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Abstract

Polypeptide GalNAc-transferases (GalNAc-Ts) constitute a family of 20 human glycosyltransferases

(comprising 9 subfamilies), which initiate mucin-type O-glycosylation. The O-glycoproteome is

thought to be differentially regulated via the different substrate specificities and expression pat-

terns of each GalNAc-T isoforms. Here, we present a comprehensive in vitro analysis of the peptide

substrate specificity of GalNAc-T13, showing that it essentially overlaps with the ubiquitous

expressed GalNAc-T1 isoform found in the same subfamily as T13. We have also identified and

partially characterized nine splice variants of GalNAc-T13, which add further complexity to the

GalNAc-T family. Two variants with changes in their lectin domains were characterized by in vitro

glycosylation assays, and one (Δ39Ex9) was inactive while the second one (Ex10b) had essentially

unaltered activity. We used reverse transcription-polymerase chain reaction analysis of human

neuroblastoma cell lines, normal brain and a small panel of neuroblastoma tumors to demonstrate

that several splice variants (Ex10b, ΔEx9, ΔEx2-7 and ΔEx6/8-39bpEx9) were highly expressed in

tumor cell lines compared with normal brain, although the functional implications remain to be

unveiled. In summary, the GalNAc-T13 isoform is predicted to function similarly to GalNAc-T1

against peptide substrates in vivo, in contrast to a prior report, but is unique by being selectively

expressed in the brain.
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Introduction

Mucin-type (GalNAc-type) O-linked glycosylation is found on Ser,
Thr and some Tyr residues, and is one of the most common types of
protein glycosylation found in metazoans. O-glycoproteins play
important biological roles including microbial protection and clear-
ance processes, modulation of cell–cell interactions, inflammation,
immunity, tumorigenesis and metastasis (Hollingsworth and Swanson,
2004; Brockhausen, 2006; Gill et al. 2011). The GalNAc-type O-
glycosylation pathway requires a complex set of enzymes localized in
the Golgi apparatus. The initial step involves the transfer of α-D-
GalNAc from the sugar donor (UDP-GalNAc) to Ser or Thr (and
possibly Tyr) residues of acceptor protein substrates, catalyzed by
members of the large polypeptide GalNAc-transferase (GalNAc-T)
family (EC 2.4.1.41) (Bennett et al. 2012). Subsequent elongation of
the GalNAc residue yields different “core” structures that may be fur-
ther modified by the stepwise action of other Golgi glycosyltrans-
ferases, resulting in a diversity of O-glycan structures (Tarp and
Clausen, 2008). It is increasingly becoming clear that most proteins
trafficking the secretory pathway are O-glycosylated (Steentoft et al.
2013), and isolatedO-glycosylation sites may serve highly specific roles
in regulation of protein functions (Schjoldager and Clausen, 2012).

There are up to 20 distinct GalNAc-T isoforms in humans
(Bennett et al. 2012). The members of the GalNAc-T family differ in
both their enzymatic substrate specificity and their cell and tissue
expression. The transcripts of GalNAc-T1 and T2 are most widely
expressed, whereas other isoforms display more restrictive tissue
expression profiles. GalNAc-T isoforms are differentially expressed
spatially and temporally during development, growth and matur-
ation (Kingsley et al. 2000; Young et al.,2003), and the expression
pattern often changes with malignant transformation (Mandel et al.
1999; Kohsaki et al. 2000; Shibao et al. 2002; Gu et al. 2004;
Ishikawa et al. 2004; Miyahara et al. 2004; Yamamoto et al. 2004;
Landers et al. 2005; Berois et al. 2006a; Inoue et al. 2007; Wu et al.
2010).

Members of the GalNAc-T family (except GalNAc-T20) are
structurally unique among metazoan glycosyltransferases because
they possess a two-domain architecture consisting of a membrane-
tethered catalytic domain attached via a short flexible linker to a
C-terminal ricin-like lectin domain (Fritz et al. 2006; Bennett et al.
2012). The lectin domains bind GalNAc and promote secondary
GalNAc addition on neighboring positions in a peptidic sequence
(Wandall et al. 2007a; Pedersen et al. 2011), modulating and
improving the glycosylation of glycopeptide substrates (Raman et al.
2008; Gerken et al. 2013; Lira-Navarrete et al. 2015). Although
most isoforms can glycosylate both naked peptides and glycopeptides
(Hagen et al. 1997; Wandall et al. 1997; Nehrke et al. 1998),
GalNAc-T4 (Bennett et al. 1998) and T12 (Bennett et al. 2012)
exhibit preferential, and T7 (Bennett et al. 1999a), T10 (Cheng et al.
2002, Perrine et al. 2009) and T17 (Peng et al. 2010) exclusive
GalNAc-peptide substrate specificities. These activities have been
further elaborated in our recent study with random glycopeptide
libraries (Revoredo et al. 2016). Thus, the regulation of the O-
glycoproteome and the sites and patterns of O-glycan decoration of
individual glycoproteins depend on the expression of individual
GalNAc-T isoforms in a given cell.

The large number of GalNAc-Ts controlling the initiation step of
mucin-type O-glycosylation may be expected to provide substantial
biosynthetic redundancy, and early studies of Galnt-deficient mice
did not produce obvious phenotypes (Marth, 1996; Lowe and
Marth, 2003). However, individual GalNAc-T isoforms serve non-
redundant unique and essential cellular functions conserved through
evolution (Schwientek et al. 2002; Tran et al. 2012). Nevertheless,
we have only begun to understand the role of individual GalNAc-T
isoforms, and most of the isoforms with more restricted expression
patterns are poorly understood.

