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ABSTRACT. To identify and analyze acceptor sequences for O-glycosylation, we have developed an
vivo system expressing short peptides as glutath®transferase fusion proteins in the eukaryotic host
Dictyostelium discoideumUsing this approach, we show that a short peptide motif (PTVTPT), present
in the D. discoideumcell-surface glycoprotein PsA, is sufficient as a signal for O-glycosylation, even
when fused to a heterologous protein. Monosaccharide analysis and solid-phase protein sequencing showed
that the modification is a singlB-acetylglucosamine attached to threonine residues. This was further
confirmed by electrospray-mass spectrometry. The O-linked glycosylation of both this peptide and authentic
PsA presents thenodB-dependent carbohydrate-specific epitope identified by the monoclonal antibody
MUDS50. Substitution of threonine by serine residues in this peptide also yields a glycosylated fusion
protein which is modified with singleN-acetylglucosamine residues, but not all of the serines are
glycosylated.

The influence of glycosylation on glycoprotein structure glycosylation nor is one expected as there are numerous
and function is becoming widely appreciated through studies enzymes involved.

on protein stability, trafficking, and ceficell and celt- A recently described class of eukaryotic O-glycosylation
extracellular matrix interactions (Dennis, 1993; Stanley, is the addition of a single O-GIcNAC to cytoplasmic and
1992). Oligosaccharides linked through the amide of as- hyclear pore glycoproteins as well as several viral proteins
paragine (N-glycosylation) have been shown to have many yart et al., 1989a,b; Haltiwanger et al., 1992). However,
functions (Vliegenthart & Montreuil1995), and the core  his type of glycosylation is not limited to cytoplasmic/
sugar structure has been conserved through eukaryote evolupclear molecules as it is also found on cell-surface, secreted,
tion. Whllg oligosaccharides linked to serme/thr.eonme (O- and membrane-associated molecules in the simple eukaryotes
egcosyIatpn) hav_e _peen shpwn to.affect protein structure Plasmodium (Nasir-ud-Din et al., 1992)Trypanosoma

by decreasing flexibility anq increasing half-lifie vivo, 'the (Previato et al., 1994FntamoebdStanley et al., 1995), and
influence of O-glycosylation is probably more diverse. pjctyostelium(Zachara et al., 1996). This suggests that in
O-Glycosylation is more _varlable than N-glycosylatlon aS these simple eukaryotes there exists an O-GIcNAc glyco-
there are at least seven different classes of reducing term'”agyltransferase which is localized differently to the soluble

sugar linkage to the protein (Gooley & Williams, 1994;  mammalian form which accounts for the cytoplasmic/nuclear
Hansen et al., 1995). glycosylation.

The best studied class of O-glycosylation is the addition Considerabl has b de in the ch .
of GalNAc by UDP-GalNAc:polypeptide galactosaminyl- onsiderable progress has been made In the ¢ aractgrlza-
tion of D. discoideuncell-surface and secreted glycoproteins

transferase. Over 200 sites of GalNAc addition to serine or . S . U
threonine from more than 40 secreted and cell-surface &t different stages in its mo_rphogene5|s, and antibodies for
proteins are known, and the enzyme has been purified fromSeveral of the§e glycoproteins have been generated (Freeze,
several sources (Hansen et al., 1995). Hence, the acceptor-291; Champion et al., 1995).
specificity of the enzyme is becoming well understood, and The MUD50 antibody recognizes an O-linked oligosac-
there are now several algorithms which predict O-GalNAc charide on a family of proteins, and the epitope is absent in
specificity with high probability (Hansen et al., 1995; Chou, glycosylation-defectivenod3 mutants (Gooley et al., 1992).
1995). However, in contrast to N-glycosylation (Bause, One of the proteins detected by MUDSO0 is the prespore-
1983), there is no single consensus sequence for O-specific antigen PsA, which has extensive O-linked glyco-
sylation on a C-terminal region containing a (PTYE)
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mann et al., 1991; Dittrich et al., 1994; Emslie et al., 1995),
since it is capable of posttranslational protein modifications
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had been grown for 2 days at 211 °C. Primary colonies
usually appeared after 9 days and were streaked onto SM/5

and recombinant proteins can be produced easily and cheaplyplates containing 12g/mL G418 onM. luteuslawns. Two
Here we use this eukaryotic expression system to studystrains were purified and stored in silica gel: HU2835

O-linked glycosylation. We show the potential of expressing
short peptide motifs as GST fusion proteindindiscoideum

as a means of identifying acceptor sites for O-linked
glycosylation.

