP-CA(1–19)Myc-His (Fig.
6B) or GLuc-�(PLRSKK)CA1–19 (Fig. 6C) with neuraminidase

restored WFA binding. Thus, the LacdiNAc structures on
either the O-linked oligosaccharides or the N-linked oligosac-
charides can be efficiently modified with 4-linked SO4 or �2,6-
linked NeuNAc by GalNAc-4-ST1, GalNAc-4-ST2, and �2,
6NeuNAc-transferase, respectively, in vivo to produce struc-
tures 10, 11, and 9 in Fig. 1.

DISCUSSION

Our current studies expand the role of protein-specific syn-
thesis of LacdiNAc structures by �4GalNAc-T3 and
�4GalNAc-T4 to O-linked oligosaccharides. The subsequent
addition of SO4,�2,6-linkedNeuNAc, or other substituents can
produce a family of unique carbohydrate structures that may
have important biological roles as we have defined forN-linked
oligosaccharidesmodified with LacdiNAc on glycoprotein hor-
mones such as LH (8, 36–38). We can now attribute the pres-
ence of both N-linked and O-linked oligosaccharides contain-
ing the LacdiNAc sequence on POMC to the same enzymes
�4GalNAc-T3 and/or �4GalNAc-T4. Although a number of
glycoproteins bearing N-linked structures containing Lacdi-
NAc have been described since we originally reported this
structure on the glycoprotein hormone LH (51), POMC (1) and
zona pellucida 3 (39) have to date remained the only glycopro-
teins reported to bear core 2 O-linked structures with the Lac-
diNAc sequence in vertebrates. Thus, the addition of GalNAc
to core 2 O-linked structures may also be restricted to glyco-
proteins bearing a peptide motif such as the sequences we have
described on the glycoprotein hormone � subunit (6, 7) and
CA6 (9, 26), which are recognized by �4GalNAc-T3 and
�4GalNAc-T4.

The carboxyl terminal amino acid sequence of the hCG�
subunit contains four Ser residues that are modified with
O-linked oligosaccharide structures when expressed in CHO
cells (35). Adding this sequence to the carboxyl terminus of
GLuc produced a substrate that contained onlyO-linked oligo-
saccharides and was efficiently secreted into the medium of
cells following transfection. We have demonstrated that the
carboxyl-terminal 19 amino acid sequence found on CA6 is
recognized by �4GalNAc-T3 and �4GalNAc-T4 and can
account for the protein-specific addition of GalNAc to
N-linked oligosaccharides both in vitro and in vivo (26). Adding
either the CA1–19 sequence or alternatively just the CA1–2
sequence to the carboxyl terminus of the CTP from hCG�
yielded chimeric glycoproteins that did and did not contain a
determinant recognized by �4GalNAc-T3 and �4GalNAc-T4,
respectively, and could be utilized to define transfer of GalNAc
in vitro as well as in vivo. We have used similar constructs to
show that efficient transfer of GalNAc to N-linked glycans is
dependent on the presence of a peptide recognition determi-
nant such as CA1–19 (26). Constructs containing portions of
the CA1–19 sequence were not modified as efficiently as those
containing the full CA1–19 sequence. The construct GLuc-
�(PLESEE)CA1–10, which contains only the first 10 amino
acids of theCA1–19 sequence, was a poor substrate forGalNAc
transfer by either �4GalNAc-T3 or �4GalNAc-T4 when com-
pared with GLuc-�(PLESEE)CA1–19 (26). The independence
of peptide recognition and GalNAc transfer to N-linked oligo-
saccharides suggests that the peptide requirements will be sim-