GalNAc-T13 is such an isoform with highly restricted expression
in the nervous system (Zhang et al. 2003). It was recently shown that
it contributes to the neuronal differentiation through glycosylation
and stabilization of podoplanin (Xu et al. 2016). This isoform is
highly homologous and considered to be a close paralog (subfamily
member) of ubiquitous GalNAc-T1 (Bennett et al. 2012). Close para-
logs of GalNAc-Ts have been found to have essentially identical pep-
tide substrate specificities as determined by in vitro analysis (Bennett
et al. 1999b; Gerken et al. 2008). However, it was previously reported
that GalNAc-T13 differs in peptide substrate preferences from
GalNAc-T1, and in particular with respect to important substrates
such as Syndecan (Zhang et al. 2003). We are interested in GalNAc-
T13 because of its potential involvement in cancer biology (Berois
et al. 2006b; Matsumoto et al. 2012; Matsumoto et al. 2013;
Nogimori et al. 2016). Using microarray gene expression analysis
in a metastatic xenograft-derived cell model of human neuroblast-
oma (so-called IGR-N-91), we found that GALNT13 was the
most strongly up-regulated gene (12-fold) in metastatic malignant
neuroblasts compared with primary tumor xenograft (Berois et al.
2006b). Moreover, we found that GALNT13 expression in bone
marrow is a strong predictor of poor clinical outcome in neuro-
blastoma patients (Berois et al. 2006b). However, Galnt13 was
also identified as an up-regulated gene in high metastatic mouse
lung cancer cell lines (Matsumoto et al. 2012). In this case, the
molecular basis of aggressive behavior was explained by GalNAc-
T13 leading to formation of trimeric Tn antigen on syndecan-1
(Matsumoto et al. 2013). Recently, high expression of GalNAc-
T13 was also demonstrated in human lung cancer and this was
correlated with poor prognosis, suggesting that this enzyme may
represent a prognostic factor (Nogimori et al. 2016). In contrast,
GALNT13 was also identified as one of the genes that are most
down-regulated in high-grade glioma-derived tumor progenitor
cells relative to their low-grade counterparts (Auvergne et al.
2013). Another interesting feature of GalNAc-T13 is the existence
of alternatively spliced variants that can produce protein products.
Recently two splice variants were reported, one with an incomplete
(GalNAc-T13-V2) and inactive catalytic domain and the other
with an alteration of the latter half of the lectin domain (GalNAc-
T13-V1) (Raman et al. 2012). In this study, we report a compre-
hensive comparative substrate specificity analysis of GalNAc-T13
and its close paralog GalNAc-T1 using a large panel of unbiased
peptide substrates and demonstrate that the two isoenzymes have
essentially the same catalytic properties as evaluated by in vitro
assays with peptide substrates. We further report the identification
and initial characterization of nine GALNT13 splice variants.
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Results

Comparative analysis of the substrate specificities

of GalNAc-T13 and T1

We first probed the glycosylation capacities of the two isoforms with
a small panel of peptide substrates including different syndecan-3-
derived peptides (Table I). We found no difference in their in vitro
activity towards these substrates using time course assays (Table II).
For a more global comparison, we used a large panel of 180 peptide
substrates that represent a more unbiased selection of O-glycosites
identified in human cancer cell lines using the so-called SimpleCell
strategy (Steentoft et al. 2013). We previously analyzed 10 GalNAc-T
isoforms including GalNAc-T1 with some of these substrates, and
identified both redundant and GalNAc-T isoform-specific substrates
(Kong et al. 2015). The peptide assays were monitored using time
course (0 h, 4 h and overnight aliquots) product development assays
by matrix assisted laser desorption/ionization time-of-flight (MALDI-
TOF) MS, which enables semiquantitative evaluation of the rate of
reactions as well as the number of GalNAc residues incorporated
(Bennett et al. 1998; Hassan et al. 2000). In contrast to previous stud-
ies (Zhang et al. 2003), we found virtually complete concordance
between substrate utilization of GalNAc-T13 and GalNAc-T1
(Supplementary data, Table SI). Specifically, the same (except for a
C-terminal carboxyfluorescein (FAM) tag) SDC106 peptide used pre-
viously (Zhang et al. 2003) was glycosylated by both enzymes at
same velocity and with same number of sites incorporated. The same
was found with two other peptides derived from the syndecan-3 mol-
ecule (SDC3a and SDC3b) (Table II).

The specificity of human GalNAc-T1 (and several other human
GalNAc-Ts and Drosophila PGANTs) has been previously character-
ized using a series of oriented random peptide substrates libraries
(Gerken et al. 2006; Gerken et al. 2008; Gerken et al. 2011). To
extend the comparison between GalNAc-T1 and T13, we also deter-
mined the peptide substrate specificity of GalNAc-T13 using the same
procedures (see Figure 1 and Supplementary data, Figures S1 and S2).
The results show, with only a few exceptions, near-identical peptide
substrate preferences of the catalytic domains of these two isoforms.
This was expected as the peptide binding site residues of the catalytic
domains of GalNAc-T1 and T13 share 96–100% sequence identity,
while their entire catalytic domains are 88% identical (Gerken et al.
2008). In contrast, we have previously reported that these two iso-
forms exhibit slightly different lectin domain mediated glycopeptide

Table I. Partial list of the synthetic peptides used in this study

Peptide Sequence MW (Da) S+T

MUC1-b TRPGSTAPPAC 1057.1 3
IgAh VPSTPPTPSPSTPPTPSPSK 1959.1 9
SDC106 AVSTTPAVLK 986.1 3
MUC7 APPTPSATTPAPPSSSAPPETTAA 2204.3 9
Carl2 LSESTTQLPGGGPGCA 1474.6 4
SDC3a VATARATTPEAPSPPTTAAVLDTEAP 2535.8 7
SDC3b APTPRLVSTATSRPRALPR 2047.4 5
FGF23a IHFNTPIPRRHTRSAEDD 2162.3 3
FGF23b PIPRRHTRSAEDDSERDP 2134.2 3
ANGPTL3 KPRAPRTTPFLQ 1411.7 2
HCPitb PRFQDSSSSKAPPPSLPSPSRLPG 2492.7 7
HCHIV IRIQRGPGRAFVTIGKIGNM 2184.6 1
GMCSF APARSPSPSTQPWEHV 1746.9 4
CD59 WKFEHCNFNDVTTRLRENEL 2551.8 2
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substrate preferences against a series of unique random glycopeptide
substrates (Gerken et al. 2013). Again this difference may be consist-
ent with the determination that GalNAc-T1 and T13 lectin domains
possess a lower sequence identity of 83% (Gerken et al. 2008).

