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The type-I LacdiNAc (LDN; GalNAc�1–3GlcNAc) has rarely
been observed in mammalian cells except in the O-glycan
of �-dystroglycan, in contrast to type-II LDN structures
(GalNAc�1– 4GlcNAc) in N- and O-glycans that are present in
many mammalian glycoproteins, such as pituitary and hypo-
thalamic hormones. Although a �1,3-N-acetylgalactosaminyl-
transferase 2 (B3GALNT2; type-I LDN synthase) has been
cloned, the function of type-I LDN in mammalian cells is still
unclear, as its carrier protein(s) has not been identified. In this
study, using HeLa cells, we demonstrate that inhibition of
Golgi-resident glycosyltransferase increases the abundance of
B3GALNT2-synthesized type-I LDN structures, recognized by
Wisteria floribunda agglutinin (WFA). Using isotope-coded gly-
cosylation site–specific tagging (IGOT)–LC/MS analysis of Lec8
Chinese hamster cells lacking galactosylation and of cells trans-
fected with the B3GALNT2 gene, we identified the glycoproteins
that carry B3GALNT2-generated type-I LDN in their N-glycans.
Our results further revealed that LDN presence on low-density
lipoprotein receptor-related protein 1 and nicastrin depends on
B3GALNT2, indicating the occurrence of type-I LDN in vivo in
mammalian cells. Our analysis also uncovered that most of the
identified glycoproteins localize to intracellular organelles, par-
ticularly to the endoplasmic reticulum. Whereas B4GALNT3
and B4GALNT4 synthesized LDN on extracellular glycopro-
teins, B3GALNT2 primarily transferred LDN to intracellular
glycoproteins, thereby clearly delineating proteins that carry
type-I or type-II LDNs. Taken together, our results indicate the
presence of mammalian glycoproteins carrying type-I LDN on
N-glycans and suggest that type-I and type-II LDNs have differ-
ent roles in vivo.

LacdiNAc (LDN)2 has been studied as a unique disaccharide
unit, a competitor of LacNAc, and a modulator of hormones

secreted from the hypothalamus (1). Sulfated LDN has been
reported to play essential roles in the regulation of circula-
tory half-life of pituitary glycoprotein hormones (2, 3).
Ohkura et al. (4) have demonstrated that most of the LDN-
carrying glycoproteins are in the culture medium rather than
on the cell membrane of Madin-Darby canine kidney cells
and HEK293T cells, which contain high B4GALNT activity.
Recently, Sugahara et al. (5) also identified many LDN-car-
rying glycoproteins in the cultured medium of HEK293T
cells, indicating the general prevalence of LDN on glycopro-
teins in addition to secreted hormones. Because only LDN
(GalNAc�1– 4GlcNAc) structures had been observed in
mammalian cells until recently, the glycoproteins identified
have been assumed to carry LDN (GalNAc�1– 4GlcNAc).
Because the LDN structure found in O-mannose glycans on
�-dystroglycan contains GalNAc�1–3GlcNAc (6) hereafter
we refer to it as type-I LDN to distinguish it from the previ-
ously identified structure (i.e. type-II LDN).

The type-I LDN, GalNAc�1–3GlcNAc, on glycoproteins can
be synthesized by �1,3-N-acetylgalactosaminyltransferase 2
(B3GALNT2), which has already been cloned and character-
ized. Hiruma et al. (7) demonstrated that the B3GALNT2
enzyme transfers a GalNAc residue to a hydroxyl group at posi-
tion 3 of GlcNAc via a �1–3 linkage in vitro, although this type-I
LDN was not found in mammalian cells until recently. Yoshida-
Moriguchi et al. (8) demonstrated that phosphorylation occurs in
type-I LDN glycan formed on O-mannose of �-dystroglycan. In
addition, mutations in the B3GALNT2 gene cause deficiency
in the synthesis of laminin-binding glycans, and individuals
with such mutations develop �-dystroglycanopathy, suggesting
that type-I LDN glycan synthesized by B3GALNT2 is a key
structure in laminin-binding glycans (9). In contrast, type-II
LDN, GalNAc�1– 4GlcNAc, on glycoproteins is synthesized by
two enzymes, �1,4-N-acetylgalactosaminyl transferases 3 and 4
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(B4GALNT3 and B4GALNT4) (10, 11). Until now, it has been
unclear whether the type-I LDN structures have a function sim-
ilar to that of type-II LDN structures.

To elucidate the function of type-I LDN glycans, it is neces-
sary to identify molecules which carry these glycans. Hiruma
et al. (7) have previously confirmed that B3GALNT2 can syn-
thesize type-I LDN N-glycan in vitro, which points to the exist-
ence of type-I LDN N-glycans in vivo, although no glycopro-
teins with type-I LDN N-glycan (hereafter “carrier protein”)
have been reported. Furthermore, it is likely that the type-I
LDN structures on N-glycans are present in many cellular gly-
coproteins, because B3GALNT2 is ubiquitously expressed in
many tissues (7). To date, no method for specific detection of
type-I LDN has been established because of the lack of specific
probes (such as lectin or antibodies) that can distinguish
between type-I and type-II LDNs.

In this study, our first aim was to develop a method for iden-
tifying carrier proteins. We screened various lectins and
selected Wisteria floribunda agglutinin (WFA) to detect type-I
LDN. By means of Lec8 cells and B3GALNT2-transfected Lec8
cells, glycopeptides captured by a WFA column were identified
by a highly sensitive LC/MS-based proteomic method. Overex-
pression and siRNA experiments showed the possibility of
existence of glycoproteins with type-I LDN N-glycan in mam-
malian cells, which has never been reported. The candidate
glycoproteins carrying type-I LDN N-glycans were mostly
intracellular glycoproteins, and our results revealed a difference
in the acceptor molecule preference between B3GALNT2 and
B4GALNT3 or B4GALNT4, suggesting that type-I and type-II
LDN glycans perform distinct functions.