FIGURE 6. LacdiNAc on 0-linked core 2 structures can be modified with
SO4 or NeuNAc. A, GLuc-CTP-CA(1–19)Myc-His and C2GnT1 were co-ex-
pressed in HEK-293T cells or �4GT3/CHO cells alone or in the presence of
GalNAc-4-ST1 (G4ST1) or GalNAc-4-ST2 (G4ST2). B, GLuc-CTP-CA(1–19)Myc-
His and C2GnT1 were co-expressed in �4GT3/CHO cells alone or in the pres-
ence of GalNAc-4-ST1 (G4ST1), GalNAc-4-ST2 (G4ST2), or �2,6-NeuNAc-trans-
ferase. GLuc-CTP-CA(1–19)Myc-His that had been co-expressed with �2,
6-NeuNAc-transferase was digested with neuraminidase (Nase). C, GLuc-
�(PLRSKK)CA1–19 and C2GnT1 were co-expressed in �4GT3/CHO cells alone
or in the presence of GalNAc-4-ST1 (G4ST1), GalNAc-4-ST2 (G4ST2), or �2,6-
NeuNAc-transferase. GLuc-�(PLRSKK)CA1–19 that had been co-expressed
with �2,6-NeuNAc-transferase was digested with neuraminidase. Media were
collected from transfected cells, and the amount of terminal �1,4-linked Gal-
NAc that could be bound by immobilized WFA for the identical input of GLuc
activity was determined. The amount of GLuc-CTP-CA(1–19)Myc-His (panel B)
and �(PLRSKK)CA1–19 (panel C) that had been co-expressed with �2,6-Neu-
NAc-transferase that could be bound by WFA was determined before and
after digestion with neuraminidase. The results are expressed as the percent-
age of maximum bound (% of Max Bound) for GLuc-CTP-CA(1–19)Myc-His
co-expressed with C2GnT1 in panels A and B and for �(PLRSKK)CA1–19 co-ex-
pressed with C2GnT1 in panel C. Error bars in panels B and C indicate S.E.
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ilar, if not identical, for transfer of GalNAc by �4GalNAc-T3
and �4GalNAc-T4 to O-linked structures.
The results presented above demonstrate the following. 1)

Transfer of GalNAc by �4GalNAc-T3 and �4GalNAc-T4 to
O-linked oligosaccharides is absolutely dependent on the pres-
ence of the �1,6-linked GlcNAc in the core 2 structure in vivo
and in vitro. 2) Transfer of GalNAc to core 2O-linked oligosac-
charides by �4GalNAc-T3 and �4GalNAc-T4 in vitro is ineffi-
cient in the absence of a recognized peptide determinant such
as CA1–19. 3) High levels of �4GalNAc-T3 and �4GalNAc-T4
expression in cells such as �4GT3/CHO and �4GT4/CHO can
result in transfer of GalNAc to core 2 structures in the absence
of the peptide recognition determinant. However, endogenous
levels of �4GalNAc-T3 and �4GalNAc-T4 expression found in
HEK 293T require the presence of a peptide recognition deter-
minant for efficient transfer of GalNAc to core 2 structures. 4)
GalNAc-4-ST1 (CHST8) andGalNAc-4-ST2 (CHST9) are able
to quantitatively modify the LacdiNAc structures on both
O-linked and N-linked oligosaccharides with SO4 when
expressed in CHO cells. 5) �2,6-NeuNAc transferase is able to
modify the LacdiNAc structures on O-linked and N-linked
oligosaccharides with�2,6-linkedNeuNAc when expressed in
CHO cells. Therefore the same transferases that account
for the modification of N-linked structures with LacdiNAc,
SO4-4-GalNAc�1,4GlcNAc�, and NeuNAc�2,6GalNAc�1,
4GlcNAc� can account for protein-specific synthesis of this
family of unique carbohydrate structures on O-linked
structures.
Three isoforms of the core 2 �1,6-N-acetylglucosaminyl-

transferase, C2GnT1 (27), C2GnT2 (40), and C2GnT3 (41),
have been identified and cloned.AnO-glycomic analysis ofwild
type mice and mice deficient in individual C2GnTs or all three
C2GnTs was recently published (42). Core 2 structures (see
Table 1, m/z 1024, in Ref. 42) that contain the LacdiNAc
sequence were present although not abundant in the colon of
the wild type mice but not in the colon of C2GnT-deficient
mice. �4GalNAc-T3 transcripts have been detected in human
stomach and colon (11). Furthermore, LacdiNAc structures
were reported to be present on surface mucous cells of the
human stomach based onWFA staining (43). The distribution
of �4GalNAc-T3 transcripts and LacdiNAc bearing core 2
structures in the colon and stomach of mice and humans sug-
gests that additionalO-linked glycans bearing LacdiNAcwill be
identified in the future. The LacdiNAc sequencemay, however,
be confined to only those core 2 structures that also have an
accessible recognition motif for �4GalNAc-T3.
O-Glycosylation of Ser and Thr residues with �-linked Gal-