Identification of novel GalNAc-T13 splice variants

Amplification of the 3′ coding region of GALNT13 transcripts in
different cell lines revealed more products than expected
(Figure 2A). Cloning and sequencing identified these transcripts as
alternative splice variants. Therefore, we designed a procedure for
exhaustively screening new transcripts (Figure 2B). This method
consisted in cloning the entire coding region, amplification by col-
ony PCR, digestion with restriction enzymes and sequencing. We
studied more than 300 clones and were able to identify 9 of the
most represented GALNT13 splice variants present in the IGR-N-
91 BM neuroblastoma cell line (Figure 2C). The sequences of each

of the variants have been submitted to GenBank. The most abundant
form (55% of the clones) with 11 exons was previously identified
(Zhang et al. 2003). The second most abundant mRNA (approxi-
mately 10% of the clones) incorporates a new exon between exon
10 and 11 (named GalNAc-T13 Ex10b), and it has been previously
reported and partially characterized (GalNAc-T13-V1) (Raman et al.
2012). This new exon is evolutionarily conserved, at least in higher
mammals like dog (99%), chimpanzee (100%), mice (97%), rat
(100%) and hamster (87%), but it is not present in human GALNT1.
Exon 10b has a stop codon at its 3´end, so exon 11 is not included in
the final protein. Therefore, this variant encodes an enzyme with a
new gamma repeat at the lectin domain, as Ex10b conserves the
disulphide-bonded cysteine residues and the QXW motif present in
each carbohydrate-binding subdomain (Figure 3). In addition to
GalNAc-T13 Ex10b, we found two other well-represented mRNAs
that also differ in the sequence that encodes the lectin domain, one
lacking the entire 9th exon (GalNAc-T13 ΔEx9) and another lacking

Fig. 1. Plots of the peptide substrate preferences of GalNAc-T1 and T13 obtained from random peptide substrates, showing their near-identical catalytic domain

peptide substrate specificity of these transferases. Comparison plots of the hydrophobic (A) and hydrophilic (B) amino acid (AA) residue enhancement values for

GalNAc-T1 and T13. (C) The enhancement values for GalNAc-T13 plotted against those for GalNAc-T1 for all residues (left panel, r2 = 0.75), the hydrophobic resi-

dues (middle panel, r2 = 0.81) and the hydrophilic residues (right panel, r2 = 0.49). Note that in A and B position 0 represents the glycosylated Thr in the random

peptide substrates as described in the Materials and Methods section. Enhancement values greater than 1 suggest that the transferase has a high preference for the

residue, while values significantly less than 1 suggest that the residue exerts an inhibitory effect on the transferase. See Supplementary data (Figures S1 and S2) for

the comparison of individual AA residue preferences and their standard deviations. Data for GalNAc-T1 was taken from Gerken et al. (2011). This figure is available

in black and white in print and in color at Glycobiology online.
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the first 39 bp of the same exon (GalNAc-T13 Δ39bpEx9) (Figure 2C).
The GalNAc-T13 ΔEx9 lacks the entire α repeat of the lectin domain.
Additionally, we also identified low-frequency mRNAs encoding pro-
teins with important deletions in the catalytic domain, probably reflect-
ing errors in the splicing machinery, as the ones that have premature
termination codons, like GalNAc-T13 ΔEx6 and GalNAc-T13 ΔEx8,
both lacking the lectin domain in the definitive protein. In contrast, we
identified a splice variant lacking exon 6 and 8 (GalNAc-T13 ΔEx6/8),
which encodes an enzyme with a complete lectin domain (Figure 2C).
We also found an mRNA that lacks all the exons between the 2th and
the 7th (GalNAc-T13 ΔEx2-7), thereby missing the entire catalytic do-
main in the final protein. This mRNA could encode a new “lectin” like
protein (Figure 2C). There are also other two variants present,
GalNAc-T13 ΔEx6/39bpEx9 and GalNAc-T13 ΔEx6/8/39bpEx9.
GalNAc-T13 ΔEx6/39bpEx9 encodes the same protein as the ΔEx6

variant and the ΔEx6/8/39bpEx9 encodes the same protein as the Δ6/8
variant but with a different lectin domain.

Functional analysis of GalNAc-T13 splice variants

Of the nine GalNAc-T13 splice variants identified, we selected the
ones differing in the lectin domain (Δ9, Δ39bpEx9 and Ex10b) for
analysis. We could not obtain a pure and active ΔEx9 enzyme, as it
was not effectively secreted in insect cells likely due to early degrad-
ation. Nevertheless GalNAc-T13, Ex10b and Δ39bpEx9 variants
were effectively expressed. The enzymes were purified to apparent
homogeneity and evaluated at equal concentrations by in vitro gly-
cosylation assays. We found variantΔ39bpEx9 largely inactive. The
Ex10b variant was active similarly to wild-type (wt) GalNAc-T13
using a small panel of peptides (Table II), in agreement with a

Fig. 2. GalNAc-T13 splice variants. (A) Reverse transcription-polymerase chain reaction (RT-PCR) was performed with GalNT13_Fw and T13_XhoI_Rev primers

on four different cancer cell lines and on human brain tissue. Several bands of unexpected size were observed after ethidium bromide gel staining. MW:

molecular weight (100 bp DNA ladder); -: negative control (water); IGR-N-91 PTX: neuroblastoma cell line derived from a primary tumor; IGR-N-91 BM: meta-

static neuroblastoma cell line; CNS: central nervous system tissue (brain); HeLa: cervical cancer cell line; IMR-32: neuroblastoma cell line. The β2M (β2-microglo-

bulin) gene was amplified to verify cDNA quality (except for CNS, where we used GalNAc-T9 as a control). (B) Screening of GalNAc-T13 splice variants by

colony PCR. Splice variants were screened by RT-PCR with T13_XhoI_Fw and T13_XhoI_Rev primers. The product was cloned into the pGEM-T Easy plasmid

and analyzed by colony PCR and digestion with restriction enzymes HindIII and EcoRV. The expected product sizes were 732, 562 and 377 bp. In the illustrative

gel (representative gel of 9 of more than 300 analyzed clones), the black arrow indicates digestion products of the previously characterized positive control

(pGEM-T with the GalNAc-T13 coding region, confirmed by sequencing), whereas the white arrows mark clones with alternative digestion patterns. These

clones were subsequently analyzed by sequencing. (C) Exon organization of the newly identified GalNAc-T13 splice variants. The transmembrane (TM), catalytic

and lectin domains of GalNAc-Ts are indicated, as well as the three lectin subdomains α, β and γ. The amino acid (AA) extension of each variant is indicated on

the right. Skipped exons are shown in white, Ex10b is shown in black and stop codons are marked by arrows. Dashed lines indicate regions where exon skip-

ping introduces a change in the reading frame, resulting in a different AA sequence.
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previous report (Raman et al. 2012). We further tested (Figure 4)
the Ex10b variant against a series of random GalNAc-glycopeptide
substrates to probe its lectin function as previously described
(Gerken et al. 2013; Revoredo et al. 2016). The results indicate there
is no difference in the lectin domain utilization of the Ex10b variant
lectin domain compared to wt GalNAc-T13 (Figure 4B and C) with
both N- and C- terminal glycopeptides being nearly equally utilized
(Figure 4D). This finding is consistent with prior studies on
GalNAc-T13 (Gerken et al. 2013). Note, however, that with the
same glycopeptide substrates, GalNAc-T1 exhibits a several fold ele-
vated preference for the C-terminal glycopeptide (GP(T*22)R) over
the N-terminal glycopeptide (GP(T*10)L) that is significantly differ-
ent from that observed for GalNAc-T13 (Gerken et al. 2013).

