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ABSTRACT: UDP-GalNAc:polypeptide a-N-acetylgalactosaminyltransferases (ppGalNAcTs, EC 2.4.1.41),
a family of key enzymes that initiate posttranslational modification with O-glycans in mucin synthesis by
introduction of a-GalNAc residues, are structurally composed of a catalytic domain and a lectin domain. It
has been known that multiple Ser/Thr residues are assigned in common mucin glycoproteins as potential
O-glycosylation sites and more than 20 distinct isoforms of this enzyme family contribute to produce densely
O-glycosylated mucin glycoproteins. However, it seems that the functional role of the lectin domain of
ppGalNACcTs remains unclear. We considered that electron capture dissociation mass spectrometry (ECD-MS),
a promising method for highly selective fragmentation at peptide linkages of glycopeptides to generate unique
¢ and z series of ions, should allow for precise structural characterization to uncover the mechanism in
O-glycosylation of mucin peptides by ppGalNAcTs. In the present study, it was demonstrated that a system
composed of an electrospray source, a linear RFQ ion trap that isolates precursor ions, the ECD device, and a
TOF mass spectrometer is a nice tool to identify the preferential O-glycosylation sites without any
decomposition of the carbohydrate moiety. It should be noted that electrons used for ECD are accelerated
within a range from 1.75 to 9.75 eV depending on the structures of glycopeptides of interest. We revealed for
the first time that additional installation of a a-GalNAc residue at potential glycosylation sites by
ppGalNACcT?2 proceeds smoothly in various unnatural glycopeptides having a-Man, a-Fuc, and S-Gal
residues as well as a-GalNAc residues. The results may suggest that ppGalNAcT2 did not differentiate totally
presubstituted sugar residues in terms of configuration of functional groups, b-, L-configuration, and even a-,
p-stereochemistry at an anomeric carbon atom when relatively short synthetic peptides were employed for the
acceptor substrates. Unexpected characteristics of ppGalNAcT2 motivated us to challenge site-directed installa-
tion of a-GalNAc residues at desired position(s) by protecting some hydroxyl groups of Thr/Ser residues with
selectively removable sugars, notably a novel concept as “carbohydrate as protective groups”, toward a goal of the

systematic chemical and enzymatic synthesis of biologically important mucin glycopeptides.

Human cell surface mucins are one of the most important
classes of glycoproteins to influence significantly specific cellular
adhesion during differentiation, proliferation, or malignant
alteration in embryogenesis, organogenesis, carcinogenesis, and
cancer metastasis (/—3). Glycan chains of mucin glycoproteins,
namely, O-glycans densely substituted at multiple Thr/Ser resi-
dues, are commonly constructed by a variety of glycosyltrans-
ferases at ER/Golgi membranes through highly complicated
biosynthetic pathways (Figure 1) (4). It is likely that O-glycan
structures of mucins such as MUC1, MUC2, MUC4, MUCSAC,
and MUCI6 in the normal human epithelial cells alter markedly
during cancer progression and malignant alteration (2). There-
fore, aberrantly O-glycosylated mucins by unusual glycoforms
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expressed on various cancer cell surfaces are considered to be
promising diagnostic biomarkers (5). Extensive attention has also
been paid toward discovery research of cancer-dominant mucin
glycopeptides for the development of novel cancer vaccines and
improved antibody immunotherapeutics (6, 7).
UDP-GalNAc:polypeptide a- N-acetylgalactosaminyltrans-
ferases (ppGalNACTs,! EC 2.4.1.41), a family of key enzymes that
initiate posttranslational modification with O-glycans in mucin
synthesis, are structurally composed of a catalytic domain and
a lectin domain (4). These enzymes utilize UDP-GalNAc as the
sugar nucleotide donor substrate to modify Ser/Thr residues of pro-
teins trafficking through the ER/Golgi membranes. The newly
formed a-GalNAc-Ser/Thr moiety is termed the “Tn-antigen” and
is generally further modified to construct complex oligosaccharide

! Abbreviations: ppGalNACT, UDP-GalNAc:polypeptide o-N-acetyl-
galactosaminyltransferase; ECD-MS, electron capture dissociation mass
spectrometry; MALDI-TOFMS, matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry; SDS—PAGE, sodium
dodecyl sulfate—polyacrylamide gel electrophoresis.
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FIGURE 1: A schematic image of the biosynthetic path of mucin glycoproteins.

structures. It has been documented that multiple Ser/Thr resi-
dues are assigned in common mucin glycoproteins as potential
O-glycosylation sites and more than 20 distinct isoforms of this
enzyme family contribute to produce densely O-glycosylated mucin
glycoproteins (4). Among isoforms of mammalian ppGalNACcTs,
ppGalNACcT1, -T2, and -T4 are distributing in a wide range of
tissues and supposed to act upon a large repertoire of protein
scaffolds in an early stage during mucin domain assembly, while
some isoforms such as ppGalNAcT7, -T10, and -T11 seem to
function in the late or final stage (Figure 1) (8, 9). Since the
construction of such mucin domain assembly should be influenced
significantly by preceding glycosylation status at neighboring
Thr/Ser residue(s) (10), lectin domains of ppGalNAcTs appear
to define the preferred glycosylation sites in partially glycosylated
peptide substrates. Although it seems likely that there is a complex
balance between redundant substrate preferences and hierarchical
relationships among the members of ppGalNAcTs family, the
functional role of their lectin domains remains to be unclear
(9, 11, 12). Considering the existence of rare O-glycosylation at
Ser/Thr residues by such as a-Man, o-Fuc, f-GlcNAc, 5-Glc, and
B-Xyr (13—16) as well as unknown lectin function of the ppGal-
NAcTs (17, 18), we hypothesized that ppGalNAcTs should have
some tolerance in the additional installation of GalNAc residues
toward synthetic unnatural/unusual glycopeptides as acceptor
substrates, in which one or some of the potential O-glycosylation
sites are modified preferentially with above minor O-glycosides.
If this really is the case, then it might become a breakthrough
to expand chemical and enzymatic synthesis of mucin glyco-
proteins based on the site-directed glycosylation with various
glycosyltransferases.

