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Summary

The polypeptide N-a-acetylgalactosaminyltransferases
(ppGalNACcTSs) play a key role in mucin-type O-linked
glycan biosynthesis by installing the intial GalNAc resi-
due on the protein scaffold. The preferred substrates
and functions of the >20 isoforms in mammals are not
well understood. However, current data suggest that
glycosylated mucin domains are created by the suc-
cessive, often hierarchical, action of several specific
ppGalNAcTs. Herein we analyzed the glycopeptide
substrate preferences of several ppGalNAcCT family
members using a library screening approach. A 56-
member glycopeptide library designed to reflect a di-
versity of glycan clustering was assayed for substrate
activity with ppGalNAcT isoforms using an azido-
ELISA. The data suggest that the ppGalNAcTs can
be classified into at least four types, which working
together, are able to produce densely glycosylated
mucin glycoproteins.

Introduction

Mucin-type O-linked glycosylation is initiated by a family
of enzymes known as the polypeptide N-a-acetyl-
galactosaminyltransferases (ppGalNAcTs) [1]. These
enzymes utilize UDP-GalNAc as the nucleotide donor
substrate to modify serine or threonine residues of pro-
teins trafficking through the secretory pathway (Figure
1A). The product of the reaction, a-GalNAc-Ser/Thr, is
termed the “Tn-antigen” and is further elaborated to
produce complex carbohydrate structures [2]. Mucin-
type O-linked glycans are often found in clusters defined
as mucin domains. Due to their rigid extended struc-
tures, induced by glycosylation, these domains play an
important role in determining the overall architecture
and cell-surface accessibility of the glycoprotein [3, 4].

*Correspondence: crb@berkeley.edu

Mucin-type glycosylation impacts a variety of biological
processes, including cell-cell adhesion [5, 6], host-
pathogen interactions [7], and intracellular protein traf-
ficking [8-12]. Furthermore, changes in the elaboration
of O-linked glycans are often correlated with a variety
of diseases, such as Wiskott-Aldrich syndrome [13], he-
matological disorders [14], and cancer [13, 15, 16].

The first ppGalNACT activity was reported in 1967 by
McQuire and Roseman [17]. One of the family members
was then purified in 1986 by Elhammer and Kornfeld
[18] and subsequently cloned by Tabak [19], Elhammer
[20], Clausen [21], and their coworkers. Analysis of the
human genome has revealed 24 putative ppGalNACcTs,
with orthologs in higher eukaryotes such as C. elegans
[22], Drosophila melanogaster [1, 23, 24], and the unicel-
lular parasite T. gondii [25] (9, 14, and 5 isoforms, respec-
tively) that demonstrate >90% sequence homology across
species. To date, 21 distinct isoforms of this enzyme
family have been biochemically characterized including
the 12 mammalian enzymes: ppGalNAcT-1, -T-2, -T-3,
-T-4, -T-5, -T-6, -T-7, -T-9, -T-10, -T-11, -T-12, and -T-
13 [1]. Each isoform has a discrete distribution in adult
tissues as well as spatial and temporal regulation during
development. Some isoforms are found in a wide range
of tissues and act upon a large repertoire of substrates
in vitro (ppGalNAcT-1 and -T-2), while others are more
restricted in expression and substrate preference
(ppGalNAcT-5, -T-7, -T-10, and -T-11) [1, 26]. Interest-
ingly, isoforms -T-7 and -T-10 have shown arequirement
for previous action by another member of the ppGal-
NACT family and have thusly been designated glyco-
polypeptide GalNAc transferases (gppGalNAcTSs). It has
been speculated that mucin domains are created by the
successive action of several ppGalNAcTs on a single
polypeptide substrate (Figure 1B) [1].

Despite the important biological functions of the
ppGalNACTSs, their individual roles in mammalian physi-
ology remain largely undefined. Mice deficient in ppGal-
NAcT-1 [27], -T-4 [1], -T-5 [1], or -T-13 [28] have been
reported, but no obvious phenotypic abnormalities were
identified. However, disruption of the pgant35A gene,
an ortholog of -T-11, in Drosophila melanogaster has
been shown to confer lethality [23, 24]. Collectively,
these observations argue for a complex balance be-
tween redundancy and hierarchy among the members
of the ppGalNACcT family. The elucidation of this complex
balance is essential for a complete understanding of
mucin-type O-linked glycosylation.

