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UDP-GalNAc:polypeptide a-N-acetylgalactosaminyltrans-
ferases (GalNAc-Ts) constitute a family of up to 20 transferases
that initiate mucin-type O-glycosylation. The transferases are
structurally composed of catalytic and lectin domains. Two
modes have been identified for the selection of glycosylation
sites by GalNAc-Ts: confined sequence recognition by the cata-
Iytic domain alone, and concerted recognition of acceptor sites
and adjacent GalNAc-glycosylated sites by the catalytic and lec-
tin domains, respectively. Thus far, only the catalytic domain
has been shown to have peptide sequence specificity, whereas
the primary function of the lectin domain is to increase affinity
to previously glycosylated substrates. Whether the lectin
domain also has peptide sequence selectivity has remained
unclear. Using a glycopeptide array with a library of synthetic
and recombinant glycopeptides based on sequences of
mucins MUC1, MUC2, MUC4, MUC5AC, MUC6, and MUC?7
as well as a random glycopeptide bead library, we examined
the binding properties of four different lectin domains. The
lectin domains of GalNAc-T1, -T2, -T3, and -T4 bound dif-
ferent subsets of small glycopeptides. These results indicate
an additional level of complexity in the initiation step of
O-glycosylation by GalNAc-Ts.

Mucin-type O-glycosylation is a common modification of
mammalian proteins passing through the secretory pathway.
Biosynthesis is initiated by the transfer of N-acetyl-a-p-galac-
tosamine (GalNAc) to the hydroxyl group of serine and threo-
nine residues (GalNAcal-O-Ser/Thr), which is catalyzed by a
large homologous family of uridine diphosphate (UDP)-N-
acetyl-a-p-galactosamine:polypeptide GalNAc transferases
(GalNAc-Ts, EC 2.4.1.41). The GalNAc-T family is evolution-
arily conserved, and distinct subfamilies of up to 20 homologs
have been identified among vertebrates and invertebrates
(1-6). The GalNAc-T isoforms have different kinetic proper-
ties and cell and tissue expression patterns, suggesting that they
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serve nonredundant functions conserved through evolution (1,
3,7-9).

Nonredundant functions have been verified for several
GalNAc-Ts. Studies in Drosophila melanogaster have revealed
essential functions of individual Drosophila GalNAc-Ts for
embryonic development, epithelial adhesion, and the secretion
of specific extracellular matrix proteins (6, 10, 11). In mice,
GalNAc-T1 deficiency causes reduced lymphocyte homing and
bleeding disorders (12), as well as defective glycosylation of the
bone protein osteopontin (13). In humans, dysfunctional
GalNAc-T3 causes the rare autosomal recessive metabolic dis-
order familial tumoral calcinosis (14, 15), and inactivating
mutations have been found in GalNAc-T12 in cancer patients
(16). In addition, GaINAc-T14 has been suggested as a negative
regulator of apoptotic signaling (17), GalNAc-T16 as a regula-
tor of TGFP signaling (18), and GalNAc-T11 as a candidate
gene for congenital heart disease with heterotaxy (19).
Moreover, genome wide association studies identified the
GalNAc-T2 isoform as a candidate gene for dysregulated
plasma HDL and cardiovascular risk (20), possibly due to its
site-specific O-glycosylation of the lipase inhibitor ANGPTL3
(21). Collectively, these findings emphasize that distinct
GalNAc-T isoforms have specialized and unique functions.

GalNAc-Ts are structurally composed of a catalytic domain
and a lectin domain, which fold into an A type-fold and a 3-tre-
foil-fold consisting of three subunits («, 3, and 7), respectively.
Both domains are required for efficient glycosylation of mucin
domains (22-28). Two different modes by which GalNAc-Ts
select glycosylation sites have been identified: (i) independent
recognition of acceptor substrate peptide sequence (*3-5 res-
idues of Ser/Thr sites) by the catalytic domain and (ii) con-
certed recognition of the acceptor substrate by the catalytic
domain combined with binding to adjacent O-GalNAc sites by
the lectin domain (24, 29). Thus, the glycopeptide selectivity of
GalNAc-Ts can be mediated by either the catalytic domain
alone, as demonstrated by GaINAc-T10 that requires a GalNAc
residue at position +1 adjacent to the threonine/serine to be
glycosylated (30), or with the help of the lectin domain (22-27).

In the present study, we investigated the fine binding speci-
ficities of lectin domains from GalNAc-T1,-T2,-T3,and -T4 to
elucidate potential selective binding properties for the adjacent
peptide sequence around GalNAc-glycosylated sites. We previ-
ously demonstrated that all lectins bound GalNAc, but the
question of GalNAc-glycopeptide specificity has remained
unanswered. With the introduction of glycopeptide microar-
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rays (31, 32), we have now been able to address this question.
Using a large glycopeptide library based on the sequence of
mucins MUC1, MUC2, MUC4, MUC5AC, MUC6, and MUC7?
displayed on microarrays, we demonstrate that the lectin
domains recognize differential subsets of small glycopeptides.
This was further supported by an independent analysis of a
random bead glycopeptide library probed with two lectins. The
results underscore the complex and coordinated process by
which the large polypeptide GaINAc-T enzyme family control
protein O-glycosylation and provides evidence for a more dif-
ferentiated role of the diverse sequences of the GalNAc-T lec-
tins domains.

