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The key enzymes in the biosynthetic pathway of glycosaminoglycan production are represented by the
human xylosyltransferase I and its isoform II (XylT-I and XylT-II). The glycosaminoglycan heparin inter-
acts with a variety of proteins, thereby regulating their activities, also those of xylosyltransferases. The
identification of unknown amino acids responsible for heparin-binding of XylT-II was addressed in this
study. Thus, six XylT-II fragments were designed as fusion proteins with MBP and we received soluble
and purified MBP/XylT-II from Escherichia coli. Heparin-binding studies showed that all fragments bound
with low affinity to heparin. Prolonging of XylT-II fragments did not account for a cooperative effect of
multiple heparin-binding motifs and in turn for a stronger heparin-binding. Sequence alignment and sur-
face polarity plot led to the identification of two highly positively charged Cardin–Weintraub motifs with
surface accessibility, resulting in combination with short clusters of basic amino acids for strong heparin-
binding of native xylosyltransferases.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Proteoglycans are complex macromolecules which are built up of
a core protein to which glycosaminoglycan chains (GAG), such as
chondroitin sulphate, dermatan sulphate, heparin, and heparan sul-
phate [1], are attached. One biological function of glycosaminogly-
cans is their interaction with ligands. Besides the existence of
glycosaminoglycan/glycosaminoglycan-interactions [2], the major-
ity of all interactions are based on glycosaminoglycans with pro-
teins. It is known, for example, that heparin and heparan sulphate
bind to diverse proteins and by this means regulate their activity,
including that from enzymes, growth factors, chemokines, coagula-
tion clots factors, extracellular matrix proteins, DNA-binding pro-
teins and cell surface proteins from bacterial and viral organisms.

Heparin interacts with proteins in two ways. First, it resembles
the polyanionic structure of nucleic acid, which is why DNA-bind-
ing proteins can be purified using glycosaminoglycans. Second,
heparin acts through its electrostatic interaction as an affinity li-
gand. In both cases, an increased amount of salt leads to the disso-
ciation of the heparin/protein-complex.

The key enzymes for the biosynthesis of GAGs are the xylo-
syltransferases I and II (EC 2.4.2.26, XylT-I and XylT-II). Both en-
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zymes transfer xylose from UDP-xylose to specific serine residues
of a core protein [3,4]. The xylosyltransferases possess a high affin-
ity to the GAG heparin, thereby showing the ability of heparin se-
verely to inhibit their activities and its use as an efficient affinity
chromatographic purification step [5–7]. Moreover, heparin-bind-
ing of xylosyltransferases seems to be independent of correctly
folded protein [8].

Analyses of the primary structure of known heparin-binding
proteins have revealed the existence of conserved motifs, though
binding to glycosaminoglycans may occur. Cardin and Weintraub
[9] identified two basic amino acid clusters with the sequence [-
X-B-B-X-B-X-] or [-X-B-B-B-X-X-B-X-], where B represents a ba-
sic amino acid, often arginine or lysine, and X symbolizes un-
charged or hydrophobic amino acids. Analyses with synthetic
peptides which were homologous to the consensus sequence
have shown that single heparin-binding sequences often have a
low or no affinity to heparin, whereas multiple copies in the
form of concatemers or dimerized sequences possess a high
affinity [10]. Because not all heparin-binding proteins contain
either consensus sequence, Margalit et al. [11] proposed another
mechanism of heparin/protein-interaction. There, a distance of
20 Å between two basic amino acids is crucial, located at oppo-
site positions on an alpha-helix. The xylosyltransferases consist
of many short clusters of basic amino acids that are scattered
throughout the sequences. As a third possibility of interaction,
it is believed that strong binding of these enzymes to heparin
depends on a multiplicity of basic clusters in the sequence,
and not just on one single binding site [12].
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Materials and methods