Structural analysis

To gain structural insights on the role of the different splice variants,
we undertook a structural analysis of GalNAc-T1 and the differ-
ences with GalNAc-T13. The few non-conservative sequence varia-
tions encountered between both isoforms correspond to solvent
exposed, looped regions of the GalNAc-T1 structure (Figure 5).
Mapping the sequence of the splice variants characterized in this
work on the structure of GalNAc-T1 indicates that ΔEx9 and
Δ39bpEx9 variants result in mRNA segments coding for proteins
with partial incomplete lectin domains and is very unlikely that these
variants may display properly folded lectin domains.

Variants ΔEx6, ΔEx8, ΔEx6/8, ΔEx6/39bpEx9 and ΔEx6/8/
39bpEx9 result in incomplete or severely modified proteins. In

Fig. 3. Structural model of GalNAc-T13 Ex10b. Top: sequence alignment of GalNAc-T1, GalNAc-T13 and GalNAc-T13 Ex10b in the region comprising the lectin

domain. Each colored panel represents from top to bottom the three α, β, and γ-lectin subdomains. Identical residues in the GalNAc-T family are shown in red,

whereas highly conserved residues are shown in green. Bold letters indicate putatively unstructured regions of the protein. Asterisks indicate the C-terminal

end of the protein. Notice that the change in sequence introduced by Ex10b coincides with the beginning of the γ-subdomain. Bottom: structural superposition

of the lectin domains of GalNAc-T1 (pale colors) and a homology model of Ex10b (vivid colors) looking in the direction of the γ-lectin subdomain sugar binding

site. The cartoon is colored according to subdomains with the conserved residues displayed as sticks for GalNAcT-1 and balls and sticks for GalNAcT-13/Ex10b.

Numbers correspond to GalNAc-T1 residues. This figure is available in black and white in print and in color at Glycobiology online.
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particular all variants involving the skipping of exon 6 introduce a shift
in the reading frame resulting in relatively large segments of modified
amino acid (AA) sequence (Figure 2C). The variant ΔEx2-7 produces a
sequence spanning only the last region of the catalytic domain and the
entire lectin domain. Therefore, this variant would not possess any
catalytic activity but is predicted to retain its capability to bind sugars
groups. However, the functional significance of this is uncertain.

Perhaps the most interesting case is the Ex10b variant with a
novel gamma subdomain in the lectin domain (Figure 2C). The con-
served cysteines and aromatic residues required for the folding of
the lectin domain remain unchanged (a partial alignment against
GalNAc-T1 and T13 is shown in Figure 3). The most relevant modi-
fication in the gamma subdomain regards the substitution of a (not
absolutely) conserved solvent exposed Aspartic acid mutated into
Serine (Figure 3). This is in line with the identical lectin activity
found for this variant and wt GalNAc-T13 (Table II and Figure 4).

Detection of GalNAc-T13 splice variants mRNA

in cell lines and neuroblastoma tumors

We investigated the expression of GalNAc-T13 splice variants in IGR-
N-91 BM, IGR-N-91 PTX, IMR-32 and HeLa cell lines, using a set of
primer pairs designed specifically for each variant (primer sequences
are available from the authors upon request). This analysis was posi-
tive for all variants in metastatic IGR-N-91 BM cell line, while no

variants were detected in primary tumor IGR-N-91 PTX cell line
(Figure 6). All the other assessed cell lines expressed all the splice var-
iants. Most of the splice isoforms were detected in normal human
brain (CNS), except the Δ6/8-39bpEx9 variant (Figure 6). In order to
determine if splice variants are present in clinical samples, we analyzed
17 primary neuroblastoma tumors. We found GalNAc-T13 ΔEx9 in
16/17 tumors, GalNAc-T13 Δ39bpEx9 in 5/17 tumors, GalNAc-T13
Ex10b in 16/17 tumors and GalNAc-T13 ΔEx6/8 in 5/17 cases.

Discussion

The large human family of 20 GalNAc-T isoenzymes comprises many
close paralogs that have been classified into several subfamilies based on
their sequence homology and peptide/glycopeptide substrate preferences
(Bennett et al. 1999b; Bennett et al. 2012). It is therefore expected that
members within a subfamily would have similar enzymatic properties
(Bennett et al. 1999b; Bennett et al. 2012). Here we analyzed subfamily
Ia, defined by the GalNAc-T1 and T13 isoenzymes, exhibiting an
overall AA sequence identity of 84.3% and an identical genomic organ-
ization with complete conservation of exons structure/architecture
(Bennett et al. 2012). Testing the largest unbiased peptide substrate
library studied to date, including a random peptide library and a large
panel of peptides designed from a set of O-glycoproteins identified from
our SimpleCell O-glycoproteome strategy (Steentoft et al. 2013), we
demonstrate that the in vitro peptide substrate specificities of the two

Fig.4. Comparison of the lectin domain of GalNAc-T13 and its lectin domain splice variant GalNAc-T13 Ex10b. (A) Sequences of the N- and C- terminal lectin

domains probing glycopeptide substrates (Gerken et al. 2013; Revoredo et al. 2016). (B) Representative gel filtration analysis of the reaction products, demon-

strating highly similar substrate utilization for both GalNAc-T13 and GalNAc-T13 Ex10b. (C) Ratio of the utilization of substrate GP(T*22)R over GP(T*10)L for

