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Abstract
O-GalNAc glycosylation is the initial step of the mucin-type O-glycosylation. In
humans, it is catalyzed by a family of 20 homologous UDP-GalNAc:polypeptide
N-acetylgalactosaminyltransferases (ppGalNAc-Ts). So far, there is very limited information
on their protein substrate specificities. In this study, we developed an on-chip ppGalNAc-Ts
assay which could rapidly and systematically identify the protein substrates of each
ppGalNAc-T. In detail, we utilized a human proteome microarray as the protein substrates
and UDP-GalNAz as the nucleotide sugar donor for click chemistry detection. From a total of
16,368 human proteins, we identified 570 potential substrates of ppGalNAc-T1, T2 and T3.
Among them, 128 substrates were overlapped, while the rest were isoform-specific. Further
cluster analysis of these substrates showed that the substrates of ppGalNAc-T1 had a closer
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phylogenetic relationship with that of ppGalNAc-T3 compared with ppGalNAc-T2, which
was consistent with the topology of the phylogenetic tree of these ppGalNAc-Ts. Taken
together, our microarray-based enzymatic assay comprehensively reveals the substrate profile
of the ppGalNAc-T1, T2 and T3, which not only provides a plausible explanation for their
partial functional redundancy as reported, but clearly implies some specialized roles of each
enzyme in different biological processes.

Statement of Significance of the Study
This is a novel approach for systematic identification of the protein substrates of
glycosyltransferases using a human proteome microarray. By comparing the substrates of
three homologous glycosyltransferases (ppGalNAc-T1, T2 and T3) using this approach, we
found that these isoenzymes displayed both overlapped and specific substrate preference, and
their preference specificities were highly consistent with the isoenzymes’ evolutional
relationship. This approach is highly efficient and useful for future systematic studies in
glycoproteomics.

1 Introduction
O-GalNAc glycosylation is one of the most abundant forms of protein glycosylation [1].
Most of the membrane-bound mucin proteins, receptors, and secreted proteins are modified
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by O-GalNAc [2]. O-GalNAc glycosylation is the initial step of the mucin-type
O-glycosylation and the complicated O-glycans primarily occur on mucins or the mucin-like
domains of proteins. Recent studies revealed that some site-specific O-GalNAc glycosylation
with short or even single O-glycans of non-mucin proteins also plays important roles [3-5].
For example, site-specific O-GalNAc modifications in or near the pro-protein convertase
cleavage sites regulate the maturation of many proteins, such as hormones, growth factors,
cytokines, proteases and receptors [6]. These non-mucin glycoproteins indicate that
O-GalNAc glycosylation might regulate a larger range of protein functions. Therefore, the
identification of O-GalNAc glycoproteins is becoming increasingly important.
The initial step of protein O-GalNAc glycosylation is catalyzed by a family of
UDP-GalNAc:polypeptide N-acetylgalactosaminyltransferases (ppGalNAc-T, EC 2.4.1.41),
which transfer GalNAc from the sugar donor, UDP-GalNAc to serine or threonine residues
on substrate proteins. Using the first covalently linked GalNAc as a handle, other
glycosyltransferases can then systematically add a monomer of a variety of glycans to form
different O-glycosylated branched structures [5, 7]. There are 20 members of the
ppGalNAc-T family in humans, 15 of which are enzymatically active [3, 8]. Sharing high
sequence similarity, these enzymes catalyze essentially the same reaction and exhibit
different but partly overlapping substrate specificities [9-13]. The O-GalNAc glycoproteome
of a given cell is dependent on the expression pattern of ppGalNAc-T isoenzymes and the
substrate protein expression in general. Therefore, identifying the global substrate proteins of
individual ppGalNAc-T isoenzymes could help us systematically understand the regulatory
mechanisms of protein O-GalNAc glycosylation.
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Substrate specificities and functional roles of ppGalNAc-Ts have long been of great
interest. In recent years, many novel O-GalNAc glycoproteins and glycopeptides have been
identified by proteomic technologies, such as the gene engineering based "SimpleCell"
technology [4, 7] and the Ac4GalNAz labeling based chemical biology platform [14, 15]. The
substrate specificities of each ppGalNAc-T have been evaluated by using the identified
O-GalNAc glycopeptides or oriented random peptide libraries [9, 10, 16]. However, the
substrate preferences at the protein level were less reported [11, 12, 15]. Therefore, a
systematic analysis of the substrate preference of ppGalNAc-Ts at the whole protein level
could be complementary to peptide-based preference studies.
Proteome microarray is a high-throughput technology capable of parallel and fast
analyses. These arrays are constructed by spotting thousands of individually purified proteins
at high density on a solid surface [17, 18] and have been employed to probe various
biochemical activities of all of the included proteins in a single experiment [19, 20].
Proteome microarrays can provide information about direct biochemical and physical
interactions among biomolecules and have been successfully used to elucidate PTMs in a
variety of binding reactions and enzymatic assays [21-24].
In this study, we took advantage of the high-throughput capability of protein
microarrays and the specificity of click chemistry to develop a strategy for profiling the
O-GalNAc glycosylated protein substrates. This strategy comprises two key components, (i)
a proteome microarray with 16,368 affinity-purified human proteins serving as the acceptor
substrates reservoir; (ii) the azide group on GalNAz conjugated with fluorescent labels via
click chemistry. Using three major ppGalNAc-Ts as pilot isoenzymes, we identified more
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than five hundred potential O-GalNAc protein substrates. Among them, 128 substrates were
overlapped, while the rest were isoform-specific. These results not only provides a plausible
explanation for their partial functional redundancy as reported, but clearly implies some
specialized roles of each enzyme in different biological processes. The novel substrate
proteins we discovered in this work could serve as a valuable resource for future functional
studies.