EXPERIMENTAL PROCEDURES

Materials

Fine chemicals were from Beckman, BDH, Aldrich,
AJAX, Sigma Chemicals and AMRAD-Pharmacia. Nitro-
cellulose was from Schleicher & Schuell, and PVDF
membranes were from Bio-Rad. Prestained molecular
weight markers were purchased from Sigma. Polyclonal
rabbit antiSchistosom&ST antibodies were from Pharma-

(containing pMUW308) and HU2830 (containing pMUW314).

To express GST fusion proteiri3, discoideunwas grown
in axenic culture to a cell density of & 1C° cells/mL.

Purification of Glycosylated Peptides. D. discoidecetls
were harvested by low-speed centrifugation (10 min, 000
4 °C), and culture supernatants of the strains HU2835 and
HU2830 were dialyzed extensively against PBSD buffer (150
mM NacCl, 16 mM NaHPQ;, 4 mM NaHPQ,, and 2 mM
DTT, pH 7.3). For affinity purification of GST-fusion
proteins, the supernatant was incubated with glutathione
Sepharose 4B (Pharmacia) overnight atGl beads were
washed twice with PBSD buffer, and the GSH binding
proteins were eluted in a TE buffer (1 mM EDTA, 10 mM
Tris/HCI, pH 8.0) containing 20 mM glutathione and 2 mM

cia. Sheep anti-rabbit HRP-conjugated 1gG second antibody p11 Using this procedure, we were able to purify 0.5 mg

was supplied by Silenus Laboratories and the detection
reagent by DuPont.

Methods

Strain and Growth Conditions.All experiments used
HU2860 (modC358), a spontaneous mutant of NP2 (Griffith,
1996), a temperature-sensitive mutant of Ehaliscoideum
strain AX3 (Kessin et al., 1974)D. discoideumtransfor-
mants were maintained at 2t 1 °C on 25 mL of SM/5
agar plates withMicrococcus luteus SM/5 contains the
following per liter: 2 g of bactopeptone (Oxoid2 g of
glucose, 0.2 g of yeast extract (Oxoid), 1g of MgSt,0,

2.2 g of KHLPQO,, 1 g of KHPO,, 12 g of agar. GST fusion
proteins were produced in an axenic broth containing 15.4
g of glucose, 14.3 g of bactopeptone (Oxoid), 7.15 g of yeast
extract (Oxoid), 0.25 g of dihydrostreptomycin sulfate, 0.48
g of KH,PQ,, 0.51 g of NaHPO, per liter, and the flasks
were incubated on a shaker (150 rpm) at21 °C (Watts

& Ashworth, 1970). The aminoglycoside antibiotic G418
(Sigma) was added to a final concentration ofyfmL in
agar plates and in liquid cultures.

Construction and Expression of Recombinant GST Fusion
Proteins. The GST gene fror$chistosoma japonicu(sj26)
was cloned into the expression vector pMUW1630 and
named pMUW307 as shown previously (Dittrich et al.,
1994). UniqueNcd and Kpnl sites after the factor Xa
cleavage site at the 8nd of the gene were used for cloning
of oligonucleotides in-frame with thg26 coding sequence.
The following oligonucleotides were kinased and annealed
for cloning: T-motif, d(3-cat ggt tcc aac agt gac tcc aac tga
aaa atg gta c‘Band d (5-cat ttt tca gtt gga gtc act gtt gga
ac-3); S-motif, d(B-cat ggt tcc atc agt gag tcc atc aga aaa
atg gta c-3 and d(5-cat ttt tct gat gga ctc act gat gga ac-
3, and cloned into pMUW307. The vector containing the
T-motif was named pMUW308 and the S-motif containing
vector pMUW314. Correct insertion of the oligonucleotides
was confirmed by DNA sequencing using vector-specific
primers. The cotransformation of plasmids i?o discoi-
deumwas performed using the calcium phosphate transfor-

of recombinant GST fusion protein ouf @ L of culture
supernatant. Cleavage of the fusion protein with factor Xa
was carried out essentially as described in the protocol
(Boehringer Mannheim) whereby an incubation time of 16

h at 25°C appeared to be optimal. Further purification of
glycosylated peptides was by reversed phase chromatography
on a Pharmacia SMART HPLC system using a water/
acetonitrile gradient. Glycosylated peptides eluted at 25%
(v/v) acetonitrile; the identity and purity of peaks were
monitored by analytical protein sequencing.