EXPERIMENTAL PROCEDURES

Materials and Methods. All commercially available solvents
and reagents were used without further purification. Tentagel
S RAM resin (Hipep Laboratories, 0.25 mmol/g) was used for the
synthesis of glycopeptides. The following protected amino acids
were used: Fmoc-Ala-OH, Fmoc-Arg(Pbf)-OPfp, Fmoc-Asp-
(Boc)-OH, Fmoc-Gly-OH, Fmoc-His(Trt)-OH, Fmoc-Lys(Boc)-
OH, Fmoc-Pro-OH, Fmoc-Ser(tBu)-OH, Fmoc-Thr(:Bu)-OH,
and Fmoc-Val-OH (Novabiochem). Glycosylated amino acid
derivatives, Fmoc-Thr(Acs-a-L-Fuc)-OH, Fmoc-Thr-(Acy-f-p-
Gal)-OH, and Fmoc-Thr(Acs-a-pD-Man)-OH, were prepared
according to the method reported previously (19, 20). All solid-
phase reactions for glycopeptide synthesis were performed
manually in a polypropylene tube equipped with a filter. The
reaction vessel for solid-phase synthesis was placed inside a cavity
of a microwave instrument and was stirred with a vortex mixer.
Single-mode microwave was irradiated at 2450 MHz using temp-
erature control at 50 °C (21). Uridine-5-diphospho-N-acetyl-
galactosamine, 2Na (UDP-GalNAc), and cytidine-5'-phospho-
N-acetylneuraminic acid, 2Na (CMP-Neu5Ac), were purchased
from Yamasa Co. a-Mannosidase (from jack bean) was obtained
from Seikagaku Kogyo. a-Fucosidase (from bovine kidney) and
p-galactosidase (from Aspergillus niger) were purchased from
Sigma. Matrix-associated laser desorption ionization time-of-
fright mass spectrometry (MALDI-TOFMS) was recorded and
measured by Bruker Ultraflex machines using 2,5-dihydroxy-
benzoic acid (DHB) as matrix. HPLC analysis was performed on
a Hitachi HPLC system equipped with an L-7100 intelligent
pump and an L-7405 UV detector, using a reversed-phase (RP)
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C18 column, Inertsil ODS-3, 4.6 x 250 mm? (GL Sciences Inc.).
For purification of the products, Hitachi HPLC system equipped
with an L-6250 intelligent pump and an L-7400 UV detector or
using a reversed-phase (RP) C18 column, Inertsil ODS-3, 20 x
250 mm’ (GL Sciences Inc.), was used. NMR spectra were
recorded on a Bruker AVANCE DRX 600.

Preparation of Peptide Substrates Having Sugar Pro-
tective Groups. Synthesis of glycopeptide substrates bearing
a-Man, a-Fuc, and 8-Gal was performed by a standard method
for solid-phase glycopeptide synthesis described in the previous
publications (22—26). Tentagel S RAM resin (60 mg, 15 umol)
was swollen in 5§ mL of DMF for 30 min and drained. All
subsequent cycles required removal of an Fmoc group. To
accomplish this, the swollen resin was covered with 20% piper-
idine in DMF under microwave irradiation for 5 min, drained,
and washed five times with 5 mL of DMF. The coupling solu-
tions were prepared by dissolving Fmoc-protected amino acid
(45 pmol) in 1.5 mL of DMF, to which was added HBTU
(1.0 equiv for amino acids), HOBt (1.0 equiv for amino acids),
and DIEA (2.0 equiv for amino acids). The coupling solution was
then added to the resin and agitated for 5—10 min under micro-
wave irradiation, drained, and washed five times with 5 mL
DMF. In the case of glycoamino acid, couplings were performed
with the solution of glycoamino acid (18 umol) in DMF with
HBTU (1.8 equiv for sugar amino acids), HOBt (1.8 equiv for
sugar amino acids), and DIEA (2.0 equiv for sugar amino acids),
and the reaction mixtures were treated for 20 min under micro-
wave irradiation (0—40 W) at 50 °C. After the coupling, un-
reacted amino groups were capped by acetylation with 13 mM
HOBt in Ac,O/DIEA/DMF solution (4.75:2.25:93.0, 1 mL) for
5 min, and the resin was washed with DMF. After removal of the
last Fmoc groups, the resins were treated with “cleavage cocktail”
solution [TFA/EDT/H,O/triisopropylsilane (94:2.5:2.5:1)] for
2 h at room temperature, were then filtered off, and were washed
with 0.1% TFA. The filtrates were concentrated, and the residue
was poured into cold ether. The precipitates were centrifuged and
washed with cold ether, and the crude glycopeptides were sub-
sequently dissolved in MeOH (5 mL). To the solution was added
1 N NaOH to keep the solution at pH 13. After being stirred for
30 min, the reaction mixtures were neutralized by addition of
AcOH. The solvents were evaporated in vacuo. The deprotected
glycopeptides were dissolved in H,O and purified by RP-HPLC
under the following condition: a linear gradient of mobile phase
1—40% B (mobile phase A, water with 0.1% TFA; mobile phase
B, acetonitrile with 0.1% TFA) in 60 min at a flow rate of
10.0 mL/min and ultraviolet (UV) detection at 220 nm. Totally, nine
kinds of unnatural glycopeptides as substrates tested in this study
were obtained in 20—40% yield (approximately 4— 10 mg scale).