2 Materials and Methods
2.1 Peptide Microarray Fabrication
The peptide Muc5AC-TS36 (TTSTTSGPGTTPSPVPTTSTTSAP) was designed
according to the tandem repeats domain encoded by the Muc5AC gene [25]. The peptides
were immobilized on the slide by covalent binding the amino group of the peptide directly (or
of the streptavidin) with the aldehyde of the slides. Full details are given in the Supporting
Information - Materials and Methods.

2.2 Human Proteome Microarray Fabrication
Human proteome microarray fabrication was carried out as described previously [26].
Briefly, human ORFs were shuttled to a yeast high-copy expression vector (pEGH-A) by
using the Gateway recombinant cloning system (Invitrogen, CA). Plasmids were transformed
into Saccharomyces Cerevisiae for protein expression. The harvested yeast cells were lysed

This article is protected by copyright. All rights reserved.

www.proteomics-journal.com

Page 8

Proteomics

by shaking with glass beads, and the supernatant was incubated with Glutathione-Sepharose
(GE Healthcare Biosciences). The beads were washed, and the proteins were eluted with
glutathione. The purified fusion proteins were printed onto FullmoonTM protein slides without
any pre-treatment by ChipWriter™ Pro (BD Laboratories, CA). Each protein was spotted in
duplicate. Negative control proteins, including histone H3, histone H4, BSA, and biotinylated
BSA, and positive control proteins, including Alexa 555-labeled IgG and HeLa cell lysate,
were also spotted in duplicate.

2.3 Expression and Purification of Recombinant ppGalNAc-Ts
The recombinant human ppGalNAc-T1 (amino acids 34–559), T2 (amino acids 52–571)
and T3 (amino acids 50–633) were expressed and purified as described previously [27].

