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ABSTRACT: The large family of polypeptide GalNAc-transferases
(GalNAc-Ts) controls with precision how GalNAc O-glycans are
added in the tandem repeat regions of mucins (e.g., MUC1).
However, the structural features behind the creation of well-defined
and clustered patterns of O-glycans in mucins are poorly
understood. In this context, herein, we disclose the full process
of MUC1 O-glycosylation by GalNAc-T2/T3/T4 isoforms by
NMR spectroscopy assisted by molecular modeling protocols. By
using MUC1, with four tandem repeat domains as a substrate, we
confirmed the glycosylation preferences of different GalNAc-Ts
isoforms and highlighted the importance of the lectin domain in the
glycosylation site selection after the addition of the first GalNAc
residue. In a glycosylated substrate, with yet multiple acceptor sites,
the lectin domain contributes to orientate acceptor sites to the catalytic domain. Our experiments suggest that during this process,
neighboring tandem repeats are critical for further glycosylation of acceptor sites by GalNAc-T2/T4 in a lectin-assisted manner. Our
studies also show local conformational changes in the peptide backbone during incorporation of GalNAc residues, which might
explain GalNAc-T2/T3/T4 fine specificities toward the MUC1 substrate. Interestingly, we postulate that a specific salt-bridge and
the inverse γ-turn conformation of the PDTRP sequence in MUC1 are the main structural motifs behind the GalNAc-T4 specificity
toward this region. In addition, in-cell analysis shows that the GalNAc-T4 isoform is the only isoform glycosylating the Thr of the
immunogenic epitope PDTRP in vivo, which highlights the relevance of GalNAc-T4 in the glycosylation of this epitope. Finally, the
NMR methodology established herein can be extended to other glycosyltransferases, such as C1GalT1 and ST6GalNAc-I, to
determine the specificity toward complex mucin acceptor substrates.
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Mucin-type (GalNAc-type) O-glycosylation is one of the
most abundant and diverse forms of posttranslational

modifications (PTMs) and is differentially regulated by a large
family of polypeptide GalNAc-transferases (GalNAc-Ts).1

GalNAc-Ts are type-II membrane proteins that catalyze the
transfer of N-acetylgalactosamine (GalNAc) from UDP-
GalNAc to Ser/Thr residues (and possibly Tyr).1 While 20
GalNAc-Ts isoforms in humans initiate the O-GalNAc-type
glycosylation (hereafter, O-glycosylation) with distinct,
although partly overlapping, kinetic properties and acceptor
substrate specificities,2 other types of protein O-glycosylation
pathways are initiated by a less number of enzymes (ranging
between one to four enzymes).3−5 No clear consensus motifs
for O-glycosylation have been reported, making this PTM the
most complex and differentially regulated type of protein

glycosylation. GalNAc-Ts are localized in the Golgi apparatus
and distributed among all organs with different expression
levels in each tissue.1,5,6 Thus, the available repertoire of
GalNAc-Ts and their localization determine which proteins are
O-glycosylated and where O-glycans are attached. In this
context, some glycoproteins with fewer acceptor sites are
glycosylated by specific GalNAc-Ts (nonredundant glycosyla-
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tion),7−11 while complex glycoproteins with multiple acceptor
sites (e.g., mucins) are glycosylated by multiple GalNAc-Ts
(redundant glycosylation).12

GalNAc-Ts contains a region in the Golgi lumen displaying
an N-terminal catalytic that adopts a GT-A fold13 and belongs
to CAZy family 27 and connected to a C-terminal lectin
domain by a short flexible linker,14−17 which dictates the
relative orientation between the catalytic and lectin domains.
The GalNAc-Ts are unique among metazoan GTs because of
the C-terminal GalNAc-binding lectin domain, which adopts a
β-trefoil fold built from three homologous repeat subdomains,
named α, β, and γ.17 However, only one or two specific
subdomains (α, β, or γ) actively bind to the GalNAc moiety.
For example, in GalNAc-T2, -T3, and -T4, only the α-
subdomain recognizes the sugar moiety.2,14,18−22

GalNAc-Ts can be classified into two classes based on their
short-range (acceptor sites adjacent to prior glycosites) and
long-range (acceptor sites far from prior glycosites) glycosylat-
ing capabilities. The short-range glycosylation preferences
account for the glycosylation of glycopeptide substrates where
a proximal glycosite to the acceptor site binds to the catalytic
domain promoting glycosylation (one to three residues from
the prior glycosite).23,24 In contrast, the long-range glyco-
sylation preferences refer to the binding of a prior glycosite to
the lectin domain, which subsequently facilitates the
recognition of the distant acceptor site (6 to ∼17 residues
away from the acceptor site) by the catalytic domain,
promoting the glycosylation event.12 Both glycosylation
preferences operate on N- or C-terminal directions, and
specifically, for the long-range glycosylation preferences, this
behavior is dictated by the GalNAc-T isoform-specific
interdomain flexible linker motion.25 GalNAc-T3/T4/T6/
T12 preferentially glycosylate remote C-terminal sites from
the prior N-terminal GalNAc site,2,14,18−22 whereas GalNAc-
T1/T2/T14 exhibit the opposite preference.15,26,27

Much of the knowledge about the GalNAc-Ts family is
derived from in vitro enzyme studies with the characterization
of products by mass spectrometry (MS) analysis.18,21,26,28−30

In addition, studies of isogenic cell lines, animal models, and
individuals with impaired GalNAc-T2/T3 mutations have
provided information on the nonredundant functions of several
GalNAc-T isoforms.31−33 At the molecular level, insights into
the catalytic mechanism of GalNAc-Ts have been revealed by
X-ray crystallography, NMR, and molecular dynamics (MD)
simulations23,25,34,35 by employing short (glyco)peptides.
Specifically, our previous results suggest that GalNAc-Ts
adopt a UDP-GalNAc-dependent induced-fit mechanism.34

However, our understanding of the molecular basis of
GalNAc-Ts substrate specificity and especially how these
enzymes act in a coordinated manner on very complex
substrates such as mucins are barely known. The best-studied
model of coordinated O-glycosylation has been performed on
the mucin 1 (MUC1) tandem repeats (TRs), which consist
o f r e p e a t i n g 2 0 - m e r u n i t s o f
GVT3S4APDT8RPAPGS14T15APPAH. In vitro and in cell
studies have demonstrated that several GalNAc-Ts (GalNAc-
T1/T2/T3/T11) initiate O-glycosylation in MUC1 and add
GalNAc moieties to T3, T15, and S14 with different preferences
and order of glycosylation.11,36 On the contrary, GalNAc-T4 is
the only isoform requiring prior O-glycosylation of at least one
site by the above isoforms to glycosylate in vitro the remaining
acceptor sites, S4 and T8.10,22

O-Glycosylation induces specific alterations in the chemical
environments of protein residues, which can be readily
monitored by high-resolution NMR spectroscopy,37 allowing
the determination of the glycosylation specificity for different
acceptor sites. In this context, Garieṕy and co-authors applied
NMR to ascertain the order and kinetics of GalNAc-
introduction in a MUC1-5TR substrate by GalNAc-T1
isoform.38 NMR allows the determination of how glycosylation
affects the protein structure conformation, and in cases of
clustered modifications, how one glycosylation site affects the
subsequent glycosylation reaction. Particularly, Ser and Thr O-
GalNAc glycosylation was reported to elicit extended-like
structures in short MUC1 glycopeptides.39−42

On this basis, herein, we exploit NMR spectroscopy to
characterize the full process of MUC1 O-glycosylation by
GalNAc-T2/T3/T4 and to investigate the role of the lectin
domain to guide catalysis (Figure 1).