GalNAc-T13 (light gray) and GalNAc-T13 Ex10b (dark gray) (average values based on six and eight determinations, respectively, with error bars representing

the standard deviation). (D) Schematic representation of the lectin domain probing activities of GP(T*22)R and GP(T*10)L. This figure is available in black and

white in print and in color at Glycobiology online.
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isoenzymes are essentially indistinguishable in contrast to previous
reports (Zhang et al. 2003). We furthermore confirmed previous reports
of an alternative coding exon in GALNT13 not found in GALNT1
that produce a functional enzyme with an alternative sequence in the
gamma domain of the C-terminal lectin (Raman et al. 2012). This splice
variant nevertheless possessed identical glycopeptide specificity as the
wt GalNAc-T13. We also identified and further characterized an add-
itional number of splice variants of GalNAc-T13 that did not reveal
functional consequences. Thus, the two subfamily Ia isoenzymes,
GalNAc-T1 and T13, appear to be functionally indistinguishable except
for their different cell and tissue expression patterns. Indeed, GALNT1
and T13 genes are so similar that the first attempt to knock out the mur-
ine Galnt1 gene resulted in the knock out of T13 (Hennet et al. 1995).
While the GalNAc-T isoforms in such subfamilies are predicted to share
near-identical catalytic properties (Bennett et al. 1999b), it was previ-
ously reported that GalNAc-T13 exhibited unique substrate specificity
compared to GalNAc-T1 against multiple acceptor peptides derived
from Syndecan-3 andMUC7 (Zhang et al. 2003). In this study, we used
a very large panel of peptide substrates, including the same peptide
design from Syndecan-3 and a similar design from MUC7 for direct
comparison, and found no evidence for differences in kinetic properties
between GalNAc-T13 and T1 (Table II). The discrepancy in the

activities against the Syndecan-3 and MUC7 peptides are most likely
due to differences in assay conditions, as Zhang et al. (2003) utilized N-
and C-terminal fluorophore-labeled peptide substrates and immobilized
FLAG-tagged transferases that could affect the results. We have previ-
ously identified one significant difference in the properties of GalNAc-
T1 and T13, in that the N- and C- terminal orientation of their remote
glycopeptide substrates preferences differed. GalNAc-T1 preferred
GalNAc-glycopeptide substrate sites with GalNAc residues positioned
~6 to ~17 residues N-terminal of the site of glycosylation, while
GalNAc-T13 equally preferred N- and C-terminal GalNAc residues
(Figure 4) (Gerken et al. 2013). Thus, the lectin domains of GalNAc-T1
and T13 that exhibit the highest degree of sequence dissimilarity appear
to possess different glycopeptide specificities.

While in vitro enzyme analysis of this class of enzymes with pep-
tide substrates has long been considered representative of the proper-
ties with whole protein substrates as well as in vivo (Bennett et al.
2012), we have recently discovered an example where this is not the
case. Human GalNAc-T11 is the only isoform capable of glycosylat-
ing the low-density lipoprotein receptor (LDLR) in its ligand-binding
region, where the short linker regions between the LDLR class A
repeats contain a highly conserved O-glycosite (Steentoft et al. 2013;
Pedersen et al. 2014). This unique function was verified ex vivo in an

Fig. 5. Comparison of GalNAc-T1 and T13. Top: Sequence alignment of GalNAc-T1 and T13. Non-identical residues are presented as black letters on a white

background. Non-conservative substitutions are indicated with red arrows. The linker region connecting the catalytic and lectin domains is indicated with a red

rectangle. The catalytic dyad is displayed in red letters. Underlined amino acids (AAs) indicate the α, β and γ subdomains (colors according to Figure 3). Bottom:

Cartoon representation of the X-ray structure of GalNAcT-1 (PDB id:1XHB (Fritz et al. 2004)). The catalytic domain is shown in gray, while the α, β and γ lectin

subdomains are colored as in Figure 3. AAs indicated with red arrows in the alignment are displayed as sticks and labeled (top and bottom residues correspond

to T1 and T13, respectively). The position of the active site is indicated with a red oval for reference. This figure is available in black and white in print and in col-

or at Glycobiology online.
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isogenic cell model system with and without expression of GalNAc-
T11 as well as with in vitro glycosylation assays with a recombinant
reporter protein expressed in E. coli containing the ligand-binding
region of LDLR with multiple folded LDLR class A repeats (Pedersen
et al. 2014). We were, however, unable to demonstrate activity with
short peptides covering the LDLR linker regions (Pedersen et al.
2014; Kong et al. 2015), suggesting that for some protein substrates,
proper folding may be required for substrate recognition. Thus, it
appears that identification of unique substrates at least for some
GalNAc-T isoforms will require analysis of actual protein substrates.
For this, we have developed a quantitative O-glycoproteomics strat-
egy with isogenic cell models with and without a single GalNAc-T
suitable to identify non-redundant contributions of the isoform to the
O-glycoproteome (Schjoldager et al. 2015), and we will in future use
this strategy to further explore potential differences in the cellular
functions of GalNAc-T1 and T13 in a relevant cell line.

For now, it appears that the biological significance of the two
GalNAc-T1 and T13 isoforms may lie in the differential regulation
of expression in different cells and tissues. Although GalNAc-T1 is
also expressed in the nervous system, more detailed studies are
needed to evaluate overlap in specific compartments and cell types
of the brain. Interestingly, GALNT13 is one of the most dysregu-
lated genes in gliomas (Auvergne et al. 2013). This scenario resem-
bles that of the GalNAc-T3 and T6 subfamily isoforms, where T3 is
widely expressed, while T6 is more restricted. Interestingly, in both
these subfamilies, the isoforms with restricted expression (GalNAc-
T6 and T13, respectively) have been found to be de novo expressed
in cancer (Freire et al. 2006; Berois et al. 2006a; Wandall et al.
2007b; Gomes et al. 2009; Li et al. 2011; Matsumoto et al. 2012),
suggesting they may serve yet unknown important functions related
to cancer biology.

Studies of mouse models with deficiencies in Galnt genes have not
in general provided support for major biological functions of the

many GalNAc-T isoforms. In particular, Galnt13-/--deficient mice do
not appear to exhibit specific phenotypic characteristics, although a
somewhat surprising finding of altered expression of the truncated Tn
O-glycan was reported in the brain (Zhang et al. 2003). In contrast,
the Galnt1-/--deficient mouse model was found to exhibit a bleeding
disorder and alterations in different functions of the immune system
(Tenno et al. 2007; Block et al. 2012), and this may be explained by
lack of redundancy in expression ofGalnt1 and t13 in affected tissues
due to the brain-restricted expression of the latter gene. However, fur-
ther studies are clearly needed to address this.