2.4 On-Chip ppGalNAc-Ts Assay
Protein or peptide microarrays were incubated with 5% (w/v) BSA/TBS (pH 7.4,
containing 50 mM Tris and 150 mM NaCl) for 1 h. The blocked microarrays were incubated
overnight at 37°C with ppGalNAc-Ts reaction mixture containing enzymes, 25 mM Tris-HCl
(pH 7.4), 5 mM MnCl2, 0.2% (v/v) Triton X-100, and 0.5 mM UDP-GalNAz or
UDP-GalNAc in 5% (w/v) BSA. The microarrays were then washed for 10 min three times in
TBST containing 200 mM NaCl, 0.1% (v/v) Tween 20, and 0.2% (w/v) SDS, followed by the
incubation with the click chemistry reaction mixture containing 0.13 mM Alexa Fluor® 555
alkyne and 1 mM CuBr in DMSO for 1 h at RT. Then, the microarrays were washed for 10
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min three times in TBST containing 500 mM NaCl, 0.1% (v/v) Tween-20 and 0.2% (w/v)
SDS. Slides were scanned at Ex 532 by a GenePix 4200A slide scanner (Molecular Devices,
CA, USA). The foreground intensities and background intensities were extracted by the
GenePix Pro 6.0 software from the microarray images. The S/N of a protein was averaged
from the duplicate spots. The variations of inter- and intra- different proteome microarrays
were checked using the S/N of the control proteins. The ratio of S/N (GalNAz) to S/N
(GalNAc) of a protein was calculated to normalize the background between different
microarrays and identify candidates.

2.6 Validation of substrate candidates in cultured cells
Sixteen randomly selected potential protein candidates were validated in COSMC
knockout HEK-293T cells. Full details are given in the Supporting Information - Materials
and Methods.

2.7 Bioinformatics Analysis
The subcellular location of each protein was determined by cross-referencing the
annotations from the UniProt database (http://www.uniprot.org/). Only the proteins
associated with the process of protein secretion were used for the subsequent bioinformatics
analyses. Full details are given in the Supporting Information - Materials and Methods.

This article is protected by copyright. All rights reserved.

www.proteomics-journal.com

Page 10

Proteomics

2.8 Substrate Sequence Preference Analysis
In each protein, the N- or C-terminal amino acids around of each Ser/Thr site was
described as the motif (X-3X-2X-1(S/T)0X+1X+2X+3). The total motifs of 16,368 microarray
proteins and that of the substrate candidates identified by our on-chip assay were listed out
using an in-house program by the C++ language, respectively. The probability of amino acid
residue j (j = 1~20) at each Xi position (i = -3, -2, -1, +1, +2 or +3) of the total proteins on
microarray was named PA(Xij) and calculated as follows:

(

where

)

∑

, the number of amino acid residue j at Xi position, is divided by the sum of all

the 20 amino acid at Xi position. Similarly, the probability of amino acid residue j at each Xi
position on the substrate candidates was named PC(Xij) and calculated as follows:

(

)

∑

The enhancement factor of amino acid residue j at each Xi position (Ef(Xij)) was used to
estimate the substrate sequence preference, which was calculated as follows:

(
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3 Results
3.1 Profiling the protein substrates of ppGalNAc-T using a protein microarray
To globally profile the protein substrates of each individual ppGalNAc-T, we developed
a protein microarray-based method. As shown in Fig. 1A, ppGalNAc-T transfers the sugar
from UDP-GalNAz, an analog of UDP-GalNAc, to a Ser/Thr residue. The azide group of
GalNAz is then further conjugated with the alkyne group of a fluorescent probe via the
catalysis of Cu(I) by click chemistry, and the signal is readily analyzed by a microarray
scanner. To rule out the non-specific binding of protein(s) to probes on the microarray, a
microarray reaction with UDP-GalNAc was also performed. The protein substrates were then
readily identified by comparing the two microarrays of UDP-GalNAz and UDP-GalNAc
(Supporting Information Fig. S1 and S2).

