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The xylosyltransferase (XT) isoforms XT-I and XT-II initiate the posttranslational glycosaminoglycan
(GAG) synthesis. Here, we determined the relative expression of both isoforms in 33 human cell lines.
The majority of tested cell lines showed dominant XYLT2 gene expression, while only in 23132/87, JAR,
NCI-H510A and THP-1 was the XT-I mRNA expression higher. Nearly equal expression levels were
detected in six cell lines. Additionally, to shed light on putative differences in acceptor specificities the
acceptor properties of potential acceptor sequences were determined. Peptides were expressed as gluta-
thione-S-transferase fusion proteins containing putative or known GAG attachment sites of in vivo pro-
teoglycans. Kinetic analysis showed that K, and V..x values for XT-I mediated xylosylation were
slightly higher than those for XT-II, and that XT-I showed a lesser stringency concerning the acceptor
sequence. Mutagenesis of the bikunin peptide sequence in the G-S-G attachment site and flanking regions
generated potential acceptor molecules. Here, mutations on the N-terminal side and the attachment site
were found to be more susceptible to a loss of acceptor function than mutations in the C-terminus. Alto-
gether the known consensus sequence a-a-a-a-G-S-G-a-a/G-a (‘a’ representing Asp or Glu) for XT-I med-
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iated xylosylation could be approved and additionally extended to apply to XT-II as well.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Proteoglycans (PG) represent a large group of polyanionic mol-
ecules which are expressed in a wide range of cell types. They con-
sist of a core protein and varying numbers of covalently attached
glycosaminoglycan chains [1]. Posttranslational proteoglycan bio-
synthesis is initiated by transferring an UDP-xylose residue to spe-
cific serine moieties of the glycosaminoglycan attachment sites of
core proteins. This rate-limiting step is catalyzed by the isoen-
zymes XT-I and XT-II (EC 2.4.2.26) [2-4]. The consensus sequence
a-a-a-a-G-S-G-a-a/G-a (‘a’ = Asp or Glu) for xylosylation by XT-I is
consistent or similar to the short minimal motifs G-S-G and G-S-x-G
(‘x’ representing any amino acid) [5-7]. Other glycosyltransferases
complete the assembly of a uniform tetrasaccharide linker and in
consecutive steps different alternating disaccharide units are attached
to the linker building up the GAG chain [8].

Abbreviations: CHO, Chinese hamster ovary; CI, confidence interval; FCS, fetal
calf serum; GAG, glycosaminoglycan; GST, glutathione-S-transferase; IPTG, isopro-
pyl-B-p-thiogalactosid; ND, not detectable; PBS, phosphate buffered saline; PG,
proteoglycan; SD, standard deviation; WT, wild-type; XT-I, xylosyltransferase I; XT-
II, xylosyltransferase II
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To date there is little knowledge about functional differences
and so the reason for the coexistence of both isoenzymes in higher
organisms remains unclear. One difference monitored so far has
been a diversity expression pattern of both isoenzymes in mouse
tissues and diverse cell lines [2,3,9,10]. To examine these findings
we accomplished a relative quantification of XT-I and XT-II mRNA
expression in 33 human cell lines. Additionally, we determined the
acceptor properties of potential acceptor sequences.

Materials and methods

Cell culture. Cell lines were purchased from the American Type
Culture Collection (Manassas, VA, USA) or the German Resource
Centre for Biological Material (Braunschweig, Germany). hTERT-
BJ1 was supplied by Clontech (Mountain View, CA, USA). Cells were
cultivated in media supplemented with FCS and required supple-
ments according to the manufacturer’s recommendations. Cells in
the 2-5 passage were harvested after a period of 4 d when they
reached sub-confluence. CHO pgsA-745 cells in which XT-I or XT-II
expression was restored [3,11] were cultured as described previ-
ously [3]. Supernatants were collected and concentrated 10-fold
by ultracentrifugation in Vivacell 100 concentrators (Vivascience,
Hanover, Germany).

Construction of plasmids. Vector constructs were generated
by annealing complementary oligonucleotides (Supplemental
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Table 1). Produced cDNA inserts were cloned into the Xhol and
EcoRI digested pGEX-6P-1 vector (Amersham Biosciences, CT,
USA) and ligated by T4 DNA ligase. Escherichia coli BL21 DE3 cells
(Novagen, Darmstadt, Germany) were transformed with the cloned
plasmids. Plasmids were sequenced by using the BigDye Termina-
tor v1.1 Cycle Sequencing Kit (Applied Biosystems, CA, USA).

Site-directed mutagenesis. For the procedure of codon altering
the QuickChange Site-directed mutagenesis Kit (Stratagene, La Jol-
la, Canada) was used. A vector coding for the bikunin proteoglycan
attachment site was mutated by using oligonucleotides containing
wobble-bases (Supplemental Table 2). Originated DNA of the mu-
tants was sequenced.