Solid-Phase Protein Sequencintdentification of glyco-
sylated amino acids within the peptides was done by solid-
phase sequencing on a Beckman prototype glycoprotein
sequenator, with previously published methods (Gooley et
al., 1995).

Electrospray lonizatiorrMass Spectrometry.Purified
peptides were injected into the electrospray source of a
Fisons/VG Bio Tech Quattro I, triple quadrupole mass
spectrometer. The sampling cone voltage was 30 V, the
source temperature was 8G, and the mass range scanned
was 6006-1400 for the T-motif peptide and 56500 for
the S-motif peptide, with a scan rate of 3 s/800 Da and 4
s/1000 Da, respectively. Raw data were subtracted from
background, smoothed, and transformed to give a spectrum
with a true mass scale.

Monosaccharide Determination.Glycosylated fusion
proteins were transferred to a PVDF membrane after separa-
tion by SDS-polyacrylamide gel electrophoresis. The
protein was visualized by amido black staining, cut out, and
hydrolyzed n 4 M HCI at 100°C for 4 h torelease the
monosaccharides. The hydrolysates were analyzed by high-
performance anion exchange chromatography as described
previously (Packer et al., 1996).

Miscellaneous Methods.Protein concentrations were
determined by amino acid analysis. SBlyacrylamide
gel electrophoresis (SDFAGE) was done according to
Laemmli (1970) and Western blotting according to Towbin
et al. (1979). All DNA manipulations were done as

mation procedure (Nellen et al., 1984). After 1 day in liquid described in Sambrook et al. (1989). For computer modeling
culture, the medium was replaced by fresh medium contain- studies, software programs from Biosym/MSI (San Diego)

ing 10 ug/mL G418, and after a further day approximately were used, and dynamics calculations were done with the
1 cells were spread on SM-agar on whicMaluteuslawn Discover program, using the CFF95 forcefield.
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Ficure 1: Extrachromosomal expression vector pMUW307 carries égl -
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and the respective polyadenylation signal, the secretion signal of 50.6 =

the PsA protein fused to thechistosoma japoniculsj) 26 gene,

and 2 unique restriction sites for the cloning of fusion proteins. 35.5 "%ﬂ-

This vector gets cotransformed inx discoideuntogether with 29.1

an integrating vector (not shown) containing a selectable marker

(G418) and the Ddp2 Rep gene, which act¢rans on the Ddp2 20.9

origin of replication (Ddp2 ori). Ddp2 ori, ColE1 of origins of - I ]

replication from theD. discoideunplasmid Ddp2 and th&. coli T-motif  S-motif
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Table 1: Derived Amino Acid Sequences after Factor Xa Cleavage 83 =i

T-motif TIMVPTVTsPT,EKWYLNHE 50.6- 4.
S-motif TiIMVPS,VS,PSEKWYLNHE

KRIREE e —

@ The derived amino acid sequences after factor Xa cleavage for the
29.1 v

T- and S-motifs are shown. Serine and threonine residues which have
the potential to become glycosylated are numbered.

20.9 v

T-motif S-motif

RESULTS

. : PR FIGURE 2: Separation of affinity purified GST fusion proteins on
Construction of Vectors and Their Introduction into D. 350 "c5s PAGE. Lane 1: GST fusion brotein containing the

discoideum.Two oligonucleotides, encoding potential pep-  T-motif is marked with an asterisk (*). Lane 2: Complete cleavage
tide motifs for O-linked glycosylation, were cloned into the of the GST T-motif peptide fusion protein with factor Xa. The
D. discoideunmexpression vector pMUW307 and fused in- cleavage product is marked with a trianglg (Lane 3: GST fusion
flame with the Send of thes26 gene (Fgure 1). Table 1 IO sonaning e Smotf s marked i 1 ek ) Lane
shqws the amino acid sequence at _the C-t_ermlnu_s of t_heG h incubation at 30C. Thge cleavage prodlﬁ)ctpis marked with a
fusion proteins constructed, starting with the first amino acid triangle @). (a) Coomassie stain. The smaller proted) {n lanes
after the factor Xa cleavage site at the C-terminus of GST. 1—4 represents endogenous GST from ly8edliscoideuncells;