Construction of expression plasmids and production in Escherichia
coli. Synthetic oligonucleotide primers that included at their 50-end
the restriction site BamHI were designed based on the XylT-II
cDNA sequence of pCMV-XL6-XYLT2 (Genbank Accession No.
NM_022167, Origene, Rockville, MD). Various fragments from
XylT-II were amplified, purified through gel extraction and sub-
jected to BamHI digestion. Then the PCR products were purified
and ligated into the multiple cloning site of the BamHI-digested
and SAP-dephosphorylated (Shrimp Alkaline Phosphatase, USB)
pMAL-c4E expression vector (New England Biolabs), in the frame
with the N-terminal located maltose binding protein (MBP). All
constructs were verified for right orientation and base sequence
by DNA sequencing. Faultless constructs were transformed into
the E. coli strain BL21(DE3), which was used as a general expres-
sion strain for the production of recombinant MBP fusion proteins.
Thereby, MBP/XylT-II expression is under the control of the IPTG-
inducible ‘‘tac” promoter. Expression was induced with 1 mM IPTG
at room temperature for 2 h in order to minimize the production of
potentially insoluble material.

Cell lyses. After harvesting the cells, the cell pellet was dissolved
in 1/30th of the original culture volume with lysis buffer that con-
tained 50 mM Tris–HCl, pH 7.5, 100 mM NaCl, 1 Unit/ml Benzonase
(Novagen) und 0.2 mg/ml lysozym. Cell lyses proceeded at room
temperature for 20 min. Insoluble material was removed by centri-
fugation at 10,000g at 4 �C for 20 min and the soluble protein
supernatant was utilized for purification.

Maltose binding protein affinity chromatography. In order to pur-
ify fusion proteins with N-terminal located maltose-binding-pro-
tein (MBP), their affinity to an amylose resin (New England
Biolabs) was utilized. The purification was done in batch modus.
For that, the cell-free protein supernatant was added to an amylose
matrix which had previously been equilibrated with LowSalt-buf-
fer (20 mM Tris–HCl, 100 mM NaCl, 1 mM EDTA, pH 6.0). Binding
was allowed to occur at 4 �C for 15 min. The amylose matrix was
washed once with LowSalt-buffer, twice with HighSalt-buffer
(20 mM Tris–HCl, 500 mM NaCl, 1 mM EDTA, pH 6.0) and reequil-
ibrated twice with NoSalt-buffer (20 mM Tris–HCl, 1 mM EDTA, pH
6.0). The fusion proteins were eluted competitively with 10 mM
Maltose in NoSalt-buffer. MBP fusion proteins were detected with
a monoclonal anti-MBP antibody derived from mice (New England
Biolabs).

Heparin affinity chromatography. For heparin analyses of xylosyl-
transferase II, MBP/XylT-II fusion proteins were used that were
purified using MBP affinity chromatography. For this, MBP/XylT-
II fragments were incubated with heparin immobilized on agarose
beads. The beads were equilibrated with phosphate-buffered saline
Table 1
Primers used in this study.

Designation Sequence (50?30)

BamHI_XylT-II_(1for) AATTGGATCCATGGTGGCGAGCGCGCGAG
XylT-II_Stop_BamHI _(558rev) AATTGGATCCCTAGGCGATCTCCTGCTGGCAC
BamHI_XylT-II_(460for) AATTGGATCCACGGACAATGGCTTCACC
XylT-II_Stop_BamHI _(960rev) AATTGGATCCCTACCAGCCAGGCACCTCTAGC
BamHI_XylT-II_(820for) AATTGGATCCCACCGGGAGGTGGTGGAGC
XylT-II_Stop_BamHI _(1350rev) AATTGGATCCCTAGGTCTCACAGGCCAGGCT
BamHI_ XylT-II_(1198for) AATTGGATCCGACTGGTTCGTGCTGACA
XylT-II_Stop_BamHI _(1722rev) AATTGGATCCCTAGGGTGCAGCAGTGGCGGCAT
BamHI_ XylT-II_(1591for) AATTGGATCCCCAGCCCTCAAGGCCTAC
XylT-II_Stop_BamHI _(2091rev) AATTGGATCCCTACACCACATAGGTTGGGTCG
BamHI_ XylT-II_(1939for) AATTGGATCCGAGGTTGGCACTGATTGG
XylT-II_Stop_BamHI _(2598rev) AATTGGATCCCTACCTGAGTCGCCCGTCT

Homologous sequences to the target sequence are bold. The restriction site BamHI is und
italic style. Expression vectors containing prolonged fragments were constructed by com
(PBS), pH 7.4, MBP/XylT-II fragments were added and incubated at
4 �C for 15 min for efficient binding. Unbound protein was re-
moved by washing the heparin beads with PBS, pH 7.4, several
times. Fusion proteins were eluted by extraction with SDS contain-
ing sample buffer and analyzed with SDS–PAGE. MBP/XylT-II frag-
ments were detected using the monoclonal anti-MBP antibody
(New England Biolabs).

