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Abstract

Transglutaminase 2 (TG2) is a multifunctional protein that is primarily engaged in cell adhe-
sion/signaling or shows Ca®*-dependent transglutaminase activity in the extracellular space
of tissues. This latter action leads to the cross-linking of the extracellular matrix (ECM) pro-
teins. The enhanced extracellular expression of TG2 is associated with processes such as
wound healing, fibrosis or vascular remodeling that are also characterized by a high deposi-
tion of dermatan sulfate (DS) proteoglycans in the ECM. However, it is unknown whether
DS may bind to TG2 or affect its function. Using the plasmon surface resonance method, we
showed that DS chains, especially those of biglycan, are good binding partners for TG2.
The interaction has some requirements as to the DS structure. The competitive effect of
heparin on DS binding to TG2 suggests that both glycosaminoglycans occupy the same
binding site(s) on the protein molecule. An occurrence of the DS-TG2 interaction was con-
firmed by the co-immunoprecipitation of this protein with native decorin that is a DS-bearing
proteoglycan rather than with the decorin core protein. Moreover, in vivo DS is responsible
for both TG2 binding and the regulation of the location of this protein in the ECM as can be
suggested from an increased extraction of TG2 from the human fascia only when an enzy-
matic degradation of the tissue DS was conducted in the presence of the anti-collagen type |
antiserum. In addition, DS with a low affinity for TG2 exerted an inhibitory effect on the pro-
tein transamidating activity most probably via the control of the accessibility of a substrate.
Our data show that DS can affect several aspects of TG2 biology in both physiological and
pathological conditions.

Introduction

Transglutaminase 2 (TG2) is a multifunctional protein that is widespread in human tissues.
Despite the lack of a leader sequence (secretion signal) in its polypeptide chain [1], TG2 is not
only localized intracellularly but also exists in the extracellular space where it is associated with
both the cell surface and the extracellular matrix (for review [2, 3]). An as yet unidentified TG2
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translocation mechanism may involve recycling endosomes [4] but also depends on the N-termi-
nal B sandwich domain of the protein [5], cysteine (Cy5277) residue in the TG2 active site [6], the
NO level [7] and/or the redox state [8]. Moreover, there is a positive correlation between the level
of the TG2 expression and the proportion of the protein extracellular pool [9]. When external-
ized, TG2 plays two major roles—a Ca*>-dependent enzyme with a deamidating/transamidating
activity and an enzymatically inactive signaling/adhesion molecule. The switch-over between
these functions is accomplished through alterations in the TG2 molecule conformation from an
extended (the so-called “open”) form with an exposed active center that comprises three residues
Cys and Asp>>® to an enzymatically inactive compact (“closed”) form [10, 11]. The
functional changes of TG2 in the extracellular space are also regulated by both Ca** and NO levels
as well as by the redox status [12, 13]. A decreased Ca** concentration as well the NO-dependent
S-nitrosylation or oxidation of some cysteine residues in TG2 molecules cause the inhibition of
its transamidating activity. It seems that this activity is induced only transiently-the enzyme is
usually in a latent state [14].

The extracellularly localized transamidase TG2 catalyzes the formation of the isopeptide
links between a specific y-glutamyl containing peptide substrate and an €-amine group from a
peptide-bound lysine or a free primary amine thus leading to the modification or cross-linking
of many ubiquitous extracellular matrix (ECM) components such as fibronectin, fibrillar colla-
gens or nidogen [8]. These structural modifications strongly affect the biomechanical proper-
ties of the ECM components and their susceptibility to proteolysis. Therefore, proper TG2
transamidating activity allows a stable tissue support to be formed that promotes cell adhesion,
migration, growth and survival, and is crucial for correct wound repair or morphogenesis. In
contrast, excessive TG2-dependent cross-linking can lead to arterial remodeling that is mani-
fested by an increased stiffening of the arterial wall and a decreased arterial lumen diameter [8,
15] as well as to disturbances in the degradation and enormous accumulation of the ECM
components, which results in tissue fibrosis [16, 17]. In addition, TG2 transamidating activity
is involved in the stimulation of the activity of a major pro-fibrotic factor-transforming
growth factor § (TGF B). This effect is caused by both the promotion of TGF expression via
the TG2-dependent triggering of the NFxB pathway [17] and by an enhancing of the latent
TGEFp activation [18]. Apart from its transamidation activity, TG2 also has an important non-
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enzymatic adapter/scaffolding function in the ECM. This reflects the formation of ternary
complexes including TG2 that bind to the 1 or 3 integrin subunits and fibronectin [9] or to
fibronectin and syndecan-4 [19]. These complexes are not only engaged in cell adhesion and
intracellular signaling but also in the induction of the assembly of the fibronectin matrix
[19,20]. Moreover, the complexes of the matrix deposited TG2 (and fibronectin) with the cell
surface-localized syndecan-4 can compensate for the RGD peptide-induced loss of cell adhe-
sion during the ECM remodeling that is associated with wound repair, angiogenesis or cancer
metastasis, thereby rescuing cells from anoikis (cell death due to the absence of adhesion) [21].
In these complexes, TG2 directly binds to the heparan sulfate (HS) side chains of syndecan-4
and the binding is characterized by high affinity [22]. The interaction with the glycosaminogly-
can chains of HS is also responsible to a great degree for the TG2 retention at the cell surface
[22, 23]. Moreover, shedding of the HS chains as a result of the syndecan-4 core protein cleav-
age that is mediated by some matrix metalloproteinases is a mechanism by which TG2 is trans-
located into the ECM [23].