EXPERIMENTAL PROCEDURES

Expression and Purification of GalNAc-Ts—pAcGP67 bacu-
lovirus expression constructs containing the soluble coding
region of human GalNAc-T1, GalNAc-T2 wild-type,
GalNAc-T2 with a mutation in the «-lectin subdomain
(GalNACc-T2*®H) GalNAc-T2 with a mutation in the DXD
motif of the catalytic subdomain (GalNAc-T2***H),
GalNAc-T3 wild-type, GalNAc-T3 with a mutation in the
a-lectin subdomain (GalNAc-T3%'°"), GaINAc-T4 wild-type,
and GalNAc-T4 with a mutation in the a-subdomain
(GalNAc-T4*°H) were prepared as described previously (14,
24, 26, 33). The GalNAc-T1/T4 construct was generated by
fusion of the T1 catalytic domain with the T4 lectin domain.
The T1 catalytic domain was amplified by PCR using
GalNAc-T1sol as a template and primers EBHC121 (33) and
EBHC140 (5'-CCATAAGCTTCCTTTGTAACACCTGGAG-
3’; the underlined point mutations create a HindIII restriction
site and mutations V391E and D392A. The T4 lectin domain
was excised from GalNAc-T4sol (34) using HindIII/BamH]I,
and the 548-bp fragment was co-subcloned with the BamHI/
HindIII-cleaved T1 catalytic domain fragment into the BamHI
site of pAcGP67 containing a His,-T7 tag.

Plasmids pAcGP67-T1, -T2, -T2lec*®", -T22* _T3,
-T3lec®'*", -T4, and -T4lec***" were co-transfected with Bacu-
loGold™ DNA (Pharmingen), and the recombinant baculovi-
rus was obtained after two successive amplifications in Sf9 cells
as described previously (3, 24). Amplified virus was used to
infect High Five™ cells grown in serum-free medium (Invitro-
gen) in upright roller bottles shaken 140 rpm in water baths at
27 °C. Secreted, soluble recombinant proteins were harvested
by centrifugation at 2,000 X g and the supernatants were sub-
jected to chromatography on Amberlite® IRA-95, followed by
dilution with 25 mm BisTris* (pH 6.5). The proteins were fur-
ther purified by ion-exchange chromatography on 10 ml of SP
Sepharose™ Fast Flow (Sigma) and eluted with NaCl in a gra-
dient from 10 mM to 1 M. Fractions containing enzyme were
pooled and concentrated using a Centriprep® YM-10 centrifu-
gational filter unit with 10,000 Da cut-off (Millipore). His-
tagged enzymes were further affinity purified by nickel-nitrilo-
triacetic acid purification as described previously (24). Activity
and purity were analyzed by standard GaINAc transferase assay

2The abbreviations used are: BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hy-
droxymethyl)propane-1,3-diol; DMF, N,N-dimethylformamide; Fmoc, N-(9-
fluorenyl)methoxycarbonyl; ETD, electron transfer dissociation.
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(Table 1) and SDS-PAGE stained with Coomassie Blue R-250
using bovine serum albumin as concentration standard.

GalNAc Transferase Assay—Standard assays were per-
formed in 25-50 ul of total reaction mixtures containing 25 mm
cacodylate (pH 7.4), 10 mm MnCl,, 0.25% Triton X-100, 200 um
UDP-[**C]GalNAc (1000 -3,000 cpm/nmol) (Amersham Bio-
sciences), 0.01-0.5 milliunits of GalNAc transferase, and
40-200 wm acceptor peptide. Activity assays were performed as
short time assays and did not exceed 30 min. Enzymatic activity
with the acceptor peptides was routinely determined by scintil-
lation counting after Dowex-1 formic acid chromatography.
Peptides and products produced by in vitro glycosylation were
evaluated by mass spectrometry.

MALDI-TOF Mass Spectrometry—Reaction samples (0.5 ul)
were diluted 15-fold in 0.1% TFA and applied directly to the
probe with matrix (35). The matrix was 2,5-dihydroxyben-
zoic acid (25 mg/ml, Aldrich) dissolved in a 1:1 mixture of
methanol and water. Mass spectra were acquired on a Voy-
ager DE-Pro mass spectrometer equipped with delayed
extraction (PerSeptive Biosystems).

Recombinant Mucin Fragments—Recombinant mucins were
produced as described previously (36). Briefly, His-tagged
mucin fragments covering sequences in MUC2, MUC4,
MUC5AC, MUC6, and MUC7 were produced in Esche-
richia coli and purified by nickel chromatography and HPLC.
The mucins were in vitro glycosylated with GalNAc T1-T4 to
Tn (GalNAca-0), and further elongated with ST6GalNAc-I or
B3GnTé6 to create STn and Core3. The products were verified
by MALDI-TOF and SDS-PAGE.

Peptides—Peptides were synthesized by Schafer-n, Pep-
tides&elephants, and Sigma, in vitro glycosylated, and purified
using SepPak Vac C, 4 columns (Waters). A glycopeptide library
covering different O-glycosylation sites in human IgA-hinge
peptides was designed and synthesized by robotic multiwell
SPPS (Syro 11, Biotage) as described (37).

Mucin O-Glycopeptide Array Print and Analysis—Glycopep-
tides and control structures were printed as described previ-
ously (32). Briefly, nonglycosylated and glycosylated peptides
and mucin fragments were printed on Schott Nexterion Slide H
in quadruplicate using a BioRobotics MicroGrid II spotter
(Genomics Solution). Prior to use, the microarrays were
blocked for 1 h with 50 mm ethanolamine in 50 mm sodium
borate (pH 8.5). Purified recombinant GalNAc-Ts were incu-
bated in a closed container overnight (16 h) at 4 °C or for 1 h at
37 °C, washed three times in PBS, followed by a 2-h incubation
with monoclonal antibodies directed against GalNAc-T1
(UH3), GalNAc-T2 (UH4), GalNAc-T3 (UH5) (7), or
GalNAC-T4 (5B3).> The sample was then washed in PBS and
incubated with biotinylated rabbit anti-mouse IgG (DAKO),
followed by Cy3-conjugated streptavidin diluted in PBS with
0.05% Tween 20. Binding of catalytically active GalNAc-Ts was
also tested using mAbs to the T7 tag or His tag with similar
results for GalNAc-T2, -T3, and -T4. The assay, however, was
more robust with GalNAc-T-specific mAbs and allowed the
detection of GaINAc-Ts when bound to His/T7-tagged mucins.