Results

Cloning, expression and purification of XylT-II fragments as GST fusion
proteins

The human xylosyltransferase comprises the proteins XylT-I
and its isoform XylT-II. Both proteins can be efficiently purified
using heparin affinity chromatography and their activity is also
blocked by heparin. Information about the primary structure of
the interaction site between the heparin and xylosyltransferase is
needed, because besides the use of heparin as an anticoagulant,
GAGs are targets for therapeutic drugs.

In order to identify the binding region that forms part of this
interaction, we have expressed and purified to homogeneity full-
length XylT-II as inclusion bodies (IB), thus overcoming a potential
disruption of a heparin-binding sequence and simultaneously
increasing the likelihood of finding a specific amino acid sequence
(data not shown). Since IBs are insoluble, the purification via metal
affinity chromatography was performed under denaturing condi-
tions using 8 M urea as a solubilizing agent. We encountered diffi-
culties during the dialyses against heparin-binding compatible
buffer systems because the removing of urea immediately led to
precipitation of XylT-II (data not shown). For that reason, we
evolved a second strategy. We separately amplified six fragments,
approximately 500 bp long, which comprised the whole cDNA of
XylT-II and then we cloned them as N-terminal-located GST fusion
proteins (Table 1). Thereby, every fragment was designed in such a
way as to possess �40 aa as overlapping sequences to the previous
and next fragment, hence avoiding a potential disruption of a hep-
arin-binding sequence (Fig. 1A). The fusion proteins were produced
in the strain BL21(DE3) and purified over a GST matrix. In all cases
a predominant band of the expected size was visible after IPTG
induction. Additionally, they were verified as GST fusion proteins
since they were recognized through a monoclonal anti-GST anti-
body. Nevertheless, the recombinant proteins could not be puri-
fied, as shown as an example with GST/XylT-II fragment 5
(Fig. 1B). Besides the main band, the immunological detection re-
vealed few faint bands, the molecular weight of which was be-
tween the main band and the size of GST alone (MW �26 kDa),
indicating either the presence of a proteolytic activity or interme-
Description

Amplification of XylT-II fragment 1 for cloning into pGEX-6P-1 and pMAL-c4E

Amplification of XylT-II fragment 2 for cloning into pGEX-6P-1 and pMAL-c4E

Amplification of XylT-II fragment 3 for cloning into pGEX-6P-1 and pMAL-c4E

Amplification of XylT-II fragment 4 for cloning into pGEX-6P-1 and pMAL-c4E

Amplification of XylT-II fragment 5 for cloning into pGEX-6P-1 and pMAL-c4E

Amplification of XylT-II fragment 6 for cloning into pGEX-6P-1 and pMAL-c4E

erlined. Stop-codons, which were introduced into the sequences, are highlighted in
bining together different forward and reverse primers.