These constructs were introduced iro discoideum  the a”ﬁ"‘is i”dicactie éh‘f ffiPtor x'zihenzylm(la' (bl) W;;tqe,r? blot onto

: ) ) : nitrocellulose and detection with polyclonal aSthistosoma
HUZSGO cells by Cotr_ansforr_natlon with the integrating japonicum GST antibody (Pharmac?a)?/ (c) Western blot onto
plasmid pMUW110, which carries a G418 selectable marker. piirocellulose and detection with the carbohydrate-specific antibody
Typically, 10-20 transformants were obtained with each MUD50.
transformation of 10cells.

Expression and Purification of Recombinant Products. the loss of molecular weight after factor Xa cleavage, the
Using the PsA signal sequence, the fusion proteins shouldS-motif fusion protein was partially cleaved (Figure 2, lane
be processed through the endoplasmic reticulum (ER) and4) with a short incubation time (6 h, 3€). Lane 4 shows
Golgi apparatus and finally secreted. Transformants were both the S-motif GST fusion protein and the cleaved product.

grown in axenic medium, and culture supernatant was
collected at a cell density of & 10° cells/mL. Recombinant
GST fusion proteins were directly purified from culture
supernatant by affinity chromatography using glutathiene

Apart from the recombinanSchistosomaGST fusion
protein, only one other protein with an apparent molecular
mass of 30 kDa was copurified. This was determined by
amino acid analysis and N-terminal sequencing to be an

Sepharose. Using this simple purification method, we were endogenou®. discoideumglutathioneS-transferase (data
able to purify 0.5 mg of GST fusion proteinipe L of culture not shown). The apparent molecular mass of the GST
supernatant. The secretion of the proteins was shown to becontaining the T-motif was slightly greater than the GST
efficient, with no fusion protein being detected withind containing the S-motif. As a result of the factor Xa cleavage,
10 cells by Western blot analysis (data not shown). although the cleavage of the S-motif was incomplete, both
Analysis of Recombinant Proteinnitially we character-  fusion proteins show a decrease of about 3 kDa in their
ized the purified fusion proteins by separating them under apparent molecular mass. The released peptides were not
reducing conditions by SDSPAGE, followed by Western  recovered on SDSPAGE.
blot analysis. Figure 2a shows a Coomassie blue stained Using aSchistosom&ST-specific polyclonal antibody the
polyacrylamide gel of fusion proteins containing the T- and fusion proteins and heterologous GST are recognized (Figure
the S-motif after a single-step purification procedure and their 2b). The GST antibody also recognizes a smaller recom-
cleavage with factor Xa, respectively. To better demonstrate binant protein, which represents either partially glycosylated