NAc is an abundant form of glycosylation. As is illustrated by
theO-glycomic analysis done by Ismail et al. (42), the structures
produced are complex. Asmany as 20 distinct isoenzymes have
been identified that mediate the site-specific addition of Gal-
NAc (44, 45). An additional repertoire of transferases serves to
build complex oligosaccharide structures on the O-linked Gal-
NAc. Recently developed approaches have identified a rapidly
growing number of glycoproteins that are O-glycosylated at
specific sites that in some cases serve to modulate critical bio-
logical processes (46). The selective addition of LacdiNAc
sequences to O-linked structures that have an associated rec-

ognition motif for either �4GalNAc-T3 or �4GalNAc-T4
and their subsequent modification with sulfate or NeuNAc
provides a mechanism to produce highly unique structures
at very specific locations in glycoproteins with O-linked
oligosaccharides.

�4GalNAc-Ts that are either not protein-specific or have a
specificity that differs from that of �4GalNAc-T3 and
�4GalNAc-T4 have been identified using in vitro assays (47–
49). Furthermore, not all glycoproteins bearing N- or O-linked
oligosaccharides modified with LacdiNAc have readily identi-
fiable recognition motifs similar to those we have described on
� and CA6. Although it was possible to detect �4GalNAc-T
activity in vitro in CHOcells, no evidence of LacdiNAc addition
to glycoproteins expressed in CHO cells was obtained (48).
However, expression of a �1,4GalNAcT cloned from Caenorh-
abditis elegans in CHOLec8 cells resulted in LacdiNAc synthe-
sis on multiple endogenous glycoproteins as well as the glyco-
protein hormone � subunit (50). Until other �4GalNAc-Ts can
be identified or cloned, it will be difficult to assess whether they
are protein-specific; however, the approach we have taken
using chimeric glycoprotein acceptors makes this a more
approachable problem in the future. More examples of glyco-
proteins bearing O-linked structure modified with LacdiNAc
will be required to assess whether they are confined to specific
glycoproteins and whether �4GalNAc-T3 and/or �4GalNAc-
T4 are responsible.
The presence of the LacdiNAc sequence on N-linked oligo-

saccharides of glycoprotein hormones such as LH is of critical
importance for their biology. In the case of LH, the structural
features of the LacdiNAc determine the circulatory half-life of
the hormone following its release into the circulation, and as a
result, its potency in vivo (22, 23, 36). SO4-4-GalNAc�1,
4GlcNAc� is recognized by the N-terminal Cys-rich domain of
the mannose receptor in its dimeric form (18, 19, 21, 23),
whereas NeuNAc�2,6GalNAc�1,4GlcNAc� is recognized by
the asialoglycoprotein receptor (24). The mannose receptor
and the asialoglycoprotein receptor are highly abundant endo-
cytic receptors that reside in endothelial cells and parenchymal
cells of the liver, respectively. Glycoproteins bearing multiple
O-linked structures terminating with LacdiNAc, SO4-4-
GalNAc�1,4GlcNAc�, or NeuNAc�2,6GalNAc�1,4GlcNAc�
may interact with the mannose receptor and the asialoglyco-
protein receptor differently from glycoproteins bearing N-
linked oligosaccharides with the same termini. In addition, it is
quite possible that the LacdiNAc-containing O-linked struc-
tures may be recognized by other receptors and have quite dif-
ferent functions in vivo such as mediating cell or matrix
recognition.
Efficient transfer ofGalNAc toO- andN-linked structures on

specific glycoproteins by �4GalNAc-T3 and �4GalNAc-T4 is
dependent on the presence of a peptidemotif that is recognized
by these transferases and the presence of the appropriate accep-
tor structure. Further modification of the LacdiNAc sequence
by the addition of sulfate orNeuNAc also reflects the repertoire
of GalNAc-4-STs and �2,6NeuNAc transferases being
expressed. As a consequence, a unique family of LacdiNAc-
containing structures can be added to specific glycoproteins
bearing either O-linked or N-linked carbohydrates. We expect
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that additional glycoproteins bearing O-linked glycans with
LacdiNAc structures will be identified in the future. The pro-
tein-specific synthesis of this unique family of O-linked struc-
tures makes it highly likely that like their N-linked counter-
parts, they well be recognized by specific receptors with
functional consequences.
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