Although several ppGalNAcTs have been biochemi-
cally characterized in vitro, the details of their (glyco)-
peptide substrate requirements and preferences have
not been addressed in a systematic manner. This infor-
mation is critical for insight into their preferred biological
substrates and participation in mucin domain assembly.
Toward this goal, we have undertaken the in vitro profil-
ing of eight members of the ppGalNAcT family (-T-1,
-T-2, -T-3, -T-4, -T-5, -T-7, -T-10, and -T-11) with a syn-
thetic glycopeptide library. The library is based on the
peptide sequence termed EA2 (PTTDSTTPAPTTK), a
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fragment of rat submandibular mucin [29], and contains
every possible combination of GaINAc-modified threo-
nine residues up to and including tetra-glycosylated
variants (Figure 2). Each peptide in the 56-member li-
brary was biotinylated at the C terminus through the
introduction of an additional N¢-biotin-lysine residue for
selective immobilization. Enzymatic glycosylation was
quantified by taking advantage of the tolerance of
ppGalNAcTs for modified nucleotide sugar donors [30].
An unnatural analog of UDP-GalNAc, UDP-N-azidoace-
tylgalactosamine (UDP-GalNAz), was previously shown
to be recognized by the enzymes, allowing for detection
of the product by Staudinger ligation with a phosphine-
FLAG probe in a high-throughput “azido-ELISA” format
(Figure 3A) [30]. An advantage of this method is that the
transferred residue, GalNAz, is chemically distinct from
the natural GalNAc residues present in the glycopeptide
library and can be uniquely detected by virtue of the
azido group. The diversity of the library with respect to
glycosylation density and pattern was designed to re-
veal preferences of the ppGalNAcTs for these features
and possible hierarchies among the enzymes during the
assembly of mucin domains.

Results

The glycopeptide library was prepared by standard
solid-phase peptide synthesis (SPPS) using Fmoc-
Thr(Ac;GalNAc)-OH [31, 32] as a building block (Figure
3B). All (glyco)peptides were synthesized from Fmoc-
Lys(Biotin)-Wang resin, the biotin moiety allowing for
selective immobilization in the ELISA. The peptides were
cleaved from resin and deacetylated. The resulting
crude library members were analyzed by LCMS for purity
and identity (see Supplemental Data). The library mem-
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Figure 1. Mucin Biosynthesis

(A) Initiation of mucin-type O-linked glycan
biosynthesis by ppGalNAcTs.

(B) Biosynthesis of mucin domains by suc-
cessive action of multiple ppGalNAcTs in the
Golgi compartment.
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bers were determined by HPLC analysis to be >85% of
the crude product and were therefore used in the azido-
ELISA with no further purification. All library members
were assayed at the same concentration as determined
by UV absorption compared to a pure sample of EA2
peptide.

The azido-ELISA was performed as previously de-
scribed using recombinant ppGalNAcTs expressed from
COS-7 cells as soluble catalytic domains [30, 33]. Trans-
ferase reactions were performed under saturating con-
ditions: 500 wM (glyco)peptide, 250 nM UDP-GalNAz for
2 hr. Enzymatic turnover for each library member was
normalized to an internal positive control using a known
substrate for the enzyme. The parent peptide EA2-K-
Biotin (PTTDSTTPAPTTK-K-Biotin) was used as the pos-
itive control for ppGalNAcT-1, -T-2, -T-3, -T-4, -T-5, and
-T-11. ppGalNAcT-7 and -T-10 are known to require
previous glycosylation of their peptide substrates with
GalNAc residues and thus required an alternative posi-
tive control substrate. For this purpose, we chose the
glycopeptide MUC5Ac-3,13-K-Biotin (GTT*PSPVPTTST
T*SAP-K-Biotin, T* = a-GalNAc-Thr), which is doubly
glycosylated at Thr3 and Thr13 and known to be recog-
nized by the enzymes [34]. The activity from conditioned
media derived from mock-transfected COS-7 cells was
subtracted as background.