Acceptor Sites for O-Glycosylatioim Vivo Biochemistry, Vol. 36, No. 13, 19974037

products or proteolytically degraded recombinant protein containing the S-motif was 2120 mass units. The additional
(Figure 2b, lanes 1 and 3). The amount of these proteinspeaks at 2143 and 2159 mass units may result from the
was calculated to be-5% of total secreted recombinant addition of sodium M, 22.9) and potassiumM; 39.1)
protein as determined by relative staining density (data not adducts, respectively. The peak at 2175 mass units could
shown). Endogenous. discoideunGST is not recognized  be a potassium and water adduct of the S-motif peptide. The
by this antibody. mass of 2065 mass units cannot be assigned (Figure 4b).
Using the carbohydrate-specific antibody MUD50 (Grant Three glycosylated amino acids were identified by solid-
& Williams, 1983), the dominant bands of the fusion proteins phase sequencing, and the third serine in the sequence was
with the T- and S-motifs gave a strong positive reaction not glycosylated (Figure 3b). The last four amino acids of
(Figure 2c). Heterologous GST as well as the smaller the S-motif peptide were not detected by solid-phase Edman
recombinant product were not recognized by the MUD50 degradation. We explain this by postulating the presence
antibody (Figure 2c, lanes 2 and 4), showing that the MUD50 of a chymotrypsin-like contaminant which would cleave at
epitope is absent without the fused peptide. This clearly the C-terminus of tyrosine and result in a peptide with a
showed that the fusion protein with the PTVTPT-motif was molecular mass of 1510.7 mass units (Table 2). The differ-
glycosylated and the carbohydrate epitope is the same as thaénce due to posttranslational modification is therefore 609.3
found on recombinant PsA expressed at the same stage ofmass units which is equivalent to three HexNAc residues.
development. To determine the identity of the HexNAc residues, we
The PSVSPS-motif also reacted with the MUDS0 anti- performed monosaccharide analysis of the T- and S-motif
body, indicating that threonine can be substituted by serine peptide fusion proteins and detected only one sugar species
without losing the specificity of this acceptor site for which coeluted with glucosamine (Figure 5b,c, respectively).
O-glycosylation (Figure 2c, lanes 3 and 4). However, after The glucose peaks in Figure 5b,c are a common contamina-
cleavage of the S-motif peptide (Figure 2, lane 4), the tion in monosaccharide analysis, and the-E5 data show
recombinant GST protein does not get recognized by the no evidence of hexose substitutiav,(162). Therefore, the
carbohydrate-specific monoclonal antibody MUDS50. combined evidence of the mass of the peptides obtained by
An attempt was made to recover the small glycosylated ES|I-MS, the identification of single hexosamine O-linked
peptide after factor Xa cleavage by separation on 18%-SDS glycoamino acids in both sequences, the identification of
PAGE. However, the peptide was not visualized with glucosamine after acid hydrolysis in both peptides, and the
Coomassie Blue or silver stain, nor was it transferred onto recognition of the T- and S-motif peptides with MUD50
nitrocellulose and detected with the MUD50 antibody. strongly suggests that there are sinjlacetylglucosamine
Glycosylation of the T- and S-Motifslo characterize the  substituents on the threonines and serines of the expressed
glycosylation, we released the peptide motifs from the fusion peptides. However, the glycosylation patterns of the serine
proteins by factor Xa cleavage and purified the T- and and threonine motifs are different.
S-motifs to homogeneity using reversed-phase chromatog- |, summary, we have shown that peptides presented at
raphy. Both peptides eluted as a single peak at a concentraghe C-terminus of GST fusion proteins can be glycosylated
tion of 25% (v/v) acetonitrile (data not shown). Solid-phase i, p. discoideunwith single O-linkedN-acetylglucosamines
protein sequencing of the peptides showed that all threoninesgentically to that of the authentic protein. This expression
(T1, T2, Ty, Tg) in the T-motif were fully glycosylated (Figure  gystem, in combination with monosaccharide analysis, solid-
3a). This complete glycosylation is also observed in both phase protein sequencing, and E®IS, allows the identi-

the native PsA molecule (Gooley et al., 1991) and a secretedfication andin vivo characterization of glycosylation of
recombinant form (Zachara et al., 1996). The S-motif yitferent peptide motifs.

showed a different glycosylation patterny, &, and $ were
glycosylated, but $was not identified as being glycosylated DISCUSSION
(<5%) (Figure 3b). Interestingly, no amino acids in the
serine motif peptide were detected after the tyrosine, which  In this work we have presented a new system to identify
could be due to a chymotryptic-like activity in the factor Xa peptide acceptor sequences for O-glycosylation viith
preparation. This was also noticed as a reduced yield of acetylglucosamine oin vizo glycosylated proteins. We used
amino acids after tyrosine during sequencing the T-motif @ newly developed secretion vector for the expression of GST
peptide, but was to a much lower extent. This suggests thatfusion proteins inD. discoideunto test peptides for their
glycosylation of T, may hinder chymotryptic-like digestion. ~ potential to become glycosylated. The secretion of these
Figure 3c illustrates the identification and separation of PTH fusion proteins ensures passage through ER and Golgi, so
(phenylthiohydantoin)-Thr and PTH-Ser residues and showsglycosylated proteins are produced and secreted. Useful
a clear difference between the amino acids carrying HexNAc amounts ofin vivo glycosylated peptides can be produced,
and the unmodified amino acids. and they can be easily purified in two steps by affinity and
Electrospray ionizationmass spectrometry (ESMS) of reversed-phase chromatography.
the T-motif peptide showed a single major peak with a mass  Glycosylation of particular residues in proteins depends
of 2859 mass units. The additional peak at 2875 mass unitson the amino acid context surrounding glycosylated residues
is probably a water adductv 18.0) (Figure 4a). The (Wilson etal., 1991; Gooley et al., 1991). Itis also required
unmodified peptide has a calculated molecular mass of that these protein segments are exposed on the surface of
2046.3 mass units, and the difference of 812.7 mass unitsthe protein, as thej <GST gene product contains another
corresponds to the mass of four acetylated amino sulyars ( potential O-glycosylation site at position 17 (-GLVQRT
203) (Table 2). This is in agreement with the four gly- RLLL-), which was, according to solid-phase Edman deg-
coamino acids identified by solid-phase Edman degradation.radation, not glycosylated (data not shown). This could also
The molecular mass obtained by ESMIS for the peptide be due to the tertiary structure of this part of the protein.
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Ficure 3: Solid-phase sequence analysis of GST fusion glycopeptides. HPLC-purified glycopeptides were immobilized onto Sequelon-AA
and subjected to solid-phase Edman degradation. The unshaded bars are PTH-amino acids, the striped bars are PTH-Thr(HexNAc), and
solid bars are PTH-Ser(HexNAc). (a) Corrected yields for the factor Xa released glycopeptie®!T fnrom the recombinant GST T-motif