To determine the optimal conditions for click chemistry coupled with the ppGalNAc-Ts
assay on the chip, we first fabricated a peptide microarray. Peptide Muc5AC-TS36
(TTSTTSGPGTTPSPVPTTSTTSAP) labeled with a C-terminal NH2 group or biotin was
immobilized on a slide (Fig. 1B). The purified recombinant ppGalNAc-T2 was applied on the
peptide microarray, and the click reaction of an Alexa Fluor® 555-conjugated alkyne was
then catalyzed by Cu(I). Positive signals were observed on both types of peptide microarrays,
with intensities being proportional to the concentration of the immobilized peptides. These
results indicate that on-chip enzymatic assays and on-chip click reactions are feasible. The
microarray with the biotinylated peptide showed a much stronger signal than that of the
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NH2-modified peptide. The NH2-modified peptide was immobilized on chip through its
C-terminal amino group binding with the aldehyde of the slide. However, the biotinylated
peptide was combined with streptavidin first and then immobilized on the slide through the
amino group of streptavidin. Immobilization of the streptavidin combined biotinylated
peptide onto the slide was in fact immobilizing proteins on microarray. It was similar to the
status of random immobilization of proteins on the human proteome microarray. Using the
biotinylated peptide array, we determined that the optimal concentration of ppGalNAc-T2 on
chip was 10 ng/l (Fig. 1C), and 25 ng/l of ppGalNAc-T1 and T3 showed the same
enzymatic activities with 10 ng/l of T2 on chip (Fig. 1D). These concentrations were used
on the proteome microarray.

3.2 Enzymatic assays on the human proteome microarray identified substrate candidates
for ppGalNAc-Ts
The purified recombinant ppGalNAc-T1 (T2 or T3) was incubated with UDP-GalNAz
or UDP-GalNAc on the human proteome microarray under the optimal conditions determined
by the peptide array. After signal scanning, we calculated the signal-to-noise intensity (S/N)
of each spot and the ratio of S/N (GalNAz) to S/N (GalNAc) for each protein. Using a ratio
of 1.5 as the cutoff value, we identified 289 substrate candidates for ppGalNAc-T1, 337 for
ppGalNAc-T2 and 326 for ppGalNAc-T3 (Fig. 2A-C). Among these, 128 proteins could be
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glycosylated by all three isoenzymes. Sixty-eight proteins were specific substrate candidates
for ppGalNAc-T1, 149 for ppGalNAc-T2 and 99 for ppGalNAc-T3 (Fig. 2D). Taken
together, we identified a total of 570 O-GalNAc glycoprotein candidates, most of which are
reported for the first time (Supporting Information Table S1). A cluster analysis of these
identified substrate candidates indicates that ppGalNAc-T1 and T3 have a closer preference
for protein substrates as compared with ppGalNAc-T2 (Fig. 2E), which is consistent with the
topology of their phylogenetic tree [3].

3.3 Analysis of the subcellular localization of the newly identified substrate candidates
We next analyzed the subcellular locations of these O-GalNAc glycoprotein candidates
according to the UniProtKB as shown in Fig. 2F. Approximately 53.7% of the candidates
were associated with the process of protein secretion, of which 14.4% were secreted proteins,
31.9% were membrane proteins, and 7.4% were ER- or Golgi-located proteins. In fact, only
approximately 30% of total proteins on-chip were predicted to be the secreted or
transmembrane proteins [28, 29]. This difference suggested that our on-chip ppGalNAc-T
assays raised the percentage of the proteins trafficking through secretory pathways. Besides
secreted and transmembrane proteins, we also observed that approximately 37.5% of the
candidates were cytoplasmic or nuclear proteins, indicating that intracellular proteins could
also be modified by ppGalNAc-Ts on the chip.

This article is protected by copyright. All rights reserved.