The glycosylation process of a four TR domain of MUC1
(MUC14TR) (Figure 1A) was explored by using the wild-type
GalNAc-T2, -T3, and -T4 isoforms and their corresponding
impaired lectin mutants GalNAc-T2D458R, GalNAc-T3D517H,
and GalNAc-T4D459H, which contain a critical mutation in the
conserved Asp residue located at the α-subdomain of the lectin
domain (Figure 1B). Previous studies demonstrated that the
mutation of this Asp to a positive charged residue (Arg or His)
precludes the binding of GalNAc by the lectin domain.18,21,43

Figure 1. MUC1 O-glycosylation by multiple GalNAc-Ts. (A)
MUC14TR template used in this study. (B) 3D structure of the
GalNAc-Ts isoforms used in this study and complexed with a
glycopeptide (GalNAc-T2 PDB ID: 5AJP; GalNAc-T3 PDB ID:
6S24; GalNAc-T4 PDB ID: 6H0B). The lectin binding site is
highlighted and displays GalNAc in yellow sticks and the essential Asp
residue, conserved in all isoforms, in pink sticks. The Asp established
H-bonds with OH-3 and OH-4 of GalNAc, which are identified as
dashed blue lines.
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Through monitoring of the chemical shift perturbation
(CSP) of the amide resonances in 1H/15N-HSQC spectra of
the 15N-isotopically labeled MUC14TR, our studies revealed a
stepwise mechanism for each isoform, confirming the distinct
glycosylation preferences employed by each isoform and
highlighting the relevance of the lectin domain in these
enzymes. The alterations in the conformation of MUC14TR

upon GalNAc incorporation along the O-glycosylation process
were also monitored, and their implication on the GalNAc-Ts
activity was also inferred. Finally, cellular assays were
performed to define the GalNAc-T isoforms involved in
glycosylating S4 and T8 in the MUC1 structure, revealing

GalNAc-T4 isoform as the only isoform able of glycosylating
the T8 of the immunogenic epitope PDTRP.

■ RESULTS AND DISCUSSION

NMR Analysis of 15N-MUC14TR Glycosylation by the
GalNAc-T2 IsoformRole of the Lectin Domain
15N-MUC14TR was used as a probe to explore MUC1 O-
glycosylation by NMR (see material and methods for details,
Figures S1 and S2 and Table S1 of the Supporting
Information). The 15N-MUC14TR molecular weight was
verified by MS, and its NMR spectrum was assigned by

Figure 2. Glycosylation of MUC14TR catalyzed by the GalNAc-T2 and its GalNAc-T2D458R mutant. Table S5 details the experimental conditions.
(A) Scheme of the MUC14TR glycosylation event in the presence of the GalNAc-T2 enzyme. The glycosylation sites are displayed in red in the
amino acid sequence of MUC14TR; (B,C) 1H,15N-HSQC spectra recorded during the glycosylation process of MUC14TR by the GalNAc-T2 (B)
and its GalNAc-T2D458R mutant (C) without UDP-GalNAc (black) and after 20 min (red) and 24 h (blue), using an excess of the donor UDP-
GalNAc. Arrows indicate the observed CSP that occur as a result of the GalNAc additions at T15 (blue arrows), T3 (green arrows), and S14 (orange
arrows). The * labeling in the amino acids on the spectra indicates that either Thr or Ser residues are glycosylated, and # labeling indicates shifts on
glycosylated T15 after glycosylation of S14.
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standard procedures (Figure S2 and Table S1). The reaction
with GalNAc-T2 and GalNAc-T2D458R impaired lectin mutant
was carried under an excess of UDP-GalNAc and was followed
over time through the acquisition of a series of 1H/15N-HSQC
spectra. Figure 2 shows the selected 1H/15N-HSQC spectra of
MUC14TR before and after addition of UDP-GalNAc at 20 min
and 24 h. In the 1H/15N-HSQC spectra before the addition of
UDP-GalNAc, apart from the N-terminals T3 and S4 and C-
terminals A19 and H20 for which two peaks are visible, only
one amide peak is visible for each of the residues in the same
relative position on the MUC14TR (Figure 2B,C black spectra
and Figure S2). The 1H,15N combined CSPs observed on the
1H/15N-HSQC spectra reflect the GalNAc transfer to
MUC14TR (Figure S3A). In agreement with previously
reported results,36 the first glycosylation events in the
MUC14TR take place at the T15 moieties (T15*, where *
denotes that the residue is covalently attached to GalNAc), as
deduced by the strong CSPs observed at these residues (0.38
ppm) and their vicinal amino acids, with A16 experiencing a
considerable CSP (0.28 ppm). Then, glycosylation at T3 is
evidenced by its CSP (0.32 ppm) along with those observed
for S4 (0.23 ppm), A5 (0.13 ppm), and V2 (0.08 ppm). Finally,
glycosylation at S14 is verified by its corresponding CSP (0.15
ppm) along with those observed for the glycosylated T15*
(0.23 ppm) (Figure 2B identified as T15#). Furthermore, CSPs

are also detected for A16 (0.11 ppm) and G13 (0.10 ppm). The
measurement of the cross-peak volumes in the 1H/15N-HSQC
spectra allowed the quantification of the % glycosylation of
each acceptor site in all four TRs. Indeed, after 20 min of
reaction (fast glycosylation), complete glycosylation at T15

(blue arrows) and T3 (green arrows) was observed (Figure
2B). In contrast, only ∼70% of S14 residues (orange arrows)
were glycosylated. Thus, one of the four TR domains is not
glycosylated at S14 in MUC14TR and requires 24 h (exhaustive
glycosylation) for completion (Figure 2B). MS analysis
together with the full NMR assignment of the purified product
confirmed that T15, T3, and S14 were fully glycosylated in all
TRs, while S4 and T8 remained nonglycosylated (Figure S4 and
Table S2).
The combined 1H,15N-CSPs (Figures S3A) observed for the

neighboring residues to the glycosylation site suggest local
alterations of the chemical and structural environment of
MUC14TR due to the incorporation of GalNAc units, which is
consistent with previous observations with short MUC1 Tn-
glycopeptides.39−42 The 1H and 15N NMR chemical shifts for
the nonglycosylated MUC14TR are indicative of a major
random coil-like conformational ensemble. However, besides
the multiple conformations in solution, local conformations,
typically found in the extended region of the Ramachandran
plot for the three potential glycosylation regions of MUC1,

