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Post-translational modifications (PTM) of proteins occur in the secretory pathway of all
eukaryotic organisms. For example, phosphorylation, acetylation, glycosylation, methylation
and ubiquitinylation represent the major types of protein modifications.[1,2] Of these
modifications, glycosylation is chemically the most complex, occurring either at an Asn
residue (A-glycosylation)[3] in a conserved motif Asn—Xaa—Ser/Thr (in which Xaa can be
any amino acid except Pro) or at a Ser/Thr residue (O-glycosylation) and playing a key role
in the biosynthesis, folding, secretion and regulation of proteins.[4,5] Introduction of a B-o-
glucosyl-N-acetyl group (B-GIcNAC) on a serine/threonine residue by O-N-acetyl-B-o-
glucosaminyltransferases (OGT) in nuclear and cytoplasmic proteins compete with
phosphorylation of the same site[6] and is associated with protein functional regulation or
diseases such as cancer, Alzheimer's disease or diabetes.[7,8] The O-mannose-linked serine
or threonine is common in yeast; fucose is essential in ABO blood-type antigen
determination[9] and in Notch receptor signalling.[10] O-p-xylosyltransferases initiate
proteoglycan biosynthesis.[11] Understanding the pattern and biological implications of
post-translational glycosylation has been a major challenge, and in recent years the
development of a platform for the general, fast and reliable identification of enzyme
specificity has attracted considerable attention from researchers around the world.[12]
Nagahori and Nishimura have developed a way of monitoring glycosyltransferase activity in
solution on gold nanoparticles by using mass spectrometry.[13] Freire et al. have used
surface-enhanced laser desorption/ionisation time-of-flight mass spectrometry (MALDI-ToF
MS) for detecting enzymatic conjugation reactions in solution.[14] Whilst these studies have
demonstrated the use of mass spectrometry as an excellent analytical tool, such enzyme
assays in solution require additional purification/liquid handling steps and have a limited
scope for further miniaturisation. The demands of high-throughput screening are better met
by microarrays, in which the enzyme substrate remains immobilised on the array surface
throughout enzymatic reaction and analysis. Here, we report such a (peptide) microarray
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platform for monitoring glycosyltransferases involved in protein O-glycosylation using the
label-free MALDI-ToF MS analysis as a readout.[15,16]

For initial proof-of-principle studies we have chosen a member of the human UDP-A*-acetyl-
a-o-galactosamine:polypeptide N-acetylgalactosaminyltransferase family (ppGalNACT).
ppGalNACTSs are type Il membrane glycosyltransferases located on the lumenal side of the
Golgi apparatus and initiate the biosynthesis of mucin-type glycoproteins by introducing an
aGalNAc moiety on a serine or threonine residue of proteins.[17] To date more than 20
isoforms of the ppGalNACT family have been identified, displaying both tissue-specific and
spatial and temporal expression during development and in adults.[18] However, their
substrate specificities remain largely unknown. The isoform T2[19] (541 amino acids, My =
61.1 kDa) was chosen for this study. The gene was obtained from bacterial cDNA-clones.
The N-terminal transmembrane domain was replaced by a hexahistidine tag and cloned into
pPICza, a Pichia pastoris vector used for expression and secretion.[20] Culture supernatants
were assayed against different peptide substrates, and amongst the peptides tested, the
previously reported GAGAPGPTPGPAGAGK sequence (1)[21] was found to be the

optimal substrate giving a high rate of glycosylation in 2 h in a solution-phase assay (data
not shown). The lysine residue on the C terminus of 1 allowed for easy immobilisation on
gold surfaces using well established chemistry (Scheme 1).[22]