Fig. 1. Production of GST/XylT-II fusion proteins for heparin binding studies. (A) Schematic representation of the cloning strategies. Six fragments of approx. 500 bp in length
were constructed as fusion proteins with N-terminal located glutathion-S-transferase. The fragments comprise the whole XylT-II cDNA and every fragment was designed to
have �40 aa of overlapping sequence to the previous and next fragment, respectively. The first and last amino acid of the fragments and their lengths are indicated by
numbers. C, cytoplasamatic loop; T, transmembrane domain (B) GST affinity purification of GST/XylT-II fragment 5 (GST/XylT-IIF5). GST/XylT-IIF5 was purified over
glutathion beads in batch modus and detected with a monoclonal anti-GST antibody derived from mice. M, Marker; 1, pre-induction; 2, IPTG post-induction; 3, crude sample
(total protein); 4, unbound protein; 5, 1. Wash (PBS, pH 7.4); 6, 2. Wash (PBS, pH 7.4); 7, 1. Elution (50 mM Tris–HCl, 10 mM red. glutathion, pH 8.0); 8, 2. Elution (50 mM
Tris–HCl, 10 mM red. glutathion, pH 8.0); 9, 3. Elution (0.5 % SDS). (C) Enzymatic detection of functional GST/XylT-II fusion proteins through CDNB activity assay. Aliquots of
crude soluble supernatant of GST (j) and GST/XylT-IIF5 (N) were incubated with the GST substrates 1-chloro-2,4-dinitrobenzene (CDNB) and glutathione to produce a GST-
dependent conjugate (CDNB–GSH) that can be detected through its absorbance at k 340 nm. Insoluble material from GST/XylT-IIF5 (d) was solubilized with 0.5% Tween 20,
1 mM EDTA and assayed for activity, too. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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diate translation products that start after shifting from the GST-
mRNA to the XylT-II-mRNA. Intermediate translation products
originate from the different codon-usage of the organisms. Because
the binding of GST depends on the right structure, we assumed
that the fusion proteins are highly produced in E. coli, but present
as insoluble aggregates. Fractionated solubility studies and immu-
nological studies have already indicated the localization of the
GST/XylT-II fusion proteins in the pellet if crude protein extract
is centrifuged at low speed (data not shown). Since an antigen/
antibody reaction detects simultaneous functional and non-func-
tional protein, we performed the GST-activity assay [13,14], which
detects only functional and therefore right-folded GST. For this, the
crude soluble protein extracts of GST and GST/XylT-IIF5 were used
for the activity assay. Moreover, the protein pellet of GST/XylT-IIF5
was solubilized under mild conditions (0.5% Tween 20, 1 mM
EDTA) (Fig. 1C). After one minute an absorbance of 3.0 was reached
for GST, whereas no transfer could be observed for the soluble and
solubilized samples of GST/XylT-IIF5. These results confirm that
GST/XylT-II fusion proteins are produced in sufficient amounts,
but are present as misfolded proteins since they are neither active
nor isolatable.

Cloning, expression and purification of XylT-II fragments as MBP
fusion proteins. The expression of XylT-II fragments as fusion pro-
teins with glutathion-S-transferase resulted in the formation of
IBs. Thus, we chose the maltose binding protein (MBP) as a second
high-molecular weight affinity tag [15,16] in order to enhance sol-
ubility [17]. For MBP/XylT-II fusion protein construction, the same
primers could be utilized again, resulting in the same fragment
length and biochemical properties. The expression vectors were
transformed into BL21(DE3) and the proteins purified over an amy-
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lose resin. In all cases, a predominant band of the expected size
was visible after IPTG induction, as shown in Fig. 2A for MBP/
XylT-II fragment 3 (MBP/XylT-IIF3). MBP/XylT-IIF3 could be puri-
fied to near homogeneity and detected utilizing a monoclonal
Fig. 3. Production of prolonged MBP/XylT-II fragments for increased heparin binding. Ex
and MBP/XylT-IIF4-6 (B) were constructed, the fusion protein expressed and the solub
fusion proteins were detected with a monoclonal anti-MBP antibody. M, Marker; 1, pre-
Wash; 6, 2. Wash; 7, 3. Wash; 8, 4. Wash; 9, 1. Elution; 10, 2. Elution; 11, unbound pro

Fig. 2. Expression and purification of MBP/XylT-II fusion proteins for heparin binding stu
purified in batch modus over an amylose matrix. Fusion proteins were detected with a
induction (2 h); 3, IPTG post-induction (3 h); 4, soluble protein; 5, unbound protein; 6, 1.
XylT-IIF3. MBP/XylT-IIF3 was purified over heparin-agarose beads and detected with a m
XylT-IIF3 (before incubation with heparin beads); 2, unbound protein; 3, Elution (SDS-e
anti-MBP antibody. Together with the main product, several faint
bands were also immunologically visualized in the elution fraction.
According to their molecular weights, which were positioned be-
tween 38 and 62 kDa, this indicated either proteolysis or interme-
pression vectors containing prolonged MBP/XylT-II fragments MBP/XylT-IIF1-3 (A)
le protein purified over MBP and tested for heparin binding. Thereby, MBP/XylT-II
induction; 2, IPTG post-induction (2 h); 3, soluble protein; 4, unbound protein; 5, 1.
tein; 12, 1. Wash; 13, 2. Wash; 14, 1. Elution.