Expression and purification of fusion proteins. Transformed E. coli
BL21 DE3 cells were grown at 30 °C in LB medium supplemented
with 75 pg/l ampicillin. Peptide expression was induced by
0.5 mM IPTG. Cells were harvested by centrifugation and lysed in
5 ml PBS by a threefold freezing/thawing cycle. Purification of the fu-
sion proteins was performed by affinity chromatography using the
GST-Bind Kit (Novagen) according to the manufacturer’s instruc-
tions. Purified protein solutions were dialyzed with the 250-fold vol-
ume of PBS. Determination of protein concentrations was performed
by the Bradford method using bovine serum albumin as standard.

Radiochemical XT activity assay for determination of Michaelis—
Menten constants and maximum reaction rates. Radiochemical
determination of XT activity is based on a transfer of UDP-[!*C]-
p-xylose (PerkinElmer, Waltham, MA, USA) to an acceptor protein
and has been described previously [7]. Various concentrations of
purified fusion protein solutions were incubated in triplicate with
the concentrated supernatant of CHO pgsA-745-XT-I or CHO pgsA-
745-XT-II cells under assay conditions with additional nine parts
equimolar non-radioactive UDP-xylose (Sigma, Taufkirchen, Ger-
many) for 4 h. K, and V.« values were calculated from Hanes-
Woolf plots.

Real-time quantitative RT-PCR analysis of XT expression. XT mRNA
expression was quantified by a fluorogenic RT-PCR assay using the
Realplex Mastercycler System (Eppendorf, Hamburg, Germany)
and intron-spanning oligonucleotides (Supplemental Table 3).
mRNA isolation and PCR reaction conditions are described else-
where [3]. Transcriptional levels of target genes were normalized
to constant mRNA levels of the housekeeping genes GAPDH, HPRT1
and B,-microglobulin using a housekeeping-gene index and the
geNorm algorithm. cDNA synthesized from total RNA of SW-1353
cells served as a calibrator to which gene expression values of
other cells were compared to.

Results
Relative quantification of XT-I and XT-Il mRNA expression

We analyzed the expression pattern of both xylosyltransferases
in 33 human cell lines by using real-time RT-PCR to obtain further
knowledge about XT expression profiles. The XYLT1 gene was not
expressed in A-431, BM-1604, CAPAN-2, HELA, HT-1080, K-562
and LNCAP (Fig. 1). Only marginal amounts of XT-I mRNA could
be measured in the total mRNA of A-549, EA.hy 926, ECV-304,
EFO-21, HEK-293, Hep G2, MHH-ES-1 and RPMI-2650. In compar-
ison to these results a broad XT-II mRNA expression could be de-
tected in every analyzed cell line. The highest xylosyltransferase
expression levels were found in NCI-H510A for XT-I (4.74 +0.27,
mean * standard deviation (SD)) and in BT-474 for XT-II
(6.29 + 1.18). XT-I expression was higher than XT-II expression in
23132/87,]JAR, NCI-H510A and THP-1. Nearly equal expression lev-
els were determined in 1301, Hs 27, SAOS-2, SW-1353, WERI-RB-1
and Y-79. In every other analyzed cell line the XT-II expression was
dominant.

Determination of acceptor properties of fusion proteins containing
xylose attachment sites of in vivo acceptor proteins

To date only some kinetic data of limited numbers of sequences
like bikunin, L-APP or bFGF are accessible [12-14]. To investigate
acceptor specificities of XT isoforms we determined acceptor prop-
erties of a panel of fusion proteins composed of glutathione-S-
transferase (GST) coupled with sequences containing known or
putative GAG attachment sites of proteoglycans. We subdivided
these proteoglycan sequences in dependency of their number of
G-S-G-motifs into three groups (Table 1). All fusion proteins with
one G-S-G-motif, as combined in group 1, bore good acceptor func-
tionalities for both XT isoforms. Confinements of this observation
were aggrecan and L-APP, where just a weak xylosylation with
XT-II could be determined. K, values were very similar for XT-I
and XT-II, with slightly lower K,,, values for XT-II mediated xylosy-
lation. On the other hand, V.« values of the xylose transfer cata-
lyzed by XT-I were moderately to considerably higher than those
determined for XT-II.

SPACRCAN, agrin and glypican-1 containing two or three cumu-
lated G-S-G-motifs are summarized in the second group. Glypican-
1 featured the best acceptor properties with a K, value of 17.1 uM
(95% confidence interval (95% CI): 14.6-20.1 uM) for XT-I and a Ky,
value of 10.9 uM (95% CI: 8.5-14.1 uM) for XT-II. A XT-II catalyzed
reaction revealed no product with SPACRCAN while agrin was
xylosylated to a minor extent. Ky, values for XT-I mediated reac-
tions for these two fusion proteins were in a range between 100
and 1000 pM.