The normalized activities of the ppGalNAcTs with the
library members are shown in Figure 4 (structure codes
are in Figure 2). The library members are organized from
left to right in groups with increasing glycosylation den-
sity, and the positive control substrates are at the ex-
treme left and right positions. Several ppGalNAcT iso-
forms (-T-1, -T-2, and -T-5) demonstrated a strong
preference for nonglycosylated or monoglycosylated
substrates, acting on the same (glyco)peptide acceptors
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Biotinylated glycopeptide library derived from EA2 (PTTDSTTPAPTTK), a fragment of rat submandibular mucin. Each library component is

named by the code to its left.

although with different optimal sequences. Only ppGal-
NAcT-1 showed the highest enzymatic turnover with
the unglycosylated peptide A1 (identical to the positive
control substrate).

ppGalNAcT-3 and -T-4 prefer mono- and diglycosy-
lated substrates with a small amount of activity observed
with triglycosylated acceptors. ppGalNAcT-11 showed
discrete specificity for a small number of library mem-
bers, those with extreme C-terminal glycosylation and
no glycosylation toward the peptide’s N terminus (com-
pounds A7 and C6, Figure 2). ppGalNAcT-10, a reported
gppGalNAcT, was most efficient at modifying tri- and
tetraglycosylated substrates and showed little or no
activity with monoglycosylated peptides. ppGalNAcT-7
recognized a specific subset of the library: those mem-
bers that were glycosylated at Thr2 and Thr7 and not
at Thré (compounds B2, C8, D6, D7, F6, and G6, Fi-
gure 2).

In order to determine whether relative activities mea-
sured with the azido-ELISA reflect actual difference in
substrate kinetics, we selected two pairs of library mem-
bers and measured Ky and V. values with two en-
zymes, ppGalNAcT-1 and -T-10. Compounds A1 and A3
were compared with ppGalNAcT-1, and MUC5Ac-3,13-
K-B and compound C4 were compared with -T-10 (Sup-
plemental Data and Table 1). Relative V,./Kyu values
for the substrate pairs were then compared with their

relative substrate activities as determined by the azido-
ELISA. For both enzymes, kinetic data and azido-ELISA
data were in good agreement.

Finally, we determined the sites of glycosylation for
two substrates for each enzyme tested. This was ac-
complished by Edman sequencing of semipurified li-
brary members after enzymatic reaction [35-37]. The
results of the sequencing are summarized in Figure 5.
In the case of ppGalNAcT-1, -T-2, -T-3, -T-4, -T-5, and
-T-11, the preferred site of glycosylation was Thr7, re-
gardless of the surrounding glycosylation pattern. Thr7
is located N-terminal to a proline residue and could be
in a 3-turn motif, consistent with a theorized preferential
peptide backbone structure. Another possibility for the
partiality toward Thr7 is that the ppGlaNAcTs cannot
effectively glycosylate residues at the peptide termini.
ppGalNACcT-7 glycosylated Thr6 in both glycopeptides
tested. Finally, ppGalNAcT-10 preferred to glycosylate
Thr6 in peptide C4 and Thr3 in the tetraglycopeptide F8.

Discussion

The data presented here demonstrate that the ppGal-
NAcTs have both redundant and hierarchical relation-
ships with respect to mucin domain assembly. The
broadly expressed isoforms ppGalNAcT-1 and -T-2
show clear overlap in their substrate preference. This
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(A) Schematic diagram of the azido-ELISA.

(B) Fmoc-Thr(Ac;GalNAc)-OH building block used in solid-phase peptide synthesis (SPPS) to generate the glycopeptide library.

redundancy is consistent with the normal healthy phe-
notype of mice deficient in -T-1 but in full possession
of -T-2 [27]. The similar substrate preference of ppGal-
NACcT-5 to -T-1 and -T-2, combined with its highly regu-
lated expression during development [26], implies a role
in the regulation of glycosylation density on important
developmental proteins. Together, ppGalNAcT-1, -T-2,
and -T-5 represent the first level of mucin-type O-linked
glycosylation and could be termed early transferases,
i.e., transferases that prefer non- and monoglycosylated
peptide substrates. This proposal is supported by the
fact that neighboring residue glycosylation inhibits the
activity of ppGalNAcT-1 and -T-2 [38]. Their proposed
role in mucin assembly is depicted in Figure 6. The
apparent redundancy of these transferases may reflect
more than a compensatory function. Different levels of
expression of these early transferases may be necessary
to initiate O-linked glycosylation along the entire length
of a mucin glycoprotein.

ppGalNAcT-3 and -T-4 represent the next level of
transferase in the hierarchical elaboration of mucin do-
mains. These transferases prefer diglycosylated pep-
tides and show lesser but significant activity with trigly-
cosylated substrates. Again, there appears to be
redundancy between these two family members, al-
though their preferred substrates are not all identical.
This level of transferase may follow the early trans-
ferases, thereby increasing the density of glycosylation
on the polypeptide backbone (Figure 6). We term these
the intermediate ppGalNACcTs.