Alternative splicing is one of the main sources of proteomic
diversity in multicellular eukaryotes (Nilsen and Graveley, 2010).
The GALNT family of genes contains members with large complex
organization and up to 16 coding exons, and in addition encodes
two distinct functional folded domains with the C-terminal lectin
domains. Thus, these genes may be exceptional with respect to alter-
native splicing and functional implications, and examples of splice
variants of GALNT14 and T5 have been reported (Ten Hagen et al.
1998; Wang et al. 2003). Raman et al. recently reported two splice
variants of GALNT13, one of each comprising an interesting novel
exon that encodes a replacement of part of the lectin domain
(GalNAc-T13-V1) (Raman et al. 2012). We further probed potential
functional splice variants of GALNT13 and identified a total of nine
splice variants, including the GalNAc-T13-V1 variant (Raman et al.
2012), here designated GalNAc-T13-Ex10b. The GalNAc-T13
variant is particularly interesting because it originates as a result
of alternative splicing with the use of a novel exon. There are
other examples of glycosyltransferases variants derived through
the use of different exons including human beta-galactoside alpha
2,6-sialyltransferase (ST6Gal-1) (Wang et al. 1993). In this case, three
upstream exons are mutually exclusively utilized (exons Y+Z and
exon X), resulting in two distinct populations of ST6Gal-1 mRNAs
being synthesized. Tissue differences in ST6Gal-1 expression, at least

Fig. 6. Reverse transcription-polymerase chain reaction of the splice variants in four different cancer cell lines and in normal brain tissue.1: molecular weight

(100 bp DNA ladder), 2: negative control (water), 3: IGR-N-91 PTX (neuroblastoma cell line derived from a primary tumor), 4: IGR-N-91 BM (metastatic neuro-

blastoma cell line), 5: central nervous system tissue (brain), 6: HeLa and 7: IMR-32. The quality assessment of each cDNA is shown in Figure 2A. This figure is

available in black and white in print and in color at Glycobiology online.
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in part, are the result of the regulation of the gene by multiple and
distinct promoter regions present in the different exons.

Raman et al. originally analyzed the substrate specificity of the
GalNAc-T13 Ex10b variant showing unchanged activity with a
panel of peptides and a decrease in Km values with glycopeptide
substrates (Raman et al. 2012). We did not find detectable differ-
ences using time course analysis that enables monitoring rate of
incorporation of multiple GalNAc residues (Table II). The γ-domain
of the GalNAc-T1 lectin domain was previously shown not to be
important for the enzyme in vitro activity, while both the α and β
domains were required for extensive glycosylation of an apomucin
substrate assumed to include the GalNAc-glycopeptide activity func-
tion of the enzyme (Tenno et al. 2002). Regardless of the minor dis-
crepancies in these results, it appears that the GalNAc-T13 Ex10b
variant with its alternative γ-domain does not have major functional
consequences. In contrast, the GalNAc-T13 variants ΔEx9 and
Δ39Ex9, which lack 33 and 13 AA in the α-domain of their lectins,
respectively, are inactive due to structural instability. This was
clearly observed with the ΔEx9 variant which could not be
expressed in insect cells as a secreted protein, whereas the Δ39Ex9
variant was secreted but had no detectable activity with the studied
peptides. This may not be surprising, given the previous report that
deletions in the γ, βγ or αβγ subdomains or point mutations that
affect cysteines and disulphide bond formations in rat GalNAc-T1
give rise to non-functional enzymes (Tenno et al. 2002).
Nevertheless, it is important to make it clear that in other cases,
GalNAc-Ts were effectively expressed without their lectin domains
and they still retained their catalytic activity, at least with peptides
(Fritz et al. 2006; Raman et al. 2008).

Due to the abundance of splice variants in higher eukaryotes, it
is probable that many biological processes, including those that lead
to tumor development, are regulated by the relative expression of
the splice isoforms of multiple genes (Relógio et al. 2005). In agree-
ment with this, we found that the normal brain expressed alternative
transcripts of GALNT13 in low levels as evaluated by our reverse
transcription-polymerase chain reaction (RT-PCR) strategy, and in
contrast a number of neuroblastoma cell lines studied expressed a
complex and abundant set of alternative transcripts. The data pre-
sented here, however, do not suggest direct functional consequences.
Recently, three GalNAc-T13 variants generated by differential exon
usage were reported (Nogimori et al. 2016). None of them corre-
sponds to the variants reported in this work, and no functional char-
acterization was done. Nevertheless, they found that one variant has
significant association with poor prognosis, while another one was
related with a better prognosis in lung cancer patients. It will be
important in future to evaluate if the splice variants identified here
similarly may have prognostic value.

In summary, we conclude that the two close GalNAc-T para-
logs of subfamily Ia, GalNAc-T13 and T1, have almost identical
substrate specificities in contrast to previous reports by in vitro
studies, and future in vivo studies are needed to explore potential
distinct biological functions of these two isoforms. Our study
confirmed that the lectin domain of GalNAc-T13 recognizes both
N- and C-terminal remote prior GalNAc-glycosylation, which is
not altered in the Ex10b splice variant but which differs from that
of GalNAc-T1. Nevertheless, the main distinguishable feature
between GalNAc-T1 and T13 is their strikingly different regula-
tion and expression patterns. Thus, this subfamily resembles the
GalNAc-T3/T6 subfamily, although clearly further studies are
needed to evaluate the cellular functions as exemplified by studies
of the GalNAc-T11 isoform.

Materials and methods

Cloning and expression of recombinant GalNAc-T

variants

Expression of soluble secreted truncated GalNAc-T13 and splice var-
iants in insect cells was performed based on a procedure previously
reported (Bennett et al. 1999a). The pAcGP67 baculovirus expression
constructs of the soluble coding region of the human GalNAc-T13 and
the ΔEx9, Δ39bpEx9 and Ex10b variants were prepared starting with
the cloning in pGEM-T of the different sequences using the primers
T13_EcoRI_His_Fw and T13_XhoI_Rev (primer sequences are avail-
able from the authors upon request). A DNA sequence encoding a His-
tag was included in the forward primer. Then, the plasmids and the BD
BaculoGold™ pAcGP67 Baculovirus Transfer Vector (BD Pharmingen,
San Diego, CA) were digested with EcoRI (New England Biolabs,
Beverly, MA). The inserts were purified from a 1.5% agarose electro-
phoresis gel using the GFX PCR DNA and gel band purification kit
(Amersham Pharmacia Biotech Inc., Piscataway, NJ). After quantifying
the different purified fragments in a gel, using the Low DNA Mass
Ladder (Invitrogen, Carlsbad, CA) as a standard, the ligation with the
vector was done using the T4 DNA ligase (Invitrogen). The cloned
vectors were analyzed by digestion and sequencing to discard the pres-
ence of any important mutation.