Dermatan sulfate (DS) like HS is a glycosaminoglycan (GAG) with a high content of the
sulfate groups, which determines its high binding potential. However, it should be kept in
mind that the mechanisms underlying the biological effects that are promoted by these GAGs
can differ significantly. DS belongs to galactosaminoglycans, a subgroup of the GAG family,
which also includes chondroitin sulfate (CS). DS is a copolymer of two types of disaccharide
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units—one containing N-acetyl galactosamine (GalNAc) and glucuronate (GlcA) residues and
the other consisting of GalNAc and iduronate (IdoA) residues [24, 25]. In contrast, CS is only
composed of GalNAc residues, which alternate with GlcA residues [24, 25]. DS chains and less
often CS chains are covalently attached to the core proteins of two widespread matrix proteo-
glycans—decorin and biglycan. Via their DS/CS portion, decorin and biglycan influence the
structure and properties of the ECM as well as cell behavior (for review see [24, 25]). Interest-
ingly, DS/CS accumulation in the ECM occurs in processes such as wound healing or fibrosis
[26], which are also accompanied by a high level of TG2 activity in the ECM [27]. However, it
is unknown whether DS (and CS) can interact with TG2 and/or modulate its transamidating
activity. This prompted us to investigate this issue.

Materials and methods
Preparation of human DS/CS

Samples of human fibrosis-affected palmar fascia were obtained from patients treated opera-
tively for Dupuytren fibromatosis. Samples of normal fascia lata were collected from healthy
individuals during reconstruction surgery following accidental injury. The experiments were
undertaken with the understanding and written consent of each subject. The study methodolo-
gies conformed to the principles of the Declaration of Helsinki, and were approved by the
Regional Ethical Committee of Medical University of Silesia. DSs from human fibrotic fascia
decorin and biglycan were isolated as described previously [28]. Briefly: small DSPGs were
extracted from combined tissue samples with buffered 7.8 M urea solution containing protease
inhibitors and then fractionated firstly by an anion exchange chromatography on DEAE-Sepha-
cel, subsequently by a gel filtration on Sepharose CL-4B and finally by a hydrophobic interac-
tion chromatography on octyl Sepharose CL-4B. To release GAG chains the PG core proteins
were digested with papain as described below. To some experiments the total DS/CS from the
human fibrosis-affected palmar fascia were used. These GAGs were released from their core
proteins by an exhaustive treatment of homogenized tissue material with papain in 0.1 M ace-
tate buffer pH 5.5, containing 5 mM EDTA and 5 mM cysteine HCL. Proteolysis was conducted
2 x 24 h at 65°C and agitation. Peptides generated by papain as well as proteins resistant to the
enzyme were precipitated with 7% (w/v) TCA and discarded after centrifugation. Then, GAGs
and peptido-GAGs were precipitated with three volumes of ethanol. The obtained GAG pellets
were exhaustively rinsed with 80% ethanol to remove TCA. To separate DS/CS from HS and
hyaluronan the fascia GAGs were first submitted to combined action of heparinases I, IT and
111, and then treated with hyaluronidase from Streptomyces griseus, respectively. HS depo-
lymerization was performed in 0.02 M Tris HCl buffer pH 7.5, containing 4 mM CaCl, and
0.1% bovine serum albumin, for 6 h at 25°C. In turn, HA degradation was conducted in 0.05 M
acetate buffer pH 6.0, containing 10 mM CaCl,, for 1 h at 37°C. All of the used enzymes were
denatured by boiling for 3 minutes. Then, remaining fascia CS/DS were subjected to an anion
exchange chromatography on DEAE-Sephacel column equilibrated in 0.05 M acetate buffer pH
6.0, containing 0.25 M NaCl, and eluted in 1.5 M NaCl. Fractions containing GAG were dia-
lyzed and lyophilized. The obtained DS/CS were quantified by dimethylene blue reaction [29].
The purity of both the DS/CS preparation and all of the used standard GAGs was verified by
electrophoresis on cellulose acetate in 0.034 M AL, (SO,); after specific enzymatic degradation.

Analysis of porcine DS sulfation pattern

Commercial preparation of DS from porcine intestinal mucosa (Sigma, Germany) was firstly
depolymerized by chondroitinase ABC in 0.05 M Tris HCI buffer, pH 8.0. Obtained DS disac-
charides were then labeled with fluorophore 2-aminoacridone [30] and subjected to a reverse
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phase high performance liquid chromatography (RP HPLC) on PLRP-S 300 A column (4,6
mmx150mm; Polymer Laboratories, Varian, Shropshire, UK) equilibrated in 0.1 M ammo-
nium acetate, run on a Varian ProStar HPLC system. After washing of the column with 2 ml
gradient of 0-10% (v/v) methanol, disaccharides were eluted with 50 ml linear gradient of 10-
30% (v/v) methanol and detected by in-line fluorescence (excitation at 425 nm, emission at
520 nm) [30].

Analysis of DS/CS interactions with TG2 by the Surface Plasmon
Resonance (SPR) method

Before a binding assay, the examined peptidoDS/CSs were biotinylated on their peptide por-
tion. The reaction was conducted in the presence of 10 ul of 0.01M EZ-link Sulfo NHS-LC-
Biotin (Thermo Scientific, USA) as a donor of active biotin, in 0.1 M PBSpH 7.2, for2h ata
room temperature. Then, modified peptidoDS/CSs were precipitated with five volumes of eth-
anol. Biotinylation efficiency was estimated by EZ biotin quantitation kit (Thermo Scientific,
USA). To examine their ability to bind to human recombinant TG2 (Zedira GmbH, Germany)
the biotinylated peptidoDS/CSs were immobilized onto a streptavidin-coated sensor chip (SAP
from Xantec, Germany) in the Springle Instrument (Autolab, Netherlands) and exposed to vari-
ous concentrations of the protein. The binding assay was performed at a physiological ionic
strength in PBS pH 7.4, containing 0.02% Tween-20 and 2 mM EDTA, at 21°C until equilib-
rium was reached. The dissociation phase of the TG2-DS/CS interaction was generated by a
rapid replacement of the protein solution with the running buffer. The GAG surface was regen-
erated between particular measurements by washing with 2 M NaCl in the running buffer.
Blank sensorgrams that were subtracted from DS/CS sensorgrams were obtained after an addi-
tion of the TG2 solutions onto sensor surface unmodified by GAGs. Kinetics parameters of the
examined reactions (i.e. association and dissociation rate constants k, and kg, respectively) were
calculated from the association phase of the sensorgrams using the non-linear curve-fitting soft-
ware supplied with the instrument. The equilibrium dissociation constant, K, was obtained
from the ratio of ky/k,. To estimate the influence of mass transport limitation on the binding
experiments, the plots of relative response values as a function of the used TG2 concentration
were constructed [31] for all of the examined DS/CSs. Linear dependence between these param-
eters observed for all of the examined GAGs clearly indicated that the binding is not limited by
mass transport. To evaluate the competition of heparin for the interaction between the DS/CS
and TG2 the total fibrotic fascia DS/CS was immobilized onto the sensor chip and exposed to
150 nM of TG2 which was premixed with increasing amounts of heparin (the average molecular
weight 5 kDa).