In the last group the G-S-G-motif is absent. The best acceptor
function of fusion proteins containing a G-S-x-motif was detected
for collagen o2(IX) with a K, value of 3.4 uM (95% CI: 0.2-
12.0 uM) for XT-I. A xylosylation mediated by XT-I revealed a weak
or no product with brevican and epiphycan_2, respectively. None of
these peptides was xylosylated by XT-II. Fusion proteins summa-
rized with a x-S-G-motif bear different functions as acceptor mole-
cules. K, values for XT-I mediated glycosylation could be
determined between 9.7 and 20.8 uM. In comparison to peptides
with a G-S-G-motif the V.« values were considerably lower. Beta-
glycan_2 and versican-o. were xylosylated in minimal measurable
amounts with XT-I while epiphycan_1 was not xylosylated. For
none of these peptides an acceptor function for XT-II mediated gly-
cosylation could be demonstrated, except biglycan and phospha-
can, where a weak xylosylation was detectable. Although we
found some peptides which were xylosylated exclusively by XT-I,
the maximum reaction rates were quite low, resulting in weak
radioactive signals in the XT activity test.

Mutagenesis aminoterminal to the attachment site of the bikunin
sequence

We generated a multiplicity of fusion proteins based on the bi-
kunin sequence containing mutated amino acids in the G-S-G-G-
motif and amino- or carboxy-terminal to this motif, respectively.
Fusion protein of clone 1.1 with an E(—4)K mutation had similar
K and Viax values for XT-I and XT-II as wild-type (WT) bikunin
(Table 2). In the case of mutations of all acidic amino acids (pep-
tides 1.2 and 1.3) to other than basic amino acids, the glycosylation
for XT-II was abolished. However, these proteins were good sub-
strates for XT-I xylosylation, with similar K, values to WT-bikunin
but considerably lower V,,.x values. Peptides possessing no acidic
and one basic amino acid in the —4, —3 or —2 position (peptides
1.4-1.10) were not xylosylated by XT-II, but were still poor sub-
strates for XT-I. An elevation of the number of basic amino acids
caused a loss of acceptor function for both xylosyltransferases
(peptides 1.11 and 1.12).
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Fig. 1. XT-I and XT-II mRNA expression in human cell lines. Relative quantification of mRNA of human cells was accomplished by a fluorogenic real-time PCR assay.
Transcriptional levels of the target peptides XT-I (A) and XT-II (B) were normalized by an index of the housekeeping genes GAPDH, HPRT and B,-microglobulin. cDNA
synthesised from total RNA of SW-1353 cells served as a calibrator to which gene expression of other cells were compared to. Relative mRNA expression levels are presented
in arbitrary units. PCR reactions were run in triplicate and expression levels are shown as mean values with standard deviation. (ND, not detectable).

Mutagenesis of the G-S-G-G-motif of the bikunin sequence

Many PG attachment sites contain neighboring glycine residues
as characterized by the consensus sequence. Here, we changed the
glycine residues of the bikunin sequence. The G(—1)S mutant (pep-
tide 2.1) was determined as having good acceptor functions for
both isoforms, in contrast to the 2.2 peptide (G(—1)R mutation)
which was not xylosylated by XT-II, but had a similar K, value
for a xylose transfer by XT-I (Table 3). Additionally, the maximum
reaction rate for the G(—1)R mutant decreased dramatically.
Expression products of the mutants 2.3 and 2.4 with single point
mutations (G(+1)S exchange) had good acceptor properties for
XT-I but not for XT-II. A complete loss or strong reduction of accep-
tor functionality was detected for peptides with a G(+1)R mutation
(peptide 2.6) and a G(+1)C mutation (peptide 2.5). Peptides 2.7 and
2.8 with a GG(—-1,+2)SR and a EG(-2,+2)del,R exchange, respec-
tively, showed comparable K, values for a xylosylation catalyzed
by XT-I, but peptide 2.8 was a considerably better substrate in a
XT-II catalyzed reaction. A double exchange of glycine residues in
the positions +1 and +2 (peptides 2.9-2.15) caused a loss of accep-
tor functions for both isoforms except fusion proteins 2.9 and 2.10
containing a GG(+1,+2)SC and a GG(+1,+2)TS mutation. Both were
good substrates for XT-1 but poor substrates for XT-II. Peptide
2.19 with a GG(—1,+1)SS mutation within the peptides containing
a double exchange of glycine residues in the positions —1 and +1

(peptides 2.16-2.19), was the sole exception being xylosylated by
XT-I to a minor extent. None of these proteins had an acceptor
function for XT-II. Peptides with a mutation in every glycine posi-
tion (peptides 2.20-2.33) as well as a peptide with a S(0)T ex-
change (peptide 2.34) lost their acceptor function for both
isoforms.