To immobilise the peptide substrate, the gold surfaces were first coated with a mixture of
alkane thiolates presenting a carboxylic acid and tri(ethylene glycol) groups in a molar ratio
of 1:20. After activation as A~hydroxysuccinimidyl (NHS) ester, the carboxylic acid was
used to immobilise the peptide through coupling with the lysine residue. The tri(ethylene
glycol) spacers are well known to prevent nonspecific protein adsorption.[23] MALDI-ToF
MS analysis of the resulting monolayer (Figure 1 A) showed a main peak at /7/z 2295,
corresponding to the sodium adduct of the mixed disulfide formed by the peptide-terminated
alkane thiol and the tri(ethylene glycol) alkane thiol. To a lesser extend, the sodium adduct
of the peptide-terminated alkane thiol (/7/z 1876) and of the peptide-terminated/carboxylic
acid mixed disulfide (17/z2485) were also detected. Such dimeric species are commonly
observed on gold surfaces.[13] A mixture containing a crude extract of ppGalNAcT2, UDP-
GalNAc and MnCl, was then applied to the surface and left overnight at 37°C in a wet
chamber to prevent evaporation. The resulting monolayer was then analysed by MALDI-
ToF MS (Figure 1 B). The mass spectrum indicated a complete shift of the main peak by
203 mass units, corresponding to the addition of a GaINAc moiety (/m/z 2498, sodium
adduct of the GalNAc-peptide/tri(ethylene glycol) mixed disulfide). A secondary signal at
m/z 2080 (GalNAc-peptide alkane thiol) was also seen. No signal was detected at /7/z 2295,
thus suggesting complete glycosylation of the peptide substrate. To demonstrate the
applicability of this platform in multiple screening, an array was generated by spotting
solutions of different peptides onto the same self-assembled monolayer (SAM)-coated slide.
The use of PBS buffer in combination with 6 » guanidinium hydrochloride allowed discrete
spotting of as little as 0.02 L of each solution by preventing evaporation during the
overnight coupling step and keeping the drops well separated on the surface.

For this study, ten peptides (1-10) were synthesised and tested for ppGalNACT?2 activity
(Table 1). Peptide 2 has the same sequence as the model peptide 1 except that the threonine
was replaced by a serine and was chosen because serine glycosylation is reported to be
slower than that of threonine residues. Peptides 3 and 4 are truncated sequences derived
from 1. Peptides 5—7 were chosen to contain potential natural glycosylation sites, since they
are fragments of a mucin (Mucl) tandem-repeat sequence PGSTAPPAHGVTSAPDTRPA,
to which the flanking amino acids GA- and -AGK at the N and C termini, respectively, were
added. 8 is a known substrate for OGT (O-GIcNAc transferase) derived from the RNA
polymerase 1l CTD[24] and 9 (so-called EA2 peptide) was chosen as presenting several Ser
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and Thr potential glycosylation sites. 10, a fragment from Drosophila syndecan, has
previously been described as a substrate for O-xylosyltransferase.[25]

All peptides were printed in duplicate in array format and could be reproducibly identified
by MALDI-ToF MS analysis (Table 1). After treatment with the enzyme ppGalNAcT2,
MALDI-ToF MS analysis showed a full conversion of 1-4 to their corresponding
glycopeptides. Analysis of the glycosylation of the Mucl fragments 5-7 (Figure 2) revealed
an order of substrate specificity: peptide 5 appeared to be the best substrate among the three,
since it was fully glycosylated after overnight reaction (/m/z 2246). Next, 6 appeared to be
only partially glycosylated, with both the starting peptide and the newly-formed
glycopeptide detected (/7/2 2085 and 2288, respectively) on the array. Finally, peptide 7 was
not glycosylated at all, and only the starting peptide was observed after overnight incubation
(m/z 2144). These results are consistent with other study of Mucl glycosylation showing
that ppGalNACT?2 glycosylates Thr in GSTAP more efficiently than Thr at GVTSA.[26]

MALDI-ToF MS analysis also revealed that peptide 8, previously described as a substrate
for OGT, was recognised by ppGalNAcT2 and can thus incorporate either a BGICNAc or an
aGalNAc residue depending on the enzyme. The EA2 peptide 9 showed a more complex
glycosylation pattern, with a mixture of two, three or four aGalNAc residues added under
the tested conditions (Figure 3). Finally, peptide 10 was not a substrate for the enzyme.