fusion protein. T, T, Ts, and T, were all 100% glycosylated. (b) Corrected yields for the factor Xa released glycopeptide Thr-Tyr from
the recombinant GST S-motif fusion protein, 15, and $ were 100% glycosylated whereas ®ntained no detectable glycosylation
(<5%). The sequence terminated at Tyr, and there was no detectable Leu or Asn in the following two cycles. (c) Identification and separation
of PTH-Thr(HexNAc) and Ser(HexNAc). Chromatography of PTH-Thr(HexNAc) and Ser(HexNAc) using a Nova-Pak (Waters, 4 mm, 3.9
mm x 300 mm) C18 reversed-phase column and 5 mM triethylammonium formate (TEAF) buffer with an acetonitrile gradient. The flow
rate was 0.6 mL/min, and the oven temperature was@G5PTH-standards chromatogram (10 pmol) from 5.5 to 8.5 min showing the
elution position of D, N, S, Q, and T (upper chromatogram). The lower chromatogram (dotted line) shows the glycosylated Thr(HexNAc)
in cycle 5 and Ser(HexNAc) in cycle 5 (solid line). The two isomers of Ser(HexNAc) are clearly separated from the later eluting two
isomers of Thr(HexNAc).

Our results show that the peptides at the C-terminus of GST To establish the system, we first chose a peptide segment
fulfill the requirement to be accessible for the glycosyltrans- from the D. discoideumPsA, a secreted protein which is
ferases. In the two peptides studied, there was always onlyknown to have extensive O-linked glycosylation on a

one species of peptide recovered using electrospmegss C-terminal region containing a (PTV) repeat (Zachara
spectrometry, and so we conclude in these cases theet al., 1996). We demonstrated that a PTVTPT segment,
glycosylation is complete. This clearly indicates that gly- expressed as a GST fusion protein, was O-glycosylated in
cosylationin zivo is highly efficient, in our system more the same way. This showed that this peptide sequence does
than 90%. Several reports amvuitro glycosylated peptides  not need the context of the native PsA protein to become
always show partial glycosylation, and this raises doubt as glycosylated. Changing threonine to serine residues in this

to the reliability of the peptide motifs screened (Stadie et motif also resulted in a glycosylated peptide; however, the

al., 1995). Using ouin vivo system, we successfully omitted glycosylation pattern was different with only the first and

two problems which are described as critical factorsnin  second serines glycosylated. Computer modeling studies on
vitro glycosylation studies, namely, the incubation time and the two peptides gave very similar secondary structures for
the concentration of components in thesitro glycosylation both the T- and the S-motif peptides with an accessihle T
reaction (Gooley & Williams, 1994). and S, respectively (data not shown). Therefore, steric
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Table 2: Explanation for the Data Obtained by E#MS?

calcdmass M+4 M;+3
experimental of peptide  sites sites
mass (M) HexNAc HexNAc
T-motif 2859 2046.3 2859.1 2655.9
S-motif 2120 2004.2 2817.0  2613.8
S-motif truncated 2120 1510.7 23235 2120.3

a2 The experimental masses obtained by-E&E are shown for the
T-motif peptide and the S-motif peptide. These masses were compare
to the theoretical molecular weights of the T- and S-motif peptides
with 3 and 4 glycosylated amino acids, respectively. Also shown is
the mass of the S-motif peptide with a C-terminal truncation lacking
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Ficure 5: Monosaccharide analysis. (a) Separation and detection
of monosaccharide standards by high-performance anion exchange
chromatography. (b and c) Monosaccharides detected after hy-
drolysis of the T- and S-motif peptide fusion proteins, respectively.
The major monosaccharide detected coeluted with the glucosamine
standard. Glucose is a common contamination in monosaccharide
analysis. 2-Deoxy-glucose was added as an internal standard.