3 U. Mandel, unpublished data.
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TABLE 1

Substrate specificities of GaINAc-T1, GaINAc-T2, GalNAc-T3, GalNAc-T4, GalNAc-T2%°®", GalNAc-T3°"°H, and GaINAc-T4**°", and GalNAc-T1catT4lec

Substrate specificities measured by short time essays not exceeding 30 min as described under “Experimental Procedures.”

GalNAc-T1 GalNAc-T2 GalNAc-T3 GalNAc-T4 GalNAc-T2*°%"  GalNAc-T3°'°"  GalNAc-T4*°" GalNAc-T1catT4lec

Acceptor substrate

milliunits/mg

20
12
32
28
20

—
oo OoDODoOmMm

136
112
18
90
49
34
0
22
ND

155
11
118
74
104
1

1

4
ND

54

212
222
192
214
13

133

0
18

1
51

PTTTPITTTTTVIPTPTPTGTQTPTTTPISTTC 121
CPPTPSATTPAPPSSSAPPETTAA

PVTYASSASTGDTTPLPVTDTSSVSTGHAT

AHGVTSAPDTRPAPGSTAPP
LSESTTQLPGGGPGCA

RPAPGSTAPPA
VPSTPPTPSPSTPPTPSPSK

AHGVTSAPDTR
Onco-fib-VTHPGY Ac-PFVTHPGYD

OSM fragment

MUC1

MUCla
MUC1b
MUC2

IgA

MUC4

MuUC7

“ ND, not determined.
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Binding was quantified by scanning with a ProScanArray HT
Microarray Scanner (PerkinElmer Life Sciences) and image
analysis with ProScanArray Express 4.0 software (PerkinElmer
Life Sciences). Each spot was measured in four replicates and
the mean relative fluorescence intensity used. Data were ana-
lyzed and plotted using Microsoft Excel or GraphPad Prism
software.

Inhibition Studies—Inhibition studies were performed with
Bn-a-GalNAc, Bn-a-GlcNAc (5 mwm, respectively), or free
GalNAc and GlecNAc (250 mm). In addition, inhibition was per-
formed with selected peptides at a concentration of 0.1-1 mm.

Combinatorial Glycopeptide Synthesis—A combinatorial
glycopeptide library was synthesized using biocompatible
PEGA 4o resin (2 g, 24 ml, 0.24 mmol of NH,) (38). The resin
was carefully washed with N,N-dimethylformamide (DMF) and
distributed evenly into a multiple column (20 columns) library
generator (39). The amino groups of the resin were derivatized
with the 20 genetically encoded Fmoc-derivative (3 eq), N- [1-
H-benzotriazol-1-yl)-(dimethylamino)methylene]-N-met-
hylmetanaminium tetrafluoroborate N-oxide (3 eq), and
4-methylmorpholine (3 eq) by pre-mixing the reagents in 10 ml
of DMF 2 min prior to addition to the swelled resin. The resin
was washed with DMF and the Fmoc group removed with 20%
piperidine in DMF. A 11-mer peptide library assembly was cre-
ated using coupling conditions (Fmoc-AA-OH, N-[1H-benzo-
triazol-1-yl)-(dimethylamino)methylene]-N-methylmetana-
minium tetrafluoroborate N-oxide, 4-methylmorpholine, and
DMF) and piperidine-mediated deprotection as described
above. Between each coupling step, after Fmoc removal, the
library generator was half-filled with DMF and tightly closed. It
was turned upside down and the resin beads were thoroughly
mixed by vigorous agitation of the synthesizer. The generator
was turned upright and even redistribution of beads in the wells
was controlled. At the sixth coupling of the combinatorial
assembly, Fmoc-Ser(Ac,GalNAc)-OPfp (2 eq) was used,
whereas five positions on either side comprised even amounts
of the 20 encoded amino acids. The library was transferred to a
fritted syringe and washed with DMF and water. Excess liquid
was removed. The protecting groups were cleaved with 92%
TFA containing ethane dithiol (1%), triisopropylsilane (2%),
and water (5%) for 2.5 h and the resin was washed with water,
DMF, 20% piperidine/DMF, DMF, water, and plenty of dry
methanol in succession. The methanol-swelled resin was cov-
ered with NaOMe/methanol (0.1 M, 20 ml) for 30 min, washed,
and the treatment repeated for 2 h. The deacetylated glycopep-
tide library was washed with methanol and water before use in
screening. Test sequencing of single library beads using Edman
degradation on an Abi-431 sequencer showed that the com-
pounds were as expected and gave the expected sequence
result.

Combinatorial Substrate Screening—Purified lectin domains
from GalNAc-T4 (GalNAc-T4lec) or -T2 (GalNAc-T2lec) were
both reacted with Oregon Green succinimide ester (2.5 eq,
Molecular Probes), and the labeled protein was purified using
gel permeation chromatography. The above library was divided
into two aliquots. An aliquot of 300,000 beads was incubated
with labeled GalNAc-T4lec or GalNAc-T2lec. Each mixture
was passed through an automated COMPAS bead sorter
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(Union Biometrica) and the active beads were removed. The
inactive beads from each sorting were incubated with the other
protein and positives were isolated. In this manner, selective T2
and T4 ligands were obtained. All labeled beads were subjected
to amino acid sequencing (Table 2).