In conclusion, we have demonstrated that peptide arrays on SAM-coated gold surfaces can
be interrogated reliably by MALDI-ToF MS analysis and can be efficiently glycosylated
with glycosyltransferases. It is interesting to note that glycosylation of immobilised
fragments derived from natural mucin reflected a preferential order of glycosylation in good
agreement with other reported assays. These data suggest that the arrays give similar results
to other in vitro assay system. Obtaining quantitative data with MALDI-Tof MS will be
more challenging because of differences in ionisation efficiency, although Nagahori et al.
have described a quantitative inhibition essay using MS.[13] By using a peptide with several
potential glycosylation sites like the EA2 peptide 9, direct evaluation of the number of
GalNACc residues added was possible.

The methodology described here provides a valuable platform for easy detection of
glycosyltransferase activity and specificity, which is label-free and can be performed with
small quantities of material in a high-throughput format. Systematic studies of donor and
acceptor specificity of several ppGalNACcTSs isoforms are part of the work currently in
progress in our group. In addition, the methodology can also be used for the efficient chemo-
enzymatic synthesis of novel glycopeptide arrays by a combination of chemical synthesis
and immobilisation and subsequent glycosylation. This is particularly useful for such
linkages as aGalNAc-serine and -threonine, which are chemically difficult to synthesise.
Such glycopeptide arrays will be useful for further screening of protein—carbohydrate
interactions, in particular by using surface plasmon resonance spectroscopy.

Experimental Section

Synthesis of the peptides 1-10

Synthesis was performed under standard Fmoc-solid-phase peptide synthesis conditions with
a CEM Liberty peptide synthesizer. Amino acid (5 equiv), benzotriazol-1-yl-oxytripyrro-
lidinophosphonium hexafluorophosphate (PyBOP; 5 equiv) and N, N-diisopropylethylamine
(DIPEA; 10 equiv) were used for the coupling steps, 20% piperidine/DMF for the Fmoc-
deprotection steps. After completion, the resin-bound peptide was thoroughly washed with
DMF, DMF/MeOH (1:1) and dichloromethane, then cleaved from the resin with
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trifluoroacetic acid/triisopropylsilane/water (95:2.5:2.5, v/v/). Precipitation in cold diethyl
ether, centrifugation and removal of the solvent afforded the desired peptide as a white solid.

Preparation of gold-coated slides

Microscope glass cover slips (13 mm diameter, no. 2 thickness) were obtained from Agar
Scientific. The cover slips were cleaned in “Piranha” solution (H»SO4/H,0, 5:1,
CAUTION! very reactive oxidising agent) for 20 min, rinsed with distilled water and dried
under a stream of nitrogen. An adhesion layer of 5 nm of chromium and subsequent 100 nm
of gold were sputtered onto the glass cover slips with a Denton Vacuum Desk |11 sputter
coater.

Preparation of the monolayers on gold surface

Before SAM formation the gold-coated glass slides were cleaned with piranha solution and
thoroughly rinsed with deionised water and ethanol and dried under a stream of nitrogen.
The substrates were then immersed overnight in a DMSO solution of thiols presenting a
carboxylic acid and a tri(ethylene glycol) group (final concentration 0.1 mg mL~1, molar
ratio 1:20). The monolayers were rinsed with DMSO, ethanol and dried under a stream of
nitrogen. A-hydroxysuccinimide (NHS)-activation of the carboxylic acid was performed by
dipping the surfaces into a DMF solution of EDC = 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide [EtN = C = N(CH3)3NMe,-HCI] (0.2 ») and NHS (0.05
w) for 2 h followed by washing and drying as above.

Peptide immobilisation

Peptides were dissolved in a 100 mw phosphate buffer solution containing 6 » guanidinium
hydrochloride, and the pH was adjusted with 2 » NaOH (pH 8, final concentration 50 mw).
The NHS-activated monolayers were treated overnight with 50 pL of peptide solution and
were then rinsed and dried as above. In array format, 0.02 L of solution were manually
spotted with an Eppendorf pipette.