Results

Detection of type-I LacdiNAc glycan synthesis patient

To detect LDN glycans, WFA was used as reported previ-
ously (12). Because it was not clear whether other lectins
recognize type-I LDN better than WFA does, we initially
employed lectin microarray analysis of whole-cell lysates pre-
pared from HeLa cells and HeLa cells stably expressing
B3GALNT2. In addition to WFA, Bauhinia purpurea lectin
and Solanum tuberosum lectin recognized the glycoproteins
from B3GALNT2-transfected cells, better than those from
HeLa cells (data not shown), suggesting that these three lectins
can bind to type-I LDN glycans. In agreement with these data,
the cloned WFA was found to strongly bind to both type-I and
type-II LDN probably because a terminal GalNAc is one of the
recognition sites of WFA (12, 13).

To further investigate the carrier molecules of type-I LDN
glycans, we detected glycoproteins by WFA blotting. As
described above, WFA recognizes both type-I and type-II
LDNs. To confirm the products of B3GALNT2 selectively, we
tried to inhibit other glycosyltransferases such as B4GALNT3
and B4GALNT4. Given that B3GALNT2 mainly localizes in the
endoplasmic reticulum (ER), and B4GALNT3 and B4GALNT4
and B4GALT1 localize in the Golgi apparatus, brefeldin A
(BFA), a selective inhibitor of protein transport from the ER to
Golgi apparatus (14), was used to assess the activity of
B3GALNT2.

In the HeLa cells expressing B3GALNT2 (HeLa�B3GalNT2-
GFP), amounts of WFA-binding glycoproteins increased in the
presence of BFA (Fig. 1A, lanes 1 and 4), but the amounts of wheat
germ agglutinin (WGA)–binding glycoproteins did not. Indeed,
siRNA-B3GALNT2 attenuated the stimulatory effect of BFA
treatment, indicating that the type-I LDN glycans were synthe-
sized by B3GALNT2 localized in the ER (Fig. 1, A and B, lanes 3
and 6). Moreover, most of the WFA-binding glycans were located
on N-glycans because they were removed by peptide N-glycanase
F (PNGaseF) (Fig. 1C, lanes 6 and 9) but not by endoglycosidase H
(EndoH) (Fig. 1C, lanes 5 and 8). These results suggested that
B3GALNT2-dependent type-I LDNs on complex type N-glycans
can be recognized by WFA and their synthesis is not suppressed by
inhibiting ER to Golgi protein transport (BFA(�)).

Capturing type-I LDN glycan-carrying proteins from Lec8 cells

To determine the function of type-I LDN, we aimed to iden-
tify the carrier glycoproteins of type-I LDN-bearing N-glycans.
HeLa cells highly express B3GALNT2 but barely express
B4GALNT3 and B4GALNT4.3 As shown above in Fig. 1A,
WFA signals did not disappear from a HeLa cell lysate after
treatment with siRNA-B3GALNT2. WFA preferentially binds
to the terminal GalNAc of LDN; however, it also weakly binds
to LacNAc (LN) (13). Thus, it is likely that WFA-binding gly-
coproteins in HeLa cells are both LDN- and LN-carrying glyco-
proteins. To avoid contamination with LN-carrying glycopro-
teins, we used Lec8 cells, which are derived from a Chinese
hamster ovary (CHO) and lack the modification with Gal. Some
studies have shown that Lec8 cells do not contain LDN glycans
(15, 16). We confirmed that the RNA expression levels of
B4GALNT3 and B4GALNT4 in our Lec8 cells were very low as
compared with those of B3GALNT2 (B3GALNT2/GAPDH �
0.03, B4GALNT3/GAPDH � 0.0002, B4GALNT4/GAPDH �
0.001, data not shown).

We prepared cell lysates from Lec8 cells and the Lec8 cells
stably expressing B3GALNT2 tagged with the Myc peptide. As
expected, B3GALNT2 expression up-regulated WFA-binding
glycoproteins (Fig. 2A, lanes 1– 4), whereas the expression of
WGA-binding glycoproteins did not change (Fig. 2A, lanes
5– 8). In line with the WFA blotting data, the number and
amounts of glycoproteins captured by WFA beads increased as
evidenced by silver staining (Fig. 2B), suggesting that the cap-
ture of glycoproteins by WFA from Lec8 cells would be useful
for identifying the glycoproteins carrying type-I LDN glycans.

Identification of type-I LDN carrier glycoproteins in Lec8 cells

To determine the glycoproteins carrying type-I LDN on
N-glycans, oligopeptides captured by WFA beads were ana-
lyzed by an LC/MS-based method (IGOT) (17, 18) (see “Exper-
imental procedures”). We prepared samples twice, and a list of
glycopeptides identified in the two experiments was generated
(Table S1). As summarized in Fig. 3A, 152 glycoproteins were
identified in Lec8 cells, whereas 306 glycoproteins were identi-
fied in the B3GALNT2-transfected Lec8 cells. One hundred
forty glycoproteins were common for the two lists, and 166

3 K. Angata, T. Nakane, T. Sato, S. Furukawa, S. Tsujikawa, H. Sawaki, M. Sogabe,
T. Kubota, and H. Narimatsu, manuscript in preparation.

Identification of type-I LacdiNAc-carrying glycoproteins

7434 J. Biol. Chem. (2019) 294(18) 7433–7444

http://www.jbc.org/cgi/content/full/RA118.006892/DC1


glycoproteins were identified only in the B3GALNT2-overex-
pressing cells, which potentially carry type-I and not type-II
LDN.

