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Collagen XVIII (ColXVIIl) is a non-fibrillar collagen and proteoglycan that exists in three
isoforms: short, medium and long. The medium and long isoforms contain a unique
N-terminal domain of unknown function, DUF959, and our sequence-based secondary
structure predictions indicated that DUF959 could be an intrinsically disordered domain.
Recombinant DUF959 produced in mammalian cells consisted of ~50% glycans and had
a molecular mass of 63 kDa. Circular dichroism spectroscopy confirmed the disordered
character of DUF959, and static light scattering indicated a monomeric state for glycosy-
lated DUF959 in solution. Small-angle X-ray scattering showed DUF959 to be a highly
extended, flexible molecule with a maximum dimension of ~23 nm. Glycosidase treat-
ment demonstrated considerable amounts of O-glycosylation, and expression of DUF959
in HEK293 SimpleCells capable of synthesizing only truncated O-glycans confirmed the
presence of N-acetylgalactosamine-type O-glycans. The DUF959 sequence is character-
ized by numerous Ser and Thr residues, and this accounts for the finding that half of the
recombinant protein consists of glycans. Thus, the medium and long ColXVIIl isoforms
contain at their extreme N-terminus a disordered, elongated and highly O-glycosylated
mucin-like domain that is not found in other collagens, and we suggest naming it the
Mucin-like domain in ColXVIIl (MUCL-C18). As intrinsically disordered regions and their
post-translational modifications are often involved in protein interactions, our findings
may point towards a role of the flexible mucin-like domain of ColXVIIl as an interaction
hub affecting cell signaling. Moreover, the MUCL-C18 may also serve as a lubricant at
cell-extracellular matrix interfaces.

Introduction

Collagens form a diverse family of extracellular matrix (ECM) molecules which, in addition to their
characteristic collagenous sequences, have a variety of non-collagenous domains and can be subject to
complex post-translational modifications (PTMs), such as hydroxylation, glycosylation and proteolytic
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The three ColXVIII isoforms share a C-terminal non-collagenous domain 1 (NC1), including what is known 55
as the endostatin domain [12], an interrupted central collagenous portion which gives the large ColXVIII mol- 56
ecule its flexibility, and an N-terminal NC11 sequence which includes a laminin-G-like/thrombospondin-1 57
(LAM-G/TSP-1, or shortly TSP-1) motif. The proteolytically released ~20 kDa monomeric endostatin is a 58
potent anti-angiogenic and anti-tumorigenic peptide that has been reported to exhibit additional biological 59
activities, e.g. in promoting apoptosis and autophagy and regulating tissue fibrosis (reviewed in refs [2,13,14]). 60

A conspicuous feature of the N-termini of the medium and long ColXVIII isoforms is a unique Domain of 61

Unknown Function (DUF959), which in the medium isoform precedes the TSP-1 domain. In the long 62
ColXVIII, a cysteine-rich frizzled-like motif (FZ18) homologous to the extracellular ligand-binding segment of 63
frizzled receptors for Wnt/Wingless signaling molecules is located between the DUF959 and TSP-1 domains 64
[3-7]. At present, the properties and functions of the differing N-terminal NC11 sequences of the three 65

ColXVIII isoforms are only partly understood. Studies with genetically modified mice have shown that the 66
short ColXVIII plays key roles in retinal angiogenesis [15,16], and overexpression of the TSP-1 domain in 67
the mouse eye interferes with the normal functions of the full-length ColXVIII, leading to various defects in 68
the cornea, lens and retina [15]. The FZ18 module of the long ColXVIII interacts with Wnt signaling molecules 69
and antagonizes their functions [17-19]. This inhibition has been shown to lead to reduced tumor cell prolifer- 70
ation and cell cycle arrest in human liver and colon cancer cell lines whose growth is driven by Wnt/B-catenin 71
signaling [18,19]. In human hepatocellular carcinoma, low amounts of medium/long ColXVIII are associated 72
with large tumors, tumor progression and a high recurrence rate, and the FZ18 domain is negatively associated 73
with Wnt/B-catenin activity [10,19-21]. The medium and long ColXVIII are crucial for hepatocyte adhesion to 74
liver ECM and for hepatocyte survival during toxin-induced liver injury [22]. In addition, the N-terminal 75
sequences of the medium/long ColXVIII isoforms regulate adipocyte differentiation and the maintenance and 76
function of fat deposits [8]. 77