www.proteomics-journal.com

Page 14

Proteomics

3.4 The substrate candidates were O-GalNAc-glycosylated in cultured cells
We randomly selected 16 candidates to further validate whether the newly identified
protein candidates could be O-GalNAc glycosylated in cells. Among these candidates, eight
proteins were associated with the process of protein secretion and others were intracellular
proteins. Those candidates were expressed in COSMC knockout HEK-293T cells (Supporting
Information Fig. S3) and purified by FLAG immunoprecipitation. After neuraminidase
treatment, the purified samples were detected by HPA lectin blotting (Fig. 3). Except for
NINJ2, all of the proteins tested including intracellular proteins showed O-GalNAc
modification signals as detected by HPA lectin blotting. These results demonstrated that the
substrate candidates identified by our on-chip ppGalNAc-T assay were O-GalNAc modified
in the COSMC knockout HEK-293T cells. It is worth mentioning that in addition to secreted
and transmembrane proteins, O-GalNAc modification could also occur on the intracellular
proteins in cultured cells.
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3.5 The identified substrate candidates reflect the biological functions of ppGalNAc-T1,
T2 and T3
To provide an overview of the intact biological functions of the 356 identified
candidates which were associated with the process of protein secretion, the overrepresented
functional annotation clusters were examined using DAVID (Database for Annotation,
Visualization and Integrated Discover). There was clustering in a wide range of cellular
functions (Fig. 4A). The densest cluster was the SH3 domain, which contained enriched Pro
residues making its surrounding Ser or Thr residues more easily glycosylated. Additional
clusters were involved in traditional functions of protein secretory pathway, such as
vesicle-mediated transport, coated membranes, Golgi apparatus, protein binding and
membrane-bound vesicles.
We next constructed biological interaction networks for the identified O-GalNAc
glycoproteins using the STRING (Search Tool for the Retrieval of Interacting
Genes/Proteins) system and the Cytoscape plugin, MCODE (molecular complex detection).
As shown in Fig. 4B, five highly connected clusters (score > 3.0) were identified. The densest
cluster (cluster 1) was formed by 13 proteins involved in or highly related to vesicle-mediated
transport (Fig. 4C). The majority of the proteins in the next three densest clusters (clusters 2,
3 and 4) were associated with the cell cycle, cellular response and function regulation

This article is protected by copyright. All rights reserved.

www.proteomics-journal.com

Page 16

Proteomics

(Supporting Information Fig. S4A-C). The fifth densest cluster (cluster 5) was composed of
several cytoskeletal and plasma membrane proteins (Supporting Information Fig. S4D).

3.6 Substrate sequence preference of ppGalNAc-T1, T2 and T3
Although our on-chip assay could not provide site specific information, the glycosylated
sites in the identified substrate candidates were at least largely enriched as compared to that
of all the proteins on the human protein microarray. We compared the probability of amino
acids around the Ser/Thr site on the candidate proteins to that of all the proteins on the human
protein microarray (Fig. 4D). As a result, we observed a regular change of these amino acids.
The Pro, Gly and Ala residues appeared in high frequency. For the hydrophobic residues, the
three ppGalNAc-Ts displayed a common substrate sequence preference for the C-terminal of
Ser/Thr residues. Similar to the C-terminal ~TP(G/A)P~ motif identified by the
site-dependent preference studies [9], there was an enhancement for Pro at the +1 to +3
positions and Gly or Ala at the +2 position. However, the N-terminal preferences of three
isoenzymes were different. The ppGalNAc-T1 exhibited elevated Ala and weak to neutral
enhancement of Pro. Conversely, ppGalNAc-T2 displayed high Pro enhancement. The
ppGalNAc-T3 displayed nearly equal Gly and Pro enhancements at the -1 and -2 positions
and high Pro enhancement at the -3 position. For the hydrophilic residues, the three
ppGalNAc-Ts exhibited enhancement for acidic residues (Glu and Asp). The ppGalNAc-T2
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displayed higher Ser enhancement, while T3 displayed higher Thr enhancement, but both Ser
and Thr had weak to neutral enhancement for T1. Interestingly, we also found that the Cys
residue was not favorable for any of the three ppGalNAc-Ts. Given disulfide bonds are
formed by pairs of Cys residues, it is possible that the conformation of the substrates
constituted by the disulfide bonds may block the binding between the substrate and
ppGalNAc-Ts and inhibit the O-GalNAc modification. These results indicated that different
ppGalNAc-Ts showed distinct substrate sequence preferences.