Next, the characteristics of the candidate glycoproteins that
carry type-I LDN in Lec8 cells were investigated by classifying
them according to their cellular localization based on human
Gene Ontology analysis (PANTHER v.13.1; Fig. 3, B and C). The
glycoproteins that bound to the amide column (Amide(�)),
which represent total glycoproteins, were mainly intracellular
and plasma membrane glycoproteins. B3GALNT2 overexpres-
sion increased the amount of intracellular glycoproteins, with
LDN N-glycan being more than 2-fold more abundant than that
in Lec8 cells. When intercellular glycoproteins were next clas-
sified by organelles, they turned out to be mainly located in the
ER or Golgi apparatus. B3GALNT2 remarkably increased the
amount of the ER-associated glycoproteins that are LDN carri-
ers (Fig. 3C), including the glycoproteins for glycosylphosphati-
dylinositol (GPI) anchor biogenesis and protein folding and/or

refolding. All the collected data suggested that B3GALNT2 can
synthesize LDN on numerous intracellular glycoproteins,
which are primarily associated with the ER.

Synthesis of type-I LDN N-glycans in Lec8 cells

Because the above finding that B3GALNT2 synthesizes LDN
on N-glycans (in addition to the known synthesis on O-man-
nose glycans) in cells was novel, we next verified whether
B3GALNT2 actually synthesizes LDN on N-glycans. The
N-glycans released from WFA-captured glycopeptides were
analyzed by MALDI-TOF MS (Fig. 4). In Fig. 4, the obtained
peak (m/z) is indicated by the number of hexose (Hex),
N-acetylhexosamine (HexNAc), and deoxyhexose (dHex) units
without the trimannosyl-chitobiose core (three Man and two
GlcNAc residues) calculated from the mass. As presented in
Fig. 4A, the peaks of N-glycans from Lec8 cells were obtained,
and the intensities of major peaks were found to be similar. In
contrast, B3GALNT2 expression increased the intensities of

Figure 1. WFA recognizes LacdiNAc synthesized by B3GALNT2. A, lectin blotting (LB, upper panel) or immunoblotting (IB, lower panel) of whole-cell lysates
(10 �g) from HeLa�B3GALNT2-GFP cells cultured with DMSO (BFA(�); lanes 1-3) or 15 �g/ml BFA (BFA(�); lanes 4-6) for 2 days. HeLa�B3GALNT2-GFP cells
were treated with nontargeting siRNA (siCont; lanes 2 and 5) or B3GALNT2-targeting siRNA (siRNA; lanes 3 and 6) for 2 days before BFA treatment. WFA (left) or
WGA (right) were used for LB. An anti-GFP antibody (left) to detect B3GALNT2-GFP or an anti-GAPDH antibody (right) were used for IB. B, WFA-captures (left) or
WGA-captured glycoproteins (right) from whole-cell lysates used in A were detected by WFA (left) or WGA (right), respectively. C, WFA-blotting of WFA-captured
glycoproteins treated with EndoH (lanes 2, 5, and 8) or PNGaseF (lanes 3, 6, and 9) from HeLa�GFP cells (lanes 1–3) or HeLa�B3GALNT2-GFP cells (lanes 4 –9)
cultured with DMSO (BFA(�), lanes 1– 6) or BFA (BFA(�), lanes 7–9).
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glycans (021), (031), and (041) compared with a peak of glycan
(011) (Fig. 4B), suggesting that the composition of WFA-bind-
ing glycans was changed by B3GALNT2 overexpression.
Because glycan (011) consisted of zero mannose units (Hex),
one GlcNAc (HexNAc), and one fucose (dHex) unit on a tri-
mannosyl-chitobiose core, this structure could be an acceptor
for B3GALNT2. According to the analysis of glycopeptides in
B3GALNT2-transfected cells, the frequency of glycan (021)
with two HexNAc units was more than double that of glycan
(011). Similarly, glycans (031) and (041) with multiple HexNAc
residues increased in quantity, suggesting that the amount of
the HexNAc-HexNAc structure was increased by B3GALNT2
expression (Fig. 4B). In fact, the peak of (031) was subjected to
tandem MS (MS/MS) analysis, detecting the fragment ion with
m/z 527.25 corresponding to the LDN fragment (data not
shown). These results revealed that the WFA-captured glyco-
peptides contained type-I LDN glycans, which were synthe-
sized and up-regulated upon B3GALNT2 overexpression, sug-
gesting that the identified glycoproteins could be carrier
molecules of type-I LDN in Lec8 cells.

Preferences of B3GALNT2 during the synthesis of type-I LDN in
cells

In other studies, type-II LDN glycans have been detected in
the secreted glycoproteins found in conditioned media and
serum samples (5). Nonetheless, the glycoproteins identified
here as type-I carriers were mainly intracellular glycoproteins
(Table S1 and Fig. 4), suggesting that the type-I LDN-carrying
glycoproteins differ from type-II LDN-carrying glycoproteins.
To test this hypothesis, we compared the acceptor preferences
between type-I LDN synthase (B3GALNT2) and type-II LDN
synthase (B4GALNT3 and B4GALNT4) when they were tran-
siently expressed in cells. B4GALNT3 and B4GALNT4 in-
creased the amount of WFA-binding glycoproteins in the cul-
tured medium, in contrast to B3GALNT2 (Fig. 5A); this result
confirmed the previously published findings and the above data

on the transient expression as well. Conversely, B3GALNT2
up-regulated WFA-binding glycoproteins in the cell lysate as
compared with the control cells, and BFA treatment further
increased the amount of WFA-binding intracellular glycopro-
teins (Fig. 5B), confirming that B3GALNT2 has a preference for
intracellular glycoproteins over extracellular glycoproteins.
Although B4GALNT3 and B4GALNT4 also up-regulated
WFA-binding intracellular glycoproteins, most of them were
assumed to be secreted proteins. This is because BFA treat-
ment, which can inhibit protein transport and secretion path-
ways, decreased WFA-positive signals in intracellular glycopro-
teins (Fig. 5B, lanes 3 and 4 versus lanes 7 and 8).