ColXVIII is a highly glycosylated molecule, which increases the functional complexity of this collagen. All 78
isoforms of vertebrate ColXVIII have three conserved Ser-Gly consensus attachment sites for glycosaminogly- 79
cans (GAGs), in the N-terminal NCI11 and the central NC8 and NC9 domains [23-25]. In chicks, all three 80
Ser-Gly sites have been shown to carry GAGs, either heparan sulfate (HS) or mixed heparan and chondroitin 81
sulfate (CS) chains, depending on the cell type [26]. In humans and mice, short ColXVIII is mainly a HS pro- 82
teoglycan [11,27], and the HS chains have been reported to interact with the cell adhesion protein L-selectin 83
and chemokines to regulate renal inflammation [27-30] and with apolipoprotein E, possibly affecting the 84
lipoprotein-trapping function [8]. 85

In view of the unique nature of DUF959, we set out to characterize mammalian ColXVIII DUF959 biochem- 86
ically and biophysically. We show here that this domain situated at the extreme N-terminus of both the 87
medium and long ColXVIII chains is intrinsically disordered and contains an abundance of mucin-like 88
N-acetylgalactosamine (GalNAc) O-glycan chains. Understanding these features will help in deciphering the 89
diverse functions of the ColXVIII isoforms. 9%

91
92
93

Methods 94

Protein expression and purification 95
A stable HEK293 cell line stably expressing murine DUF959 (ColXVIII’s N-terminal amino acids 1-265) fused 9
with a C-terminal His-tag was generated [8]. DUF959 was purified from conditioned cell culture medium 97
(CM) by immobilized metal ion affinity chromatography using the ProBond™ Purification System (Invitrogen) 98

(10 ml of resin for 300-500 ml of CM). The His-tagged protein was eluted with a buffer containing 250 mM 99
imidazole, 150 mM NaCl and 50 mM sodium phosphate, pH 7.2. After imidazole removal and buffer exchange 100
by ultrafiltration (Amicon Ultra Centrifugal Filter, Millipore), DUF959 was further purified by size-exclusion 101
chromatography (SEC) on a HilLoad 16/60 Superdex 200 pg column (GE Healthcare), using 50 mM sodium 102

phosphate, 150 mM NaCl, pH 7.2, as a running buffer. Fractions containing DUF959 were pooled, concen- 103
trated and frozen in liquid nitrogen. A typical yield from this purification scheme was 0.8-1.0 mg of DUF959 104
from 500 ml of CM. The authenticity of the DUF959 was verified by Western blotting using a specific poly- 105
clonal antibody generated against residues 34-237 within the DUF959 portion of murine medium/long 106
ColXVIII [8] and a Penta-His antibody (Qiagen), and its purity was assessed by Coomassie-stained SDS- 107
PAGE. Further validation of DUF959 was performed by MALDI-TOF mass spectrometry. 108

2 © 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society
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Bioinformatics 109
Predictions of the sequence-based secondary structure and intrinsically disordered region (IDR) of murine 110
DUF959 were acquired from Jpred4 [31], GlobPlot2 [32], IUPRED [33], DisoPred3 [34] and PONDR-FIT [35]. 111
GlobPlot2 uses a running sum of residue propensities for being in an ordered or disordered state and is the 112
optimal tool for finding domain boundaries in folded proteins. DisoPred3 identifies IDRs based on the protein 113
sequence and recognizes putative ligand-binding motifs within them. PONDR-FIT, on the other hand, com- 114
bines many different disorder and domain boundary prediction methods. We also used ANCHOR [36] to 115
predict possible intrinsically disordered ligand-binding regions in DUF959. The NetOGlyc 4.0 (http://www.cbs. 116
dtu.dk/services/NetOGlyc) [37] and NetNGlyc 1.0 (http://www.cbs.dtu.dk/services/NetNGlyc) prediction servers 117
were used to assess whether DUF959 has putative GalNAc-type O-glycosylation and N-glycosylation sites, 118
respectively. 119