Plasmids pAcGP67-T13, pAcGP67-T13 ΔEx9, pAcGP67-T13
Δ39bpEx9 and pAcGP67-T13 Ex10b were co-transfected with
BaculoGold™ DNA (BD Pharmingen), and recombinant baculovirus
were obtained after two successive amplifications in Sf9 insect cells
(Life Technologies, Gaithersburg, MD), according to the manufac-
turer’s instructions. Amplified viruses were used for infection of High
Five insect cells (Life Technologies) grown in Express Five® SFM
(Gibco BRL, Rockville, MD) in upright roller bottles shaken 100 rpm
at 26.5°C (cell density of approximately 2 × 105). Secreted, soluble
recombinant proteins were harvested (centrifugation at 2000 × g, 4°C,
10min) and then the His tagged enzymes were affinity purified by
Ni-NTA as previously described (Vester-Christensen et al. 2013). The
samples were diluted in a 10mM MES, 10 mM NaCl pH 5.8 buffer
and were further purified by cation exchange chromatography using a
Mono S 5/50 GL column (GE Healthcare, Buckinghamshire, UK) and
eluting with a gradient of NaCl from 0.01 to 1 M in 20 CV. The pres-
ence of the enzymes in the different fractions and the corresponding
purity were assayed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis stained for proteins with Coomassie Blue R-250 and
by western blot using an anti-His antibody. The fractions that con-
tained the enzymes were pooled, and the activity was analyzed by
standard GalNAc-transferase assays.

In vitro GalNAc-transferase assays

In vitro glycosylation assays were performed as product development
assays in 25 µL of buffer (25mM cacodylic acid sodium, pH 7.4,
10mM MnCl2, 0.25% Triton X-100), 4 mM UDP-GalNAc (Sigma-
Aldrich), 0.1 μg of purified enzyme and 10 μg of acceptor peptide
(Schafer-N and NeoBioSci) (Table I and Supplementary data,
Table SI). The reactions were left overnight at 37°C with gentle mix-
ing. For time course evaluation, 1 μL of the reaction mixtures were
taken at 1, 4 and 24 h and analyzed by MALDI-TOF MS.

MALDI-TOF MS analysis

Evaluation of incorporation of GalNAc residues into peptide sub-
strates was performed by MALDI-TOF MS. Sampling of reactions
(1 µL) were diluted 10-fold in 0.1% TFA/H2O and 1 μL mixed with 1
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μL of matrix. The matrix was 2,5-dihydroxybenzoic acid (25 mg/mL,
Sigma-Aldrich) dissolved in a 1:1 mixture of methanol and water.
Mass spectra were acquired on a 4800 MALDI TOF/TOF Analyzer
mass spectrometer (Applied Biosystems/MDS Sciex, Concord,
Canada). Recorded data were processed using the Data Explorer
software.

Glycosylation of random peptide substrates

and determination of transferase substrate specificity

Three oriented random glycopeptide libraries in the form of
GAGAXXXXXTXXXXXAGA (where X = G,A,P,V,L,E,Q,R,H
(PVI), G,A,P,I,M,F,D,N,R,K (PVII) or G,A,P,V,Y,E,N,S,R,K (PVIII))
were utilized to obtain the GalNAc-T13 catalytic domain specificity
as described previously (Gerken et al. 2011). Briefly, reactions were
carried out with 10mM MnCl2, 50mM sodium cacodylate, pH 6.5,
1.3mM 2-mercaptoethanol, 2mM UDP-GalNAc (containing a total
of 100 µCi UDP-[3H]-GalNAc), 1/100 dilution of Protease Inhibitor
Cocktails P8340 and P8849 (Sigma-Aldrich), 0.003% sodium azide,
5mg/mL random peptide substrate (~1.7mM) and 50 µL of GalNAc-
T13 (~0.1mg/mL) to a final volume of 250 µL. Reactions were incu-
bated overnight at 37°C and the glycopeptide products isolated as
previously described (Gerken et al. 2011). The comparison of the
Edman AA sequence analysis (ABI Procise 494) of the starting ran-
dom peptide and the isolated random glycopeptide products revealed
the so-called enhancement values (Gerken et al. 2011). Data for
GalNAc-T13 were based on one to five determinations on each of the
random peptide libraries and the data averaged (see Figure 1 and
Supplementary data, Figures S1 and S2). Enhancement values
represent the propensity of a particular AA residue type to be utilized
by the transferase, where values greater than 1 suggest a high prefer-
ence while values significantly less than 1 indicate a low preference,
suggesting an inhibitory effect.

Cell lines and tissues

The neuroblastoma metastatic model, IGR-N-91, derived from an
8-year-old high-risk neuroblastoma patient, was obtained by
in vitro culturing of malignant neuroblasts from the bone marrow
and successive xenografts into nude mice, as previously described
(Ferrandis et al. 1994). Sublines were established from primary
tumor xenograft (IGR-N-91 PTX) and bone marrow metastasis
(IGR-N-91 BM), and cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 2mMol/L L-glutamine, 1mMol/L
sodium pyruvate and 10% fetal bovine serum (FBS), at 37°C in a
5% CO2-humidified atmosphere. IMR-32 (another neuroblastoma
cell line) and HeLa (cervical cancer cell line), obtained from
ATCC (American Type Culture Collection, Rockville, MD), were
cultured in the same conditions up to 80% confluence. Cells were
washed with sterile phosphate buffered saline (PBS) and detached
from monolayer culture using 0.05% trypsin in PBS at 37°C.
Harvested cells in DMEM medium containing FBS were pelleted
after centrifugation, washed with sterile PBS and then used for RNA
extraction.

Primary neuroblastoma tumor tissues were obtained from
patients of Institut Gustave Roussy (France) with the approval of
the appropriate ethics committees and according to the national law
of people taking part in biomedical research. Tumors were immedi-
ately snap-frozen before being stored in liquid nitrogen until nucleic
acids extraction. The central nervous system sample was obtained
from the surgery of a patient with brain injury.

Screening of GalNAc-T13 splice variants

Total RNA from cell lines and tissues was extracted with Tri-Reagent
(Sigma-Aldrich), according to the manufacturer’s instructions.
First-strand cDNA was synthesized using 1 µg of RNA with MMLV
reverse transcriptase (Amersham, Piscataway, NJ). The reaction mix-
ture consisted of 200U of enzyme, 2 µL of 10mmol/L of each deoxynu-
cleoside triphosphate (dNTP) and 1 µL of 250 ng of random hexamers
in a 20 µL total reaction volume. After incubation at 37°C for 1 h, the
mixture was heated at 96°C, snap-cooled and stored at −20°C until
use. The RT-PCR was performed with a high-fidelity polymerase,
Platinum pfx DNA polymerase (Invitrogen), and the T13_XhoI_Fw
and T13_XhoI_Rev primers (primer sequences are available from the
authors upon request). The PCR products were purified with the
GFX PCR DNA and gel band purification kit (Amersham) and then
cloned with the pGEM-T Easy Vector System I (Promega Corp.,
Madison, WI). Next, E. coli XL1 Blue were transformed and afterwards
analyzed by colony PCR with the T13_XhoI_Fw and T13_XhoI_Rev
primers. The PCR products where digested with HindIII and EcoRV
and were evaluated by agarose electrophoresis. The clones that deviated
from the theoretical pattern were sequenced.