Mutagenesis carboxyterminal to the attachment site of the bikunin
sequence

Mutagenesis in the C-terminus of the G-S-G-motif generated
eight mutants. Each of them was xylosylated in a XT-I or XT-II cat-
alyzed reaction (Table 4). K;,, values differ slightly, but are in a sim-
ilar range to the Ky, value of WT-bikunin. Again, Ky, and V. values
of a xylose transfer are slightly lower for XT-II mediated xylosyla-
tion compared to XT-I.

Discussion

Here, we determined XT mRNA expression of both xylo-
syltransferases in a large number of human cell lines. XT-II was
broadly expressed in every tested cell line. In contrast, XT-I was
not expressed in seven and only in marginal amounts in a multi-
plicity of cell lines. These results show that in cells with exclusive
XT-II expression the GAG biosynthesis is initiated solely by XT-II



Table 1

Kinetic parameters for fusion proteins containing glycosaminoglycan attachment sites of proteoglycans.

Protein Peptide sequence Number (position) of amino acids consistent with consensus Ky, XT-1 (95% CI) (UM) Ky XT-II (95% CI) (UM)  Vipax XT-1 (95% CI) (pmol/h)  Vinax XT-1I (95% CI) (pmol/h)
sequence
N-terminal C-terminal
Consensus sequence
1 Syndecan-1 FSENFSEREAEAL  1(-5) 1(+3) 19.8 (16.1-24.6) 7.4 (5.6-9.6) 86.3 (75.6-100.4) 5.3 (4.7-6.0)
Aggrecan EFCEFTERIEBVSG 1 (-4) 1(+2) 18.8 (14.6-24.9) W. X. 17.1 (14.5-20.8) <0.5
Syndecan-4 DDFE%;ELD 1(-4) 2 (+2,+4) 3.5 (1.8-5.7) 14.1 (10.0-20.4) 50.9 (44.1-60.2) 12.5 (10.2-16.1)
Neuroglycan C FVTA| AQA  1(-3) 1(+2) 23.6 (18.7-30.4) 3.2 (2.0-4.6) 57.8 (49.4-69.6) 2.5(2.3-2.8)
Thrombomodulin  FDGGESEJEErP 1(-3) 1(+2) 18.2 (15.1-22.2) 2.9 (2.5-3.4) 209.0 (185.2-239.8) 24.7 (23.8-25.7)
Perlecan_3 iiakale Dl G S G Digle) 1(-3) 1(+2) 18.7 (14.5-24.8) 9.4 (7.6-11.6) 1322 (111.9-161.8) 23.0 (20.7-25.9)
Testican-2 FFSGiRF 1(-3) 1(+3) 10.3 (8.0-13.3) 8.2 (5.0-13.0) 56.1 (49.7-64.4) 6.3 (5.2-8.0)
Versican-p FIPITHeRle 1(-2) 2 (+2,+4) 14.6 (12.6-16.9) 12.7 (10.2-15.9) 100.2 (91.7-110.3) 54.4 (48.0-62.8)
Serglycin ErEy SERIEr@scs 2 (-5.-4) 1(+3) 11.1 (9.4-13.1) 2.3 (1.9-2.8) 74.2 (68.1-81.6) 7.8 (7.5-8.1)
Syndecan (D. m.) DDREST] GR 2(-5,-2) = 17.8 (15.4-20.7) 12.2 (9.8-15.1) 105.2 (95.8-116.7) 12.0 (10.7-13.7)
Perlecan_2 EFE@%LG 2 (—4,-3) 1(+2) 14.5 (10.4-20.8) 10.2 (8.5-12.2) 105.5 (86.0-136.6) 43.1 (39.0-48.1)
bFGF-peptide EFPEDCEJEAFPP 2 (-4,-3) = 13.7 (11.6-16.2) 9.3 (6.9-12.4) 114.7 (103.8-128.2) 13.1 (11.3-15.6)
L-APLP2 2 (—4,-2) 1 (+4) 13.4 (10.7-17.0) 10.4 (8.9-12.3) 145.5 (128.3-168.0) 59.9 (55.2-65.5)
L-APP 2 (—4,-2) = 13.1 (9.9-17.8) W. X. 14.6 (12.4-18.0) <0.5
Bamacan ropElcHeEmsER 3 (-5-4,-2 2 (+2,+4) 22.2 (18.6-27.0) 17.9 (14.3-22.6) 190.1 (168.5-218.1) 132.9 (115.8-156.0)
Bikunin EFOARIECEOLV 3 (—4,-3,-2 1(+3) 27.4 (20.3-38.9) 46.3 (29.8-88.3) 297.2 (239.6-391.1) 405.8 (281.9-724.1)
2 SPACRCAN i x. >10,000 <0.5 <0.5
Agrin i. X. W. X. <0.5 <0.5
Glypican-1 17.1 (14.6-20.1) 10.9 (8.5-14.1) 92.3 (83.6-102.8) 12.6 (11.0-14.6)
3 Collagen o2(IX)  FIQGLES ABFLC 1(+2) 3.4 (0.2-12.0) >10,000 2.0 (1.4-3.4) <0.5
Epiphycan_2 FPRLIBEES POEP 1 (+4) >10,000 >10,000 <0.5 <0.5
Brevican FESERTEESREAP 1(+3) W. X, >10,000 <05 <05
Perlecan_1 PEFARS THEILG 2 (+2,43) 13.3 (9.1-19.8) >10,000 41 (33-53) <05
Biglycan EEASGARTEHEVLE 1(+4) 9.7 (7.2-13.2) W. X. 244 (20.9-29.5) <05
Betaglycan_1 FPALCESHEn PG 1 (+4) 20.8 (15.6-28.3) >10,000 5.4 (4.5-6.7) <0.5
Phosphacan EFGADRSEEsSPAT - 16.6 (9.8-30.3) W. X. 3.7 (2.7-5.6) <05
CD44 TRV sEJEssSE = 14.6 (10.9-19.9) >10,000 11.8 (10.0-14.4) <0.5
Betaglycan_2 FGYELEFERNGF 1(+2) W. X. >10,000 <05 <05
Versican-o. FTEHEVFEEMKLS = W. X, >10,000 <0.5 <0.5
Epiphycan_1 FIATVMPEENREL 1(+4) >10,000 >10,000 <0.5 <0.5