Relevant single-nucleotide polymorphisms (SNPs) in DUF959 were inferred from the HaploReg v4.1 data- 120
base [88] via a two-step procedure: first, the DUF959 region was mapped into the Human Genome assembly 121
GRCh38.p2 using BLAST and used to select the corresponding area on the COL18A1 NM_030582.3 transcript, 122
and only the SNPs within this region were retained. Next, two groups of SNPs, corresponding to two types of 123
amino acid change, were prioritized: the first group included SNPs which changed any residue into Ser or Thr 124
and vice versa, potentially affecting O-glycosylation, while the second included SNPs which changed any 125
residue into Arg and vice versa, potentially affecting proteolytic cleavage [89]. Functional annotation of SNPs, 126
if present, was also reported. 127

128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145

Molecular weight determination by static light scattering

The oligomeric state and absolute molecular weight (MW) of DUF959 in solution were determined using ana-
lytical SEC with static light scattering (SLS). Approximately 28 pg of purified DUF959 protein in 50 mM
sodium phosphate, 150 mM NaCl, pH 7.2, was loaded into a Superdex 200 10/300 GL gel filtration column
connected to an AKTA Purifier (GE Healthcare). The system also included a mini-DAWN TREOS multi-angle
static light scattering detector (Wyatt Technology) and a Shimadzu refractive index detector for protein concen-
tration and absolute MW determination. The MW of DUF959 was determined based on the measured light
scattering and refractive index and/or UV absorbance using ASTRA 5.3 software (Wyatt Technology).

Circular dichroism spectroscopy

Conventional circular dichroism (CD) spectroscopy was carried out using a Chirascan Plus instrument
(Applied Photophysics). The cuvette path length was 1 mm. Thermal denaturation was carried out from +22°C
to +90°C using a continued temperature ramp scan of 1°C/min for DUF959 protein in 20 mM phosphate
buffer, pH 7.2. The wavelength range of 200-260 nm was used for data analysis. T;,, values were calculated with
GLOBALS3 (Applied Photophysics) by curve fitting the spectral changes as a function of temperature.

Synchrotron radiation CD spectroscopy 146
Synchrotron radiation CD (SRCD) data were collected on the beamline UV-CDI12 at ANKA (Karlsruhe 147
Institute of Technology, Karlsruhe, Germany). The measurements were carried out using 0.75-1.5 mg/ml 148
DUF959 at +20°C with a 200-um path length quartz cuvette. SRCD spectra were recorded in the 180-280 nm 149
wavelength range at 0.5-nm intervals. All scans were repeated three times and averaged. The buffer contribution 150
was then subtracted. Spectra for DUF959 were also recorded with 25% and 50% trifluoroethanol (TFE) and in 151
the presence of dodecyl phosphocholine micelles. 152

153
Small-angle X-ray scattering 154
Small-angle X-ray scattering (SAXS) data were collected on the SAXS beamline P12 in the PETRA III synchro- 155
tron storage ring at EMBL/DESY (Hamburg, Germany). Scattering patterns for DUF959 were measured in 156
50 mM sodium phosphate, 150 mM NaCl, pH 7.2, with protein concentrations of 2.3, 4.6 and 9.1 mg/ml. No 157
signs of protein aggregation were observed, but concentration-dependent repulsion was visible at higher protein 158
concentrations. To overcome this, the scattering curves with the lowest and highest protein concentrations were 159
merged and the merged curve was used for further analysis and modeling. Data processing and analysis were 160
carried out using the ATSAS software package [38]. The distance distribution function was calculated using 161
GNOM [39] and R, and Dy, distributions using the Ensemble Optimization Method 2.0 (EOM) [40,41] and 162

© 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 3
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Guinier analysis. Ab initio dummy residue models were built using DAMMIF [42]. Ten independent DAMMIF 163
models were averaged and filtered with DAMAVER [43]. Chain-compatible ab initio modeling was performed 164
using GASBOR [44]. MW was estimated by comparing the forward scattering intensity (I,) of DUF959 with 165

that of glucose isomerase (173 kDa). The dissimilar partial special volume and higher contrast difference (Ap) 166
of glycan residues relative to protein was taken into account as described previously [45], a partial specific 167
volume of 0.672 being used for DUF959, based on its estimated glycan content and the nature of the glycans [46]. 168
The estimated Ap of DUF959 (4.79 x 10* e/cm?) was taken to be the average of the protein (4.47 x 10% e/cm?) 169
and glycan (5.10 x 10> e/cm’) values. 170