Expression and Purification of Human Recombinant
ppGalNAcT?2 (27). The human ppGalNAc-T2 (hT2) gene lack-
ing the sequence encoding the putative transmembrane region
was amplified directly from a small intestine cDNA library
(Takara Bio, Japan) by using 5hT2-Xho and 3'hT2-Sal as
primers. The 5hT2-Xho primer (5-CCCTCGAGAAAAGA-
CATCATCATCATCATCATGATTACAAAGATGATGTG-
ATAAAAAAAAGAAAGACCTTCAT-3) encodes six histi-
dine residues followed by a FLAG peptide sequence and residues
52—57 of hT2 protein. The 3hT2-Sal (5-GTTCTTGTCGACC-
TACTGCTGCAGGTTGAGCG-3') encodes the last five resi-
dues of hT2 protein followed by a stop codon. The PCR fragment
encoding the stem region and the entire catalytic and lectin
domains of hT2 protein was then digested with X0l and Sal/l and
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cloned into the corresponding sites of the plasmid pPICZoA
(Invitrogen). This generated the expression plasmid pPICZoA-
hT2, which expresses a soluble hT2 protein with N-terminal
tag of hexahistidine followed by a FLAG peptide under the
methanol-inducible 40X promoter. Standard molecular bio-
logy techniques were used for this construction, and the correct
sequence of the PCR-amplified product was verified by DNA
sequencing. The expression plasmid (pPICZaA-hT2) was linear-
ized with Sacl and used to transform the Pichia pastoris
SMD1168 (Invitrogen) strain by the electroporation method.
The transformants were grown on YPD plate (1% yeast extract,
2% peptone, 2% glucose, 2% agar) containing 1 M sorbitol and
Zeocine (100 ug/mL). Colonies with the integration of expression
cassette were determined by direct PCR analysis using 5" and 3’
AOXTI primers (Invitrogen). The transformation and selection
were performed according to the manufacturer’s instructions.

Production of human ppGalNAc-T2 was performed inan 8 L
jar-fermentor with a 6 L working volume by using P. pastoris cells
transformed with pPICZaA-hT2. A process controller system
(EPC-2000; EYELA, Tokyo, Japan) was used to maintain
dissolved oxygen level at 15% saturation by automatically
adjusting both agitation and the air or oxygen supply. The jar-
fermentor with 6 L of modified BMGY media [2% yeast extract,
6% peptone, 1.34% yeast nitrogen base, 1% glycerol, 400 ug/mL
biotin, and 100 mM potassium phosphate (pH6.0)] was inocu-
lated with 100 mL of overnight culture and grown about 16 h at
30 °C. After the carbon source (glycerol) was completely
consumed, methanol was then fed into the jar-fermentor by a
peristaltic pump at 10—15 mL/h to induce the expression of
recombinant human ppGalNAc-T2, and the temperature was
simultaneously reduced to 20 °C. After 2 days of methanol
induction, the culture media were recovered by centrifugation.
The supernatant was then concentrated and equilibrated with
buffer A [50 mM NaPOy, (pH 8.0), 300 mM NaCl] by using an
ultrafiltration system (cutoff M, = 10 kDa; MICROZA UF,
Asahikasei, Tokyo, Japan). The sample was applied to a 5 mL
HisTrap HP column (GE Healthcare). After the column was
washed with buffer A containing 25 mM imidazole, elution was
performed using a 5 column volume gradient of 25—500 mM
imidazole in buffer A. Product fractions were collected and
dialyzed against 50 mM Tris buffer (pH8.0) and then lyophilized
for preservation.