Of the two glycopeptide transferases analyzed,
ppGalNAcT-10 showed partiality for heavily glycosy-
lated substrates of the tri- and even tetraglycosylated
variety. Transferases such as -T-10 may complete mucin
domain assembly, providing the highly glycosylated
polypeptides found in vivo (Figure 6). We term these
enzymes the late transferases. Although -T-10 is the
only transferase assayed in this study to show this type
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The library members are organized from left to right in groups with increasing glycosylation density, and the positive control substrates are

Figure 4. Normalized Activities of the ppGalNAcTs with Library Members
at the extreme left and right positions.
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Table 1. Kinetic Data and Comparison of Kinetic Activity with Activity in the Azido-ELISA

Relative ELISA
Ky (wM) Vinax (WM/min) Vi K (Min~7) Vinax/ Kn Activity
T-1 PTTDSTTPAPTTK-K-B (A1) 121.25 = 1517 0.29 + 0.02 0.0024 1 1
PTT*DSTTPAPTTK-K-B 108.55 = 22.2 0.082 * 0.007 0.00076 0.32 0.46
(A3, T* = «-GalNAc-Thr)
T-10 GTT*PSPVPTTSTT*SAP-K-B 147.94 = 41.5 0.14 = 0.02 0.00095 1 1
(Muc5Ac-3,13-K-Biotin)
PTTDSTT*PAPT*TK-K-B (C4) 55.12 = 121 0.60 = 0.04 0.011 11.6 5

of substrate preference, there may be other family mem-
bers among the >20 isoforms that contribute to the final
stages of mucin domain assembly.

The outliers among the enzymes tested herein are
ppGalNAcT-7 and -T-11. ppGalNAcT-7 shows activity
on a small subset of library members with a common
glycosylation pattern. Analysis of its reaction products
demonstrated that ppGalNAcT-7 modifies Thr6é within
the context of two consensus GalNAc residues at Thr2
and Thr7. This information may be useful in identifying
the biological substrates of -T-7. Combined with its lim-
ited expression pattern [26], these data also suggest a
discrete biological role for -T-7 in vivo. Gene knockouts
have not yet been reported for this enzyme and will
be of significant interest. It should be noted that the
physiologically relevant substrates for -T-7 may have
sequences distinct from the EA2 peptide on which the
library was based. Alternative libraries may reveal addi-
tional specificities, a subject of future investigation.

ppGalNAcT-11 displays activity with a very limited

number of the glycopeptide substrates, much like T-7
but without an obvious consensus. It is possible that
-T-11 has a specific substrate sequence requirement
that is not satisfied by our library and has no redundancy
among the other ppGalNAcTs. Notably, disruption of
the D. melanogaster -T-11 ortholog pgant35A confers
lethality [23, 24], consistent with a unique role for this
enzyme in vivo.

Significance

Substrate profiling using a glycopeptide library and
azido-ELISA revealed both redundancies and hierar-
chical relationships among the ppGalNAcTs that as-
semble mucin domains. The data presented here clas-
sify the transferases into at least four different types.
ppGalNAcT-1, -T-2, and -T-5 are members of the first
type, which we have termed early transferases. They
are responsible for the beginning stages of mucin do-
main assembly in which the polypeptide backbone is

Figure 5. Results of Glycosylation Site Map-
Q ping by Edman Degradation
Blue symbols indicate the determined sites
of enzymatic glycosylation. Red symbols rep-
resent site of glycosylation present in the gly-
copeptide substrates.
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Figure 6. The Three Types of ppGalNAcTs and Their Hierarchy dur-
ing Mucin Domain Assembly

first glycosylated. The second type of ppGalNACcTs,
represented by ppGalNAcT-3 and -T-4, are defined as
intermediate transferases. These enzymes increase
the density of O-linked glycans within the mucin do-
main. ppGalNAcT-10 was the only family member
tested that we define as a late transferase. This en-
zyme completes mucin domain assembly, affording
the densely glycosylated mucin glycoproteins found
in vivo. The final type of transferases are those with
discrete acceptor substrate requirements, repre-
sented by ppGalNAcT-7 and -T-11. These enzymes
may modify a small subset of biological targets and
play discrete roles in vivo with little redundant activity
from the other family members. In summary, the family
of ppGalNAcTs comprises a redundant and hierarchi-
cal system that ensures proper and full O-linked glyco-
sylation patterns necessary for mucin function.