Peptide sequences of proteoglycans contain one (group 1), more than one (group 2) or none G-S-G-motif (group 3). Amino acids consistent with the consensus sequence are indicated by white letters in black shaded boxes. Serine
residues of the GAG attachment sites are additionally printed in bold letters. Amino acids illustrated in grey shaded boxes are coded by nucleotide sequences of the plasmid and do not occur in the native in vivo proteoglycan.
Fusion protein sequences end with the last shown carboxyterminal amino acids. Asterisks indicate PG sequences where the GAG attachment site cannot be assigned to a definite serine residue. For some of the peptides no K, value
could be determined because the amounts of xylosylated peptides were too low. Here we discriminated between peptides with K, values in a range between 100 and 1000 uM (i. x.) and peptides where only a weak xylosylation
was measurable (w. x.). For peptides with a K, value higher 10,000 uM no xylosylation product could be detected. (a, Asp or Glu; b, Asp, Glu or Gly; D. m., Drosophila melanogaster; Cl, confidence interval; i. X., intermediate

xylosylation; w. x., weak xylosylation).
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Table 2
Kinetic parameters for bikunin fusion proteins with mutations aminoterminal to the glycosaminoglycan attachment site.
Protein Peptide sequence Number (position) Km XT-1 Km XT-II Vinax XT-1 Vinax XT-11
of basic amino acids (95% CI) (ULM) (95% CI) (uM) (95% CI) (pmol/h) (95% CI) (pmol/h)
WT QEEEGSGGGQLV = 27.4 (20.3-38.9) 46.2 (29.8-88.3) 297.2 (239.6-391.1) 405.8 (281.9-724.1)
1.1 OFEEGSGGGOLV 1(-4) 20.0 (15.9-25.9) 35.6 (26.6-50.7) 134.2 (114.8-161.6) 179.2 (142.7-240.8)
1.2 QGSGGGQLV - 31.8 (25.1-41.6) >10,000 12.6 (10.5-15.6) <0.5
13 IGSGGGQLV - 65.6 (45.2-109.6) >10,000 28.8 (21.0-45.6) <0.5
1.4 ORI GSGGGOLY 1(-4) W. X. >10,000 <0.5 <0.5
15 O GSGCGOLY 1(-3) W. X >10,000 <0.5 <0.5
16 (o PR 1[ck{elelelol 1(-3) W. X >10,000 <05 <05
1.7 OYGSGGGOLV 1(=-3) w. X >10,000 <0.5 <0.5
1.8 O GSGGGOLY 1(-3) w. X >10,000 <0.5 <0.5
19 Ol GSGGGOLY 1(-2) W. X. >10,000 <0.5 <0.5
1.10 OIS GSGGGQLV 1(-2) W. X. >10,000 <0.5 <0.5
1.11 OFRIGSGGGOLY 2 (—4,-2) >10,000 >10,000 <0.5 <0.5
1.12 OGS GGGQLV 3(-4,-3,-2) >10,000 >10,000 <0.5 <0.5

K, values were measured using the radiochemical XT activity assay. Mutated amino acids are indicated by white letters in black shaded boxes and basic amino acids are
additionally illustrated by bold letters. Valine residues are the last amino acids of the fusion proteins. (WT, wild-type; CI, confidence interval; w. x., weak xylosylation).