Cloning and expression of ppGalNAcT2

The Auman ppGalNACcT2-gene was obtained from Geneservice Ltd., UK (IMAGE-clone
#5553465). Cloning and production of soluble Auman ppGalNAcT2 was performed in the
yeast Pichia pastoris according to Bourgeaux et al.[20] with slight modifications. The coding
sequence corresponding to amino acids 51 to 571 was inserted in 3 of the a-factor signal
sequence of a pPICZa.B expression vector (Invitrogen, UK, Paisley) modified to introduce
an N-terminal hexahistidine tag. After transformation into £. co/i TOP10F” cells by heat-
shock and plating the cells on LB/half-salt agar containing zeocin (25 wg mL™1; Invitrogen,
UK, Paisley), positive clones were selected after PCR screening and by sequencing to
confirm the reading frame. 10 g of the expression construct plasmid DNA was linearised
according to the supplier's instructions and used to electroporate Pichia pastoris-competent
cells (GS115), which were then plated on YPDS agar containing zeocin (100 pg mL™1).
Selected colonies of recombinant Pichia pastoris were inoculated into 50 mL of BMGY
medium containing 100 g mL=1 Zeocin. After overnight incubation at 30 °C with
continuous shaking (200 rpm) in baffled flasks, cells were collected by centrifugation at
1500 g. The cells were washed once in BMMY and resuspended in 400 mL of methanol-
containing BMMY medium to a final ODggg of 1.0 and incubated at 16 °C. Every 24 h
samples of the cultures were removed and extra methanol was added to maintain a
concentration of 1 % (v/1). The culture medium was concentrated 50-fold by using Vivaspin
concentrators (M; 30 000 cut-off).
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Enzymatic glycosylation

SAMs presenting the peptide substrate were incubated overnight at 37 °C with a mixture
consisting of ppGalNAcT2 (5 pL of a 50-fold concentrated solution obtained as described
above), UDP-GalNAc (5 mwm stock solution, 10 pL), 2-amino-2-methylpropane-1,3-diol
(AMPD) buffer (pH 7.4, 5 pL), MnCl, (1 v stock solution, 0.5 pL) and sterilised water (29.5
pL) and then rinsed with deionised water and ethanol and dried under a stream of nitrogen.

MALDI-ToF MS analysis

The targets were attached to a modified MALDI-ToF sample plate using adhesive tape,
coated with a solution of 2,4,6-trihydroxyacetophenone (THAP; 10 mg. mL™1 in acetone)
and loaded into a Voyager-DE STR Biospectrometry MALDI-ToF mass spectrometer
(PerSeptive Biosystems) operating with a 337 nm nitrogen laser. Mass spectra were acquired
using reflector ToF, positive-ion mode with an accelerating voltage of 20 kV and an
extraction delay of 200 ns.
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Schematic representation of the immobilisation of peptide 1 and subsequent enzymatic

glycosylation with ppGalNACT2. PBS=phosphate-buffered saline.
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Figure 2.
MALDI-ToF MS spectra of immobilised Mucl fragments before (left) and after (right)

enzymatic reaction. A) GAPGSTAPPAGK (5), B) GAHGVTSAPAGK (6), C)
GAAPDTRPAAGK (7). D) Size of the 4 x 5 array compared to a five-pence coin.
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Table 1

Peptides synthesised and tested for ppGalNACT?2 activity.

Peptide  Sequence mizlal  +ppGalNACT2
UDPGalNAcl@
1 GAGAPGPTPGPAGAGK 2295 2498
2 GAGAPGPSPGPAGAGK 2281 2484
3 GAPGPTPGPAGK 2039 2241
4  AcPTPGPAGK 1799 2018
5 GAPGSTAPPAGK 2043 2246
6 GAHGVTSAPAGK 2085 2085, 2288
7 GAAPDTRPAAGK 2144 2144
8 YSPTSPSKR 2033*  2236%
9 PTTDSTTPAPTTK 2353 2756, 2959, 3162
10 DDDSIEGSGGR 2246 2246%
l

*
proton adduct

Aok

potassium adduct of the species was the main signal detected.
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Masses indicated (17/2) correspond to the sodium adduct of the mixed disulfide formed by the (glyco)peptide-terminated and the tri(ethylene
glycol)-terminated alkanethiols except for