Next, we further examined the acceptor preference toward
the candidate glycoproteins for type-I LDN glycans. The WFA-
captured glycoproteins in the cell lysate and cultured medium
were detected by Western blotting based on candidate glyco-
proteins. For this comparative analysis, we selected the glyco-
proteins that were frequently identified by the IGOT analysis of
the glycopeptides captured by WFA from B3GALNT2-trans-
fected cells. Hypoxia up-regulated protein 1 (HYOU1) and
phosphatidylinositol glycan anchor biosynthesis class S (PIGS)
are ER-resident glycoproteins associated with protein folding
and/or refolding and GPI anchor biogenesis, respectively (19,
20). Adhesion G protein– coupled receptor G1 (ADGRG1) and
nicastrin (NCSTN) were chosen as membrane glycoproteins
and are a collagen III receptor and a component of �-secretase,
respectively (21, 22). In HeLa cells, all four glycoproteins in the
WFA-captured fraction were up-regulated by B3GALNT2
transfection without changes in the total expression levels of
the protein (Fig. 5C). In contrast, although B4GALNT3 and
B4GALNT4 increased the amount of WFA-captured NCSTN,
they did not increase the amounts of WFA-captured HYOU1,
PIGS, and ADGRG1 (Fig. 5C). These results clearly indicated
that the type-I LDN-carrying glycoproteins differ from type-II
LDN-carrying glycoproteins because the acceptor specificity
differed between type-I and type-II synthases.

Type-I LDN carrier glycoproteins present in cell lines

To obtain further evidence that the identified glycoproteins
were modified by B3GALNT2 in Lec8 cells, we examined lec-
tin-captured glycoproteins by Western blotting (Fig. 6). First,
PGAP1 (GPI inositol deacylase) was chosen as an ER-associated
glycoprotein (23), along with PIGS and HYOU1. As a plasma
membrane-associated glycoprotein, LRP1 (low-density lipo-
protein receptor-related protein 1) was also analyzed (24)
because LRP1 is one of highly N-glycosylated glycoproteins. In
Lec8 cells, all five proteins, PIGS, PGAP1, HYOU1, NCSTN,
and LRP1, were up-regulated in the WFA-captured fractions
of B3GALNT2 transfectants (Fig. 6, lanes 3 and 4) without an
increase in the total expression of the target molecules (lanes
5 and 6), in contrast to the absence of differences (except for
HYOU1) in the WGA-captured fractions (lanes 1 and 2). The
reason why HYOU1 was enriched by the WGA capture is
unclear. These results suggested that glycoproteins identi-
fied by IGOT-LC/MS contain type-I LDN synthesized by
B3GALNT2.

Figure 2. WFA(�) proteins in B3GALNT2-transfected cells. A, lectin
blotting of WFA-captured (lanes 1 and 2) or WGA-captured (lanes 5 and 6)
glycoproteins or whole-cell lysates (input; lanes 3, 4, 7, and 8) from Lec8
cells (lanes 1, 3, 5, and 7) or B3GALNT2-myc-His-transfected Lec8 cells
(lanes 2, 4, 6, and 8). WFA (lanes 1– 4) or WGA (lanes 5– 8) were used as
described in “Experimental procedures” (lectin blot). B, silver staining of
WFA-captured glycoproteins (lanes 1 and 2) or whole-cell lysates (input;
lanes 3 and 4) from Lec8 cells (lanes 1 and 3) or B3GALNT2-myc-His–
transfected Lec8 cells (lanes 2 and 4).
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Synthesis of type-I LDN N-glycans on glycoproteins in cell lines

Next, to further assess the modification of type-I LDN N-gly-
cans by B3GALNT2 on the identified glycoproteins, NCSTN
(Fig. 7A) and LRP1 (Fig. 7B) were immunoprecipitated from
Lec8 cells and from the B3GALNT2-transfected Lec8 cells, fol-
lowed by lectin blotting with WFA or WGA. NCSTN and LRP1
were chosen as two highly N-glycosylated glycoproteins. WFA
signals on the immunoprecipitated proteins NCSTN and LRP1
were substantial only in B3GALNT2-transfected Lec8 cells and
were faint in Lec8 cells (Fig. 7, A and B, lanes 3 and 4). WGA
signals were detected but were almost the same between the
two cell lines. Additionally, the amount of immunoprecipitated
glycoproteins was not affected by stable expression of

B3GALNT2 (Fig. 7, A and B, lanes 3 and 4). Moreover, the WFA
and WGA signals were eliminated by PNGaseF treatment (Fig.
7, A and B, lanes 5 and 6), indicating that the glycan synthesized
by the expressed B3GALNT2 was present on N-glycans of these
glycoproteins. These results confirmed that the identified
glycoproteins carried type-I LDN glycans synthesized by
B3GALNT2 on N-glycans in HeLa and Lec8 cells.

Intrinsic type-I LDN carrier glycoproteins in HeLa cells

The above results showed that B3GALNT2 was capable of
synthesizing type-I LDN on N-glycan when the enzyme was
overexpressed by transfection. Given that B3GALNT2 is highly
expressed endogenously in many cell lines and tissues (7), it is