Solid-phase binding assay

The porcine DS was dissolved in PBS, pH 7.4 and aliquots (100 pl) containing 0.15 pg of this
GAG were subsequently put into wells of a 96-well microplates (Immulon 2HB, Thermo Lab-
systems, USA) for coating. Plates were incubated overnight at 4°C and the coating efficiency
was verified by a reaction of the adsorbed DS with dimethylmethylene blue [29]. Then the
wells were extensively washed with PBS containing 0.05% Tween-20 (PBST) and 2 mM EDTA,
and blocked for 1h with 1% BSA in PBST. Subsequently the plates were incubated for 2h at a
room temperature with various concentrations of TG2 dissolved in PBST, containing 1% BSA.
After incubation the wells were rinsed five times with PBST, and the bound TG2 was detected
by a rabbit polyclonal anti-human TG2 antibody (Thermo Fisher, PA5-16272, USA) used at a
concentration of 5 pg per 1 ml of PBST, containing 1% BSA, for 1h at room temperature. After
an extensive washing (five times) with PBST the secondary antibody (a peroxidase-conjugated
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goat anti-rabbit IgG) at a dilution of 1:50 000 was added to the wells and the plates were incu-
bated for 1h at a room temperature. The formed immunological complexes were detected by a
colorimetric reaction with peroxidase substrate 3,3’,5,5-tetramethylbenzidine (absorbance
was measured at 450 nm). Nonspecific binding was estimated in BSA-coated wells, and was
subtracted from absorbance values measured in the DS-coated wells. Moreover, TG2 binding
in the BSA-coated wells represented the negative control for the DS-TG2 interaction whereas
TG2 binding in the fibronectin-coated wells demonstrated its positive control.

Co-immunoprecipitation of TG2 with decorin from culture medium

Human keloid fibroblasts (Kel Fib, ATCC CRL-1762, LGC Standards, Poland) were cultured in
DMEM supplemented with 1% fetal bovine serum and 20 pM GM6001 (Tocris, USA) or alterna-
tively 50 UM putrescine. After an addition of protease inhibitors and regulation of EDTA concen-
tration to 4 mM, the conditioned culture medium was concentrated with a centrifugal concentrator
Amicon Ultra-15 (Merck Millipore Ltd., Germany). Then quantification of GAGs by reaction with
dimethylmethylene blue [29] was made and one of the two equal portions of the obtained medium
concentrate (each containing 5 ug of GAGs) was treated with chondroitinase ABC (0.01 units per 1
ml of the conditioned medium initial volume) for 3 h, at 37°C, under agitation to destroy DS/CS
chains. Both portions of the medium concentrate were subsequently submitted to immunoprecipi-
tation with a mouse monoclonal anti-human decorin antibody (R&D Systems, MAB143, USA).
However, in some experiments before the immunoprecipitation to both portions of the medium
concentrate an exogenous human recombinant TG2 was added (1.5 pig) and the samples were incu-
bated for 0.5 h at 25°C to form decorin-TG2 complexes. Moreover, before the immunoprecipita-
tion all of the medium samples were pre-cleared with Protein G-coupled Sepharose. The immuno-
precipitation was conducted overnight at 4°C, and immunological complexes were subsequently
captured on Protein G-coupled Sepharose. Then, immunoprecipitates were separated by reducing
SDS-PAGE on 4-15% gradient gel and probed with the antibody against human decorin or a rabbit
polyclonal anti-human TG2 antibody (Thermo Fisher, PA5-16272, USA) after electrotransfer to
PVDF membrane. The electrotransfer of immunoprecipitates and their Western blotting were
carried out as described previously [26]. The horseradish peroxidase-conjugated secondary anti-
bodies (a goat anti-mouse or goat anti-rabbit antibody) were used at dilution of 1:80 000. The
formed immunological complexes were detected by a reaction with peroxidase substrate 3,3’,5,5'-
tetramethylbenzidine (TMB; solution for membranes (Sigma, Germany)). Some blots were stripped
and re-probed with another antibody followed by chemiluminescence.

Extraction of TG2 from normal human fascia

The protein was extracted from a tissue samples treated with chondroitinase ABC or heparinase
III to remove fascia DS/CS or HS, respectively. The extraction in the presence of the former
enzyme (0.1 U/ml) was conducted in 0.05 M Tris HCl buffer pH 8.0, containing protease inhibi-
tor cocktail, for 24 h at 37°C. In some experiments the extraction solution also contained a rab-
bit polyclonal anti-human fibronectin antibody (Santa Cruz Biotechnology, sc-9068) used at

15 pg/ml and/or a mouse monoclonal anti-human type I collagen antibody (Santa Cruz Bio-
technology, sc-59773, USA) applied at 4 ug/ml. The release of TG2 from the tissue samples
treated with heparinase III (0.5 U/ml) was carried out in 0.02 M Tris HCI buffer pH 7.5 with
protease inhibitors for 24 h, at 25°C. Components extracted from the fascia samples were subse-
quently precipitated with five volumes of ethanol and analyzed by reducing SDS-PAGE and
Western blotting using a rabbit polyclonal anti-human TG2 antibody (Thermo Scientific, PA5-
16272, USA) at a concentration 5 ug/ml. In turn, the second antibody (a horseradish peroxidase
(HRP)-conjugated goat anti-rabbit antibody) was applied at a dilution 1:80 000. The formed
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immunological complexes were detected by the reaction with TMB. The obtained blot were
submitted to densitometric analysis.