Characterization of O-Glycosylation Sites—Products of
O-glycosylation reactions were characterized by electrospray
ionization-linear ion trap-Fourier transform mass spectrome-
try (ESI-LIT-FT-MS) in an LTQ-Orbitrap XL hybrid spectrom-
eter (Thermo-Scientific) equipped for both high energy colli-
sion-induced dissociation (40) in an external collision cell (41),
and electron transfer dissociation (ETD) (42) for peptide
sequence analysis by MS/MS (MS?) with retention of glycan
site-specific fragments. Samples were dissolved in methanol/
water (1:1) containing 1% formic acid and introduced by direct
infusion via a TriVersa NanoMate ESI-Chip interface (Advion
BioSystems) at a flow rate of ~100 nl/min and 1.4 kV spray
voltage. Mass spectra were acquired in positive ion FT mode at
anominal resolving power of 30,000. Similar to previous studies
(21), following acquisition of a survey FT-MS' spectrum, ETD-
FT-MS? product ion spectra were acquired on all observed
multiply charged precursor ion clusters including those with a
m/z ratio consistent with metalated forms (i.e. MH,K** and
MH,I?™", as well as MH; ", MH3*, and MH3 "), using an isola-
tion width of 5 mass units, normalized collision energy of 35%,
activation Q of 0.25, activation times of 100 -300 ms, and sup-
plemental activation of 20% (43). Experimental MS spectra
were analyzed by comparison with exact m/z values calculated
for the observed molecular ion charge states using the known
MUCA4.1 peptide sequence incremented with 1 and 2 HexNAc
residues; the presence of an oxidized Met residue in some +16
mass units precursors was confirmed by acquisition of high
energy collision-induced dissociation-MS? spectra (isolation
width, 5 wm; activation time, 30 ms; activation Q, 0.25; using,
normalized collision energy, 30 -50%), which allowed straight-
forward sequencing from efficient generation of completely
deglycosylated b and y ions. ETD-MS? spectra were analyzed by
comparison with theoretical c- and z'- fragment m/z values cal-
culated for all positional combinations of one and two HexNAc
residues distributed on the eight potential S and T glycosylation
sites in the sequence. Additional calculations were made by
replacing one H* with K™, assuming a strong association of the
metal ion with a glycosylated residue. Calculations were per-
formed using the web-based Protein Prospector MS Isotope
and MS Product software routines.

RESULTS

Direct Binding of GalNAc-T1, -T2, -T3, and -T4 to GalNAc-
glycosylated Mucin Peptides—A binding assay was developed
on a microarray platform to assess the binding of secreted
GalNAc-Ts to various glycopeptides and 12-23-kDa mucin
fragments carrying GalNAca (Tn), NeuAca2,6GalNAca
(STn), or GIcNAcB1,3GalNAca (truncated Core3). The print-
ing efficiency and presentation of the specific glycoforms on
peptides and recombinant mucin fragments was verified with
Tn- and STn-specific mAbs, as well as lectins (HPA and VVA).
All four GalNAc-Ts bound GalNAc-glycosylated peptides and
mucin fragments (Fig. 1B) via their lectin domains, as deter-
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mined by assay conditions designed to prevent binding by the
catalytic units (omission of Mn>" and UDP) (33, 44). Binding
was only observed with MUCI1 glycopeptides displaying
GalNAc, whereas nonglycosylated peptides or glycopeptides
carrying other O-glycans (MUC1 carrying either T
(GalB1,3GalNAca), STn, or truncated Core-3) did not react.
We did observe weak reactivity with the larger Core-3 and STn-
glycosylated mucin constructs. However, based on MS analysis
of these the glycosylation was quite heterogeneous, both in
terms of sites and the degree of capping with sialic acid and
GlcNAc and we interpret the binding to these STn and Core-3
glycoforms as representing binding to residual uncapped Tn
O-glycans. This conclusion is supported by similar reactivity
with GalNAc reactive lectins and mAbs to these particular con-
structs. Lectin-mediated binding was confirmed by complete
inhibition of binding with 250 mm GalNAc monosaccha-
ride and no inhibition with GIcNAc (not shown). To address
the importance of the catalytic domain in selective glycopeptide
recognition, we analyzed the binding of GalNAc-T's with dele-
terious mutations in the catalytic (GalNAc-T2) or lectin
domain (GalNAc-T2, -T3, and -T4) (Fig. 14). GalNAc-T2 with
the mutated catalytic domain bound similar to the wild-type
enzyme, whereas GalNAc-T2, -T3, and -T4 with mutated lectin
domains exhibited complete loss of binding in agreement with
our previous studies (24).

The influence of pH and divalent cations on GalNAc-Ts
binding to GalNAc peptides was analyzed. Interestingly, the pH
optima for all four enzymes was between 6.5 and 7.4 (Fig. 2). A
dramatic decrease in binding was seen at pH < 6, which poten-
tially relates to the requirement of releasing GalNAc-Ts from
their acceptors in the trans-Golgi network, where pH is 6 or
lower (45). Next, metal ion requirements for binding were ana-
lyzed and no change in lectin binding was seen when perform-
ing the binding assay in the presence of 20 mm EDTA; 5, 10, and
20 mMm Ca?™; or Mn?" (not shown).

The Binding of GalNAc-T Lectins Is Influenced by the Peptide
Sequence Surrounding the GalNAc Residue—Exploiting the
specific glycosylation patterns created by each of the four Gal-
NAc-Ts (T1, T2, T3, and T4), mucin fragments were partially
glycosylated on the array by individual GalNAc-Ts and the dif-
ferentially glycosylated mucins were used as bait to investigate
differences in binding between the four GaINAc-T lectins. The
most pronounced difference was detected with GalNAc-T4
that preferentially recognized MUC4 over MUC5AC glycosy-
lated with GalNAc-T2, regardless of equal reactivity of the two
mucins with GalNAc-recognizing lectins (Fig. 1C, middle
panel). In contrast, GalNAc-T3 preferentially recognized
MUCS5AC, but not MUC4, when the mucins were glycosylated
with GalNAc-T1, -T2, and -T3 (Fig. 1C). These findings dem-
onstrate that the sites and patterns of GalNAc decoration of
mucin-type peptide substrates influence binding of different
GalNAc-T lectin domains.