Expression and Purification of Recombinant Human
ST6GalNAc-I (28). Full-length human ST6GalNAc-I was
amplified by PCR using human small intestine cDNA (Takara-bio,
Tokyo, Japan) as template. Expression constructs of a sol-
uble human ST6GalNAc-1 were designed to encode the enzyme
lacking the C-terminal 36 residues that include the cytoplasmic
and transmembrane regions and tagged with six His sequence
followed by a FLAG peptide (DYKDDDDK) at its C-terminus.
pFastBac-HBMs is a baculovirus vector derived from pFastBacl
(Invitrogen, La Jolla, CA) and contains a honey bee mellitin
secretion signal (HBMs) sequence (MKFLVNVALVFMVVY-
ISYIYA). The C-terminal His6FLAG-tagged ST6GalNAc-1
fragment was finally PCR-cloned into pFastBac-HBM:s to gene-
rate pFastBac-His6FLAG-ST6GalNAcI. Expression of this plas-
mid resulted in secreting a soluble HisoFLAG-tagged ST6Gal-
NAc-I enzyme into the cell culture. Standard molecular biology
techniques were used for all plasmid constructions. The correc-
tion sequence of all PCR-amplified products was verified by
DNA sequencing. To produce bacmid DNA, Escherichia coli
DHI10Bac (maximum efficiency; Invitrogen), which harbors
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Aplysia californica polyhedrin virus bacmid, was transformed
with pFastBac-HisFLAG-ST6GalNAcI and incubated on LB
plates containing 50 ug/mL geneticin disulfate, 7 ug/mL gent-
amycin, 10 ug/mL tetracycline, 100 ug/mL X-gal, and 40 ug/mL
IPTG for 48 h. White colonies containing recombinant bacmid
ST6GaINAc-I were then isolated and cultured overnight. The
bacmid DNA was then prepared from the cells and trans-
fected into Spodoptera frugiperda (Sf9) cells using CellFectin
(Invitrogen) and cultured for 72 h. After four successive ampli-
fications in Sf9 cells, recombinant baculovirus stocks were
obtained according to the manufacturer’s description of BAC-
TO-BAC baculovirus expression systems (Invitrogen). For large
scale expression, Sf9 cells were grown (27 °C, with shaking at
114 rpm) in a 250 mL cell culture flask containing 1 x 10% cells/
mL in 100 mL of SP00IT medium in the absence of serum. Cells
were infected with 3:2000 of virus stock from the fourth
amplification. The expression of ST6GalNAcI was monitored
for 4 days after infection of the cells by Western blot with
monoclonal anti-FLAG M2-peroxidase (HRP) antibody pro-
duced in mouse (Sigma-Aldrich, St. Louis, MO). Purification of
recombinant soluble sialyltransferase (ST6GalNAcI) was per-
formed at 4 °C as follows: insect cell culture medium was
centrifuged at 7000g and filtered through a 0.45 um filter for
removal of cellular residues. Supernatant of ST6GalNAc-I
(isoelectric point 10.3) was submitted to cation-exchange chro-
matography in a CM-Sepharose (GE Healthcare) column equili-
brated with the buffer [SO mM MES—NaOH (pH 6.0) and 1%
(v/v) glycerol]. The samples were eluted with a gradient of NaCl
(from 0 to 1 M). Fractions of the eluted samples were assessed by
Western blot with monoclonal anti-FLAG M2-peroxidase
(HRP) antibody and SDS—PAGE on 8% polyacrylamide gels
(Coomassie staining). After dialysis against buffer [25 mM Tris-
HCI (pH 8.0) and 250 mM NaCl], the fractions containing
recombinant human ST6GalNAc-I were submitted to an affinity
chromatography in a Ni**-chelating Sepharose (GE Healthcare,
Buckinghamshire, U.K.) column equilibrated with the buffer
[250 mM Tris-HCI (pH 8.0), 1% (v/v) glycerol, and 10 mM
imidazole]. The samples were then eluted with a gradient of
imidazole (from 10 to 500 mM). Fractions of the eluted samples
were assessed by Western blot with monoclonal anti-FLAG M2-
peroxidase (HRP) antibody and SDS—PAGE on 8% polyacryl-
amide gels (Coomassie staining). The fractions containing
ST6GalNAc-1 were dialyzed against buffer [MES—NaOH (pH
6.0)] and concentrated by using Amicon Ultra-15 centrifugal
filter units using a membrane with 30000 cutoff (Millipore,
Bedford, MA). The purified and concentrated sample was assessed
by SDS—PAGE and Coomassie staining and Western blot using
monoclonal anti-FLAG M2-peroxidase (HRP) antibody.
General Conditions of Modifications by ppGalNAcT?2
and Glycosidases for the Preparation of Glycopeptides
1—18. The enzymatic reactions contained the following compo-
nents in a final volume of 40 uL: 10 mM MnCl,, 100 mM Tris-
HCI buffer (pH 7.5), 250 uM acceptor glycopeptide, 250 uM
UDP-GalNAc, and 3 ug of ppGalNACcT2. The reaction mixtures
were incubated at 37 °C for 6 h and were terminated by adding
160 uL of MeCN. The reactions were monitored and confirmed
by MALDI-TOFMS. The enzyme reaction mixtures were eva-
porated with a SpeedVac, and the residue was applied to the next
glycosidase treatment without any purification process. The
residues after ppGalNACT? reaction were incubated for 15 h at
37 °C as 30 uL of reaction solution under the following condi-
tions: (a) removal of a-Man residue, 150 mM sodium citrate

Yoshimura et al.

buffer (pH 4.5), 50 mM ZnCl,, and 20 milliunits of a-manno-
sidase; (b) removal of 8-Gal residue, 150 mM sodium citrate buffer
(pH 5.0) and 50 milliunits of S-galactosidase; and (c) removal of
o-Fuc residue, 150 mM citric phosphate buffer (pH 5.0), and 50
milliunits of o-fucosidase, respectively. Finally, the reactions
were terminated by adding 160 uL of MeCN. All reactions were
monitored and confirmed by MALDI-TOFMS. The reaction
mixtures were evaporated with a SpeedVac, and the samples were
subjected to the purification by RP-HPLC. The condition of RP-
HPLC is as follows: a linear gradient of mobile phase 2—14% B
(mobile phase A, water with 0.1% TFA; mobile phase B, MeCN
with 0.1% TFA) in 30 min at a flow rate of 1.0 mL/min and
ultraviolet (UV) detection at 220 nm. Purified products were used
for the structural characterization by ECD-MS experiments.