Experimental Procedures

Materials and Methods

N*-Fmoc-amino acids, Fmoc-Lys(Biotin) Wang resin, HOBt and DIC
were purchased from Advanced Chemtech. All other chemical re-
agents were obtained from Sigma or Aldrich and used without further
purification. Liquid chromatography-electrospray ionization mass
spectrometry (LC-ESI-MS) was performed on a Hewlett-Packard
1100 mass spectrometer.

(Glyco)peptide Library Synthesis

Fmoc-Thr(Ac;GalNAc)-OH was synthesized as previously described
[31, 32]. The synthesis of all peptides was performed on an Ad-
vanced Chemtech APEX-396 96-well automated synthesizer using
Fmoc-Lys(Biotin)-Wang resin (0.01 mmol scale). N®-Fmoc-protected
amino acids were coupled using DCC/HOBt in NMP. A 5-fold excess
of amino acid was used in two sequential coupling steps for each
residue. The library was cleaved and deprotected by treatment with
1 ml of 2.5% water, 2.5% triisopropylsilane, and 95% TFA at room
temperature for 5 hr. The crude glycopeptides were concentrated
and deacetylated with 10% aq. N;H,-H,O at rt for 20 min. Following

concentration, the purity and identity of all library members was
ascertained by LC-ESI-MS (see Supplemental Data). The final con-
centration of the glycopeptides was normalized to 5 mM by compari-
son to the absorbance of a purified EA2 standard.

ppGalNAcT Reactions for Azido-ELISA

Reactions contained 500 wM biotinylated (glyco)peptide, 250 pM
UDP-GalNAz, 10 mM MnCl,, 40 mM sodium cacodylate, 40 mM
B-mercaptoethanol, 0.1% Trition X-100 (pH 6.5), and 5 pl of condi-
tioned media from COS-7 cells transiently transfected with plasmids
encoding the (g)ppGalNAcT genes [33]. The total reaction volume
was 20 pl. All reactions were performed in duplicate. Reactions
were allowed to proceed at 37°C for 2 hr and were terminated by
addition of 10 pl of 0.1 M EDTA. The azido-ELISA for ppGalNAcTs
was performed as previously described [30].

Glycosylation Site Mapping

Standard conditions for (g)ppGalNACT reactions were as follows.
The reaction mixture contained the following components in a final
volume of 100 pl: 10 mM MnCl,, 40 mM sodium cacodylate, 40 mM
B-mercaptoethanol, 0.1% Trition X-100 (pH 6.5), 25 p.l of conditioned
media containing recombinant transferase, 500 .M peptide, and
250 pM UDP-GalNAc. The reactions were incubated at 37°C for 16
hr and were terminated by the addition of 800 pl of 20 mM sodium
borate, 1 mM EDTA (pH 9.1). The reaction products were passed
through AG 1-X8 resin (2 ml), eluted with 4 ml of water, and finally
desalted on a C-18 SepPak cartridge. The resulting solution of glyco-
peptide was then concentrated under vacuum. The reaction prod-
ucts were confirmed by ESI-MS. Pulsed liquid phase Edman degra-
dation amino acid sequencing was performed on an Applied
Biosystems Procise 494 protein sequencer (Applied Biosystems,
Foster City, CA), and site-specific glycosylation was determined
as described previously [35-37]. Improved separation of the first
phenylthiohydantoin (PTH)-Thr-O-GalNAc diastereomer and the
PTH-Ser peak was achieved by reducing the PTH column tempera-
ture to 45°C from a normal temperature of 55°C. Corrections for the
overlap of the second eluting PTH-Thr-O-GalNAc diastereomer with
PTH-Thr were made as described [35-37]. Quantification of the ex-
tent of glycosylation was performed after eliminating long-range
cycle preview and lag for each PTH derivative by a simple base line
subtraction approach [35]. Percent glycosylation was determined
from the relative picomoles of glycosylated and nonglycosylated Ser
or Thr after correcting for the experimentally determined recovery of
the individual PTH species [37].

Supplemental Data

LC-ESI-MS traces and mass spectra for all library members and the
kinetic analysis of selected peptides are available as Supplemental
Data at http://www.chembiol.com/cgi/content/full/11/7/1009/DC1.
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