171
172
173
174
175
176
177
178
179
180
181
182

Cell culture

The HEK293 SimpleCell line (HEK293-SC) with a knockout of COSMC [37] and the wild-type (WT) HEK293
cell line were maintained in 1x DMEM supplemented with 10% FBS, 100 units/ml penicillin and 0.1 mg/ml
streptomycin at 37°C in a humidified atmosphere of 5% CO,. For transient DUF959 transfections, 9 x 10> cells
were seeded on six-well plates and cultured for 24 h before transfection. The Fugene6 transfection reagent
(Invitrogen) was used according to the manufacturer’s instructions. After 48 h, CM was collected for Western
blot analysis, enzymatic deglycosylation and Vicia villosa agglutinin (VVA) purification analyses. Cells were
harvested and lysed in PBS, pH 7.4, containing a protease inhibitor cocktail (Complete Protease Inhibitor
Tablet, EDTA-free, Roche) for Western blotting.

Enzymatic deglycosylation 183
Purified DUF959 in 50 mM sodium phosphate, 4 mM calcium phosphate, pH 5.5, was used for enzymatic 184
deglycosylation with O-glycosidase and neuraminidase (exo-a-sialidase) (both from Roche). The enzymes were 185
added to a final concentration of 50 mU/ml and samples were incubated at +30°C for 16 h before terminating 186
the reaction by adding 20 pl of SDS sample buffer. 187

Heparitinase I and chondroitinase ABC digestions were performed with 20 mU chondroitinase ABC (Sigma) 188

in 15 ul of 100 mM Tris, 120 mM sodium acetate, pH 8.0, and with 5 mU heparitinase I (Seikagaku) in 15 pl 189
of PBS, 3mM CaCl,, pH 7.0, for 16 h at +30°C. Endoglycosidase H (Merck Millipore, 100 mU/ml) and 190
peptide : N-glycosidase F (PNGase F) (100 U/ml) (Sigma) digestions of DUF959 were performed in 50 mM 191
sodium phosphate, pH 5.5 and 7.5, respectively. 192
193
194
195
196
197
198
199
200

Lectin affinity chromatography

Purification with VVA affinity resin was performed as described recently [47]. Briefly, the CM of transiently
transfected HEK293-WT cells and HEK293-SCs was collected after 48 h of DUF959 expression, their protein
concentration was measured with the DC protein assay (Bio-Rad), and 500 pg of protein was added to 20 pl of
agarose-bound VVA (Vector Laboratories) in 50 mM sodium phosphate buffer, 150 mM NaCl, pH 7.2, and
0.1% bovine serum albumin. The samples were incubated for 16 h in a mixer at +4°C, and after extensive
washing of the resin, the bound O-GalNAc-containing proteins were eluted three times with 50 wl of
Glycoprotein Elution solution (Vector Laboratories). The buffer was changed to 50 mM sodium phosphate,
150 mM NaCl, pH 7.2, by concentrating the eluates to 20 wl with centrifugal filter units (30 kDa, Millipore)
and diluting to 60 pl. The samples were analyzed by SDS-PAGE and Western blotting.

202
203
204
205

Results 206
Purification of recombinant DUF959 207
The N-terminal non-collagenous NC11 regions of the medium isoform of murine ColXVIII and the recombin- 208
ant DUF959 are depicted schematically in Figure 1A. The 265-residue expression construct for murine 209
DUF959 includes the authentic ColXVIII N-terminal signal sequence (residues 1-26), DUF959 (residues 27- 210
265) and a C-terminal hexahistidine tag (Figure 1A). After cleavage of the signal sequence, the theoretical MW 211
of the DUF959 core protein is ~26 kDa. Recombinant DUF959 was produced in stable HEK293 cells and puri- 212
fied from the CM using metal ion and SEC, the DUF959 being eluted from the latter as a single, sharp sym- 213
metrical peak (Figure 1B). SDS-PAGE of the pooled peak fractions indicated the presence of a smear-like 214
protein band of size 72-95kDa recognized by ColXVIII-specific anti-medium/long-18 and penta-His anti- 215
bodies (Figure 1C). 216

4 © 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society



Biochemical Journal (2018) 0 1-17 ° PORTLAND
https://doi.org/10.1042/BCJ20180405 ... PRESS