Synthesis of MUC1 Glycopeptide 22. The first enzymatic
reaction with ppGalNAcT?2 contained the following components
in a final volume of 40 uL: 10 mM MnCl,, 100 mM Tris-HCI
buffer (pH 7.5), 125 uM MUCI glycopeptide (AHGVTSAPD-
TRPAPGST;APP, Thr underlined is protected by o-Man
residue), 125 uM UDP-GalNAc, and 3 ug of ppGalNAcT2.
The reaction mixture was incubated at 37 °C for 12 h and was
terminated by adding 160 4L of MeCN. The reaction mixture
was evaporated by a SpeedVac, and crude product was directly
employed for the next sialylation reaction. The following modi-
fication by ST6GalNAc] was performed in a reaction mixture as
final volume 25 uL.: crude 19, 10 mM MnCl,, 100 mM Tris-HCl
buffer (pH 6.5), 2.5 mM CMP-Neu5Ac, and 0.4 ug of ST6Gal-
NAcl. The sialylation was carried out at 20 °C for 12 h and was
stopped with 100 uL of MeCN. The reaction mixture was
concentrated to dryness by a Speed Vac, and the crude compound
20 was dissolved in 20 uL of 150 mM sodium citrate buffer
(pH 4.5) containing 50 mM ZnCl,. The solution was incubated
with 5 uL of a-mannosidase (20 milliunits) at 37 °C for 15 h. To
the mixture was added 100 uL of MeCN to stop the reaction, and
the mixture was concentrated by a SpeedVac. The crude product
21 was diluted with the following ppGalNAcT?2 reaction mixture
(total volume 20 xL): 10 mM MnCl,, 100 mM Tris-HCI buffer
(pH 7.5), and 3 ug of ppGalNACcT2. After this second ppGal-
NACT?2 reaction for 12 h at 37 °C, the mixture was added by
100 uL of MeCN to terminate the reaction. The reaction mixture
was dried by a SpeedVac, and the crude product was diluted with
20 uL of Milli-Q water and injected to a RP-HPLC system under
the condition described above. Purified product was employed
for further structural elucidation by means of ECD-MS. All
enzymatic reactions were monitored by MALDI-TOFMS.

ECD-MS Analysis. All samples tested were prepared as a
5 uM solution in 50:50 water/ACN with 0.1% formic acid and
ionized in positive ion mode using a nanoelectron spray ioniza-
tion (nanoESI) source at a flow rate of 700 nL/min with a syringe
pump (Harvard Apparatus, Halliston, MA). Experiments on the
structural characterization of glycopeptides were performed using
a modified NanoFrontier LD system (Hitachi High-Techno-
logies, Tokyo, Japan). The system is composed of an electrospray
source, a linear RFQ ion trap that isolates precursor ions, the
ECD device, and a TOF mass spectrometer. Electrons used for
ECD were accelerated with 1.75—9.75¢V. Obtained ECD spectra
were further analyzed by an in-house software tool covering peak
picking, peak assignment, and sequence validation. The analy-
tical condition and the systems of instruments were described in
the previous papers (29, 30).

Docking Simulation. The 3D structures were calculated by
using a software package of the Schrodinger Suite (Schrodinger,
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LLC, Portland, OR). We used the structure of ppGalNAc-T2 Scheme 1: Identified Structures of Glycopeptides 1 and 2 Pro-
determined by X-ray crystal structure analyses (PDB entry: duced by Sequential Enzymatic Modifications of Unnatural
2FFU (31)) as a template structure for the docking simulation Glycopeptide Bearing a-Mannose Residue at Thr7*

a) 1479
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1682 1885
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FIGURE 2: MALDI-TOFMS analysis during sequential enzymatic PTTDSsTTPAPT+TK"
reactions by ppGalNAcT?2 and a-mannosidase toward EA2 peptide & =

having a-Man at Thr7. (a) MS of the starting EA2 glycopeptide,
(b) MS after ppGalNAcT2-catalyzed glycosylation, and (¢c) MS after

“ECD-MS spectra of minor products represented by an asterisk were
the treatment with a-mannosidase, respectively.

listed in the Supporting Information (Figure S-1).
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FiGURE 3: ECD-MS spectra of glycopeptides 1 (A) and 2 (B) and the corresponding fragmentation schemes derived from the precursor ions at n1/z

507 for 1 ((M + 3H]**) and m/z 575 for 2 (M + 3H]J**). Electrons used for ECD were accelerated with 1.75 eV for compound 1 and 5.75 eV for
compound 2, respectively.
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between the enzyme and the acceptor glycopeptides. The struc-
ture of 2FFU is a cocrystal structure including ppGalNAc-T2,
UDP, Mn*", and the acceptor peptide EA2. We prepared the
extended structure of glycopeptide protected by a-Man at Thr7
(EA2-7M) on the MAESTRO software included in the Schrodinger
Suite, and the glycopeptide was energy minimized by the software
MacroModel 9.6 in order to be applied as the initial structure for
the docking calculations. The docking position was designated as
the center of the site of EA2 in the template structure of 2FFU,
and the docked glycopeptide was confined to the enclosing box
whose volume was 40 A*. To soften the potential for nonpolar
parts of the ligand, we set the cutoff value of 0.8 to the van der

a) 1463 EA2-7F a) 1479 EA2-7G
A LAl " "
b) 1463 b) 1479
1665 1868 16{?21885
n 1 1 AL N
o, S o w7
¥ ¥ ) Yo
6
15120 1723 1slzo 1723
" 1 1 Tl

1100 1300 1500 1700 1900 2100 1100 1300 1500 1700 1900 2100
m/z miz

Ficure 4: MALDI-TOFMS analysis during sequential enzymatic
reactions by ppGalNAcT2 and a-fucosidase/3-galactosidase toward
EA2 peptide having a-Fuc (EA2-7F)/5-Gal (EA2-7G) at Thr7. (a)
MS of the starting EA2 glycopeptide, (b) MS after ppGalNAcT2-
catalyzed glycosylation, and (c) MS after the treatment with o-fucosi-
dase or f-galactosidase, respectively. ECD-MS spectra of compounds
3—6 were listed in the Supporting Information (Figures S-2—S-5).
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Waals radii of ligand atoms with partial atomic charge. All
docking calculations were performed by the software Glide 5.0
included in the Schrodinger Suite without any distance and angle
constraints. The force field OPLS2005 was used for the all
docking simulation and energy minimization (32).