Figure 3. IGOT-LC/MS analysis of WFA capture proteins. A, comparison of WFA-binding glycoproteins identified by IGOT-LC/MS analysis between Lec8 cells
(gray, Lec8, 152) and B3GALNT2-transfected Lec8 cells (black, �B3GALNT2, 306). A total of 140 glycoproteins were in the overlap between the two sets. (The
results show combined data on proteins identified in the first and second experiments. Because proteins identified by the Mascot search included a few
isoforms, deferent isoforms corresponding to the same gene name were assumed to be one protein). B and C, the identified proteins were classified based
on the Cell Part members (B) or Organelle members (C) within the Cellular Component categorized by a bioinformatic protein classification system, PANTHER.
The numbers of genes classified from WFA(�)-glycoproteins of Lec8 cells (light gray, WFA(�)_Lec8) or B3GALNT2-transfected Lec8 cells (black,
WFA(�)_�B3GALNT2) are shown as solid bars. As controls, the bars from Amide-80-column(�)-proteins of Lec8 cells (white, Amide(�)_Lec8) or B3GALNT2-
transfected Lec8 cells (dark gray, Amide(�)_�B3GalNT2) are also indicated.
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likely that type-I LDN glycans are present in some cell lines
at a low or normal expression level without transfection of
B3GALNT2. Thus, we examined the glycans on endogenous
NCSTN and LRP1 expressed by HeLa cells because these two
proteins were found to contain WFA-binding glycans without
the transfection. Transfection of siRNA-B3GALNT2 into HeLa
cells dramatically down-regulated NCSTN and LRP1 in the
WFA-captured fraction, without decreasing the expression of
NCSTN and LRP1 in the whole-cell lysates (Fig. 8). This result
proved that NCSTN and LRP1 are the glycoproteins containing
the type-I LDN synthesized by endogenous B3GALNT2.

Discussion
Even after type-I LDN, i.e. GalNAc�1–3GlcNAc, was found

in O-mannose glycans (8), the presence and function of type-I
LDNs in N-glycans have been unclear probably because specific
probes and methods for detection of type-I LDN have not been
available. To identify the carrier molecules and to examine the
ability of B3GALNT2 to synthesize type-I LDN on N-glycans,
without the use of specific probes, we chose a strategy based on
Lec8 cells lacking galactose addition during glycan synthesis
and stably expressing B3GALNT2, followed by WFA capture of
LDN�glycopeptides and LC/MS analysis. Our results revealed

Figure 4. A comparison of N-glycan profiles by MALDI-TOF-MS analysis. A and B, MALDI-TOF-MS analysis of N-glycans from Lec8 cells (A, red, Lec8) and
B3GALNT2-transfected Lec8 cells (B, green, �B3GALNT2). A peak height of (011)-N-glycan is indicated as a height reference (dotted square, dotted line). Note,
increases of HexNAc-containing structures (021, 031, and 041) were remarkable in B3GALNT2-transfected Lec8 cells (red rectangles). The glycan composition of
major peaks containing hexose (Hex), N-acetylhexosamines (HexNAc), and deoxyhexose (dHex) is indicated at the top of a peak (Hex, HexNAc, dHex). The
numbers were obtained after subtraction of the trimannosyl-chitobiose core structure (Man3-GlcNAc2) of N-glycan. a.u.: arbitrary units.
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that LDN was attached to more than 100 glycoproteins after
B3GALNT2 overexpression, in addition to 100 glycoproteins in
Lec8 cells that endogenously express B3GALNT2 (Fig. 3).
Because Lec8 cells barely express B4GALNT3 and B4GALNT4
at the mRNA level, we assumed that the LDN structure found in
Lec8 cells before transfection may be type-I LDN. Collectively,
our results point to the general presence of type-I LDN unless
competition with LacNAc synthesis takes place. Of note, we
confirmed that the WFA-binding glycoproteins identified by
means of stable expression of B3GALNT2 were intracellular,
especially the ER-resident glycoproteins, in agreement with the
finding that B3GALNT2 mainly localizes in the ER and partly in
the Golgi apparatus (9). Indeed, when the cells were treated
with BFA (an inhibitor of protein transport from the ER to
Golgi apparatus), the amount of LDN structures in N-glycans
increased in intracellular glycoproteins (Figs. 1 and 5). Because
these type-I LDNs were located on complex-type N-glycans,
which are insensitive to EndoH, it is likely that GalNAc was
attached to GlcNAc at the terminal end of N-glycans, and the
modified glycoproteins were delivered to intracellular organ-
elles rather than secreted from the cell. Nevertheless, it should
be noted that artificial overexpression of B3GALNT2 is differ-

ent from endogenous conditions. The genetic manipulations of
B3GALNT2 may cause aberrant modification of substrates.

Some studies identified secreted glycoproteins as the carrier
molecules of type-II LDN (4, 5), in accordance with our finding
that B4GALNT3 and B4GALNT4 synthesized LDN on extra-
cellular glycoproteins, but B3GALNT2 did not (Fig. 5). These
results promptly raised the question about the differences
between type-I and type-II LDNs from the standpoint of the
enzymes responsible for their synthesis. First, the distinctive
localization of B3GALNT2 and B4GALNT3 and B4GALNT4
should be one of the reasons for their different preferences for
acceptor molecules. B4GALNT3 and B4GALNT4 localize in
Golgi (25) and synthesize type-II LDN on the membrane, and
the affected glycoproteins are secreted (26 –30); thus, sulfated
type-II LDN can be involved in the clearance of LDN-carrying
molecules (2, 3). Although the role of type-I LDN found
on intracellular glycoproteins has not yet been elucidated,
B3GALNT2 is mainly present in the ER and has a chance to
interact with the glycoproteins at the early stage of a protein
synthesis pathway. According to our results, HYOU1 and PIGS,
which are ER-resident glycoproteins, were affected only by
B3GALNT2 (not by B4GALNT3 and B4GALNT4) (Fig. 5). Fur-