Analysis of DS/CS effect on TG2 transamidating activity using CBZ-Gin-
Gly as amine acceptor

The impact of DS/CSs on the TG2-mediated incorporation of biotinylated cadaverine to CBZ-
GIn-Gly as an amine acceptor was evaluated by the use of a commercial colorimetric microassay
test (Covalab, France). In brief: to wells of a microtiter plate, which were covalently coupled with
aforementioned amine acceptor, 0.05 mU of the human recombinant TG2 (Zedira GmbH, Ger-
many) and different amounts of the porcine DS or the total DS/CS from the fibrosis-affected
human fascia were applied. The transamidation reaction was conducted in the presence of CaCl,
and dithiothreitol for 15 min, at 37°C, and stopped by addition of EDTA. The level of the incor-
porated biotin-cadaverine was detected by the use of HRP-conjugated streptavidin followed by
an incubation with substrate for the enzyme.

Analysis of DS/CS impact on TG2-dependent transamidating activity
toward collagen

In order to further evaluate the DS/CS-mediated influence on TG2 action, the incorporation of
biotinylated cadaverine into collagen type I was tested in the presence or the absence of the
GAGs. Briefly: wells of a microtiter plate were coated with 100 pl of 0.1% collagen solution at 4°C
overnight. After an exhaustive rinsing with 0.05 M Tris HCl buffer, pH 7.5, containing 0.1%
Tween 20, the wells were blocked with 3% BSA in the same buffer for 30 min. Then, to each well
100 pl of 0.05 M Tris HCI buffer pH 7.5, containing 0.1% Tween 20, 5 mM CaCl,, 10 mM DTT,
0.1 mM biotin-cadaverine, 0,04 mU of human recombinant TG2 (Zedira GmbH, Germany)
and/or appropriate amount of GAGs was applied and the plate was incubated for 30 min at 37°C.
The enzymatic reaction was stopped by washing twice with 250 pul of 50 mM EDTA and the wells
were rinsed 3 times with 0.05 M Tris HCl buffer, pH 7.5, containing 0.1% Tween 20. Next, the
streptavidin-HRP conjugates, which were diluted at 1:50 000 in 0.05 M Tris HCI buffer pH 7.5,
containing 0.1% Tween 20 and 0.1% BSA, were added to each well and the plate was incubated
by 1h at room temperature. Subsequently, the wells were washed 3 times with 0.05 M Tris HCI
buffer, pH 7.5, containing 0.1% Tween-20, and 100 pul of HRP substrate solution (TMB) was
added to each well. After incubation for 30 min at a room temperature the reaction was stopped
by an addition of 100 ul of 1 M HCI. The amount of the incorporated cadaverine was quantified
by absorbance measuring at 450 nm in a plate reader.

Statistical analysis

The data were analyzed using the Shapiro-Wilk’s test to verify the assumption of normal distri-
bution. The results were expressed as the mean values + SD. Between-group comparisons were
based on a one-way ANOVA and post-hoc the Tukey’s HSD test with p < 0.05 as significant.

Results
DS is a binding partner for TG2

In order to investigate whether DS/CS binds to TG2, we chose the total DS/CS prepared from a
Dupuytren disease-affected human palmar fascia. This disease, which represents palmar fibro-
matosis, is characterized by both a high accumulation of DS/CS in the ECM and an enhanced
activity of TG2 [26, 27]. To examine the DS/CS-TG2 interaction, we used the surface plasmon
resonance (SPR) method with the GAG immobilized onto a sensor chip and exposed to various
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concentrations of the enzyme under a physiological ionic strength. However, the SPR instru-
ment that was used in our experiment has a cuvette-type design. Because of this special design,
ligand re-binding interferes in the dissociation phase of the interaction being examined that
leads to a reduction in the slopes of the dissociation phase curves. Thus, the kinetics parameters
of the reaction were calculated based on the association phases of the sensorgrams that were
obtained (Fig 1) according to the recommendation of the SPR instrument supplier. The data
obtained (Table 1) clearly show that the total DS/CS from fibrosis-affected fascia is a good bind-
ing partner for TG2 as can be concluded from the low value of the equilibrium dissociation con-
stant Kp, which characterizes this interaction. Nevertheless, the interaction occurs at a relatively
low association rate and equilibrium is slowly reached (Figs 1A and 4A). Since, the total fascia
DS/CS applied was a mixture of side chains that were primarily derived from two small leucine-
rich proteoglycans—decorin and biglycan [26], in the next step, we tested the binding potential
of particular PG. To achieve this goal, we used an urea-extractable pool of each PG as the donor
of DS chains that were to be applied in SPR experiment (Fig 1). The calculated kinetics parame-
ters that characterized of the interactions examined (Table 1) showed that the DS chains from
both the fibrotic fascia decorin and biglycan demonstrated high affinity for TG2, although the
latter PG seems to be a slightly better binding partner for the enzyme. In addition, the Ky, values
that described the interactions of biglycan and decorin DSs with TG2 were lower than the value
of Kp, that characterized the total fascia DS/CS binding to the protein (Table 1). This observa-
tion suggests that the tissue pool of DS/CS includes subpopulations that may significantly differ
in respect to their binding potential toward TG2. Therefore, to verify the hypothesis that special
structural features of DS/CS chains are required in order to have the ability to bind TG2, we
evaluated the binding potential that is associated with structurally different chondroitin-derma-
tan glycans using the SPR method. In addition to the fibrotic fascia decorin and biglycan GAGs,
DS from porcine intestinal mucosa, C-6-S from shark cartilage and C-4-S from whale cartilage
were also included in the examination. Our previous studies [32] found that all of the included
GAGs differ significantly in regard to their glucuronosyl epimerization patterns. Both CSs are
completely devoid of conformationally flexible IdoA residues. In turn, the porcine DS has the
highest content of IdoA residues (92% of the total hexuronate residues), whereas the fascia dec-
orin GAG is characterized by the lowest number (78%) of such constituents among all of the
DSs applied [32]. Moreover, both human DSs have IdoA-containing disaccharides that are
assembled into short chain sections, whereas the porcine DS demonstrates an equal proportion
of both large and small “IdoA sections” [32]. In addition to the epimerization patterns, all of the
GAGs examined differ substantially in respect to their sulfation patterns. The results of a RP
HPLC analysis of the 2-aminoacridone tagged disaccharides that were generated by chondroiti-
nase ABC (Fig 2) showed that the porcine DS is primarily composed of 4-O-sulfated disaccha-
rides (~88% of the total disaccharides) (Fig 2). Moreover, this GAG is characterized by a high
content of 4,6-O-disulfated disaccharides (Fig 2). Our previous study [33] showed that both
human DSs contain a very high level of 4-O-sulfated disaccharides typically for such a kind of
GAG (more than 85% of the total disaccharides). On the other hand, these DSs have a higher
content of 2,4-O-disulfated disaccharides (7.6% and 6.5% in the case of decorin and biglycan
GAG, respectively) but a lower level of 4,6-O-sulfated units (0.8% and 0.4% in the case of dec-
orin and biglycan GAG, respectively) [33] as compared with the porcine GAG (Fig 2). More-
over, another study [28] allowed us to determine that in comparison with the other GAGs that
were examined, the shark C-6-S has the highest content of both 6-O-sulfated and 2,6-O-disul-
fated disaccharides, which represent 48% and 14% of the total disaccharide units, respectively
[28]. In addition, this GAG contains large quantities of 4-O-sulfated (28.7%) and 2,4-O-sulfated
(4.92%) disaccharides [28]. In turn, the whale C-4-S has a large amount of 4-O- and 6-O-sul-
fated disaccharides (77 and 19%, respectively) [28]. In addition, this C-4-S is characterized by
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Fig 1. Surface plasmon resonance (SPR) analysis of interactions between various DS/CS and TG2. DS/CS
chains that were biotinylated on their core protein remains were immobilized onto streptavidin-modified sensor chip and
exposed to various concentrations of TG2 at a physiological ionic strength and 21°C, as described in Materials and
methods. The dissociation phase of these interactions was generated by a rapid replacement of the TG2-containing
solution with running buffer. (A) h CS/DS—sensorgrams obtained for the total human fibrotic fascia CS/DS; (B) h dec
DS—sensorgrams obtained for human decorin DS from the fibrotic fascia; (C) h big DS—sensorgrams obtained for
human biglycan DS from the fibrotic fascia; (D) p DS—sensorgrams obtained for porcine intestinal mucosa DS; (E) C-
6-S—sensorgrams obtained for C-6-S from shark cartilage; (F) C-4-S—sensorgrams obtained for C-4-S from whale
cartilage. Arrows show the association and dissociation phase of examined interactions. Asterisk shows signal reaction
on a solution exchange.