RESULTS

Unexpected Glycosylation by ppGalINAcT?2 toward Un-
natural Glycopeptides. To test our hypothesis of the tolerance
during additional installation of GalNAc residues by ppGal-
NACcTs, we decided to investigate preliminarily the acceptability
of recombinant human ppGalNAcT2 in the glycosylation of
unnatural synthetic glycopeptide, a derivative of EA2 peptide
(PTTDSTTPAPTTK), in which Thr7 is modified by o-Man
residue because this position is known as a predominant O-
glycosylation site of ppGalNAcT2 (37). An artificial glycopeptide
with unusual sugar residue at Thr7 was readily synthesized by
solid-phase (glyco)peptide synthesis (SPPS) using Fmoc amino
acid building block carrying per-O-acetylated mannose resi-
due (19) under microwave irradiation (2/). When this compound
(250 uM) was subjected to the ppGalNAcT2-catalyzed glyco-
sylation in the presence of 250 uM UDP-GalNAc, the signals at
m/z 1682 and 1885 due to mono- and diglycosylated products were
newly observed by MALDI-TOFMS, indicating that additional
glycosylation by ppGalNAcT2 proceeded significantly in this
unnatural glycopeptide detected at m/z 1479 (Figure 2a,b). As
anticipated, o-Man residue at Thr7 could be removed by treating
this intermediate with a-mannosidase to give two products, 1 and
2, at m/z 1520 and 1723 in addition to the naked EA2 (m/z 1317)
(Figure 2c). Structural characterization of compounds 1 and 2
was carried out by means of ESI-TOFMS (MS/MS) equipped
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p-galactosidase, respectively.
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Table 1: Summary of Products and Glycosylation Sites Uncovered through Accurate Structural Characterization by ECD-MS Analysis

Starting material

Major products

EA2
X

PTTDSTT:PAPTTK

MUC5AC X
GTTPSPVPTTSTTSAP

MUC1
X

PTTDSTTPAPTTK
1.3,5

PTTDSTTPAPTTK
2,4.6

GTTPSPVPTTSTTSAP

7.10,13

GTTPSPVPTTSTTSAP

8. 11,14

GTTPSPVPTTSTTSAP

19,12, 15

AHGVTSAPDTRPAPGST7APP AHGVTSAPDTRPAPGSTAPP

16, 17. 18

X = protective sugar («-Man, p-Gal or a-Fuc)

g =a-GalNAc

Scheme 2: A Concept of “Carbohydrates as Protective Groups” for Site-Directed Installation of a-GalNAc Residues by ppGal-

NAcTs?
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with an electron capture dissociation (ECD) device (29, 30) because
the above MALDI-TOFMS did not provide any information of
the glycosylation site(s), although the numbers of newly installed
a-GalNAc residues can be estimated from the molecular weight of
the precursor ions. As shown in Figure 3, ECD-MS spectra of
glycopeptides 1 and 2 allowed for accurate structural assignments
by highly informative ¢ and z series of fragment ions generated by
preferential fragmentation at peptide bonds, in which o-GalNAc
residues were safely attached to Thr or Ser residues during the ECD
process while general fragmentation by conventional collision-
induced dissociation (CID) occurred predominantly at glycoside
linkages (26). Scheme | summarized products synthesized by
means of the protection by mannose at Thr7.

Our interest was next focused on the effect of configurational
and stereochemical features of carbohydrates substituted at Thr7
on the tolerance observed in the case for a-Man residue. We
synthesized EA2 glycopeptides having a-Fuc and 5-Gal at Thr7
instead of o-Man residue. They were also employed for the
sequential enzymatic modifications and further structural eluci-
dation in a similar manner to the modification study using EA2
having a-Man (EA2-7M). It was suggested that MALDI-
TOFMS profiles appear to be quite similar to that observed in
the case for EA2-7M (Figure 4). Interestingly, removal of a-Fuc
or -Gal at Thr7 from intermediates gave final products 3/4
and 5/6 exhibiting completely the same masses as compounds 1
(mf/z 1520) and 2 (m/z 1723) (Figure 2c). Further ECD-MS
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FiGUre 7: Synthetic route of MUCT glycopeptide 22 through the protection/deprotection at Thr17 with o-Man as a protective group.

analysis (Supporting Information, Figures S-2—S-5) revealed
that the composition of these products (3/4 and 5/6) is mostly
the same as the result indicated in Scheme 1, and no detectable
modification at other potential glycosylation sites was observed.
This means that the structure of sugar residue introduced at Thr7
did not influence profiles in the additional glycosylation of EA2
peptide by ppGalNACT2.

Effects of Peptide Sequences on the Tolerance in Con-
trolled Glycosylation by ppGalNAcT?2. Considering the im-
portance of peptide sequence in the specific interaction with
ppGalNAcTs (9, 11), we should assess this feature in the
tolerance revealed in the glycosylation for EA2 glycopeptides
by employing some other suited mucin peptides. We selected two
typical mucin tandem repeating peptides, MUCSAC (GTTPS-
PVPTTSTTSAP) (37)and MUC1 (AHGVTSAPDTRPAPSTA-
PP) (33), as scaffold peptides in which Thr residues underlined
are known to be a predominant O-glycosylation site of ppGal-
NACT?2, respectively. We synthesized MUCS5AC and MUCI
peptides bearing a-Man, a-Fuc, and 5-Gal residues at designated
Thr residues (abbreviated as MUCSAC-9M, -9F, -9G and