Figure 5. B3GALNT2 targets intercellular proteins but not secreted proteins. A and B, WFA-blotting of WFA-captured glycoproteins from the cultured
medium (A, secreted) or whole-cell lysates (B, intracellular) of HeLa cells transfected with mock (lane 1), B3GALNT2 (lane 2), B4GALNT3 (lane 3), or B4GALNT4 (lane
4) plasmid DNA. HeLa transfectants were treated with DMSO (BFA(�), lanes 1– 4) or 15 �g/ml BFA (BFA(�), lanes 5– 8) for 2 days after transfection in (B). C,
immunoblotting of WFA-captured glycoproteins (lanes 1– 6) or whole-cell lysates (lanes 7–12) from untreated HeLa cells (lanes 1 and 7) or HeLa transfectants
(lanes 2– 6, 8-12). HYOU1, PIGS, ADGRG1, and NCSTN were detected. Amounts of WFA-captured HYOU1 and PIGS increased significantly when B3GALNT2s were
transfected into the cells (lanes 2 and 4).
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thermore, many of the LDN�glycoproteins were captured by
WFA without desialylation. In general, one of the major termi-
nal glycosylation types in N-glycans is sialylation, which takes
place in trans-Golgi and often inhibits lectin binding. Thus, the
binding of WFA to glycoproteins modified by B3GALNT2 indi-
cates that the glycoproteins with type-I LDN on N-glycans may
exit Golgi before sialylation. Therefore, it would be interesting
to determine whether the type-I LDN synthesis on N-glycans is
involved in the selection of pathways of protein delivery to
intracellular organelles.

Second, although B3GALNT2 is expressed strongly in many
cell types and tissues as compared with glycosyltransferases
(according to Ref. 7), the expression of B4GALNT3 and
B4GALNT4 is relatively limited in some tissues. For instance,
B4GALNT3 expression is weak in the stomach, colon, and tes-
tes, and B4GALNT4 expression is weak in the brain, colon, and
ovaries (10, 11). In our experiments, we chose HeLa and Lec8
cells, which do not express B4GALNT3 and B4GALNT4
strongly (10, 11 and this study), to reduce the contamination
with type-II LDN in the process of identifying type-I LDN car-
rier molecules. Expression differences between the type-I LDN
synthase and type-II LDN synthase are also important. Our
results indicate that the secreted glycoproteins carrying type-I
LDN are minor products as compared with the intracellular
glycoproteins, but some glycoproteins, such as NCSTN, could
be modified via attachment of both type-I and type-II LDNs
(Fig. 5), indicating the presence of membrane glycoproteins or
secreted glycoproteins (with type-I LDN in the glycoproteins

identified here) that are type-II LDN carrier glycoproteins.
Indeed, comparative analysis of Sugahara et al. data (5) and
the current data showed that the identified N-glycosylation
sites are different in the pool of the same glycoprotein as
presented in Table S2 (e.g. PLTP, CLU, PSAP, ICAM5, and
LGALS3BP), suggesting that acceptor specificity differs
between B3GALNT2 and B4GALNT3 or B4GALNT4. Fur-
ther experiments will be needed to characterize the acceptor
specificity in detail.

In this work, we demonstrated that endogenous type-I LDN-
carrying molecules can be present in cultured mammalian cells,
but it is necessary to confirm the presence of type-I LDN N-gly-
can in vivo. As described above, we need to develop probes or
methods to distinguish between type-I and type-II LDNs in the
future. For instance, because WFA was recently cloned and its
structure was reported (12, 13), introducing mutations into
WFA may alter structure of the domain binding to the carbo-
hydrate and generate new lectins specific to type-I LDNs. This
strategy has been applied to the earthworm 29 lectin, Agrocybe
cylindracea galectin, and peanut agglutinin and successfully
yielded new lectins that have glycan specificity different from
that of the original lectins, as described elsewhere (31, 32).
Alternatively, simultaneous determination of both peptide
sequences and glycan structures including linkage information
is required. Nonetheless, the current technology involving
MS/MS can distinguish disaccharides of type-I and type-II
LDNs by linkage-specific fragmentation (33) but not for the
N-glycan with type-I and type-II LDNs yet.

The finding of mutations in the B3GALNT2 gene of patients
with congenital muscular disorders (9) has shed light on the
function of B3GALNT2. The structure of laminin-binding gly-
cans on O-mannose and more than 10 enzymes, including
B3GALNT2, that are involved in �-dystroglycanopathy have
been documented (34). The type-I LDN attached to O-man-
nose is required for phosphorylation by POMK (8) and is fur-
ther modified via attachment of ribitol by FKTN (35), indicat-
ing that B3GALNT2 is one of the key enzymes synthesizing
laminin-binding glycans. Our results uncovered a new role of
B3GALNT2 in the type-I LDN synthesis on N-glycans. Of note,
the glycoproteins modified with type-I LDN turned out to be
mainly present as intracellular glycoproteins, and our data sug-
gest that the number of such glycoproteins will increase when a
sensitive and comprehensive analysis involving probes specific
to type-I LDN is conducted. If our hypothesis is correct, the
effect of the mutations in B3GALNT2 in the affected patients
may be associated with N-glycosylated glycoproteins but not
limited to laminin-binding glycans on �-dystroglycan.

Because �-dystroglycanopathy is classified by the common
defect that eliminates or down-regulates the glycans binding to
laminin, mutations in B3GALNT2 actually are the cause of
�-dystroglycanopathy as reported elsewhere (9). Moreover,
phenotypes of �-dystroglycanopathy differ gene by gene, and
patients with B3GALNT2 mutations have severe symptoms
(36, 37). Considering our finding that B3GALNT2 can modify
intracellular glycoproteins, especially in the ER (in addition to
O-mannose on �-dystroglycan), the defects of B3GALNT2 may
affect glycoproteins regulating a function inside the cell. It
would be especially interesting to investigate the molecular

Figure 6. Up-regulation of LacdiNAc(�)-glycoproteins in B3GALNT2-
transfected Lec8 cells. Immunoblotting of WGA-captured (lanes 1 and 2) or
WFA-captured (lanes 3 and 4) glycoproteins or whole-cell lysates (lanes 5 and
6) from Lec8 cells (lanes 1, 3, and 5) or B3GALNT2-transfected Lec8 cells (lanes
2, 4, and 6). PIGS, PGAP1, HYOU1, NCSTN, and LRP1 were analyzed.
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defects of the glycoproteins carrying the type-I LDN in cultured
cells and in patients.