Next, we analyzed a series of overlapping GalNAc-glycosy-
lated 20-mer peptides covering the MUC4 fragment (supple-
mental Table S1). Based on our previous findings that the veloc-
ity of IgA hinge glycosylation by GalNAc-T2 was dependent on
a functional lectin domain, we included a collection of synthet-
ically produced IgA-hinge peptides. The peptides were modi-
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FIGURE 1. Binding of GalNAc transferase lectins to mucin GalNAc glycopeptides. A, schematic depiction of GalNAc transferases. All GaINAc-Ts are single
pass type Il transmembrane proteins with catalytic and lectin domains. The localization of mutations in GaINAc-T2**8", GaINAc-T222*", GaINAc-T3°"°", GalNAc-
T4*°" and GalNAc-T4lec***" is shown by arrows. B, fluorescent image of a mucin glycoprotein array probed with GaINAc-T1, -T2, -T3, and -T4. Quantification
of binding with the relative fluorescent units is shown on the x axis. C, GalNAc-T1, -T2, -T3, and -T4 binding to partially glycosylated mucin fragments MUC4 and
MUCS5AC on the array by individual GalNAc-Ts. Differentially glycosylated mucins were used as baits to probe GalNAc transferase binding.
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fied with GalNAc residues attached at different sites (supple-
mental Table S1) to investigate if a differential binding pattern
could be observed between the GalNAc-T isoforms. GalNAc-
T1, -T2, -T3, and -T4 also exhibited different binding patterns
to this collection of short GalNAc peptides (Fig. 3). A striking
result was a particularly strong binding of GalNAc-T1 to one
specific MUC4 glycopeptide (GalNAc-MUC4.1, supplemental
Table S1) that was only weakly recognized by GalNAc-T2, -T3,
and -T4. In contrast, both GalNAc-T3 and -T4 exhibited
strong binding to the MUC4.17 glycopeptide. Furthermore,
GalNAc-T2 bound IgA-hinge 7 with a single GalNAc in Thr-12

80000 -

-- T1
60000 -
-+ T3
- T4
2 40000 -
4
20000
0 A
55 6.0 6.5 7.0 7.5 8.0

pH

FIGURE 2. Influence of pH on GalNAc-T binding to MUC1 Tn glycopep-
tides. Binding of GalNAc-T1,-T2,-T3, and -T4 to GaINAc-MUC1 at pH 5.7-8.0.
Binding is expressed as the mean relative fluorescent activity of MUC1 Gal-
NAc-glycopeptides.

specifically, whereas GalNAc-T1, -T3, and -T4 did not bind this
glycopeptide. Similarly, GalNAc-T3 bound IgA-hinge 12 but
did not bind other IgA-hinge peptides. Although GalNAc-T4
had a distinct binding pattern different from the other enzymes,
we did not find MUC4 or IgA glycopeptides recognized by only
GalNAc-T4. GalNAc-Ts with mutated lectin domains exhib-
ited complete loss of binding in agreement with our previous
studies.

The GalNAc-peptide Specificity Modulates Function of
GalNAc-Ts in Follow-up Glycosylation Reactions—We initially
attempted to examine the different binding patterns of
GalNAc-T1 and -T4 by swapping the lectin domains of
GalNAc-T1 and -T4, as well as those of GalNAc-T2 and -T4.
Unfortunately, only the GaINAc-T1catT4lec chimeric protein
was functional, and that only with very low specific activity
(Table 1). GaINAc-T1catT4lec exhibited weak binding to the
GalNAc-T1 binding partner GaINAc-MUCA4.1, although the
binding pattern was not identical to the binding achieved with
wild-type GalNAc-T4, suggesting that binding might be
influenced by the catalytic domain (not shown). Next, we
tested whether the selective binding of GalNAc-T1 to
GalNAc-MUCA.1 correlated with the capacity of the enzyme to
mediate follow-up glycosylation. Glycosylation of MUC4.1
with GalNAc-T2 resulted in the incorporation of a single
GalNAc residue at position Thr-12 (Fig. 4). Only GalNAc-T1
bound GalNAc-MUC4.1, and follow-up glycosylation of
GalNAc-MUCA4.1 was most effective with GalNAc-T1 (Fig. 4),
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FIGURE 3. Differential binding of GalNAc transferase lectin domains to GalNAc glycopeptides. Binding of GalNAc-T1, -T2, -T3, -T4, and HPA to the MUC4
and IgA glycopeptide array. The bar graph represents the relative fluorescent unit of the binding of each GalNAc-T. Peptide sequences are listed under

supplemental Table S1. HPA, helix pomatia agglutinin.
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FIGURE 4. GalNAc-T1 selectively binds and mediates followup glycosylation of GalNAc-MUCA4.1. A, binding of GalNAc-T1, -T2, -T3, and -T4 to MUC4.1,
GalNACc™ = "P°s'2.MUC4.1 (GalNAc incorporated at Thr-12 by GaINAc-T2, see Fig. 5 for characterization), and GaINAc-glycosylated MUC5AC (recMUC5AC Tn).
B, glycosylation of GalNAc” = '"P°s'2-MUC4.1 by GalNAc-T1, -T2, -T3, and -T4. C, glycosylation of GaINAc” = "P°s'2-MUC4.1 by GalNAc-T1 for 1 and 4 h in the

presence of 250 mm GalNAc (upper panels) or GIcNAc (lower panels) evaluated
indicate standard deviation of four replicates.

incorporating an additional GaINAc residue at Thr-11 adjacent
to the pre-existing GalNAc at position Thr-12 (Fig. 5).

We then tested the potential effect of dual binding to sub-
strates through the catalytic and lectin domains. In the pres-
ence of Mn>" and UDP GalNAc-Ts bind glycopeptides via both
the catalytic and lectin domains. To test whether GaINAc-T

32690 JOURNAL OF BIOLOGICAL CHEMISTRY

by MALDI-TOF MS. Number of GalNAcs incorporated is indicated. Error bars

binding to glycopeptides is increased when binding is allowed
through both domains, a model system with GaINAc-T2 bind-
ing to the nonglycosylated and GalNAc-glycosylated recombi-
nant MUC?2 fragment was established. Inclusion of Mn*" and
UDP in the assay enabled GalNAc-T2 binding, with or without
mutations in the lectin domain, to nonglycosylated mucin dem-
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onstrating binding via the catalytic domain alone. Inclusion of
Mn>" and UDP in the assay did not change binding of

catalytic domain to the collective binding was assessed by bind-
ing GaINAc-T2 lectin mutant (GalNAc-T2**") to GalNAc-

GalNAc-T2 to GalNAc-MUC2 (Fig. 6). The contribution of the
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FIGURE 6. Evaluation of GalNAc-T2 binding to recombinant MUC2. Left panel, binding of GalNAc-T2 and GalNAc-T2*°®" to nonglycosylated recombinant
MUC2. Binding assay included UDP and MnCl, to allow binding through the catalytic domain. Right panel, binding of GaINAc-T2 and GalNAc-T2**8" to MUC2

Tn. Error bars indicate standard deviation of four replicates.

right panel). This indicated that the catalytic domain under
these binding conditions only contributed ~20% of the total
binding.