doi:10.1371/journal.pone.0172263.9001

the lowest level of 2,4-O-disulfated disaccharides (0.11%) among all of the GAGs applied [28].
All of the DS/CSs that were examined also differed in their molecular weight as can be seen
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Table 1. Kinetic parameters characterizing the interactions of transglutaminase 2 (TG2) with structurally different types of dermatan sulfate (DS)/
chondroitin sulfate (CS).

DS/CS Association rate constant Dissociation rate constant Equilibrium dissociation constant
ka (M's™) ka (s) Ko (nM)
The total DS/CS from fibrotic human fascia 3,641,5x10° 2,541,1x1072 70,69
DS from fibrotic human fascia decorin 4,4+2x10° 2+1x1072 41,5+18
DS from fibrotic human fascia biglycan 4,0+1.6x10° 3,4+1,2x1073 11,146
Porcine intestinal mucosa DS 2,2+1,3x10° 2,8+1,4x1072 142,630
Shark cartilage C-6-S 1,5£0,1x10* 0,7£0,2x1072 452109 *
Whale cartilage C-4-S 1,2£0,2x10° 9,8+1x1072 8200+900 *

The interactions of the immobilized DS/CS with TG2 were determined through the surface plasmon resonance (SPR) method, as detailed in Materials and
methods. The interaction parameters were calculated using the nonlinear curve fitting software supplied with the SPR instrument.
* differences statistically significant compared to all of the remaining GAGs (p < 0.05).

doi:10.1371/journal.pone.0172263.t001

from the significant differences in electrophoretic mobility among them during PAGE (data not
shown). Based on a comparison of the electrophoretic mobility of these GAGs with that charac-
terizing the standard DS with a known molecular mass, we calculated the average Mr values,
which are as follows: human decorin DS from fibrotic fascia- 18 kDa; human biglycan DS from
fibrotic fascia— 15 kDa; the total DS/CS from fibrotic fascia- 16 kDa; porcine intestinal mucosa
DS- 36 kDa; shark cartilage C-6-S— 42 kDa and whale cartilage C-4-S- 38 kDa. On the other
hand, in the above experiment, we omitted the normal fascia DS/CS because this GAG is struc-
turally “too similar” to that of the fibrotic tissue [28].

The examination of the DS/CS binding to TG2 using the SPR method (Fig 1) revealed that
the shark C-6-S have a markedly lower affinity for the protein compared to all of the tested
DSs as can be seen from the substantially higher Ky, values that characterized its interaction
(Table 1). However, the highest K was found for the interaction between the whale C-4-S and
TG2 (Table 1), thus indicating that this GAG has the lowest affinity for the protein among all
of the examined GAGs. Thus, the data that were obtained strongly support the relevance of a
special fine structure of the DS/CS chains in their interactions with TG2.

To confirm the ability of DS to bind to TG2, we also tested this interaction using a solid-
phase binding assay with this GAG non-covalently immobilized to wells in a plastic microplate.
However, due to the fact that this method consumes a great amount of GAG material, we could
only analyze the binding of the porcine DS since we only had a sufficient quantity of this glycan.
Fig 3 presents the typical binding curve that describes the DS-TG?2 interaction, which is TG2
concentration-dependent and saturable. The Scatchard-type plot was drawn based on this bind-
ing curve (Fig 3 inset) and the dissociation constant Kp, for the porcine DS-TG?2 interaction was
calculated as was previously described [28]. The Kp, value 155457 nM that was obtained is in
good agreement with this parameter as determined using the SPR method (Table 1).