and produce proteins with GPI anchors (Freeze, 1991). In
our study, we explored the addition of O-GIcNAc on secreted
GST peptide fusion proteins iD. discoideuma type of
modification which is in mammals only found on cytoplas-
mic proteins (Hart et al., 1989a,b); whether there is a
cytoplasmic glycosylation irD. discoideumwith single
O-GIcNACc residues similar to that in mammals remains to
be determined.

Since there has been no report of GalNAc linked to serine
or threonine residues iD. discoideunto date, we suggest
that in this organism GIcNAc might substitute for GalNAc

dn secreted and membrane-anchored proteins. The peptides

tested here had threonine [t a position—3 to a proline,
being glycosylated. This is consistent with a peptide motif

the last 4 amino acids (see Figure 3b). The data in boldface show thedescribed for the addition ofN-acetylgalactosamine in
agreement between the experimental data and the calculated massegnammals in which proline residues at positiens and+3

hindrance is unlikely to be the cause of failure to glycosylate
S; in the S-motif peptide. This observation can be explained
either by the existence of two separate enzymes specific fo
Ser and Thr or by two independent acceptor recognition
motifs, responsible for the addition of GIcNAc to serine and
threonine residues iB. discoideum
D. discoideunis an interesting organism for glycosylation

studies. It is known to have N-linked sugars, indistinguish-
able from the mammalian high mannose type; it can

significantly increase the frequency of an O-glycosylation
event (Wilson et al., 1991) and witim »vizo data on the
O-GalNAc glycosylation of the human von Willebrand factor
r(Nehrke et al., 1996). Recently, neural networks have been
used for the prediction of the addition of O-GalNAc in
mammalian proteins (Hansen et al., 1995). The prediction,
using this program, for the whole PsA spacer domain, which
is highly homologous (57.6% identity) to the mucin MUC2
from Macaca mulattgAccession No. U00483), agreed with
the D. discoideum invizo glycosylation with O-GIcNAc

phosphorylate and glycosylate serine and threonine residuegZachara et al., 1996). This supports the idea of a common
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recognition motif for the addition of O-linked GIcNAc in  Griffiths, K. R. (1996) Ph.D. Thesis. Macquarie University, Sydney.
secreted proteins d@. discoideunand O-linked GalNAc in ~ Haltiwanger, R. S., Kelly, W. G., Roguemore, E. P., Blomberg,

; ; ; M. A., Dong, D. L.-Y., Kreppel, L., Chou, T.-Y., & Hart, G. W.
secreted mammalian proteins. We are currently testing our (1992) Biochem. So¢. Trang0, 264-269.

hypothesis bylexpressing mucin motifs in auwivo s.yst.em. Hansen, J. E., Lund, O., Engelbrecht, J., Bohr, H., Nielsen, J. O.,
Thus far, mucin glycosylation has only been studreditro & Hansen, J.-E. S. (1998iochem. J308 801-813.
(Stadie et al., 1995; Sorensen et al., 1995). Hart, G. W., Haltiwanger, R. S., Holt, G. D., & Kelly, W. G.

Regardless of the specific glycosyltransferases involved, (1989a)Ciba Found. Symp. 14502-118.
this GST peptide fusion expression system offers the potentiaIHarlté%be-' Halgwarégerh R. 55-' %'3"401@ 8%, D., & Kelly, W. G.
of constructing glycosylation motifs present in other eukary- , ¢ )Annu. Re. Biochem. 58 '

. ) . . Kessin, R. H., Williams, K. L., & Newell, P. C. (1974) Bacteriol
otic proteins and determining the requirements of the acceptor 119 776-783. (1974)

sites for O-glycosylation using thB. discoideunglycosy- Laemmli, U. K. (1970)Nature 227 680-685.

lation apparatus. Nasir-ud-Din, Drager-Dayal, R., Decrind, C., Hu, H. B., del Guidiee,
G., & Hoessli, D. (1992Biochem. Int27, 55-64.
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