Thus, we identified candidate molecules carrying type-I LDN
on N-glycans, which was synthesized by B3GALNT2. Our results
revealed that type-I LDN carrier proteins are mainly intracellular
glycoproteins, indicating a difference in acceptor preferences
between B3GALNT2 and B4GALNT3 or B4GALNT4. Conse-
quently, we propose that type-I and type-II LDNs (which are pres-
ent on different glycoproteins) have distinct functions.

Experimental procedures

Reagents

Complementary DNAs encoding B3GALNT2, B4GALNT3,
and B4GALNT4 were subcloned into a mammalian expres-
sion vector containing the Kozak sequence and the FLAG tag

at the carboxyl terminus of the glycosyltransferases3 or
the pcDNA3.1/myc-His vector (Thermo Fisher Scientific).
B3GALNT2 was fused with GFP at the carboxyl terminus
and was designated as B3GALNT2-GFP, as described previ-
ously (38). Chemical reagents such as a protease inhibitor
mixture, BFA, lectins, GalNAc, PNGaseF, and EndoH were
purchased from Merck, FUJIFILM Wako, Vector, Takara
Bio, or New England Biolabs unless stated otherwise. An
anti-PIGS antibody and anti-PGAP1 antibody were pur-
chased from Proteintech; an anti-HYOU1 antibody and anti-
LRP1 antibody from GeneTex, and an anti-NCSTN antibody
from Santa Cruz Biotechnology. An HRP-conjugated anti-
rabbit IgG antibody and an HRP-conjugated anti-goat IgG
antibody were acquired from Dako and employed as second-
ary antibodies.

Cell culture

HeLa cells and Lec8 cells were obtained from the American
Type Culture Collection (ATCC) or Japanese Collection of
Research Bioresources (JCRB) Cell Bank. HeLa cells were
grown in RPMI 1640 supplemented with penicillin, streptomy-
cin, and 10% fetal bovine serum at 37 °C and 5% CO2. Lec8 cells
were grown in DME/high glucose supplemented with gluta-
mine, penicillin, streptomycin, and 10% fetal bovine serum.
Stable transfectants expressing GFP, B3GALNT2-GFP, or
B3GALNT2-myc-His were selected by cultivation with neomycin
(500 �g/ml) after transfection with the Lipofectamine� LTX Rea-
gent with PlusTM Reagent (Thermo Fisher Scientific). Control
siRNA or human B3GALNT2-targeting siRNAs was transfected
into HeLa cells by means of Lipofectamine RNAiMAX (Thermo
Fisher Scientific). To inhibit protein transport from the ER to
Golgi apparatus, 15 �g/ml BFA was added to the cell culture
medium for 2 days of incubation, and the cells and/or conditioned
media were collected for lectin capture.

Figure 7. Confirmation of LacdiNAc(�)-N-glycans on a candidate protein. A and B, immunoprecipitated NCSTN (A) or immunoprecipitated LRP1 (B) was
examined by lectin blotting (LB) with WFA for LacdiNAc or WGA. Data from groups “control IgG” (lanes 1 and 2) and “protein-specific IgG” (lanes 3– 6) were
compared. N-glycosylation instances were removed by PNGaseF (lanes 5 and 6), and the amounts of target proteins were confirmed by immunoblotting (IB,
lanes 3– 6).

Figure 8. The presence of type-I LacdiNAc synthesized by endogenous
B3GALNT2. Immunoblotting of WFA-captured glycoproteins (lanes 1–3) or
whole-cell lysates (lanes 4 – 6) from HeLa cells treated with nontargeting siRNA
(siCont; lanes 1 and 4) or B3GALNT2-targeting siRNA (siRNA_#1, lanes 2 and 5;
siRNA_#1–3, lanes 3 and 6) for 4 days. Amounts of NCSTN and LRP1 bearing
WFA(�)-glycans decreased depending on siRNA treatment (lanes 2 and 3) with-
out a decrease in the total amounts of NCSTN and LRP1 (lanes 5 and 6).
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Preparation of whole-cell extracts and secreted proteins for
immunoprecipitation

Transient transfection of cDNAs into HeLa or Lec8 cells was
performed using the Lipofectamine� LTX Reagent with PlusTM

Reagent (Thermo Fisher Scientific). Whole-cell extracts were
prepared by lysing 107 cells in 300 �l of lysis buffer (1% of Non-
idet P-40, a protease inhibitor mixture, 1 mM phenylmethylsul-
fonyl fluoride, 2 mM EDTA, 10% glycerol, 137 mM NaCl, and 20
mM Tris-HCl, pH 8.0). The lysates were centrifuged at 19,280 �
g and 4 °C for 30 min, and the supernatant was subjected to the
following experiments. The secreted proteins were obtained
from the cultured media 2 days after replacement of the regular
medium with a serum-free medium (RPMI 1640, Thermo
Fisher Scientific).

For immunoprecipitation, whole-cell lysates were mixed
with a primary antibody against NCSTN or LRP1 and incu-
bated for 30 min at 4 °C, followed by collection of antibody-
bound proteins on ProG-agarose beads (GE Healthcare) for
NCSTN or ProA-agarose beads (GE Healthcare) for LRP1.
After 30 min mixing at 4 °C, the beads were precipitated,
washed with PBS, and resuspended in sample buffer containing
SDS and 2-mercaptoethanol.

Similarly, the glycoproteins were precipitated with lectin
beads. The samples were mixed with WFA-agarose beads or
WGA-agarose beads for 30 min at 4 °C. N-glycans on the gly-
coproteins captured by lectin beads and antibody beads were
removed by incubation of the beads with 1.0 milliunits of
PNGaseF or EndoH overnight at 37 °C.