GalNAc-T lectin domain specificity from random

glycopeptide substrates

The lectin domain probing random glycopeptide substrates GP(T*22)R
and GP(T*10)L (and their non-glycosylated controls GP(A22)R and GP
(A10)L), whose sequences are given in Figure 4A, were utilized to com-
pare the remote GalNAc-O-Thr glycopeptide specificity of GalNAc-T13
and GalNAc-T13 Ex10b as previously described (Gerken et al. 2013).
Reactions were carried out using 68mM sodium cacodylate, pH 6.5,
1.8mM 2-mercaptoethanol, 10mM MnCl2, 50 µM [3H]-UDP-GalNAc
(~6 × 108 DPM/µmol), 5mg/mL (~1.5mM) of substrates GP(T*22)R,
GP(A22)R, GP(T*10)L and GP(A10)L and 100–150 µL of GalNAc-
T13 or GalNAc-T13 Ex10b (0.06–0.1mg/ml) to a total reaction vol-
ume of 250–300 µL. Reactions were incubated at 37°C and 50–80 µL
aliquots removed for analysis after incubating for 15min, 45min, 2 h,
4 h and overnight for wt GalNAc-T13 and due to limited transferase,
2 h, 4 h and overnight for GalNAc-T13 Ex10b. In all cases, reactions
with wt GalNAc-T13 and GalNAc-T13 Ex10b were performed concur-
rently under identical reaction conditions. Glycopeptide workup and
isolation was performed as described by Gerken et al. (2013), ending
with chromatography on Sephadex G10. The lyophilized pooled glyco-
peptide fractions were taken up in 1mL of H2O and transferase activity
quantified by [3H]-GalNAc content normalized to the 220 and 280 nm
OD values. With this approach, any losses in peptide substrate during
sample processing were corrected for by normalizing to the peptide OD
values. The C-terminal/N-terminal random glycopeptide utilization
ratios (GP(T*22)R/ GP(T*10)L) were obtained from these normalized
values as shown in Figure 4C.

RT-PCR of GalNAc-T13 and the splice variants

The β2M (β2-microglobulin) gene was amplified to verify cDNA
quality (except for CNS, where we used GalNAc-T9 as a control).
Different RT-PCR reactions were optimized in order to amplify frag-
ments of GalNAc-T13 and its splice variants, by means of a single
round of 35 cycles for GalNAc-T13 and Ex10b variants and
40 cycles for the ΔEx2-7 variant, or a nested PCR for ΔEx6, ΔEx8,
ΔEx9, Δ39bpEx9, ΔEx6/39bpEx9, ΔEx6/8 and ΔEx6/8/39bpEx9
variants (primer sequences are available from the authors upon
request). For wt GalNAc-T13 amplification, 1 µL of cDNA was
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added to a final volume of 25 µL of a PCR mixture containing
10mM Tris-HCl (pH 8.8), 50mM KCl, 3mM MgCl2, 400 nM of
each primer (GALNT13-Fw/T13_XhoI_Rev), 200 µM dNTPs and
1 unit of Taq DNA polymerase (Fermentas, Hunover, MD). Thirty-five
cycles were performed as follows: 30 seconds at 95°C, 30 seconds at
60°C and 1min at 72°C; the PCR product analyzed by electrophor-
esis in a 2% agarose gel resulted in a 425 bp band. Same conditions
but 2 mM MgCl2 (and 2 μL of cDNA for ΔEx2-7) were used for
Ex10b and ΔEx2-7 amplifications using T13_Ex10b_Fw/
T13_Ex11_Rev and T13_XhoI_Fw/T13_Δ2-7_Rev pair of primers,
respectively. The annealing temperatures were 60°C and 62°C,
whereas the obtained PCR products were 270 and 166 bp, respect-
ively. The same first round was performed for the seven remaining
variants, seeding 1 µL of cDNA in a final volume of 25 µL. The PCR
mixture contained 10mM Tris-HCl (pH 8.8), 50 mM KCl, 1.5 mM
MgCl2, 400 nM of each primer (T13_784_Fw/T13_Ex11_Rev), 200 µM
dNTPs and 1 unit of Taq DNA polymerase, was amplified for 20
cycles at 59°C of annealing temperature and the PCR product
obtained had 820 bp. The second round was performed for
25 cycles for variant ΔEx9, 30 cycles for variants ΔEx8 and ΔEx6/8,
and 35 cycles for variants ΔEx6, Δ39bpEx9, ΔEx6/39bpEx9
and ΔEx6/8/39bpEx9. One microliter of the first round product
was seeded and the second round was done in the same conditions,
although 2 mM MgCl2 was used in the case of Δ8 and Δ9
variants. The pair of primers and the PCR products were
T13_Δ6_Fw/T13_Ex7_Rev (201 bp); T13_Ex7_Fw/T13_Δ8_Rev
(197 bp); T13_Ex7_Fw/T13_1393_Rev (336 bp); GalNT13_Fw/
T13_Δ39bpEx9_Rev (131 bp); T13_Δ6_Fw/T13_Δ8_Rev (226 bp)
and T13_Δ6_Fw/T13_Δ39bpEx9_Rev (425 and 285 bp) for ΔEx6,
ΔEx8, ΔEx9, Δ39bpEx9, ΔEx6/8, ΔEx6/39bpEx9 and ΔEx6/8/
39bpEx9 variants, respectively. PCR products (15 µL) were ana-
lyzed by electrophoresis on 2% agarose gels by direct visualization
after ethidium bromide staining. The identity of each band was
confirmed by sequencing.

Molecular modeling

Protein sequences were aligned with T-Coffee (Notredame et al.
2000). A molecular model of the lectin domain of GalNAc-T13 was
constructed by comparative modeling using Modeller (Sali et al.
1995) (doi:10.1002/prot.340230306), using as template the X-ray
structure of GalNAc-T1 (Fritz et al. 2004). The model comprises
residues 429 to 554 which span the entire lectin domain. A total
of 10,000 models were generated, from which the best was
selected on the base of the Modeller’s objective function and
stereochemical properties were assessed using Procheck
(Laskowski et al. 1996). The selected model contains 92% of AAs
in most favored regions.
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