A B 140 C «kpa kDa kDa 217
Anti-medium/long-18 180- 180- 180- 218
- 120 130- 130- 130- 219

26aa 218aa 299aa S 100
s 95- 95- 95- 220
spU DUF959 ILAM-GITSP-1 g 8o 72 72-. 72- 21
HIS g 60 55- 55- 55- 222
sp26aa 249aa 6xHis g > = > 223
C— 20 34- 34. 34- 224
RecombzilgggtaDUFQSQ o 25. 25. 25, 25
50 100 Coomassie Anti-medium/ Penta-HIS 226

Time (min) long-18

Figure 1. Expression, purification and determination of the oligomeric status of the DUF959 of ColXVIIl. zz;
(A) Schematic picture of the domain organization of the N-terminal non-collagenous portion (NC11) of the murine medium 229
ColXVIIl isoform. Its features include a signal peptide (sp) of 26 residues, a domain of unknown function (DUF959) of 218 230
residues and an LAM-G/TSP-1 domain of 299 residues. The 265-residue recombinant fragment, consisting of the signal 231
peptide and the first 249 residues of NC11 and including a C-terminal hexahistidine tag (6xHis), is indicated. The red horizontal -
line denotes the epitope region for the polyclonal mouse anti-medium/long-18 antibody. HS, previously identified heparan 23
sulfate attachment site [26]. (B) Elution profile of HEK293-secreted recombinant DUF959 from a HiLoad 16/60 Superdex 234
200 pg column (a.u., arbitrary units). (C) The purity of the recombinant DUF959 was assessed by SDS-PAGE and its 235
authenticity confirmed by Western blotting with anti-medium/long ColXVIIl and penta-His antibodies. At least three 236
independent replicates showed a similar size-exclusion elution profile, and Coomassie and Western blot signals. 537
238
239
DUF959 is predicted to be mainly intrinsically disordered 240
Sequence analyses with JPRED4 suggested that DUF959 has no secondary structure (red dashed line, 241
Figure 2A), while DisoPred3 (disordered residues marked with green x, Figure 2A), PONDR-FIT (Figure 2B) 242
and IUPRED (Figure 2C) predicted one folded region in the middle of the DUF959. Altogether, the secondary 243
structure prediction analyses pointed to the presence of one short (eight residues) and two long (84 and 107 244
residues) disordered regions in DUF959. Moreover, ANCHOR, which identifies potential ligand-binding 245
regions in IDRs, indicated that DUF959 has multiple putative binding segments (Figure 2C) that may fold 246
upon binding to an interaction partner. 247
248
DUF959 is non-globular, highly glycosylated but monomeric in solution 249
The oligomeric state and glycan content of DUF959 were determined using SEC-SLS. In SEC, DUF959 eluted 250
as a sharp single peak with a relatively small elution volume (Figure 2D), while conjugate analysis of the SLS 251
data revealed that the MW of DUF959 is 63 kDa, of which 49% is protein, a figure corresponding well with the 252
predicted ~26-kDa MW, the rest being composed of glycans. This MW was used for concentration measure- 253
ments in subsequent assays. 254
255
CD spectroscopy indicates a disordered conformation 256
To characterize the secondary structure content of the DUF959, SRCD spectra were recorded. In this case, the 257
spectrum was typical of disordered proteins, showing a prominent negative minimum at 198 nm and a rela- 258
tively low ellipticity near 210 nm (Figure 3A). No remarkable changes in the secondary structure content were 259
discovered when the temperature was increased to 90°C (Figure 3B). SRCD spectra were also recorded for 260
DUF959 in the presence of TFE. This solvent lowers the dielectric constant of the solution and is generally 261
used for stabilizing protein secondary structures. In 50% (v/v) TFE, the CD spectrum of DUF959 showed only 262
minor changes towards helical characteristics, and no significant folding was observed (Figure 3C). We did not 263
detect any conformational changes in DUF959 in the presence of dodecyl phosphocholine micelles, which are 264
commonly used to mimic lipid membrane-binding conditions (data not shown). 265
266
SAXS confirms the flexible and disordered nature of DUF959 267
To further characterize the structure of DUF959 in solution, we measured SAXS for the fully glycosylated 268
protein. Based on the relative forward scattering (I,) values of DUF959 and the reference protein, the MW of 269
DUF959 was estimated to be 70 kDa, which corresponds well to the mass determined by SEC-SLS (Figure 2D). 270

© 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society 5
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Figure 2. The DUF959 is predicted to be largely disordered with potential ligand-binding regions.