Western blot and lectin blot analyses and silver staining

The proteins were separated by SDS-PAGE and transferred
onto a polyvinylidene difluoride membrane (Immobilon-P,
EMD Millipore) for Western blotting or lectin blotting. Alter-
natively, the protein samples were subjected to silver staining
(EzStain Silver, ATTO). For Western blotting, the membrane
was blocked with skim milk and incubated with a diluted pri-
mary antibody for 30 min at room temperature, followed by an
HRP-conjugated secondary antibody for 30 min at room tem-
perature. For lectin blotting, the membrane was blocked with
3% BSA and incubated with diluted biotin-conjugated WFA
(1:50,000). After three washes with TBS containing 0.05%
Tween 20 (TBST), the membrane was incubated with diluted
HRP-conjugated streptavidin (1:50,000, GE Healthcare) for 30
min at room temperature. After extensive washes with TBST
three times, the HRP reaction was visualized by means of an
enhanced chemiluminescence system (ECL, Perkin Elmer).

WFA HPLC on a WFA affinity column for purification of
glycopeptides from whole–Lec8 cell extracts

A whole–Lec8 cell lysate was solubilized in 6 ml of 0.5 M

Tris-HCl, pH 8.5, containing 7 M guanidine-HCl and 10 mM

EDTA. The disulfide bonds of proteins were reduced by the
addition of DTT, and the resulting cysteine residues were alky-
lated with iodoacetamide as described previously (5). An ali-
quot of the protein samples was digested with lysyl endopepti-
dase (FUJIFILM Wako) and N-tosyl phenylalanyl chloromethyl
ketone-treated trypsin (Thermo Fisher Scientific) as described
elsewhere (5).

The protease-digested peptide mixture was dissolved in 75%
acetonitrile in H2O containing 0.1% TFA, and then purified by
hydrophilic interaction LC on a TSK gel Amide-80 column (4.6
mm internal diameter (i.d.) � 50 mm, Tosoh) as described pre-
viously (5). Next, desialylation of the eluted glycopeptides was
carried out by heat treatment under acidic conditions at 80 °C
for 1 h. The desialylated glycopeptides were dried in a centrif-
ugal concentrator in vacuum and dissolved in 10 mM Tris-HCl,
pH 7.5.

WFA affinity HPLC was performed as described in Ref. 5.
WFA-agarose (Vector Laboratories) was packed into a Tri-
conTM 5/20 Column (5.0 mm i.d. � 20 mm; GE Healthcare) in
10 mM Tris-HCl, pH 7.5. The desialylated glycopeptides were
loaded onto the WFA affinity column. After a wash, bound
glycopeptides were eluted with a buffer (10 mM Tris-HCl, pH
7.5) containing 10 mM GalNAc.

The WFA-bound glycopeptides were next desalted by
reverse-phase chromatography on a Mightysil RP-18GP col-
umn (2.0 mm i.d. � 50 mm; 3 �m particles; Kanto Chemical),
with monitoring of the absorbance of the eluted fractions at 215
nm via a Shimadzu UV detector, SPD-20.

Nano-LC/MS/MS analysis of 18O-labeled glycopeptides

N-glycosylated peptides were labeled specifically with 18O via
the IGOT reaction as described previously (17, 18). The mix-
ture of deglycosylated 18O-labeled peptides was analyzed by an
automated nanoflow HPLC system coupled online to an LTQ
Orbitrap Velos mass spectrometer (Thermo Fisher Scientific)
via a nano electrospray ion source as described elsewhere (5,
18). The peptides were separated sequentially on a reverse-
phase C18 tip column (150 �m i.d. � 70 mm; Nikkyo Technos,
Japan) via a 5–35% linear gradient of acetonitrile in 0.1% (v/v)
formic acid at a flow rate of 300 nl/min.

WFA-bound or Amide-80 – bound glycopeptide fractions
were analyzed to compare their peptide composition. Raw data
files were converted to Mascot Generic Format (MGF) files in
the Proteome Discoverer software (ver. 2.2, Thermo Fisher Sci-
entific) and then processed by the Mascot algorithm (ver. 2.5,
Matrix Science) to assign the data to peptides from the National
Center for Biotechnology Information (NCBI) RefSeq Chinese
Hamster (Cricetulus griseus) protein sequence database (67,449
entries as of July 4, 2018). The database search was performed
with the parameters described previously (5). All results of the
peptide search were exported to a CSV (comma separated val-
ues) file and processed in Microsoft Excel as documented in
Ref. 5.

N-glycans were released and derivatized according to the
method described previously (5, 39), with slight modifications.
Briefly, the released glycans were premethylated with methyl
iodide, and then were spotted along with a dried matrix (10
mg/ml of 2,5-dihydroxybenzoic acid (proteomics grade, FUJI-
FILM Wako) in 30% ethanol, 0.5 �l) onto a stainless steel sam-
ple plate for MALDI-MS (MTP 384 target plate ground steel
BC; Bruker Daltonics). The mass spectra were acquired by
MALDI-MS (Ultraflex TOF-TOF; Bruker Daltonics, Bremen,
Germany) in reflectron positive-ion mode. The spectra were
analyzed in the flexAnalysis software (ver. 2.0, Bruker Dalton-
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ics). MS/MS spectra were obtained by AXIMA QIT-TOF MS
(Shimadzu) as described elsewhere (5).

Bioinformatic analysis of the identified proteins

The proteins were classified based on their molecular func-
tions and biological processes according to Gene Ontology
information (40) using protein annotation via an evolutionary
relationship classification system, PANTHER (http://www.
pantherdb.org).4 Because PANTHER does not deal with CHO
genes, we converted protein gene ID (GI) accession numbers
(from the identified CHO proteins) to official gene symbols on
the website of DAVID Bioinformatics Resources v.6.8 (https://
david.ncifcrf.gov/conversion.jsp) (41).
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