Table 3
Kinetic parameters for bikunin fusion proteins with mutations in the G-S-G-G-motif.
Protein Peptide sequence Position of mutated K XT-1 K XT-11 Vinax XT-1 Vinax XT-II
amino acid (95% CI) (uM) (95% CI) (uM) (95% CI) (pmol/h) (95% CI) (pmol/h)
WT QEEEGSGGGQLV 27.4 (20.3-38.9) 46.3 (29.8-88.3) 297.2 (239.6-391.1) 405.8 (281.9-724.1)
2.1 QEEERSGGGOLV -1 10.3 (8.3-12.9) 8.5 (6.6-11.1) 119.3 (106.7-135.3) 28.5 (25.3-32.7)
2.2 QEEERSGGGOLV -1 9.9 (7.5-13.1) >10,000 3.7 (3.2-4.3) <0.5
2.3 oeEfcsBecorv -2,+1 12.3 (9.7-15.7) W. X. 10.5 (9.3-12.2) <0.5
24 QEEEGSGGoLv +1 15.3(11.8-19.9) W. X. 25.2 (21.7-30.0) <0.5
2.5 QEEEGS@GGOLV +1 W. X. >10,000 <0.5 <0.5
2.6 QEEEGSEGGOLV +1 >10,000 >10,000 <0.5 <0.5
2.7 oEEERSGRcOLY -1,+2 24.3 (18.9-32.1) W. X. 30.1 (25.4-36.9) <0.5
2.8 QEEHGSGGQLV —2,+2 20.5 (16.9-25.4) 6.4 (5.5-7.4) 79.1 (69.2-92.3) 27.4 (25.9-29.1)
2.9 QEEEGSEI8GOLV +1,42 13.3(10.4-17.1) W. X. 12.8 (11.2-15.0) <0.5
2.10 QEEEGSHEILV +1,+2 28.8 (23.8-35.5) W. X. 27.0 (23.5-31.7) <0.5
2.11 +1,+2 >10,000 >10,000 <0.5 <0.5
2.12 +1,+2 >10,000 >10,000 <0.5 <0.5
213 +1,42 >10,000 >10,000 <0.5 <0.5
2.14 +1,+2 >10,000 >10,000 <0.5 <0.5
2.15 —2,+1,+2 >10,000 >10,000 <0.5 <0.5
2.16 -1,+1 >10,000 >10,000 <0.5 <0.5
2.17 —1,+1 >10,000 >10,000 <0.5 <0.5
2.18 -2,—-1,+1 >10,000 >10,000 <0.5 <0.5
2.19 -1,+1 W. X. >10,000 <0.5 <0.5
2.20 —1,+1,+2 >10,000 >10,000 <0.5 <0.5
221 —1,+1,42 >10,000 >10,000 <0.5 <0.5
222 ) —1,+1,+2 >10,000 >10,000 <0.5 <0.5
2.23 BicoLv —1,+41,+2 >10,000 >10,000 <0.5 <0.5
2.24 EcoLy —1,+1,42 >10,000 >10,000 <0.5 <0.5
2.25 —1,+1,42 >10,000 >10,000 <0.5 <0.5
2.26 —1,+1,+2 >10,000 >10,000 <0.5 <0.5
2.27 —1,+41,+2 >10,000 >10,000 <0.5 <0.5
2.28 —1,+1,42 >10,000 >10,000 <0.5 <0.5
2.29 —1,+1,+2 >10,000 >10,000 <0.5 <0.5
2.30 —1,+41,+2 >10,000 >10,000 <0.5 <0.5
2.31 QEEEfSE8GOLY —1,4+1,42 >10,000 >10,000 <0.5 <0.5
2.32 QEEEfisf8coLV —1,+41,+2 >10,000 >10,000 <0.5 <0.5
2.33 QEEENSE8GOLY —1,+1,+2 >10,000 >10,000 <0.5 <0.5
2.34 QEEEGHGGGQLV 0 >10,000 >10,000 <0.5 <0.5

Mutated amino acids are indicated by white letters in black shaded boxes. Valine residues indicate the end of the fusion proteins. (WT, wild-type; —, deletion of amino acid;

Cl, confidence interval; w. x., weak xylosylation).

and it might be speculated that dominant XT-II expression could
indicate for a preferred XT-II catalysis. Equipollent co-expression
in some cases might correlate to the lesser stringency of XT-I con-
cerning the acceptor protein sequences. For instance, the fibroblast
cell lines Hs 27 and hTERT-BJ1, as well as cardiac fibroblasts [15],
show broad expression levels of both isoforms. Betaglycan was
shown as being expressed in fibroblasts [16] and its GAG chains
were defined as being attached to Ser>> and Ser>*® [17]. Both ser-
ine residues were solely xylosylated by XT-I in our acceptor study.