MUCI-17M, -17F, -17G). When these six new glycopeptides
were employed for glycosylation site mapping analysis according
to the same procedure described above, ppGalNACT2 shows
significant activity of additional installation of a-GalNAc
residue(s) in all of the glycopeptides in the presence of an
equivalent molar ratio of UDP-GalNAc (Figure 5). As anti-
cipated, presubstituted sugars, a-Man, a-Fuc, and p-Gal resi-
dues, in intermediates of MUCSAC and MUCI glycopeptides
were also trimmed efficiently by treating with own glycosidase. It
seems that MUCSAC-9M, -9F, and -9G gave nine kinds of
compounds (7—15) having mono-, di-, and trivalent o-GalNAc
residues and MUCI-17M, -17F, and -17G afforded only three
products (16—18) carrying a single a-GalNAc residue. ECD-MS
spectra of all precursor ions generated from these glycopeptides
allowed for precise identification of the glycosylation sites in
compounds 7—18 (Figure 6 and Supporting Information Figures
S-6—S-14). Surprisingly, it was demonstrated that the precursor
ions detected at m/z 704 (M + 3H]*") derived from compounds
9, 12, and 15 gave completely the same fragmentation scheme in
individual ECD-MS spectra (Figure 6). This result clearly
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FIGURE 8: Monitoring the synthetic process by a concept “carbohydrate as a protective group” and structural characterization of the products.
(A) Synthetic process monitored by MALDI-TOFMS. (B) MS/MS analysis of glycopeptide 22 by ECD-MS at 9.75 eV and the corresponding
fragmentation scheme derived from the precursor ion at n/z 929 (M + 3H]**; the ion peak at m/z 2786 in MALDI-TOFMS). Glycosylated sites
and glycan structures were determined by the specific fragment ion peaks (c4-c5, c10, c17-c18%*, and z4), demonstrating that sialyl Tn antigen was
introduced only at the desired position (Thr5). The ion peak at m/z 2495, a byproduct, was identified to be compound 22’ carrying three GalNAc
residues at TS, S16, and T17 derived from compound 19 due to the low reactivity of ST6GalNAc-I employed (Supporting Information Figures

S-15 and S-16).

indicates that installation of a-GalNAcin MUCS5AC-M, -F, and
-G by ppGalNACcT?2 seems to converge finally the single com-
pound with three a-GalNAc at Thr3, Ser5, and Thr13 residues
while the glycosylation initiated mainly at Thr3 or partially at
Ser$ as suggested in the ECD-MS spectra of other products such
as compound 7, 8, 10, 11, 13, and 14 (Supporting Information,
Figures S-6—S-11).

On the contrary, products 16, 17, and 18 were proved to be
MUCI tandem repeat peptide having single o-GalNAc residue at
Thr3, suggesting that additional installation of a-GalNAc resi-
due by ppGalNACcT?2 proceeds specifically at this position when
Thrl17 is occupied preferentially by above unusual sugar residues
(Supporting Information Figure S-12—S-14). Although ppGal-
NACcT?2 did not differentiate these three sugar structures in terms
of conformation, configuration, and stereochemistry at glycoside
linkage, the interaction of ppGalNAcT2 with MUCI peptide

appears to be much more sequence specific than other cases. This
tendency might be greatly affected by the concentration of UDP-
GalNAc as donor substrate as well as that of acceptor substrates,
since multiple glycosylation seems to occur in various mucin-type
peptides (9). Table 1 summarized products assigned from the
results of MALDI-TOFMS and their glycosylation sites revealed
by precise structural characterization on the basis of ECD-MS
experiments. As a result, it was concluded that the temporarily
assigned compound numbers 1—18 were proved to converge six
structures (1 =3 =5,7=10=13,8 =11 = 14,9 = 12 = 15,
and 16 = 17 = 18) as major products during enzymatic glyco-
sylation using three different protective groups (see also Figure 3,
Figure 6, and Supporting Information Figures S-1—S-14).

A Concept “Carbohydrates as Protective Groups”. Un-
expected tolerance of ppGalNAcT2-mediated glycosylation to-
ward unusual glycopeptides strongly encouraged us to apply this
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FIGURE 9: Proposed binding profile between ppGalNAcT2 and EA2 with a-Man protection at Thr7 generated by docking simulation with the 3D

structure (PDB entry: 2ffu) (37).

unusual but unique characteristic for the development of highly
selective enzymatic synthesis of complex mucin glycopeptides.
Scheme 2 illustrates a new concept of “carbohydrate as protective
groups” and a general synthetic protocol based on this new
theory. Since each ppGalNAcTs must have its own preferential
glycosylation site(s) as represented tentatively as Tx, random
O-glycosylation by ppGalNAcTs in the presence of a large
excess of UDP-GalNAc as donor substrates gives a mixture of
the products, in which all Tx residues must be predominantly
glycosylated (Scheme 2A). If this Tx residue has already been
protected with some sugar residues such as o-Man, a-Fuc, or
p-Gal which can be deprotected selectively by designated glyco-
sidase(s) after ppGalNACcTs reaction, we considered that this
procedure allows for site-directed installation of o-GalNAc
residue(s) at desired positions and further sugar extension except
at the Tx residue independent from the preferential pathways of
individual ppGalNACcTSs used (Scheme 2B).