4 Discussion
Here, we have developed a novel strategy to globally profile the substrates of
ppGalNAc-T, which combined the high-throughput capacity of protein microarray and the
high specificity of click chemistry. As a result, we successfully identified 570 potential
protein substrates of ppGalNAc-T1, T2 and T3 using the human protein microarray. Among
them, around 1/5 are overlapped. Analysis of these substrates indicates some redundant and
non-redundant biological functions as well as the substrate sequence preferences of these
three ppGalNAc-Ts. Taken together, our study provides an efficient approach for identifying
the substrate proteins of different ppGalNAc-Ts, which may contribute to a better
understanding of the functions of each ppGalNAc-T.
There are several advantages of on-chip ppGalNAc-Ts assay for profiling ppGalNAc-T
substrates. First, it is easy to globally profile the novel ppGalNAc-T substrates in a
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high-throughput manner. There are 16,368 affinity-purified human proteins used on our
protein microarray, which represents ~80% of the proteins encoded by the human genome.
The concentrations of the proteins on chip are in the range approximately from 0.05 to 5
mg/ml. For those low-abundance proteins in vivo, they are enriched more than thousand-fold
on the proteome microarray [30]. We can therefore potentially identify some low-abundance
substrates of ppGalNAc-Ts in a single experiment, which is pretty difficult using the in vivo
approaches. Second, the readout of the protein microarray results is highly specific because
the click chemistry is very efficient and specific in a variety of in vitro and in vivo assays [31,
32]. Finally, this approach is also suitable for other glycosyltransferases which can transfer
azido-sugar as the donor substrate [31, 33, 34].
Using ppGalNAc-T1, T2 and T3, we successfully identified 289, 337 and 326 substrate
candidates, respectively. Among them, 128 substrates were overlapped, while the rest were
isoform-specific. Clustering of these substrates showed that ppGalNAc-T1 and T3 shared
more similar substrate datasets as compared with T2 (Fig. 2E). Interestingly, this relationship
is highly consistent with the evolutionary relationships among the ppGalNAc-T family
members [3]. This consistency implied that the substrate specificities of homologous
enzymes might be changing along with the evolution of the isoenzymes. During the
evolution, mutations of the amino acid sequence could result in some changes in the
three-dimensional structure of the substrate-binding pockets. These variations might affect
different ppGalNAc-Ts to bind different protein substrates leading to the distinct substrate
specificities of each ppGalNAc-T. Moreover, gene ontology analysis suggested that three
ppGalNAc-Ts could have redundant as well as specific functions. A cluster analysis of the
GO annotations showed that ppGalNAc-T1 shared more similar functions with T3 than with
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T2 (Supporting Information Fig. S4E). This was in agreement with the substrate relationship
of three ppGalNAc-Ts and the topology of their phylogenetic tree, indicating that the
substrate preferences, biological functions and evolutional relationship of different
ppGalNAc-Ts might be highly consistent. Using the isoform-specific substrates, we also
analyzed the substrate sequence preference of ppGalNAc-T1, T2 and T3 (Fig. 4D). The
preference prediction were consistent with many known peptide-based preference
informations [9]. Although further experimental evidence is clearly needed for our hypothesis
on sequence preference, our on-chip assay may efficiently identify the isoform-specific
protein substrates, which could be a complementary strategy for the peptide-based study.
Using the publicly available tissue expression databases and clustering analysis, we also
overviewed the expression patterns of the identified protein substrates of the three
ppGalNAc-Ts (Supporting Information Fig. S5). It showed that in some tissues, different
ppGalNAc-Ts could be clustered together.
By comparing our list to previously published glycoproteins from many benchmark
studies [4, 11, 35], we found that 132 (~23%) of the 570 proteins identified in our study have
been formerly characterized as O-GalNAc glycoproteins. Some known O-GalNAc
glycoproteins didn’t show high glycosylation signals in our on-chip assay. This might be due
to the limited O-GalNAc-glycosylation sites (only one or two) on these proteins [4]. On the
other hand, some proteins identified in our list were not in the O-GalNAc glycoprotein
database published previously. One explanation for this could be that our on-chip assay based
on the enzymatic reaction which was different from the physiological conditions in vivo. This
difference includes not only the protein substrates and enzyme concentrations, but also the
subcellular localizations of proteins. Some proteins might never encounter ppGalNAc-Ts in