Figure 3. Putative 3D models to explain the glycosylation of T3 and S14 of MUC14TR catalyzed by GalNAc-T2. (A) 3D view of complex GalNAc-
T2/1 derived from a representative frame obtained from 0.5 μs of MD simulation. A key CH−π interaction between the β-methyl group of T3 and
the aromatic ring of F372 is shown in dashed lines (distance 4.8 ± 0.4 Å). (B) 3D view of the binding site of GalNAc-T2/2 derived from a
representative frame obtained from 0.5 μs of MD simulation. A relevant hydrogen bond, 38% populated through the whole trajectory, between the
GalNAc at T6 of 2 (T15 in MUC14TR) and W265 is highlighted in dashed lines. In both structures, the catalytic domain is displayed in orange and
the lectin domain is depicted in green. In the glycopeptides, the GalNAc units are shown in yellow sticks. UDP-GalNAc is displayed in gray sticks
and Mn2+ is shown as a cyan sphere. Relevant residues of the glycopeptides and some residues of catalytic domain are also shown as sticks and in a
different color. Schematic representation of the sequential glycosylation process at T3 and S14 of MUC14TR catalyzed by GalNAc-T2 is also
displayed. These models highlight the N-terminal preference of GalNAc-T2.
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VTSA (mixture of β-strand/inverse γ turn), DTR (inverse γ
turn), and GSTA (polyproline II-like), were previously
identified by Kinarsky et al.39 Thus, according to the authors,
nonglycosylated MUC1 has in these regions a natural tendency
to adopt extended-like conformations. Herein, the chemical
shift index (CSI)44,45 of the 13Cα,

13Cβ of the naked MUC14TR

and the glycosylated (MUC14TR-T3*S*14T15*) were calculated
and compared (Figure S3B, gray and green, respectively),
clearly indicating local deviations around VTS and GSTA from
the random coil (small negative CSI values) toward an
extended conformation (due to an increase of negative CSI
values) after the introduction of GalNAc.
By using the GalNAc-T2D458R lectin mutant and after 20 min

of reaction (Figure 2C), CSPs were only detected for T15 and
the residues in its vicinity, and only after 90 min, glycosylation
at T3 (∼20%) was detected (Figure S5). Even after 24 h,
glycosylation at T3 was not completed (ca. 80%) (Figures 2C
and S5), while only a very small fraction of S14 sites was
glycosylated (5%). Thus, the glycosylation at T15 sites takes
place prior to glycosylation at T3, and although the GalNAc-
T2D458R mutant can glycosylate T3 and S14 residues, its catalytic
efficiency is affected by the mutation at the lectin domain.
These results suggest that GalNAc-T2 uses its lectin domain to
drive glycosylation at S14 but also to a certain degree at T3 in
MUC1. This agrees with previous studies, showing that
GalNAc-T2 glycosylation at S14 requires the lectin domain,18

and further suggests that also the glycosylation of T3 is assisted
by the lectin domain.
The preference of GalNAc-T2 toward T15 versus T3 in

MUC14TR was also supported through NMR experiments
limiting the UDP-GalNAc concentration with respect to the
number of GalNAc-T2 potential acceptor sites in MUC14TR.
First, we used the corresponding molar equivalents of UDP-
GalNAc to glycosylate 4 out of the 20 putative glycosylation
sites available at MUC14TR. The quantification of the cross-
peak volumes in the 1H/15N-HSQC allowed assessing that,
while ∼54% of the T15 residues were glycosylated (roughly two
TR domains), only ∼7% of GalNAc-incorporation was
observed at T3 (Figure S6). When the concentration of the
UDP-GalNAc donor is sufficient to glycosylate 10 acceptor
sites, all T15 residues were fully glycosylated, while T3 was
glycosylated in only ∼56% and S14 did not show any trace of
glycosylation (Figure S6). These results clearly demonstrate
that GalNAc-T2 first glycosylates the T15 residues and initiates
the addition of GalNAc at T3 before completing the
glycosylation of all T15 residues. These observations are in
agreement with the conclusions reported for MUC1 peptide
fragments.18,36 Therefore, the reaction at the T3 site is assisted
by the binding of the lectin domain of the enzyme to a prior
glycosylated T15, evidencing that GalNAc-T2 displays a long-
range N-terminal preference. To support this observation, MD
simulations of 0.5 μs of GalNAc-T2 complexed with UDP-
GalNAc/Mn2+ and MUC1 monoglycopeptide GVTSAPDTR-
PAPGST*APPA (1) were performed (underlined is the
acceptor site and * indicates the glycosylated amino acid).
Initially, we run extensive unrestrained MD simulations on the
complexes. However, under these conditions and due to the
flexibility of the protein and the glycopeptides, the residue to
be glycosylated was not properly oriented in the catalytic
domain, observing that the peptide fragment close to this
domain explored additional areas of the protein. Therefore, a
distance restriction between the oxygen of the hydroxyl group
of the reactive Ser/Thr residue and C1 of GalNAc in UDP-

GalNAc (distance O−C1 < 4.5 Å) was set in all MD
simulations to maintain the correct orientation of the peptides
in complex with the enzymes. The putative 3D structure of
complex GalNAc-T2/1 was then generated using as starting
coordinates the X-ray structure of a complex of GalNAc-T2 in
an extended conformation (PDB entry 2FFU) and glycopep-
tide 1 (Figure 3A). The GalNAc at T15* of glycopeptide 1 was
bound to the lectin domain. The complex GalNAc-T2/1 was
stable throughout the MD trajectory (Figure S7A) suggesting
that glycosylation at T3 can be lectin assisted, as inferred from
the NMR experiments. According to the MD simulations, the
methyl group of T3 is engaged in a CH−π interaction with the
aromatic ring of F372 (distance 4.8 ± 0.4 Å, Figure 3A).
Preference for glycosylation of Thr over Ser residues by
GalNAc-T2 was previously observed.46,47 In this context, the
stabilizing interaction between T3 and F372 is a structural
feature that can explain why GalNAc-T2 prefers to glycosylate
T3 rather than S4.
Finally, with UDP-GalNAc donor concentration enough to

glycosylate all putative 20 acceptor sites, it was possible to
reach full T15 and T3 glycosylation; however, only 45% of S14

was glycosylated (Figure S6). These data indicate that
glycosylation at S14 is only initiated when all T15 and T3

residues have already been glycosylated. Moreover, the severe
impairment of S14 glycosylation by the GalNAcD458R mutation
suggests that the S14 glycosylation might be promoted by a
prior binding of the glycosylated T3 of the following TR to the
lectin domain, a mechanism compatible with a long-range N-
terminal preference. This lectin dependence to glycosylate S14

suggests that the glycosylation of the S14 located at TR4 of
MUC14TR (TR4 S14) should have a considerably slower rate
than the glycosylation of the other three S14 acceptor sites. The
absence of a fifth tandem repeat in our construct precludes the
glycosylation of TR4 S14 in a lectin-dependent manner. In fact,
under an excess of UDP-GalNAc, GalNAc-T2 only takes 20
min (fast glycosylation) to glycosylate the three S14 residues
(11 GalNAc units are attached to MUC14TR, providing a mass
of 9831 m/z; Figure S3), when the last S14 residue requires 24
h (exhaustive glycosylation) to be glycosylated (note that at 16
h, the last S14 is still not glycosylated since only 85% of the S14

residues are glycosylated, data not shown). Due to the
degeneracy of S14 cross peaks in MUC14TR, it was not possible
to assure with absolute certainty that the last S14 to be
glycosylated corresponds to TR4 S14. However, considering
the lectin dependence of GalNAc-T2 to glycosylate S14, it is
tempting to speculate that the last S14 residue to be
glycosylated should be located at the TR4 of MUC14TR.
To understand the molecular basis of S14 glycosylation, we