Recently, it was shown that the proteoglycan form of betaglycan as
a TGF-B superfamily co-receptor was able to inhibit TGF-8 medi-
ated signaling. If the GAG chain was absent, the inhibitory effect
was abolished [18]. Some core proteins occurring as part-time pro-
teoglycans might be correlated to their sequences and the ex-
pressed XT in the according tissue. For example, if there is a
functional necessity requiring betaglycan with attached GAG
chains, there must be a XT-I expression for initiating GAG biosyn-
thesis. Simultaneous expression of XT-II might be ascribed to
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Table 4
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Kinetic parameters for bikunin fusion proteins with mutations carboxyterminal to the glycosaminoglycan attachment site.

Protein Peptide sequence Km XT-1 (95% CI) (uM) Km XT-II (95% CI) (M) Vimax XT-1 (95% CI) (pmol/h) Vmax XT-II (95% CI) (pmol/h)
WT QOEEEGSGGGQLV 27.4 (20.3-38.9) 46.3 (29.8-88.3) 297.2 (239.6-391.1) 405.8 (281.9-724.1)

3.1 QEEEGSCEGOLV 15.1 (12.5-18.4) 22.7 (17.0-31.4) 81.4 (72.5-92.8) 123.0 (101.3-156.8)

32 QEEEGSGGIEYLV 25.1 (20.9-30.8) 15.0 (13.3-17.1) 134.6 (118.1-156.4) 44.9 (41.7-48.6)

33 QEEEGSCERMLY 12.5(10.6-14.8) 7.7 (6.7-8.9) 120.0 (109.2-133.0) 68.9 (64.7-73.7)

34 QEEEGSCEEALV 19.9 (15.4-26.1) 9.3 (7.9-11.0) 224.3 (191.6-207.8) 89.7 (83.2-97.4)

35 30.1 (24.4-38.2) 21.5(18.1-25.8) 154.4 (132.5-185.0) 94.8 (84.8-107.5)

3.6 54.3 (40.2-79.1) 50.8 (40.7-65.9) 191.8 (149.8-266.4) 194.4 (161.8-241.3)

3.7 OEEEGSGIsafLV 57.2 (41.1-88.4) 24.2 (20.5-29.1) 140.9 (106.6-207.8) 17.0 (15.0-19.5)

3.8 QEEEGSGRRLY 58.6 (41.3-94.2) 13.7 (10.8-17.6) 82.7 (61.5-126.4) 15.8 (13.8-18.6)

Amino acids are indicated by white letters in black shaded boxes. Fusion proteins end with the C-terminal valine residue. (WT, wild-type; CI, confidence interval).

defined acceptors being exclusively xylosylated by XT-II. But this
seems to be rather improbable because of the high number of
tested core protein sequences with contrary results. Other reasons
might be different transcriptional regulation of xylosyltransferases
([19], Miiller unpublished results) or small differences in efficien-
cies and reaction rates of catalysis.

Additionally, we analyzed XT acceptor specificities for fusion
proteins. XT activity is determined by measuring the amount of
transferred xylose residues to acceptor molecules [7,20]. At present
it is impossible to differentiate between the isoforms because
acceptors taken so far have acceptor functions for both enzymes.
Thus measured values always reflect the total activity which is a
combination of XT-I and XT-II mediated xylosylation.

Most expressed fusion proteins with a single G-S-G-motif had
similar K, values for XT-I and XT-II mediated xylosylation. But in
general, affinity to the acceptor proteins seemed to be slightly
higher for XT-II as indicated by lower K, values. However, maxi-
mum reaction rates reached higher values for XT-I. This points to-
wards a faster XT-I mediated reaction. Position and number of
acidic amino acids seem to have only little influences on acceptor
function because all K,,, values were in a narrow range. This might
be due to the naturally occurring combination of the amino acids.
Nevertheless, an influence of acidic amino acids cannot be denied.
A mutagenesis of the proteoglycan modification site of syndecan-1
in Caenorhabditis elegans showed that aminoterminal acidic amino
acids in defined positions were required [21]. Difference between
L-APP and L-APLP2 could also be attributed to an influence of acidic
amino acids. Here, the main difference between the sequences is a
glutamic acid residue in the +4 position present in L-APLP2 and ab-
sent in L-APP. This additional acidic residue might be the reason for
a better acceptor function of the L-APLP2 peptide in a XT-II cata-
lyzed reaction. The same effect might explain differences in xylosy-
lation reactions between aggrecan and syndecan-4.