Heparin, which is a strong binding partner for TG2 [22], most probably interacts with two
distinct sites on the enzyme molecules [23,34]. The first binding site includes two short
sequences and is formed when TG2 adopts a closed conformation [34] especially after GTP
binding. The other heparin-binding site is localized in a single amino acid sequence [23].
Then, we tested whether DS can occupy the heparin-binding site(s) on TG2 molecules. To
achieve this goal, we evaluated the competitive effect of heparin for the interaction between the
immobilized fibrotic fascia DS and TG2, which was measured in the absence of GTP and DTT
as a reduction in the SPR signal, which indicated a decrease in TG2 binding to DS. As can be
seen in Fig 4, heparin was able to interfere with DS binding to TG2 at the majority of the
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Fig 2. Typical reversed phase HPLC analysis of the porcine DS sulfation pattern. The GAG was
extensively depolymerized with chondroitinase ABC, and the released unsaturated disaccharides were
labeled with fluorophore 2-aminoacridone and separated by HPLC, as described in Materials and methods.
The elution positions of individual disaccharides are indicated. The percentage content of individual
disaccharides is as follow: Adi2,4S — 1.4+0.2%; Adi4,6S — 3.7+0.2%; Adi4S — 88.440.1%; Adi6S — 5.7+0.6%;
AdiOS 0.8+0.3% (mean + S.D. of five independent analyses).

doi:10.1371/journal.pone.0172263.9002
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Fig 3. Typical saturation binding of TG2 to the immobilized DS. Incubation of the DS with an increasing
amounts of TG2 was conducted, as described in Materials and methods. The analysis was carried out in the
form of three independent experiments performed in duplicate. Data that are shown represent results (the
mean + S.D.) of one of them. The inset shows a Scatchard-type plot of the experimental data for the porcine
DS binding to TG2.

doi:10.1371/journal.pone.0172263.9003
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Fig 4. The competition of heparin for the interaction between the DS and TG2. The DS that was
immobilized onto sensor disc was exposed to 150 nM of TG2 without heparin (control) or with indicated
amounts of heparin, as described in Materials and methods. (A) Representative sensorgrams that show the
interaction between the DS and TG2 in the presence of heparin. (B) The interference of heparin in the
DS-TG2 interaction was estimated as reduction in the surface plasmon resonance (SPR) signal. The results
(the observed SPR response) are means + S.D. of at least 3 independent experiments. a—statistically
significant differences compared to the binding without heparin (p < 0.05).

doi:10.1371/journal.pone.0172263.g004

concentrations that were applied. These data suggest that both GAGs, which are highly nega-
tively charged molecules, can occupy the same cluster(s) of basic amino acids on the protein
molecules.

To corroborate the biological occurrence of a TG2 interaction with DS/CS, we studied the
co-immunoprecipitation of the enzyme with decorin, which was secreted into the culture
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medium by keloid fibroblasts. Firstly, we tested the medium from the cells that had been cul-
tured in the presence of GM6001, which is an inhibitor of several MMPs since these enzymes
play significant roles in the degradation of TG2 [35]. Decorin was immunoprecipitated from
the conditioned medium with an antibody against its core protein before and after the chon-
droitinase ABC-mediated elimination of the GAG moiety and then the precipitated molecules
were resolved using SDS-PAGE followed by their electrotransfer into the PVDF membrane.
The blots that were obtained were probed with anti-decorin or anti-TG2 serum. On the blots
of immunoprecipitates that had not been treated with chondroitinase ABC (Fig 5A, lane 3),
the anti-decorin antibody identified several species that had molecular masses from 81 to 148
kDa. The bands of these components were effectively eliminated by chondroitinase ABC,
which yielded the appearance of a characteristic ~ 47 kDa decorin core protein doublet (Fig
5A, lane 2). In turn, on the blots of immunoprecipitates that had not been treated with chon-
droitinase ABC, the anti-TG2 antibody revealed the presence of a barely visible component
(Fig 5A, lane 5) that showed electrophoretic mobility corresponding to that of the major dec-
orin band at 148 kDa (Fig 5A, lane 5 versus lane 3). These results indicate that at least the
majority if not all TG2 molecules that interacted with decorin in the keloid fibroblast culture
medium were covalently coupled to the core protein of this PG, thus forming complexes that
were resistant to the dissociation effect of the components that were present in the SDS-PAGE
sample buffer such as the sodium dodecyl sulfate (SDS) and DTT. Moreover, this suggestion is
further supported by our observation that the chondroitinase ABC-dependent elimination of
DS prior to the decorin immunoprecipitation did not affect the ability of this PG to react with
anti-TG2 serum (Fig 5A, lane 4). Therefore, the results that were obtained indicate that the
decorin core protein is at least a substrate for TG2 transamidating activity if not the binding
partner for this enzyme. However, these data do not exclude the possibility that decorin DS
can be an additional or even the initial acceptor of TG2. In order to verify this hypothesis, we
repeated the above experiment using the medium from the keloid fibroblasts that had been
cultured in the presence of putrescine, which is a competitive amine inhibitor of TG2 transa-
midating activity. Moreover, in order to enhance the number of potential decorin-TG2 com-
plexes, we added the human recombinant enzyme to the conditioned culture medium prior to
the decorin immunoprecipitation. The data obtained (Fig 5B) clearly show that native decorin
co-immunoprecipitated with TG2 more frequently than this PG that had been treated with
chondroitinase ABC. However, as was expected, the major decorin fraction that was immuno-
precipitated from the conditioned medium of the cells cultured in the presence of putrescine
displayed a higher electrophoretic mobility than the one that characterized the major decorin
fraction from the medium of the cells that had been grown without putrescine (Fig 5B, line 3
versus Fig 5A, line 3). The observed alteration in decorin mobility is most probably associated
with the putrescine-dependent blockage of the TG2-mediated protein cross-linking to the dec-
orin core protein.