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the cells. These factors might result some false positive and might explain why cytoplasmic
proteins were also detected in our assay. Therefore, further investigation in vivo is needed to
confirm whether the glycoprotein candidates identified in this study are truly O-GalNAc
glycosylated in cells.
Most of the steps in glycan biosynthetic pathway are catalyzed by one or two
glycosyltransferases [36, 37]. However, up to 20 isoforms have been reportedly involved in
the initial GalNAc addition of mucin-type O-glycosylation in humans. So, why does the
human body need so many ppGalNAc-Ts? One possible explanation is that ppGalNAc-T
isoenzymes display different preferences for protein substrates, thereby exerting distinct
biological functions under physiological conditions [11]. Consistent with this hypothesis, our
current study clearly demonstrated that ppGalNAc-T1, T2 and T3 had different subsets of
substrates, which are implicated in distinct biological roles in vivo.
In conclusion, our microarray-based enzymatic assay comprehensively reveals the
substrate profile of the ppGalNAc-T1, T2 and T3, which not only provides a plausible
explanation for their redundant and non-redundant functions as reported, but also contributes
to systematically understanding the regulation of protein O-GalNAc glycosylation mediated
by different ppGalNAc-Ts.
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Figure legends
Figure 1. Strategy and condition optimization of protein-microarray-based substrate
profiling of ppGalNAc-T. (A) The scheme of on-chip ppGalNAc-T assay. (B) The click
chemistry detection of the O-GalNAz glycosylation on chip. NH2-labeled (upper) or
biotin-labeled (lower) Muc5AC-TS36 peptides were immobilized on the Fullmoon protein
slides. After O-GalNAz glycosylated by ppGalNAc-T2, the signals were detected with click
chemistry. (C) Enzymatic kinetics on the biotinylated peptide array with different
concentrations of ppGalNAc-T2. (D) Enzymatic activities of three ppGalNAc-Ts on the
biotinylated peptide array. The same concentration of each ppGalNAc-T was used in the
human proteome microarray assay. **, p<0.01; n.s., no statistical significance.
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Figure 2. Differential protein substrates of ppGalNAc-T1, T2 and T3 on the chip. (A-C)
The distribution of the ratio of S/N (GalNAz) to S/N (GalNAc) of the microarray proteins in
the on-chip ppGalNAc-T1 (T2 and T3) assay. Glycoproteins with a ratio higher than 1.5 are
colored in green. (D) Venn diagrams of the substrate candidates of ppGalNAc-T1 (red), T2
(yellow) and T3 (blue). (E) A heat-map of the substrate candidates corresponding to the
ppGalNAc-Ts. The color of the spot corresponds to the ratio of S/N (GalNAz) to S/N
(GalNAc) for each protein. The ppGalNAc-Ts and substrate candidates are clustered according
to Kendall correlations. (F) The distribution of the subcellular locations of the total 570
glycoprotein candidates and each ppGalNAc-T’s substrate candidates. The subcellular location
was determined by cross-referencing the annotations from UniProtKB. For the proteins located
in multiple sites, only one subcellular location was designated.
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Figure 3. Validation of newly identified O-GalNAc glycoproteins in cultured cells.
Randomly selected 16 candidates were expressed in COSMC knockout HEK-293T cells. The
proteins were purified using anti-FLAG M2 affinity gel and detected by immunoblotting (IB)
with anti-FLAG antibody. The glycosylation signals were detected by HPA lectin blotting
(LB). Black triangles indicate the major bands of each target protein.
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Figure 4. The results of a bioinformatics analysis of the O-GalNAc glycosylated proteins
identified on the chip. (A) The functional annotation cluster analysis by DAVID. (B) The
complete interaction network obtained from STRING with a confidence score >0.7. The
tightly connected network clusters obtained with MCODE are rendered with blue circles. The
top ranked cluster was coded yellow. (C) The top network cluster in Fig. 4B had a score of
4.83. The other four clusters (score > 3.0) are shown in Supporting Information Fig. S4. (D)
The substrate sequence preference analysis of ppGalNAc-T1, T2 and T3. The detailed
calculation of the enhancement factor of amino acid residues was described in the Methods.
The position “0” represents Ser or Thr, the position “-1” to “-3” represents the residues of the
N-terminal region, and the position “+1” to “+3” represents the C-terminal region to the site
of Ser or Thr. The amino acid residues with an enhancement factor greater than 1 are showed
in different colors: the acidic residues (blue), the basic residues (green) and neutral (red). The
residues with an enhancement factor less than 1 are showed in gray.
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