If putative GAG attachment sites were cumulated, it seems that
the density of the negative charge and the positions of the acidic
amino acids had a higher impact on the acceptor function. Here,
a higher negative charge density and a closer localization to the
xylosylation site appear to increase the function as an acceptor
molecule. It cannot be excluded that this effect might be influenced
by the length of the cumulated G-S-G-motif.

Peptides with divergences in the G-S-G-motif were mainly
xylosylated by XT-I, but only in exceptional cases by XT-II. This
demonstrates the lesser stringency of XT-I concerning the acceptor
sequence. Here, characters of the amino acids in the +1 and —1 po-
sition, as well as position and density of the acidic amino acids,
seem to exert a distinct influence on acceptor functionality, as seen
by the sequence-dependent magnitude of xylosylation.

With this study we could verify putative GAG attachment sites
to be xylosylated in vitro and thus suggest those sites likely to be
modification sites in vivo. Furthermore, for every tested proteogly-
can at least one sequence was Xylosylated by one or both xylo-
syltransferases. This evidence could only not be provided for

epiphycan. It might be possible that, other than the tested serine
residues, like Ser®2° might act as modification sites [22]. A second
reason could be a cluster of seven glutamic acids being located be-
tween the two tested sequences of human epiphycan, which might
contribute to acceptor recognition of these sequences by xylo-
syltransferases in vivo.

Mutations on the N-terminal side and the attachment site of bi-
kunin were found to be more susceptible to a loss of acceptor func-
tion than mutations in the C-terminus. Results of the N-terminal
mutagenesis indicate that with increasing numbers of basic amino
acids the functionality of the fusion protein as an acceptor for a xy-
lose residue decreases. Additionally, it has been ascertained that
XT-I is less stringent concerning the acceptor protein than its iso-
form XT-II and furthermore the acidic amino acids are not essential
for XT-I, but increase the amount of xylosylated product enor-
mously. Similar findings for acceptor specificities of the dodeca-
peptide Q-E-E-E-G-S-G-G-G-Q-G-G and the same peptide with
reductions in the number of glutamic acid residues were published
[23].

Alterations in the G-S-G-G-motif caused a loss of acceptor func-
tion in the majority of cases. Some of the generated peptides with
acceptor functions are consistent with the minimal consensus
sequence motifs G-S-G or S-G-x-G. But some exceptions, like a
G-S-S-G-G-, a G-S-S-C-G- and a G-S-T-S-L-motif show no consis-
tence with one of these consensus sequences, but are xylosylated
nevertheless. These results point towards an extension of the
XT-I consensus sequences including these motifs. No xylosylation
product could be detected for the S(0)T mutated bikunin fusion
protein similar to the results of Pfeil and Wenzel [23] and Wang
et al. [21]. Serine and threonine differ in an additional methyl
group which might act as a sterical barrier and might impede a
xylosylation reaction.

Acceptor functions of each peptide with mutations in the C-ter-
minal side of the G-S-G-motif were not affected by amino acid ex-
changes as only small alterations of kinetic parameter values were
determined. This is in agreement with the scanning mutagenesis of
syndecan-1 where a low impact of C-terminal acidic amino acids
for xylosylation was detected and no essentiality of aspartic acid
residues could be verified [21].

In summary, a broad XT-II expression in contrast to an intermit-
tent XT-I expression in the tested cell lines could be demonstrated
confirming the XT expression patterns described by our group and
others so far. Furthermore acceptor specificities of human xylo-
syltransferases were investigated. The consensus sequence a-a-a-
a-G-S-G-a-a/G-a for XT-I postulated by Brinkmann et al. [7] could
be approved and additionally extended as being the consensus se-
quence for XT-II It could be ascertained that XT-I has a lesser strin-
gency with regard to the acceptor sequences, and XT-II shows
slightly higher affinities to acceptor peptides. Notably strong dif-
ferences between the catalyzed reactions and the used substrates
of the XT isoforms were not detected, showing that nearly the
complete pool of proteoglycans is xylosylated by both isoforms.
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However, in order to distinguish between the isoforms it would be
of great interest to have acceptor molecules which are exclusively
xylosylated by XT-I or XT-II. Thus the search for an applicable and
specific acceptor molecule for both xylosyltransferases is still
ongoing.
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