Feasibility of this concept was demonstrated preliminarily by
the synthesis of a cancer-related antigenic MUCI glycopeptide 22
having a sialyl Tn antigen (Neu5SAco2,6GalNAca) at Thr5 and
Tn antigen (GalNAca) at Ser16 and Thr17 residues by combined
use of two glycosyltransferases, ppGalNAcT2 and ST6Gal-
NAc-I (28), and a glycosidase (a-mannosidase) starting from
MUCT peptide in which Thr17 is preferentially modified with
a-Man residue (one of the substrates abbreviated as MUCI-17M).
Merit of this approach is evident because a designed protocol
composed of four simple-step reactions using (a) ppGalNAcT2,
(b) ST6GaINAc-1, (c) a-mannosidase, and (d) ppGalNAcT2
(Figure 7) greatly facilitated the synthetic pathway of compound
22 from a simple starting material in high efficiency as monitored
by MALDI-TOFMS spectra (Figure 8A). Structural character-
ization by ECD-MS spectra revealed that the precursorion at m/z
2786 detected in MALDI-TOFMS corresponds to compound 22,
and sialyl Tn and Tn antigens were installed correctly at desired
Thr/Ser residues (Figure 8B), though the performance of recom-
binant ST6GalNAc-I should be improved in order to achieve
quantitative sugar extension. It is clear that sequential installa-
tion of GalNAc and Neu5Ac residues by the above two glycosyl-
transferases occurs predominantly at Thr17 without the protec-
tion at this position and produces a highly complicated mixture
of glycopeptides, in which position and number of the Thr/Ser

residues modified by sialyl Tn and/or Tn antigens cannot be
controlled (33).

DISCUSSION

Our finding clearly suggests that the lectin domain of ppGal-
NACcT?2 did not contribute to the substrate recognition through
its potential carbohydrate-binding ability with relatively small
synthetic peptides such as tandem repeating unit of mucin
glycoproteins. It is likely that the binding mode in the inter-
action between the synthetic (glyco)peptides and its own catalytic
cavity of ppGalNAcT2 (34) defines a preferential pathway of
O-glycosylation. In fact, the result of docking simulation of a
glycosylated EA2 (EA2-7M) with three-dimensional structure of
the catalytic sites in ppGalNAcT2 (PDB entry: 2ffu) (3/) indi-
cated that a-Man substituted at Thr7 residue of EA2 might not
affect the binding mode in this pocket and further glycosyla-
tion at neighboring Thr/Ser residues (Figure 9). It should also
be noted that conformational impacts of an initial or specific
O-glycosylation step during mucin domain assembly influence
significantly the dynamic mechanism in the molecular recogni-
tion by ppGalNACcTs (31, 34, 35) as reported in cases for some
synthetic O-glycopeptides/glycoproteins such as antifreeze glyco-
proteins and disease-related mucin glycopeptides (36—38).

Although the functional roles of lectin domains of a variety of
ppGalNACcTs are still unclear, the tolerance in the substrate
specificity of this class enzymes uncovered in the present study
should encourage us to expand the novel concept, carbohydrate
as protective groups for Thr/Ser residues, for the construction of
highly potential mucin glycopeptide library. However, it must be
considered that improvement of recombinant glycosyltransferases
has been strongly required in terms of the practical performance
such as versatility and efficiency suited for large-scale synthesis in
biomedical and drug discovery research. For this purpose, it seems
that use of engineered glycosyltransferases might allow for the
enhancement of protein stability and recycling through site-
specific immobilization on polymer supports (39).

Advantage of ECD-MS analysis (40—42) was demonstrated
by performing accurate structural characterization of highly
complicated O-glycopeptides. It seems likely that our approach
on the basis of the ECD device that can accelerate electron in a
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range of 1.75—9.75 eV should greatly facilitate the specific
fragmentations at peptide linkages without significant degrada-
tion at the carbohydrate moiety (29, 30). Judging from the
specific fragment ion peaks (c4-c5) in the ECD-MS analysis of
compound 22, in which electrons were accelerated at 9.75 eV
(Figure 8B), it is clear that no detectable fragmentation at the
glycoside linkages in the NeuSAco(2—6)GalNAcol—Thr moi-
ety occurred during this process. Although MALDI-TOF/TOF
MS may become an alternative choice of convenient tools to
provide highly sensitive and informative fragmentation patterns
from mucin glycopeptides (43), complexity of b and y series of
fragment ions generated from multiply O-glycosylated peptides
often makes identification of the glycosylation sites difficult.
Therefore, this feature of ECD technology would greatly con-
tribute to the structural and functional elucidation of much more
complicated glycopeptides and other glycoconjugates.

CONCLUSION

A novel strategy for chemical and enzymatic synthesis of
biologically important mucin glycopeptides based on the concept
of “carbohydrate as protective groups” was inspired from an
unexpected mechanism in the ppGalNAcT2-mediated O-glyco-
sylation. Versatility of this promising strategy is evident because a
combinational protection by using other considerable protective
groups such as o-Fuc, f-Gal, or even f-GalNAc, S-GlcNAc,
p-Xyl, and B-Glc as well as o-Man residue would expand
reasonably the repertoire of much more complicated mucin
glycopeptides. Deprotection of carbohydrates as protective
groups at Thr/Ser residues can be performed in a site-specific
manner by employing designated glycosidases that usually show
high selectivity in sugar structure and stereochemistry at the
anomeric position with broad tolerance in the nonsugar moiety
(aglycons). It should be noted that this characteristic of sialidase
was introduced by Venot et al. in the chemoenzymatic synthesis
of oligosaccharides of CD65/VIM-2 epitope (44). It is our belief
that the present approach should be greatly beneficial for rapid
and precise synthesis of mucin glycopeptide library (22—26) in a
robotic manner and the development of new cancer biomarkers
and mucin-based therapeutic reagents such as cancer vaccine and
monoclonal antibody drugs (45—48).

SUPPORTING INFORMATION AVAILABLE

ECD-MS/MS spectra (Figures S-1—S-16). This material is
available free of charge via the Internet at http://pubs.acs.org.
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