performed guided 0.5 μs MD simulations of GalNAc-T2
complexed with UDP-GalNAc/Mn2+ and a MUC1 diglycopep-
tide PAPGST*APPAHGVT*SAP (2) (Figure 3B). In this
diglycopeptide, the relative position of S at GST*AP and
glycosylated T* at GVT*SA are equivalent to S14 in one
tandem repeat and T3* in the following tandem repeat of
MUC14TR. Therefore T* in GVT*SA (T3* in a TR+1 of
MUC14TR) is bound to the lectin domain to perform
glycosylation at S in the GST*AP motif (S14 in a TR of
MUC14TR). The computational study shows that the distance
of the hydroxyl group of S at GST*AP (equivalent to S14) to
C1 of UDP-GalNAc (distance <4.5 Å) is stable through the
whole trajectory (Figures 3B and S7B). A crucial hydrogen
bond (38% populated along the MD trajectory) between the
carbonyl group of GalNAc of the adjacent glycosylated T* in
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Figure 4. Glycosylation of MUC14TR-T3*S14*T15* by GalNAc-T4 and the GalNAc-T4D459H mutant. Table S5 details the experimental conditions.
(A) Scheme of the MUC14TR-T3*S14*T15* glycosylation event catalyzed by GalNAc-T4. The glycosylation sites are displayed in red. (B,D)
1H/15N-HSQC of the MUC14TR-T3*S14*T15* product in the presence of GalNAc-T4 (B) and GalNAc-T4D459H (D). In black, only with MnCl2,
and in magenta and blue, after addition of UDP-GalNAc (in excess) at 2 and 24 h, respectively. The arrows indicate CSP that occurs as result of
GalNAc additions at S4 (gray arrows) and at T8 (yellow arrows). The * labeling in the amino acid on the spectra indicates glycosylation. (C,E)
Time course of relative % of glycosylation at S4 and T8 residues by GalNAc-T4 (C) and GalNAc-T4D459H (E) (see the Experimental Section for
details).
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GST*AP (T15* in a TR of MUC14TR) and the NH of the
sidechain of W265 could be behind the stable and short
distance between the S residue at GST*AP (S14 in a TR of
MUC14TR) and UDP-GalNAc and should be an essential
feature for the reaction to occur. In conclusion, our data
pinpoints the N-terminal preference of GalNAc-T2 to
glycosylate T3 and S14 in MUC14TR through a mechanism
assisted by the lectin domain.

NMR Analysis of 15N-MUC14TR Glycosylation by the
GalNAc-T3 Isoform and Its Comparison to that of
GalNAc-T2

Although GalNAc-T3 glycosylates the same three MUC1
glycosylation sites found for GalNAc-T2, the order of
glycosylation is different.36 To compare the glycosylation
process of MUC14TR by GalNAc-T3 and its corresponding
GalNAc-T3D517H mutant, we used the same methodology as
described above for GalNAc-T2. GalNAc-T3 glycosylates first
T3, then T15, and finally S14. Interestingly, after 20 min of
reaction time, three out of four T3 and T15 residues were
glycosylated, corresponding to the three TRs, while less than
5% of S14 was glycosylated (Figure S8). After 90 min,
glycosylation at T3 and T15 residues was completed (100%). In
contrast, for GalNAc-T3D517H, after 20 min (fast glycosyla-
tion), only glycosylation at T3 residues occurred (65%,
corresponding to ∼3 TR domains), while after 90 min,
glycosylation at T3 and T15 residues reached 100 and ∼25%,
respectively. After 24 h (exhaustive glycosylation), the
glycosylation of S14 residues is ∼70% in the presence of
GalNAc-T3, while it is not detected in the presence of
GalNAc-T3D517H (Figure S8). Moreover, even after 72 h,
glycosylation at S14 is still not completed (ca. 88%) while
remaining undetected with the mutant (Figure S8). Therefore,
while GalNAc-T3-mediated glycosylation at T3 is only
dependent on the natural affinity of the catalytic domain
toward the GVTS region of MUC1, remote glycosylation at
T15 and S14 is clearly assisted by the lectin domain. The
observed long-range glycosylation by GalNAc-T3 agrees with
the contribution of the lectin domain to the recognition of the
GalNAc moiety located at T3, which promotes the GalNAc
transfer to the T15 and S14 residues. This result is in agreement
with the preference of GalNAc-T3 to glycosylate C-terminal
remote acceptor sites prior to N-terminal glycosites.28,48

Interestingly, a comparison of the glycosylation rates on
MUC14TR between both isoforms shows that GalNAc-T3 is
slower to glycosylate S14 than GalNAc-T2. These differences in
the ability to incorporate GalNAc at S14 agrees with a previous
report using kinetics studies assisted by MS that demonstrate
that GalNAc-T2 glycosylates S14 faster than GalNAc-T1/T3
isoforms.36 These differences are likely, not due to the different
directionality of the lectin-mediated long-range glycosylation
preferences since GalNAc-T1 and T2 isoforms display the
same type of long-range glycosylation preferences.15,26,27 More
likely, the divergent rates for the GalNAc-T3 and T2 isoforms
are due to how the prior glycosylated sites affect the
conformation and/or presentation of each TR domain, which
determine the recognition by the catalytic domain of these
isoforms. To evaluate this hypothesis, the conformation of
MUC14TR-T3*T15* in solution was investigated. The prepara-
tion of MUC14TR-T3*T15* and its NMR and MS character-
ization are described in SI and displayed in Figure S9 and
Table S3, respectively. The 1H,15N-CSP of MUC14TR-T3*T15*
using naked MUC14TR as reference (Figure S10A) and the

comparison of the 13C-CSI of MUC14TR-T3*T15* with the
naked MUC14TR were scrutinized (Figure S10B), showing that
glycosylation at T3 and T15 modulates the conformation of the
surrounding residues. Specifically, the 13C-CSI difference for
S14 before and after glycosylation at T15 is rather large (Figure
S10B) and suggests a decrease in the flexibility of S14 and a
shift toward an extended conformation. Previously, Kinarsky et
al.39 suggested that the GS14T15A region changes from
polyproline II-like toward an inverse γ-turn conformation
upon glycosylation of T15 in MUC1 short glycopeptides. In
fact, similar behavior has been previously observed also by
us.49 Based on this, it is tempting to propose that GalNAc-T2
has more affinity to the inverse γ-turn conformation of
GS14T15*A and preferentially glycosylates the S14 acceptor site
in this region than GalNAc-T3 and T1.

NMR Analysis of 15N-MUC14TR Glycosylation by the
GalNAc-T4 IsoformDifferences in S4 and T8

Glycosylation

GalNAc-T4 isoform is the only isoform identified that is able
to glycosylate in vitro S4 and T8 in the MUC14TR

structure.10,22,50,51 To further explore this event by NMR, we
used the GalNAc-glycopeptide MUC14TR-T3*S14*T15* as the
acceptor substrate (Figure 4). The CSP analysis is now focused
on the effects of glycosylation at S4 and T8 (Figures 4B,C and
S11). Glycosylation at T8 induces a strong CSP (0.51 ppm,
yellow arrow) at this residue along with others at R9 (0.29
ppm, yellow arrow) and D7 (0.10 ppm, yellow arrow) (Figures
4B and S11). In contrast, glycosylation at S4 only provides
moderate CSP at the corresponding S4 (0.18 ppm, gray arrow)
and A5 (0.07 ppm, gray arrow) (Figures 4B and S11).
After 5 h of reaction time, S4 and T8 residues were