dies. (A) MBP/XylT-II fragment 3 (MBP/XylT-IIF3) was expressed in BL21(DE3) and
mouse monoclonal anti-MBP antibody. M, Marker; 1, pre-induction; 2, IPTG post-

Wash; 7, 2. Wash; 8, 1. Elution; 9, 2. Elution. (B) Heparin affinity purification of MBP/
onoclonal anti-MBP antibody derived from mice. M, Marker; 1, MBP-purified MBP/
xtracted protein).
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diate translation products that start after shifting from the MBP-
mRNA to the XylT-II-mRNA. Furthermore, the pre-induced probe
shows the endogenous MBP of E. coli (�40 kDa) and protein-asso-
ciated endogenous MBP (�62 kDa) or basally expressed MBP/XylT-
IIF3, respectively.
Fig. 4. Sequence homology and topology of the human xylosyltransferases I and II. (A) Th
were aligned using ClusalW. Gaps are indicated by dashed lines. Identical amino acids of
which are supposed to interact with negatively charged heparin are highlighted. Grey b
(dark blue), the transmembrane domain (green), the putative stem region (red) and th
Eliezer–Simha polarity plot of XylT-II shows how polarity is distributed over the whole X
bars symbolize the topology of XylT-II, together with specific amino acid clusters that corr
blue, and acidic amino acid (D and E) as red. (For interpretation of the references to col
Purified MBP/XylT-IIF3 was applied to heparin-agarose beads in
order to verify a glycosaminoglycan/protein interaction. After sev-
eral washes, fusion proteins were eluted by SDS-extraction and de-
tected by Western blot analysis (Fig. 2B). The result shows that
MBP/XylT-IIF3 binds to heparin as other fragments do. Neverthe-
e protein sequences of human xylosyltransferase I (NP_071449) and II (NP_071450)
XylT-I and XylT-II are shown as consensus sequences. Basic amino acids (H, K and R)
oxes illustrate the postulated Cardin–Weintraub motifs. The cytoplasmatic region

e catalytic domain (light blue) are marked with colored boxes. (B) A Zimmerman–
ylT-II protein. A window size of 9 amino acids was used to generate the plot. Colored
espond to the high polarity score (<30). Basic amino acids (H, K and R) are marked as
or in this figure legend, the reader is referred to the web version of this paper.)
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less, we noticed that the protein amount applied to the heparin
beads did not correlate with the protein recovered from the elution
step, implicating the fragments to contain low affinity heparin-
binding sequences.

Next we constructed and expressed in ER2507 MBP/XylT-II fu-
sion protein that contained prolonged XylT-II fragments (MBP/
XylT-IIF1-3 and MBP/XylT-IIF4-6) with the aim of looking for a
cooperative effect of several potential available heparin-binding
sequences and of generating in turn a stronger binding to heparin.
Thereby, increasing the fragment size did not lead to stronger
binding and also not to higher yield (Fig. 3A and B). Although hep-
arin-binding was confirmed through western-blot analyses, almost
no protein was visible on the corresponding SDS–PAGE.

Computational analysis of potential heparin-binding sites

We performed a sequence alignment of XylT-I and XylT-II to
visualize the distribution of basic amino acids which are involved
in electrostatic binding to heparin. XylT-I and XylT-II possess many
short clusters of basic amino acids, distributed over the whole pro-
tein (Fig. 4A). Thereby, the amino acids are highly conserved in the
potential catalytic domain of XylTs. While five Cardin–Weintraub
motifs are located in the N-terminal region of XylT-I, XylT-II has
only three postulated heparin-binding sequences, which are posi-
tioned within the first 80 amino acids. The first Cardin–Weintraub
motif of XylT-I and XylT-II lies between the cytoplasmatic loop and
transmembrane domain. Thus, it is unlikely that this motif will
play a role in heparin-binding because XylTs are shedded within
the transmembrane domain or stem region from the Golgi-surface
and secreted into the extracellular space. In order to measure how
surface charge is distributed over the protein sequence, we ana-
lyzed XylT-II by using a Zimmerman–Eliezer–Simha polarity plot
[18]. The polarity plot shows, among others, two clusters which
are located within the catalytic domain and which are not sup-
posed to be involved in heparin-binding because of the latter’s high
content of acidic amino acids (Fig. 4B). Additionally, two high
polarity surface regions were further found in the stem region with
the sequence [-K-G-R-Q-R-K-P-R-P-] and [-G-R-R-H-G-R-W-], both
also representing Cardin–Weintraub motifs.
Discussion