(A) The JPRED4 (red dashed lines indicate no secondary structure) and DisoPred3 (disordered residues marked with green x) predicted secondary
structure shown under the amino acid sequence of DUF959. The underlined residues encompass the signal peptide. Potential O-glycosylation sites
Ser (S) and Thr (T), as predicted with NetOGlyc 4.0, are highlighted in yellow, and one potential N-glycosylation Asn (N) site in red. (B) PONDR-FIT
suggests the presence of an ordered segment in the middle of DUF959, while 78% of the domain is predicted to be disordered. (C) IUPRED (red
line) predicted that most of DUF959 is disordered (tendency >0.5, threshold shown as the black horizontal line). ANCHOR identified multiple
potential ligand-binding regions (shown in blue on the bar below the graph). (D) The MW and glycan content of the SEC peak of DUF959 were
determined by SLS. The MW of the whole particle is 63 kDa (red dashed line), of which 31 kDa (green line) is composed of protein and 32 kDa
(purple line) of glycans.

The featureless shape of the scattering pattern (Figure 4A), as well as the Kratky plot (Figure 4B) with its lack
of any clear maximum, demonstrates the non-globular, flexible and mainly disordered nature of DUF959. The
Kratky plot is typically used to identify highly flexible and disordered particles in SAXS [48]. Furthermore, the
relatively large radius of gyration (Rg) and maximum intramolecular dimension (Dy,,,) of DUF959 (Table 1)
illustrate a highly extended shape. Since these are clear indications of the random coil-like behavior of DUF959,
we employed the EOM method, optimized for disordered proteins, to study the heterogeneity of DUF959. This
showed that there was a pool of slightly more compact DUF959 particles in the solution, and that the R, and
Dinax distributions of the DUF959 ensemble did not follow a Gaussian distribution (Figure 4C,D). The average
values for Ry and Dy,  as calculated using EOM 2.0 are slightly larger than those obtained from a Guinier plot
and GNOM (Table 1). It is common for these values to be underestimated when using standard protocols for
an IDR. The flexibility analysis incorporated into EOM 2.0, where Rg.,=100% for a fully flexible system and
0% for a fully rigid system, gives the Rg., value of 79% for DUF959 and 85% for the random pool, indicating
that DUF959 is highly flexible but slightly more rigid than a random pool.

To obtain structural information on DUF959, we built three-dimensional ab initio envelopes using both
dummy residues and chain-like reconstructions. All the models obtained showed an elongated shape 22-nm in
length surrounded by more bulky glycan residues (Figure 4E,F). All the models (Figure 4G,H) fit well with the
raw data (> values 0.86-0.95 for DAMMIF models and 1.30 for GASBOR model) (Table 1).
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Figure 3. Secondary structure analysis of DUF959 by CD and SRCD spectroscopic analysis.
(A) Conventional CD analysis indicates the disordered/unfolded nature of DUF959. (B) The temperature scan (22-90°C) shows
no peak shift in the CD spectra, indicating that protein unfolding does not occur with rising temperature. The changes seen in
the spectra were caused by protein aggregation during heating. The direction of spectral change is indicated by the arrows. (C)
SRCD spectra for DUF959 recorded in the presence of 0, 25 and 50% TFE. Only minor changes were observed, but TFE did
not induce any significant folding of the DUF959. Each SRCD spectrum is an average of three measurements.

DUF959 glycosylation

Mammalian ColXVIII is typically modified by HS GAG chains, while chick ColXVTII also occasionally contains
CS side chains [11,26,27]. The multiple Ser residues and acidic amino acids in DUF959 could serve as attach-
ment sites for GAGs [49]. Therefore, heparitinase I and chondroitinase ABC digestions were performed with
the recombinant protein purified from HEK293 cells, but there was no visible change in the 72-95 kDa MW of
DUF959 after heparitinase I (Figure 5A) or chondroitinase (data not shown) treatment, suggesting that
DUF959 does not contain HS or CS side chains. NetNGlyc 1.0 predicted that DUF959 is not N-glycosylated,
but there is one putative N-glycosylation site based on the consensus sequence (Asn-X-Ser/Thr/Cys, where X
can be any amino acid except Pro) [50]. PNGase F and endoglycosidase H (which remove either all types, or
high mannose and some hybrid N-linked carbohydrates, respectively) digestions did not affect the protein size,
confirming the NetNGlyc 1.0 result and demonstrating that DUF959 is not N-glycosylated (Figure 5B).