glycosylated 40 and 24%, respectively, while after 48 h, ∼75−
80% of the S4 and T8 residues were glycosylated (Figure 4C)
indicating that one glycosylation is lacking for both S4 and T8.
Nevertheless, the mass analysis of the product purified by
HPLC displayed two masses, ∼11,255.6 m/z and ∼11,458.6
m/z, which corresponded to two different glycosylated
MUC14TR that account for 18 and 19 GalNAc units,
respectively (Figure S12).
The NMR assignment of the major product with 19

glycosylated sites out of 20 allowed us to unequivocally identify
that the TR1 S4 is not glycosylated (Figures S12 and Table
S4), suggesting that glycosylation of S4 by GalNAc-T4 is lectin
domain-assisted and requires the binding of the lectin domain
to a GalNAc moiety present at the preceding MUC1 TR
domain. This is compatible with a long-range C-terminal
preference. In this scenario, the GalNAc-T4 lectin domain
should bind the GalNAc moiety at either S14 or T15 at a given
TR of MUC14TR-T3*S14*T15* product to drive the glyco-
sylation process onto S4 of the following TR domain. The
analysis with the GalNAc-T4D459H lectin mutant was also
performed (Figures 4D,E and S13). While S4 glycosylation was
completely abolished in the presence of the mutant, a small
fraction of T8 glycosylation occurred very slowly and
progressively with the time of incubation (after 24 h, 20% of
the T8 residues were glycosylated, reaching a maximum of 35%
after 72 h). These results confirm the importance of the lectin
domain in the glycosylation of S4 and demonstrate that the T8

glycosylation process is also severely affected in the presence of
GalNAc-T4D459H (Figure 4), strongly suggesting that the
glycosylation of T8 also takes place in a lectin domain-assisted
manner. The results described above for MUC14TR-
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T3*S14*T15* indicate that S4 and T8 are glycosylated by
GalNAc-T4 in a lectin-dependent manner. However, it was not
inferred whether the lectin domain binds at the previous
glycosylated S14 or T15 to drive the glycosylation events at S4 or
T8. Therefore, to uncover how the glycosylation takes place at
those acceptor sites, 0.5 μs MD simulations were performed
using 3D models of GalNAc-T4 complexed with UDP-
GalNAc/Mn2+ and MUC1 triglycopeptide PGS*T*AP-
PAHGVT*SAPDTRPAPG (3). In these models, the lectin
domain was bound to either GalNAc at S or T of the GSTA
region (equivalent to S14* or T15* of a preceding TR of
MUC14TR) to drive glycosylation at S in GVT*SA (equivalent
to S4 in a TR of MUC14TR) or T in PDTRP (equivalent to T8

in a TR of MUC14TR) (Figures 5 and 6).
According to 0.5 μs guided MD simulations (with a distance

between the hydroxyl group of S4 and C1 of UDP-GalNAc
<4.5 Å), glycosylation of S4 is feasible when the lectin domain
accommodates either GalNAc at T15* (Figures 5A and S14A)
or S14* (Figures 5B and S14B). In both possibilities, the
GalNAc moiety at T3* interacts through transient hydrogen
bonds with several residues of the catalytic domain. Never-
theless, when T15* is bound to the lectin domain, a hydrogen
bond populated around 30% along the MD trajectory is
established between the carbonyl group of GalNAc at T3* and

the NH of F284 of the enzyme (Figure 5A), which could allow
for the proper orientation of S4 for the glycosylation. The MD
simulations (with a distance between the hydroxyl group of T8

and C1 of UDP-GalNAc < 4.5 Å) indicate that T8 is not
properly located in the active site when S14* is bound to the
lectin domain, suggesting that the glycosylation in T8 likely
occurs with the assistance of the lectin domain bound
preferentially at T15* of the preceding TR domain of
MUC14TR (Figures 5C and S14C). In this latest binding
mode, GalNAc at T3* forms transient hydrogen bonds with
the enzyme, and the methyl group of T8 is involved in a CH−π
interaction with the aromatic ring of F364 (6.3 ± 0.5 Å), which
may favor the correct orientation of this residue for optimal
glycosylation (Figure 5C). In the long-range glycosylation, the
T8 residue in MUC14TR is located 13 residues apart in the
sequence from the glycosylated T15* of the preceding TR,
while S4 is much closer (9 residues), being the shorter distance
within the optimal range for GalNAc-T4 catalysis. Previous
studies demonstrate that GalNAc-T4 prefers to glycosylate
acceptor residues located 7−11 residues away from a prior
glycosite,28,48 which might explain the slight preference of
GalNAc-T4 to glycosylate S4 versus T8 residues in MUC14TR.

Figure 5. Putative 3D models obtained by MD simulations to explain the glycosylation of S4 and T8 in MUC14TR catalyzed by GalNAc-T4. (A,B)
Glycosylation of S4. A 3D view of two complexes of GalNAc-T4/3 derived from a representative frame obtained from 0.5 μs of MD simulation in
which GalNAc-T15 (A) or GalNAc-S14 (B) is accommodated in the lectin domain, respectively. A hydrogen bond between the carbonyl group of
GalNAc at T3 and the main chain of F284, populated in 30% during MD trajectory, is established in (A). (C) Glycosylation of T8. 3D view of
GalNAc-T4/3 derived from a representative frame obtained from 0.5 μs of MD simulation in which GalNAc-T15 (C) is accommodated in the lectin
domain. The methyl group of T8 is involved in CH−π interactions with the aromatic ring of F364 (6.3 ± 0.5 Å). In all structures, the catalytic
domain is shown in light blue and the lectin domain in dark blue. In the glycopeptides, the GalNAc units are shown in yellow sticks and the
glycopeptide backbone in green ribbon. UDP-GalNAc is displayed in gray sticks and Mn2+ is shown as a cyan sphere. Relevant residues of the
glycopeptides and some residues of catalytic domain are also shown as sticks and in a different color. Schematic representation of the glycosylation
process at S4 and T8 of MUC14TR catalyzed by GalNAc-T4 is also displayed. These models highlight the C-terminal preference of GalNAc-T4.
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Role of the GalNAc-T4 Catalytic Domain in Glycosylating
MUC14TR

Glycosylation of S4 and T8 of MUC1 by GalNAc-T4 is a
process dominated by its lectin long-range preference.
However, other features may modulate the GalNAc-T4
activity: (1) conformational changes in MUC1 structure
induced by the presence of GalNAc in adjacent sites of the
glycosylation site and (2) the preference of the catalytic
domain toward specific peptide regions and/or glycopeptides
(catalytic-domain-dependent glycosylation). To evaluate how
the prior glycosites may affect the subsequent GalNAc-T4
glycosylation reactions, additional experiments were performed
using MUC14TR-T3*T15* (Figure S15) and MUC14TR-T15*
(Figure S16) as acceptor substrates. In the presence of
MUC14TR-T3*T15*, GalNAc-T4 prefers to glycosylate S4

(GVT*SA) over S14 (GST*AP) or T8 (PDTRP) (Figure
S15). After 24 h, 60% of S4, ∼15% in S14, and 8% of T8

residues were glycosylated. This result supports that GalNAc-
T4 lectin domain likely binds to the GalNAc moiety at T15* of
a preceding TR to drive glycosylation at S4 of the following
TR. By comparing the GalNAc incorporation in MUC14TR-
T3*T15* versus MUC14TR-T3*S14*T15* by GalNAc-T4