Exploring Binding Motifs of GalNAc-T2 and -T4 Lectin
Domains (GalNAc-Tlec) with a Random Tn-glycopeptide Bead
Library—Finally, we sought to identify specific glycopeptide
sequence motifs for GalNAc-T2lec and -T4lec by screening a
random bead library presenting 11-mer GalNAc glycopeptides

TABLE 2
Differential binding of glycopeptide beads by GalNAc-T2 and -T4

Selection of glycopeptides binding to isolated lectin domains from GalNAc-T2 (T2-
Lec) and -T4 (T4-Lec). Glycopeptides were selected from an 11-mer random pep-
tide library surrounding a central serine-GalNAc residue at position six. A, peptide
sequences of glycopeptides pre-adsorbed with isolated T2 lectin domain and sub-
sequently selected with isolated T4 lectin domain. B, peptide sequences of glyco-
peptides pre-adsorbed with isolated T4 lectin domain and subsequently selected
with isolated T2 lectin domain. Red indicates basic amino acid, blue are aromatic,
and green are B-branched amino acid. “—” indicates nondetermined amino acid

with a central GalNAc attached to serine at position 6. Seven  sequences.

GalNAc-containing peptides selectively recognized GalNAc-

A) T2-Lec negative beads incubated with T4-Lec’

T2lec but not GaINAc-T4lec (Table 2). In addition, 13 GalNAc 5 4 3 -2 -1 +1 42 +3 +4 45
glycopeptides selectively recognized the GalNAc-T4 lectin 1T R G K S(GalNAc) M Y W K P
domain but not the GalNAc-T2 lectin domain (Table 2). The 2 AN W N P S@GaNA) T R I F V
selected peptides for both GalNac-T2lec and GalNac-T4lec are 2 \|/_|V I\cl;l F R K gggz:sﬁgg :i : VIT/ }I: E
hydrophobic, consistent with a preference for hydrophobic 5 S Q P R L SGaNAc) F V L R M
binding sites, but considerably more so for GalNAc-T4lec. A 6 R W S F Y S@GaNAc) W R A Y |
large bias toward selection of Arg over Lys as a basic amino acid 7Y AM L Q SGaNA) VvV R F F |
was observed, as well as preference for the +1 site for GalNac- 8 D w W R | S(GaNA) A L A R V
T2lec. Both lectins bound a large proportion of GalNAc pep- 13 N T F A 1 SGalNa)y A G R N A
) X X ; s R | L L - S@GaNAc) R F V R L
tides with hydrophobic amino acids Ile, Val, and, to some M1 W F Q | - S(GalNAc) | F I W N
extent, Leu in position +2, although this was most pronounced 12 A F M R A S(GalNAc) N | I Q W
for GaINAc-T2lec. A generally high occurrence of 3-branched 3 W K W V Q SGaNAc) |V Q@ R M
amino acids (e.g. Val/Ile/Thr) was found, consistent with selec- 4 Q wW K § R S§(GaNAc) F I - | Y
tivity for peptides with sequential regions of threonines, such as ] ) ) :
the mucins. The fact that Val/Ile appear as substitutes for Thr is B) T4_éec n:gansve bzads ;nCUbatEd with T2_+L1€C w2 43 +4 45
not surprising, as Thr is uncharged, with some hydrophobic 1 H P V M Q SGalNAc) RC 1 F Q W
character, as well as shape similarity, conferred by the 2 S M S L - SGaNAc)y R L F N F
B-branched methyl group, and this replacement is frequent in 3 F R F | N SGaNAc)y H M H V Y
natural protein mutations. Some differences were also noted. 4 M P I Y I §GaNAc) R T F T F
Glycopeptides containing Phe, Trp, and Ile at positions —3 and 5 M P K I T S§@GaNA) R V. K |V
—4 were more prevalent among GalNAc-T4lec binders than 6 v - M Q N S@aNA) R I L VS
7 W G S8 H | S(GalNAc) V v R A S

GalNAc-T2lecbinders (position —3,5/13 for T4 and 1/7 for T2;
position —4, 5/13 for T4 and 0/7 for T2). In contrast, GalNAc-

FIGURE 5. Glycosylation of the MUCA4.1 peptide by GalNAc-T2, followed by GalNAc-T1. Characterization of MUC4.1 products using ESI-LTQ-Orbitrap MS
and ETD-MS/MS. A, MS of the MUC4.1 + 1Tn product formed by GalNAc-T2; B, MS of MUC4.1 + 2Tn product formed by subsequent action of GalNAc-T1;
C,ETD-MS/MS of [M + K*3H]*" precursor ion (m/z496.4691, z = 4, in panel A); D, ETD-MS/MS of [M + K" 3H]*" precursor ion (m/z 547.2398, z = 4, in panel B).
Inset in C, expanded region, m/z 991-995 from ETD-MS/MS of the [M + K*2HI** precursor ion (m/z 661.6241, z = 3, in panel A) of GalNAc-T2, showing a well
resolved cq ion at a m/z consistent with nonglycosylation of Thr-9. The fragmentation patterns in Cand D are consistent with glycosylation of Thr-10, and Thr-9
and Thr-10, respectively, with HexNAc residues (LJ); i.e. abundant ¢,*, ¢g ", ¢o ", ¢;, ", 2o+, and related ions (z, = 1 u, ¢, = 1 u and/or corresponding doubly
charged species) were detected at m/z values calculated for HexNAc at these sites. Corresponding fragments consistent with glycosylation elsewhere were not
detected.
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T2lec more readily bound glycopeptides with the charged
amino acid Arg at position +1 (4/7 for T2 and 2/13 for T4) and
hydrophobic amino acid Phe at position +3 (3/7 for T2 and
1/13 for T4; Table 2). Based on the identified amino acid motifs
important for binding GalNAc-T4lec and GalNAc-T2lec, one
glycopeptide (T4inhib) was constructed that was predicted to
bind GalNAc-T4. Indeed, the T4inhib GalNAc peptide primar-
ily recognized GalNAc-T4 and not GalNAc-T1 or GalNAc-T2,
whereas reactivity was seen with GalNAc-T3 (Fig. 3). Inhibition
studies confirmed this reactivity pattern (not shown).