To further examine the in vivo occurrence of DS/CS binding to TG2, we studied whether
the chondroitinase ABC-dependent elimination of these GAGs affects TG2 extractability from
tissue samples. For this experiment, we selected normal human fascia because of the expected
lower cross-linking of the matrix components in this tissue than in fibrosis-affected fascia,
which should yield a higher extractability of TG2. Unexpectedly, the enzymatic elimination of
fascia DS/CS resulted in a reduction of TG2 extractability as compared with the control buffer
extracted tissue samples (Fig 6A). A similar phenomenon was also observed when TG2 was
extracted from the fascia samples that had been treated with heparinase III in order to degrade
the tissue HS (Fig 6A). This suggests that DS/CS (and HS) can mask cryptic sites for TG2 bind-
ing in the extracellular space of the human fascia. Thus, to investigate the character of these
sites, we repeated our experiment with the TG2 extraction after DS/CS degradation but we
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Fig 5. TG2 is associated to DS/CS side chains of decorin molecules secreted into the culture medium by
human keloid fibroblasts. (A) Molecular complexes that contained native decorin or decorin treated with chon-
droitinase ABC (Chase ABC) to eliminate DS/CS chain were immunoprecipitated (IP) with an anti-human decorin
core protein antibody (anti-dec) from the equal portions of the conditioned medium (each portion contained 5 ug
of GAG) and separated by reducing SDS-PAGE followed by Western blot detection with the anti-dec or an anti-
human TG2 serum. Lane 1 —the anti-dec antibody applied as negative control; lane 2 —the core protein of
decorin; lane 3 —native decorin; lane 4 —components that were co-immunoprecipitated with the decorin core
protein and detected by the anti-TG2 antibody; lane 5 —molecules that were co-immunoprecipitated with native
decorin and detected by the anti-TG2 antibody; lane 6 —the cross-reactivity between the antibody that was used
for the co-immunoprecipitation (mouse anti-decorin) and the sera were applied for the Western blotting (rabbit
anti-human Tg2 and goat anti-rabbit IgG). The migration position of mass markers is shown. (B) The equal
portions of the conditioned medium (each containing 5 pug of GAG) from the keloid fibroblasts, which have been
cultured in the presence of 50 uM putrescine, were untreated or digested with Chase ABC and subsequently
incubated with a human recombinant TG2, as described in Materials and methods. Molecular complexes that
contained decorin or its core protein were immunoprecipitated and subjected to Western blot analysis firstly for
TG2, and after stripping for decorin. Lane 1 —TG2 that co-immunoprecipitated with the untreated decorin; lane 2
—TG2 that co-immunoprecipitated with Chase ABC treated decorin; lane 3 —decorin untreated with Chase ABC;
lane 4 —decorin digested with this enzyme. The migration position of the human recombinant TG2 (hrTG2) is
indicated by arrowhead. All the experiments were performed in triplicate.

doi:10.1371/journal.pone.0172263.9005

also added antibodies against fibronectin and/or collagen type I to the tissue samples taking
into account the fact that these molecules are major components of the fascia ECM. The use of
chondroitinase ABC treatment combined with the anti-fibronectin antibody enhanced the
amount of extracted TG2 insignificantly as compared to the samples that had been extracted
only with the serum (Fig 6B). In contrast, the application of the anti-collagen type I antibody
together with chondroitinase ABC led to a substantial increase in TG2 extractability from the
fascia samples (Fig 6B). Moreover, as was expected, the use of both antisera in combination
with chondroitinase ABC did not significantly affect the amount of released TG2 as compared
to the samples that had been treated with the enzyme together with the anti-collagen type I
antibody (Fig 6B). To summarize, all of these data suggest that DS/CS not only anchors TG2 in
the ECM of human tissues but can also regulate the ECM distribution of the enzyme by mask-
ing its binding sites, which are especially associated with the collagen network.

DS/CS can affect TG2 cross-linking activity

To examine whether DS can influence the TG2-mediated transamidating activity, we studied
the enzyme-dependent incorporation of biotinylated cadaverine into an artificial substrate
(CBZ-GIn-Gly) in the presence of different concentrations of the porcine intestinal mucosa
DS and the total DS/CS from the fibrotic human fascia. As can be seen in Fig 7A, the final
effect strongly depends on both the structure and concentration of a GAG. When the porcine
DS was applied at the two highest concentrations (1 and 0.5 pg/ml), there was a significant
inhibition of TG2 transamidating activity (Fig 7A). However, the other concentrations of this
GAG that were used as well as all of the applied concentrations of the human DS/CS failed to
show any significant effect on the cross-linking activity of TG2 (Fig 7A). When the porcine DS
was used at 1 pg/ml, it also effectively inhibited the TG2-dependent incorporation of cadaver-
ine into collagen type I (Fig 7B). Interestingly, when the shark C-6-S was applied at the same
concentration, a similar effect was observed (Fig 7B). In contrast, heparin, which is as strong a
binding partner for TG2 [22] as the fibrotic human fascia DS/CS, was similarly unable to affect
transamidating activity of the enzyme (Fig 7B).

Discussion

Our data clearly showed that DS/CS can affect several aspects of TG2 biology that include both
the anchoring of the protein in the ECM and the control of its functions in the extracellular
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Fig 6. Acceptors of TG2 in the extracellular matrix of human fascia. (A) The protein was extracted from tissue
samples that were treated with chondroitinase ABC (Chase ABC) or heparinase Il (Hep) to eliminate DS/CS or HS,
respectively. Components that were extracted from 1 mg of the dry tissue were subjected to reducing SDS-PAGE
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TG2. Relative quantification of the free TG2 extractability is presented as means + S.D. of at least three independent
experiments. a—differences statistically significant versus control (buffer treated tissue samples) (p < 0.05). (B) TG2
that was extracted from 1 mg of the dry human fascia after Chase ABC-dependent degradation of tissue DS/CS in
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migration position of TG2. Relative quantification of the free TG2 extractability is presented as means * S.D. of five
independent experiments. a—differences statistically significant versus control (tissue samples treated only with
proper antibody and buffer) (p < 0.05).