(Figures 4B and S15), differences in glycosylation of the two
acceptor substrates were observed. The slower glycosylation of
MUC14TR-T3*T15* versus MUC14TR-T3*S14*T15* indicates
that S14 glycosylation must be priorly glycosylated by GalNAc-
T2/-T3 to maximize the full glycosylation of MUC1 and
exemplify the importance of the complementary and
hierarchical functions of GalNAc-Ts during the O-glycosyla-
tion process of MUC1. Interestingly, when using the
MUC14TR-T15* as the acceptor substrate, GalNAc-T4 first
glycosylates T3 over S4, both located at the GVTSA motif
(Figure S16). MD simulations performed on the complex
between the enzyme and a glycopeptide as an acceptor
substrate, PGST*APPAHGVTSAPDTRPAPG (4), show that
a hydrophobic contact between the methyl group of T3 and
A368 may help to align this residue for glycosylation, which
could be the reason for the preference of T3 related to S4

(Figure 6A). These two residues are in the same region of
MUC1 peptide (sharing a similar chemical environment), and
in both cases, glycosylation is assisted by the lectin domain (T3

and S4 are eight and nine residues away from T15*,
respectively). Thus, the less efficient capacity of GalNAc-T4
to glycosylate Ser than Thr residues is likely due to the poorer

Figure 6. Putative 3D models obtained by MD simulations to explain the glycosylation of MUC14TR catalyzed by GalNAc-T4. (A) 3D view of two
complexes of GalNAc-T4/4 derived from a representative frame obtained from 0.5 μs of MD simulations. Hydrophobic interaction between the
methyl groups of T3 and A368 (4.7 ± 0.6 Å) is observed, which may favor the proper orientation of this threonine residue for efficient
glycosylation. (B) Close view of STD−NMR experiments for short diglycopeptide (MUC1-T3*T15*). STD−NMR experiments were performed at
298 K in the presence of UDP (75 μM) and MnCl2 (150 μM) with a molar ratio of 75:1 diglycopeptide:GalNAc-Ts (GalNAc-T2, -T3, and -T4).
The reference spectrum (1H NMR) is displayed in blue, while the STD spectrum (STD) is displayed in black for GalNAc-T4, in dark gray for
GalNAc-T3, and in gray for GalNAc-T2. (C) Close view of GalNAc-T4/3 derived from a representative frame obtained from 0.5 μs of MD
simulation in which GalNAc-T15 is accommodated in the lectin domain. Interestingly, D7 is engaged in a high populated salt-bridge interaction with
R372 (71 and 88%) (dashed line). In the structures, the catalytic domain is shown in light blue and the lectin domain in dark blue. In the
glycopeptides, the GalNAc units are shown in yellow sticks and the glycopeptide backbone in green ribbon. UDP-GalNAc is displayed in gray sticks
and Mn2+ is shown as a cyan sphere. Relevant residues of the glycopeptides and some residues of catalytic domain are also shown as sticks and in a
different color. Relevant residues of the glycopeptide and the protein are also shown as sticks. Schematic representation of the glycosylation process
at T3 and T8 of MUC14TR catalyzed by GalNAc-T4 is also displayed. These models highlight the C-terminal preference of GalNAc-T4.
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binding to the catalytic domain, as shown by our calculations.
In fact, as verified by other GalNAc-Ts (e.g., T2 and T3), also
for GalNAc-T4, a preference was shown to glycosylate Thr
over Ser in random peptides.46 On the other hand, from the
conformational perspective, the 13C-CSI analysis of MUC14TR-
T3*S14*T15* versus the naked MUC14TR (Figure S4B) clearly
indicates that glycosylation at T3 affects the conformation of
the S4 neighboring residue. Our 13C-CSI analysis shows that
the presence of GalNAc at T3 increases the population of β-
strand-like conformation at the GVTS motif and agrees with
the conformational analysis of MUC1 short glycopeptides
previously reported.39,52 This alteration in the local con-
formation of S4 might also play a role in the glycosylation of S4

by GalNAc-T4. Additionally, as previously mentioned, the
presence of the neighboring GalNAc at T3* contributes to
additional interactions with the catalytic domain favoring the
glycosylation of the contiguous S4 (Figure 6A, h-bond between
the carbonyl of GalNAc and NH of F284). The presence of
GalNAc at T3* as a prerequisite for glycosylation of S4 at the
GVTSA region of MUC1 agrees with the absence of
glycosylation at S4 observed for the MUC1 glycopeptide
mutant in which T3 was mutated by a valine residue.22 The
existence of this short-range glycosylation preference by
GalNAc-T4 was previously reported by us using short model
glycopeptides.23

In the case of T8 glycosylation (located at the PDTRP
sequence), GalNAc-T4 glycosylates this residue in the same
proportion as S4 at GVT*SA when the acceptor substrate is
MUC14TR-T3*S14*T15*(Figure 4B). In this acceptor substrate,
the glycosylation of T8 and S4 seems to occur independently.
In addition, a small fraction of T8 glycosylation is detected in
the case of the mutant GalNAc-T4D458H (Figure 4D,E).
Surprisingly, in the presence of MUC14TR-T3*T15*, T8

glycosylation occurs in the same proportion as that of S14 at
GST*AP. CSP and CSI analyses between MUC14TR-T3*T15

and MUC14TR-T3*S14*T15* (Figure S17) illustrate that S14

displays negligible effects on the chemical environment and
conformation of PDTRP MUC14TR, suggesting that GalNAc-
S14 does not modulate the glycosylation of T8 at the PDTRP
motif. Previous studies suggest that the DTR fragment at
MUC1 falls in the inverse γ-turn geometry’s area of the
extended conformations in the Ramachandran plot.39 This
conformation is likely important for the recognition of the
GalNAc-T4 catalytic domain according to our results,
explaining why the GalNAc-T4D459H still glycosylates T8.
Overall, these data suggest that GalNAc-T4 has some natural
preference to glycosylate the PDTRP region in the absence of a
functional lectin domain. To further confirm this hypothesis,
we performed saturation transfer difference (STD)−NMR
experiments with GalNAc-T2, -T3, and -T4 using a short
diglycopeptide containing one TR (MUC1-T3*T15*) (Figures
6B and S18).
STD signals corresponding to side chain protons of D7 and

R9 at the PDTRP region were only detected in the case of
GalNAc-T4. No STD signals were observed within the
PDTRP sequence for either GalNAc-T2 or T3 isoform,
demonstrating the specific recognition of the catalytic domain
of GalNAc-T4 toward the inverse γ-turn PDTRP region
around T8. Interestingly, the T8 at the PDTRP region is the
only acceptor site at MUC1 flanked by two charged residues,
which implies that these charge residues are likely specifically
recognized by the GalNAc-T4 catalytic domain. Indeed, the
analysis of the MD simulations on glycopeptide 3 in complex

with GalNAc-T4 (Figure 6C) points out a significant salt-
bridge between D7 at the PDTRP region of 3 and the R372
residue of GalNAc-T4 (high populated salt-bridge around 70−
90% along the MD trajectory). Remarkably, this residue of
GalNAc-T4 is not conserved in GalNAc-T2 and T3, which
could be a mechanism of this enzyme to recognize the most
immunogenic domain of MUC1. In short, GalNAc-T4 needs
its lectin domain to efficiently glycosylate both S4 and T8

residues. However, other structural features such as the
conformation and composition of the peptide sequence
together with GalNAc-T4 short-range glycosylation preference
finely tune MUC1 O-glycosylation by GalNAc-T4.