DISCUSSION

GalNAc-Ts are the only eukaryotic glycosyltransferases that
have lectin domains in addition to catalytic domains (28). In
contrast lectin domains are found on many glycosidases as well
as some glycosyltransferases in prokaryotes where they have
been shown to support catalytic efficiency by mechanisms of
substrate approximation and targeting to substrate sites (46—
48). The lectin domain structure is evolutionarily conserved
throughout the large GalNAc-T gene family and several
GalNAc-T lectins were previously shown to bind GalNAc and
modulate the catalytic functions of the enzymes (24, 26). The
results presented here demonstrate that the lectin domains fur-
thermore, exhibit differential preferences for GalNAc glyco-
peptides with different patterns of glycosylation. These findings
provide for a role for lectin domains in controlling substrate
specificities of GaINAc-Ts and the complex interplay of these in
control of protein O-glycosylation. This advance was facilitated
by application of our glycopeptide libraries displayed on
microarrays, which circumvented previous problems with
detecting weak binding in ELISA (32).

The important role of the GalNAc-T lectin domains for the
function and substrate specificity of the enzymes was originally
observed by the requirement of a functional lectin domain of
GalNAc-T4 to complete the O-glycosylation of the MUCI tan-
dem repeat (26). Subsequently, we and others demonstrated
that other GalNAc-T isoforms also required functional lectin
domains for what were referred to as follow-up glycosylation
events (23, 29, 49). We have hypothesized that the lectins serve
to enhance the efficiency of the initiation step of O-glycosyla-
tion by providing additional binding to partially completed sub-
strates to complete the process prior to the elongation step of
O-glycans. Failure to do so could prematurely obstruct the ini-
tiation process especially in highly dense O-glycan regions such
as mucins. In support hereof, a time course study of the O-gly-
cosylation of the large secreted MUC5AC mucin showed that
glycosylation with GalNAc could be separated in time from that
of the O-glycan elongation (50). GalNAc-Ts glycosylate pep-
tides with multiple acceptor sites by order of affinity for indi-
vidual sites. This feature would disfavor glycosylation of low
affinity acceptor sites in regions with high density of O-glyco-
sylation and potentially result in incomplete decoration of such
regions. We envision that greater efficiency in completion of
mucin regions with high density of glycosylation can be
achieved by the additional recognition of partially glycosylated
substrates by the lectin domains. The finding in this report that
the lectin domains not only bind GalNAc residues, but prefer-
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entially bind certain GalNAc-glycopeptide patterns, further
supports this hypothesis.

The glycopeptide array platform provided a sensitive assay to
study GalNAc-T lectin specificities, which we previously were
unable to do by a conventional enzyme-linked lectin assay (24).
We previously failed to demonstrate clear binding with non-
labeled transferases (24); however, the sensitive glycopeptide
array assay made it possible to detect the weak protein-carbo-
hydrate interactions. This is most likely due to the high density
and uniform orientation of glycopeptides on the array. Another
possible explanation is stabilization of lectin binding by the
addition of secondary antibodies. Similar advances in the
microarray format over other binding assays have been noted
when analyzing other low affinity protein carbohydrate inter-
actions (51).

Most importantly, we found that the glycopeptide binding
specificity of GaINAc-T lectins corresponded with distinct sub-
strate specificities of GalNAc-Ts suggesting that the lectin
domains provide more than just binding to GalNAc residues
but also influence substrate selection. Selective binding
patterns were observed for each GalNAc-T. For example,
GalNAc-T1 selectively bound GalNAc-MUC4 peptide corre-
sponding with its lectin domain-dependent follow-up glycosyl-
ation. Furthermore, GalNAc-T2 bound selectively to the
GalNAc-IgA-hinge peptide with a single GalNAc at Thr-12,
which represents one of the initial glycosylation products pro-
duced by GalNAc-T2 (52), and this might explain GalNAc-T2
lectin-dependent glycosylation of the IgA-hinge (24, 52). It
should be noted, however, that the GalNAc-glycopeptide bind-
ing specificity by array analysis is compared with the lectin-de-
pendent function of the enzymes and not the general activity
with unglycosylated peptides.