The interaction of glycosaminoglycans with proteins influences
their physiological activity through localization, stabilization, acti-
vation or inactivation [19–21]. The xylosyltransferases I and II also
bind with a high affinity to heparin, thereby completely blocking
their activities. In this study we tried to map the amino acid se-
quence of XylT-II responsible for heparin-binding because the nat-
urally secreted xylosyltransferases—key enzymes in the GAG
pathway—occupy with GAGs the outer space of animal cells, mak-
ing a physiological interaction probable. Because the presence of
other heparin-binding proteins would interfere with identification
of the heparin-binding sequence of XylT-II, a prerequisite was the
production of purified protein. For this purpose, we used E. coli as
organisms since correctly folded and functional protein was not
necessary for heparin-binding [8] and the recombinant expression
in other organisms led to active protein, but also to low-level
expression. For this, we developed two strategies for XylT-II pro-
duction in E. coli.

First, we constructed XylT-II as a full-length protein with the
aim of targeting the formation of XylT-II as an inclusion body
(IB). The advantage in IB production was their stability against pro-
teases, the yield, their ‘‘almost” purified status and the possibility
of expressing XylT-II as a full-length protein, thereby avoiding a
potential disruption of a heparin-binding motif. We succeeded in
the expression, solubilization and homogenous purification
through metal affinity chromatography of full-length XylT-II, but
we encountered difficulties in removing the solubilizing agent.
The buffer exchange into heparin compatible buffers resulted
immediately in precipitation of XylT-II protein.

The second strategy comprised the cloning of XylT-II fragments,
their expression as fusion protein with a high-molecular weight
and solubilizing affinity tag (either GST or MBP) and their appro-
priate purification. Expression analyses with glutathione-S-trans-
ferase as an affinity tag showed that GST/XylT-II could be
produced at a high level in E. coli, but they could not be purified
over a glutathione matrix. Because glutathione-binding depends
on the tertiary structure of GST, we performed solubility tests
and GST activity studies and could prove the presence of GST/
XylT-II as insoluble protein aggregates.

We have replaced GST with the maltose binding protein (MBP)
because this protein resembles GST regarding size and solubility
enhancement. We were capable of producing MBP/XylT-II fusion
proteins as a soluble protein and we purified them over amylose ma-
trix. However, multiple bands were observed after purification, the
molecular weights of which were positioned between MBP alone
and full-length MBP/XylT-II. Additionally, these multiple bands
were recognized through a monoclonal anti-MBP antibody.
Although a homogeneous MBP/XylT-II solution was not attained, it
was possible to subject it to heparin-binding analysis. We observed
that all fragments bound to heparin independently of each other, as
well as of fragments not containing any Cardin–Weintraub motif. To
test for a cooperative effect of several available heparin-binding se-
quences, we prolonged XylT-II fragments more than threefold in size
and tested their binding behavior to heparin. Thereby, no stronger
binding was generated, implying that multiple copies of heparin-
binding sequences do not facilitate interaction with heparin.

A protein sequence alignment and polarity plot of XylT-I and
XylT-II revealed several Cardin–Weintraub motifs and charged sur-
face clusters, which might be involved in electrostatic-mediated
heparin-binding. Regarding XylT-II, we could exclude one Car-
din–Weintraub motif because of its position within the cytoplas-
matic/transmembrane region and two charged clusters because
of the presence of acidic amino acids. Only two Cardin–Weintraub
motifs in the stem region correlated with their polarity surface
accessibility. Because MBP/XylT-II fragments also bound without
having any Cardin–Weintraub motif, we conclude that strong bind-
ing, which is usually observed with native XylTs, is a combination
of the motifs located in the stem region and short clusters of basic
amino acids that might come together when the xylosyltransferas-
es fold correctly, accounting for strong heparin binding.
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