Elucidation of the GalNAc-T Isoforms Glycosylating S4 and
T8 Residues in Cells

It is well accepted that GalNAc-T1, -T2, and -T3 are the major
isoforms glycosylating in vitro and in vivo T3, S14, and T15 in
MUC1.36,51 Although it is well accepted that GalNAc-T4 is
capable of glycosylation S4 and T8 in vitro,10,22 it is not clear
whether GalNAc-T4 glycosylates these acceptor sites in vivo.
One study showed that overexpression of GalNAc-T4 in CHO
cells appears to enhance T8 glycosylation at the PDTRP
sequence,50 and more recently, knock out (KO) of the
GALNT4 gene in HEK293 cells revealed selective loss of the
O-glycan at the Thr in the PDTR motif (T8) of the MUC1
tandem repeats when a reporter construct with seven TRs
(MUC17TRs) was expressed.53 Since loss of GalNAc-T4 in
HEK293 cells did not appear to affect O-glycosylation at the
Ser in VTSA (S4), we wanted to further confirm this finding
using an alternative bottom-up MS approach. The traditional
bottom-up MS strategy for MUC1 TRs is based on use of
endo-Asp digestion with cleavage in the PDTR motif, and an
O-glycan at the Thr site may bias the cleavage and result of the
analysis. We therefore took advantage of the glycomucinase
BT4244 from Bacteroides thetaiotaomicron previously shown to
cleave N-terminal to Ser or Thr residues with an α-GalNAc O-
glycan attached.54 We recently demonstrated that this enzyme
efficiently cleaves the Tn glycoform of the MUC17TRs reporter
with predominant cleavage in between the O-glycan diads at
the VT3S4A and GS14T15A motifs.55 The BT4244 glycomuci-
nase efficiently cleaves the MUC1 reporter expressed in
HEK293KO COSMC/GALNT4 with O-glycosylation limited to α-
GalNAc O-glycans,56 and we could confirm that the T8 in
PDT8R was not glycosylated in HEK293 cells with the KO of
GALNT4, while the S4 in VTS4A was efficiently O-glycosylated
(Figure 7). This suggests that S4 may be O-glycosylated by
other GalNAc-T isoforms in HEK293 cells despite those past
studies with in vitro enzyme assays that have failed to identify
such activities. Nevertheless, our results clearly confirm that
GalNAc-T4 is the only isoform capable of glycosylating T8 in
PDTRP in vivo and completing the O-glycosylation of the five
glycosites in MUC1.

■ CONCLUSIONS

Nature has deployed a vast number of GalNAc-Ts isoforms to
deal with very complex protein substrates, like mucins,
ensuring their function in living organisms. Deciphering the
molecular determinants behind the glycosylation of mucins by
GalNAc-Ts is crucial to understand the mode of action and the
fine specificity of GalNAc-Ts toward mucins and is essential to
explain how the complex mucinome is created. Herein, we
provide NMR-derived structural insights into the full process
of MUC1 O-glycosylation involving consecutive steps
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catalyzed by GalNAc-T2/T3 and T4. Apart from confirming
the order by which GalNAc-T2/T3 and T4 glycosylate the
different acceptor sites in the MUC1 TRs, we also demonstrate
that the lectin-mediated functions of these GalNAc-Ts are
strongly involved in all subsequent glycosylation reactions after
the first GalNAc-addition. The lectin domain strongly
contributes to define the site, the order, and the orientation
of glycosylation in a complex mucin template such as
MUC14TR (Figure 8). Since GalNAc-T1 and T2 are rather
ubiquitously expressed and are the workhorses to initiate the

O-glycoproteome in cells,33 we predict that these together with
GalNAc-T3 (and its close paralog GalNAc-T6) in cells will
drive the initial O-glycosylation of MUC1, while GalNAc-T4
serves to complete glycosylation. This hierarchy in GalNAc-Ts
seems to be fundamental to obtain a fully glycosylated MUC1
product. Furthermore, our NMR data show local conforma-
tional changes in TRs during the incorporation of GalNAc
residues, which may correlate with the preferences of some of
GalNAc-Ts toward specific (glyco)peptides conformations
(e.g., GalNAc-T2 glycosylates Ser residues at the glycosylated
GST*AP better than GalNAc-T3/T1).
We have also demonstrated that GalNAc-T4 is the unique

isoform responsible to glycosylate the PDTRP region of
MUC1 in cells, a process that depends significantly on its lectin
domain and to a lesser extent on the exquisite affinity of its
catalytic domain to the PDTRP motif. The inverse γ-turn
conformation adopted by the DTR sequence in solution39

concomitantly with a specific salt-bridge that can be
established between the Asp of PDTRP and the Arg of the
enzyme might be the main structural features behind GalNAc-
T4 preference toward this region. The PDTRP motif of the
MUC1 structure is highly immunogenic, and most of the anti-
MUC1 antibodies specifically target this peptide region at
MUC1.57,58 Thus, the evidence that only GalNAc-T4 isoform
can glycosylate this region in vivo points to the importance of
the regulation of GalNAc-T4 expression in the glycosylation of
the PDTRP region of MUC1. In summary, this work highlights
the relevance of the lectin domain in the MUC1 glycosylation
process, which clearly pinpoints the lectin domain of GalNAc-
Ts as an attractive target for the rational design of inhibitors
toward GalNAc-Ts. Finally, the NMR methodology and
protocols applied herein are robust and can be applied to
determine the specificity of other glycosyltransferases, such as
C1GalT1 and ST6GalNAc-I, toward MUC1 or other mucin
acceptor substrates.

Figure 7. Exclusive contribution of GALNT4 in cells to MUC1 O-
glycosylation at T8 in the PDTR site. Deconvoluted bottom-up
analysis of the isolated MUC17TR reporter produced in HEK293KO
COSMC/GALNT4 using BT4244 glycomucinase digestion. The BT4244
glycomucinase digestion sites are indicated by arrows. All identified
glycosites by MS/MS ETD analysis are illustrated with numbers
assigned to each peak based on decreasing abundance. Only peaks
with abundance above 10% were assigned.