It was surprising that the lectin domain-mediated follow-up
glycosylation of GalNAc-MUC4.1 resulted in addition of a
GalNAc residue immediately adjacent to the pre-existing
GalNAc-glycosylated site in a di-GalNAc motif. Previously,
modeling of MUCI1 glycopeptides into the crystal structures of
GalNAc-T1 (23) has suggested that a specific and significant
distance between binding sites of the catalytic and lectin
domains is critical in the follow-up glycosylation process. This
is in contrast to the follow-up glycosylation mediated by
GalNAc-T10, which requires a GalNAc residue at position +1
adjacent to the threonine/serine to be glycosylated (30);
explained by a unique GalNAc-O-Ser/Thr-binding site in the
catalytic domain of GalNAc-T10 not found in GalNAc-T1 or
-T2. Therefore, it was surprising that the GalNAc-T1 lectin
domain mediated follow-up glycosylation of GaINAc-MUC4.1
resulting in addition of a GalNAc residue immediately adjacent
to the pre-existing GalNAc-glycosylated site in a di-GalNAc
motif. Nevertheless, the importance of the lectin domain in this
process was confirmed by coincubation with GalNAc that abol-
ished GaINAc-MUC4 binding and inhibited follow-up glyco-
sylation. The result may therefore suggest a mechanism of
action of lectin domains different from that previously pro-
posed for GalNAc-T1. One possibility is that molecular flexi-
bility between the catalytic and lectin domains of GalNAc-T1
allows the two binding sites to be in close proximity (22, 23, 25),
as seen evidenced by the reciprocal orientation of the catalytic
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and hemopexin-like domains of MMP-12 (53). Another possi-
bility is that the lectin domain functions by substrate approxi-
mation (increasing the local concentration of the peptide) and
creates a selective and lectin domain-dependent advantage for
GalNAc-T1 in glycosylation of the preferred substrate-like
GalNAc-MUCA4.1. In summary the lectin domain could influ-
ence substrate specificity differently in the two cases (i.e. by
substrate approximation in the case of GalNAc-T1 and
MUCA4.1), and correct spacing between the acceptor and lectin
binding sites, as demonstrated with GalNAc-T2/T4 for
GalNAc-MUCI.

This could have implications for the methods used to deter-
mine the site preferences of individual GalNAc-T isoforms.
Important studies of the glycosylation of peptide libraries has
revealed unique as well as general preferences for GalNAc-Ts
isoforms (2, 30, 54, 55). It has been defined that prolines in
position +1 or +3 relative to the glycosylation site are of gen-
eral importance. The method has also been used to define
unique glycosylation sites for individual GalNAc-Ts with tyro-
sine in position +3 being important for GalNAc-T1 and a
valine, isoleucine, or proline in position —3 being important for
GalNAc-T2 (54). The use of short synthetic peptides has thus
successfully identified consensus sequences for substrate spec-
ificity of individual GalNAc-Ts conferred by the catalytic
domain. The method does not, however, take into account the
potential importance of the lectin domain; a feature that based
on the present study could prove to be important for future
algorithms of glycosylation prediction.

An interesting question, given the gradual decrease in pH
found through the secretory pathway (45), is whether the lectin
binding function of GalNAc-T's is regulated by pH. A number of
lectin-mediated functions in intracellular transport are termi-
nated by subtle changes in pH, which result in release of lectin
binding. The unique double binding function of GalNAc-Ts via
their catalytic and lectin domains may provide these enzymes
the ability to compete with O-glycan elongation enzymes.
Release of substrates after completion of the GalNAc-glycosyl-
ation step and initiation of elongation could potentially be due
to lack of binding affinity through the catalytic domain, whereas
weak interactions with the GalNAc-protein substrate posed by
the lectin domain alone could be overcome. However, one
could also envision that the lectin binding affinity alone still
posed a competitive challenge for the elongation process and a
simple mechanism to overcome this would be a pH-induced
release of GalNAc-Ts at pH below 6.0 in the late secretory path-
way. Interestingly, the differences in the optimum pH for
GalNAc-T binding could partly correspond to different local-
izations of GalNAc-T1, -T2, and -T3 along the secretory path-
way, with GalNAc-T1 being localized throughout and
GalNAc-T3 in the medial part of the Golgi stack (56).

The random bead library approach helped us to identify high
affinity and selective glycopeptide binding candidates to two of
the enzymes, GalNAc-T2 and -T4. GalNAc-T lectin binding
partners were identified from a library presenting 11-mer pep-
tides synthesized around a central serine-carrying GalNAc.
Some general patterns for glycopeptide binding to GalNAc-T2
and -T4 lectins were recognized, although we were unable to
extract a specific consensus motif for either of the two lectin
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domains. The identified glycopeptides contained a large pro-
portion of hydrophobic amino acids, indicative of hydrophobic
binding sites in the lectin domain. Furthermore, a high occur-
rence of B-branched Val/lle/Thr was found. That Thr can be
readily substituted by Val or Ile suggests that the identified pep-
tides reflect lectin binding to peptide regions with high density
of threonines, such as those in mucins. Furthermore, both the
GalNAc-T2 and -T4lectin domains were attracted to positively
charged peptides carrying one or two arginines, particular in
the +1 position upstream from the glycosylation site. This
could be due to either general charge-charge interaction
between the glycopeptides and the lectin domains leading to
increased lectin concentration in the beads or to specific
charge-charge interactions in the binding site.

Lectin domains may represent drug targets aimed at reduc-
ing efficiency of glycosylation of secreted mucins. Hyperglyco-
sylated mucins are found in chronic inflammatory airway dis-
eases such as asthma, chronic bronchitis, and cystic fibrosis,
and inhibition of mucins and their glycosylation could make an
important contribution toward controlling disease (57). Tar-
geting the catalytic domains of GalNAc-Ts by UDP-based
inhibitors may lead to general inhibition of all O-glycoprotein
and mucin glycosylation resulting in broad effects on the
secretory pathway, the cell membrane, and secretions. Tar-
geting lectin domains selectively could result in a more sub-
tle strategy, which selectively targets mucins and mucin-like
proteins with regions of high density of O-glycans. This
strategy is less likely to affect secretion and general functions
of O-glycans, but will conceivably result in mucins with less
dense O-glycosylation, which are more prone to proteolytic
digestion and perhaps clearance. Inhibition of mucin biosyn-
thesis could be provided by inhibition of specific GalNAc
transferases including their lectin domains. GalNAc pep-
tides selectively inhibiting specific GaINAc-Ts may be useful
in combination with inhibitors targeting the catalytic
domain. This could create high affinity multivalent and iso-
type-specific inhibitors of GalNAc-Ts.

In summary, this study demonstrated that GaNAc-T lectins
exhibit selective GalNAc glycopeptide binding specificities, and
that the pattern and sequence context of GalNAc residues on
glycopeptides differentially influence binding properties
among the different GalNAc-T isoforms. Thus, the GaINAc-T
lectins appear to add additional complexity to the initiation
step of O-glycosylation.
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