doi:10.1371/journal.pone.0172263.g006

space. DS/CS-mediated binding to TG2 has biological relevance as can be observed from our
finding that the decorin molecules that are secreted by the human keloid fibroblasts into a cul-
ture medium can interact with this protein via their GAG moiety. In addition, our SPR experi-
ment together with the solid-phase binding assay further supports the suggestion that DS is an
especially strong binding partner for TG2. However, this binding has some requirements as to
the DS structure. Most probably the DS interaction with TG2 involves IdoA residues since our
data show that DS has a significantly higher affinity for this protein than CS. However, an
appropriate sulfation pattern is also necessary as was observed by the fact that the DSs that
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doi:10.1371/journal.pone.0172263.g007

differed in respect to this feature manifested a differential binding to TG2. Notably, the por-
cine DS, which has the highest level of 4,6-O-disulfated disaccharides (the so-called E units)
among all of the examined DSs, displayed the lowest affinity for TG2. E units are known to be
responsible for DS/CS binding to several growth factors (for example the vascular endothelial
growth factor) and receptors [36, 37]. Thus, it is conceivable that other disaccharides such as
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2,4-O-disulfated units can contribute to DS/CS binding to TG2. This suggestion is supported
by our observation that a positive correlation exists between the content of these disaccharides
in the examined DS/CS and the affinity of these GAGs for TG2. Similar to DS/CS, HS also dis-
plays a great diversity in respect to its ability to interact with TG2. The HS chains of syndecan-
4 bind to this protein while those of syndecan-2 do not [19, 23]. However, what is of great
importance is the fact that the fibrotic human fascia DS/CS that strongly bound to TG2 also
exerted no inhibitory impact on the transamidating activity of the enzyme. In that case, our
observation supports previous finding concerning heparin effect on TG2- mediated cross-link-
ing [22].

Recent studies using site-directed mutagenesis have identified two different sites on the
TG2 molecules that are responsible for high affinity heparin binding. The first of these is
formed by two clusters of the basic amino acids RRWK (262-265) and KQKRK (598-602),
which are localized in the proximity on the TG2 three-dimensional closed structure [34]. In
turn, the second heparin binding site is situated within the sequence between the 202 and 222
amino acid residues [23]. These binding sites on TG2 molecules can also be adopted by DS as
was observed in our competition experiment, which showed the successful interference of hep-
arin with the interaction between DS and TG2. The occupation of the same basic amino acid
clusters by DS and heparin on TG2 molecules may have important biological implications that
result from the participation of both of these presumable heparin binding sites to the so-called
RGD-independent cell adhesion to the ECM [23, 34]. This phenomenon is mediated via the
interactions between the HS chains of the cell-surface situated syndecan-4 and the extracellu-
larly localized TG2 that is complexed with fibronectin [23].

Thus, the use by DS of the same binding site(s) on TG2 molecules as these occupied by HS
chains of syndecan-4 can lead to an impairment of cell adhesion in the course of the processes
such as fibrosis or scarring that are associated with the ECM accumulation of DS.

In vivo DS/CS can also regulate the pool of TG2 that is linked to the ECM thus especially
affecting localization of the enzyme. This conclusion results from our observation that the
elimination of the fascia DS/CS exposes cryptic sites, which are responsible for TG2 binding,
particularly to the collagen network. On the other hand, fibrillar collagens are the substrates
for TG2-mediated cross-linking [8]. Then, the finding of a DS-dependent effect on TG2 distri-
bution in the ECM suggests that proportion of DS and collagen may regulate the availability of
potential substrates for the enzyme thereby affecting the bio-mechanical properties of tissues.
Further confirmation of this hypothesis comes from our finding that some DS/CS that weakly
interact with TG2 demonstrated an inhibitory effect on the enzyme-dependent incorporation
of cadaverine into both the artificial substrate and collagen type I. The most possible explana-
tion of this phenomenon is the rather indirect action of these GAGs on TG2-mediated cross-
linking through their influence on the accessibility of the enzyme substrates. Our unpublished
SPR data suggest that Ca*? ions, which are necessary for TG2 to initiate its transamidating
activity, strongly impair the ionic interaction between this protein and DS. Thus, in the pres-
ence of calcium, negatively charged DS/CS, which have a low affinity for TG2, may be prone to
preferential binding to the positively charged substrates of this enzyme. In contrast, under the
same conditions, DS with a high affinity for TG2 can still be bound to this enzyme and exert
no effect on substrate accessibility. This suggestion results from our observation that GAGs
with a high binding potential toward TG2 such as the total DS/CS from fibrotic fascia or hepa-
rin did not affect the transamidating activity of the enzyme.

Although collagen type I interacts with DS [38], there is only indirect evidence that this pro-
tein can bind to TG2 [39]. Recently, Cardoso et al. [40], using the co-immunofluorescence
staining of tissue sections, showed that the staining patterns for TG2 and collagen type I or
type III do not overlap. However, TG2 did co-localize with fibronectin and collagen type VI in
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the ECM [40]. The latter protein also showed ability to directly interact with TG2 in a micro-
plate protein-binding assay [40]. Moreover, collagen type VI, which is ubiquitous in the ECM
of tissues, has been found to be intermingled with fibril-forming collagens, mainly collagen
type I [41]. In addition, collagen VI is also a binding partner for the core proteins of decorin
and biglycan [41]. Thus, cryptic TG2 binding sites localized on collagen network of fascia that
were observed in this study after the elimination of the tissue DS may be associated with colla-
gen type VI molecules, which were masked by the DS chains of decorin and biglycan.

Our data suggest that the DS chains of biglycan are especially good binding partners for
TG2. Interestingly, both proteins have similar expression patterns because the biosynthesis of
both biglycan and TG2 and/or their extracellular manifestations are stimulated after tissue
injury, during the progression of fibrosis or arterial wall remodeling [2, 42, 43]. Biglycan is
considered to be an element of the damage- and pathogen-associated molecular patterns that
mediate their biological effects through toll-like receptors [42]. Notably, the activation of these
receptors has also been suggested to be involved in the induction of TG2 transamidating activ-
ity after tissue injury [14]. On the other hand, biglycan is found in close association with the
fibronectin, elastin and collagen fibrillary networks of tissues. The components of these fibril-
lary networks are also major substrates for TG2-mediated cross-linking [8, 44, 45]. Thus, the
binding of biglycan DS to TG2 that promotes the positioning of the enzyme in crucial ECM
sites may play a significant role in the regulation of matrix modification in the course of
wound healing, fibrosis, atherosclerosis or small artery remodeling.
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