Figure 8. Overview of the proposed mechanism for MUC1 GalNAc O-glycosylation by GalNAc-T2, -T3, and -T4.
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Compañón, I.; Kong, Y.; Corzana, F.; Pinto, B. M.; Clausen, H.;
Peregrina, J. M.; Vocadlo, D. J.; Rovira, C.; Hurtado-Guerrero, R.
Substrate-Guided Front-Face Reaction Revealed by Combined
Structural Snapshots and Metadynamics for the Polypeptide N-
Acetylgalactosaminyltransferase 2. Angew. Chem., Int. Ed. 2014, 53,
8206−8210.
(16) Kubota, T.; Shiba, T.; Sugioka, S.; Furukawa, S.; Sawaki, H.;
Kato, R.; Wakatsuki, S.; Narimatsu, H. Structural Basis of
Carbohydrate Transfer Activity by Human UDP-GalNAc: Polypep-
tide α-N-Acetylgalactosaminyltransferase (Pp-GalNAc-T10). J. Mol.
Biol. 2006, 359, 708−727.
(17) Hazes, B. The (QxW)3 Domain: A Flexible Lectin Scaffold.
Protein Sci. 1996, 5, 1490−1501.
(18) Wandall, H. H.; Irazoqui, F.; Tarp, M. A.; Bennett, E. P.;
Mandel, U.; Takeuchi, H.; Kato, K.; Irimura, T.; Suryanarayanan, G.;
Hollingsworth, M. A.; Clausen, H. The Lectin Domains of
Polypeptide GalNAc-Transferases Exhibit Carbohydrate-Binding
Specificity for GalNAc: Lectin Binding to GalNAc-Glycopeptide
Substrates Is Required for High Density GalNAc-O-Glycosylation.
Glycobiology 2007, 17, 374−387.
(19) Tenno, M.; Kézdy, F. J.; Elhammer, Å. P.; Kurosaka, A.
Function of the Lectin Domain of Polypeptide N-Acetylgalactosami-
nyltransferase 1. Biochem. Biophys. Res. Commun. 2002, 298, 755−759.
(20) Fritz, T. A.; Hurley, J. H.; Trinh, L.-B.; Shiloach, J.; Tabak, L. A.
The Beginnings of Mucin Biosynthesis: The Crystal Structure of
UDP-GalNAc:Polypeptide -N-Acetylgalactosaminyltransferase-T1.
Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 15307−15312.
(21) Pedersen, J. W.; Bennett, E. P.; Schjoldager, K. T. B. G.; Meldal,
M.; Holmér, A. P.; Blixt, O.; Cló, E.; Levery, S. B.; Clausen, H.;
Wandall, H. H. Lectin Domains of Polypeptide GalNAc Transferases
Exhibit Glycopeptide Binding Specificity. J. Biol. Chem. 2011, 286,
32684−32696.
(22) Hassan, H.; Reis, C. A.; Bennett, E. P.; Mirgorodskaya, E.;
Roepstorff, P.; Hollingsworth, M. A.; Burchell, J.; Taylor-
Papadimitriou, J.; Clausen, H. The Lectin Domain of UDP-N-

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.1c00529
JACS Au 2022, 2, 631−645

643

https://doi.org/10.1093/glycob/cwr182
https://doi.org/10.1093/glycob/cwr182
https://doi.org/10.1016/j.tcb.2010.11.004
https://doi.org/10.1016/j.tcb.2010.11.004
https://doi.org/10.1016/j.cbpa.2012.10.013
https://doi.org/10.1016/j.cbpa.2012.10.013
https://doi.org/10.1016/j.molcel.2019.05.017
https://doi.org/10.1016/j.molcel.2019.05.017
https://doi.org/10.1016/j.molcel.2019.05.017
https://doi.org/10.1038/s41580-020-00294-x
https://doi.org/10.1038/s41580-020-00294-x
https://doi.org/10.1074/JBC.270.41.24156
https://doi.org/10.1074/JBC.270.41.24156
https://doi.org/10.1074/JBC.270.41.24156
https://doi.org/10.1016/j.bbadis.2008.09.016
https://doi.org/10.1016/j.bbadis.2008.09.016
https://doi.org/10.1016/j.bbadis.2008.09.016
https://doi.org/10.1016/j.bbadis.2008.09.016
https://doi.org/10.1074/jbc.M602469200
https://doi.org/10.1074/jbc.M602469200
https://doi.org/10.1074/jbc.M602469200
https://doi.org/10.1016/j.cmet.2016.07.012
https://doi.org/10.1016/j.cmet.2016.07.012
https://doi.org/10.1016/j.cmet.2016.07.012
https://doi.org/10.1074/jbc.273.46.30472
https://doi.org/10.1074/jbc.273.46.30472
https://doi.org/10.1074/jbc.273.46.30472
https://doi.org/10.1074/jbc.273.46.30472
https://doi.org/10.1074/jbc.RA118.004516
https://doi.org/10.1074/jbc.RA118.004516
https://doi.org/10.1074/jbc.RA118.004516
https://doi.org/10.1016/j.sbi.2018.12.007
https://doi.org/10.1016/j.sbi.2018.12.007
https://doi.org/10.1074/jbc.274.10.6797
https://doi.org/10.1074/jbc.274.10.6797
https://doi.org/10.1074/jbc.M513590200
https://doi.org/10.1074/jbc.M513590200
https://doi.org/10.1074/jbc.M513590200
https://doi.org/10.1002/anie.201402781
https://doi.org/10.1002/anie.201402781
https://doi.org/10.1002/anie.201402781
https://doi.org/10.1016/j.jmb.2006.03.061
https://doi.org/10.1016/j.jmb.2006.03.061
https://doi.org/10.1016/j.jmb.2006.03.061
https://doi.org/10.1002/pro.5560050805
https://doi.org/10.1093/glycob/cwl082
https://doi.org/10.1093/glycob/cwl082
https://doi.org/10.1093/glycob/cwl082
https://doi.org/10.1093/glycob/cwl082
https://doi.org/10.1016/S0006-291X(02)02549-4
https://doi.org/10.1016/S0006-291X(02)02549-4
https://doi.org/10.1073/pnas.0405657101
https://doi.org/10.1073/pnas.0405657101
https://doi.org/10.1074/jbc.M111.273722
https://doi.org/10.1074/jbc.M111.273722
https://doi.org/10.1074/jbc.M005783200
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Acetyl-D-Galactosamine: Polypeptide N-Acetylgalactosaminyltrans-
ferase-T4 Directs Its Glycopeptide Specificities. J. Biol. Chem. 2000,
275, 38197−38205.
(23) De Las Rivas, M.; Daniel, E. J. P.; Coelho, H.; Lira-navarrete,
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Insausti, A.; Fernández, J. A.; Avenoza, A.; Busto, J. H.; Jiménez-
Barbero, J.; Asensio, J. L.; Peregrina, J. M.; Jiménez-Osés, G.;
Hurtado-Guerrero, R.; Cocinero, E. J.; Corzana, F. Water Sculpts the
Distinctive Shapes and Dynamics of the Tumor-Associated Carbohy-
drate Tn Antigens: Implications for Their Molecular Recognition. J.
Am. Chem. Soc. 2018, 140, 9952−9960.
(43) Yoshimura, Y.; Nudelman, A. S.; Levery, S. B.; Wandall, H. H.;
Bennett, E. P.; Hindsgaul, O.; Clausen, H.; Nishimura, S. I.
Elucidation of the Sugar Recognition Ability of the Lectin Domain
of UDP-GalNAc:Polypeptide N-Acetylgalactosaminyltransferase 3 by
Using Unnatural Glycopeptide Substrates. Glycobiology 2012, 22,
429−438.
(44) Abu-Abed, M.; Mal, T. K.; Kainosho, M.; MacLennan, D. H.;
Ikura, M. Characterization of the ATP-Binding Domain of the
Sarco(Endo)Plasmic Reticulum Ca2+-ATPase: Probing Nucleotide
Binding by Multidimensional NMR. Biochemistry 2002, 41, 1156−
1164.
(45) Wishart, D. S.; Sykes, B. D. The 13C Chemical-Shift Index: A
Simple Method for the Identification of Protein Secondary Structure
Using 13C Chemical-Shift Data. J. Biomol. NMR 1994, 4, 171−180.
(46) Daniel, E. J. P.; Las Rivas, M.; Lira-Navarrete, E.; García-García,
A.; Hurtado-Guerrero, R.; Clausen, H.; Gerken, T. A. Ser and Thr
Acceptor Preferences of the GalNAc-Ts Vary among Isoenzymes to
Modulate Mucin-Type O-Glycosylation. Glycobiology 2020, 30, 910−
922.
(47) Campos, D.; Freitas, D.; Gomes, J.; Magalhaẽs, A.; Steentoft,
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