The NetOGlyc 4.0 prediction suggested the multiple Ser and Thr residues of DUF959 as potential
O-glycosylation sites (Figure 2A). To test for the presence of O-glycans, in vitro enzymatic deglycosylation of
recombinant DUF959 protein was performed with O-glycosidase and neuraminidase, which are commonly
used to identify proteins modified with GalNAc-type O-glycans. Neuraminidase removes the terminal sialic
acids from the glycans and O-glycosidase removes the desialylated Galp1-3GalNAc O-glycans (T antigen) from
the protein structure. Treatment with neuraminidase alone did not result in any visible change in the DUF959
MW (data not shown), but treatment with both O-glycosidase and neuraminidase resulted in two smeared pro-
teins with MW of ~55-70 and ~32-36 kDa (Figure 5C), so that the difference in MW between the non-treated
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Figure 4. SAXS analysis of DUF959.

(A) Small-angle scattering profile and distance distribution function (inset) of DUF959. The maximum distance of DUF959 in
solution is 22 nm. (B) The Kratky plot for DUF959 is typical of flexible particles: no clear maxima exist. (C) Radius of gyration
(Rg) and (D) maximum distance (Dmax) distributions of the EOM ensemble (black) and those of a pool of random polypeptides
(red). EOM analysis revealed that a small, more compact DUF959 population also existed in the solution. (E) Ab initio model of
DUF959, built using DAMMIF. The fit of the model (black) vs. the experimental data (green) is shown in (G). (F)
Chain-compatible ab initio model of DUF959 generated by GASBOR. The fit of the GASBOR model (black) vs. the experimental
data (green) is shown in (H). The SAXS data were collected with three protein concentrations (2.3, 4.6 and 9.1 mg/ml).
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Table 1 SAXS parameters
Ry and Diax Obtained from SAXS data using the Guinier plot, GNOM or EOM e
values of the ab initio models of DUF-959 are also been listed.

SAXS data analysis
Ry (A) Guinier R4 (R) EOM Dimax (A) GNOM Dpnax (A) EOM

63 79 226 241
22 values (model vs. data)

DAMMIF GASBOR EOM

0.855-0.949 1.303 1.345

and digested proteins must be primarily due to the removal of O-glycans. The presence of two different degly-
cosylated species could be due to incomplete deglycosylation of the protein by O-glycosidase; the ~55-70 kDa
species representing desialylated glycans where only part of the glycans are removed while the ~32-36 kDa
species may represent unglycosylated DUF959 which due to its disordered nature migrates slightly slower in
the SDS-PAGE than expected for the ~26 kDa DUF959 (Figure 5C). The result nevertheless clearly demon-
strates the presence of O-glycans in DUF959.

DUF959 contains GalNAc-type O-linked glycans

The possible presence of GalNAc-type O-glycosylation in the domain of unknown function (DUF) domain of
ColXVIII was assessed by means of SimpleCell technology, employing HEK293-SCs with a knockout of
COSMC [37] followed by VVA affinity chromatography. In HEK293-SCs, O-glycosylation is hindered after the
initial addition of a GalNAc residue, due to deletion of the COSMC chaperone. COSMC is required for the
activity of the core 1 synthase C1GalT1 that controls further elongation of the O-GalNAc glycan structure
[51,52]. O-glycoproteins expressed in the HEK293-SC can be purified with agarose-bound VVA that binds to
terminal B- and o-linked GalNAc residues, with a preference for a single o-GalNAc bound to a Ser or Thr
residue (Tn antigen).

To confirm that DUF959 is modified by GalNAc-type O-glycans, the DUF959 construct was transfected into
HEK293-WT cells and HEK293-SCs. Western blotting of the CM displayed a difference in expressed DUF959
between these two cell lines. More specifically, DUF959 purified from transiently transfected HEK293-WT cells
was expressed as a protein with a MW of ~72-95 kDa (Figure 5D), corresponding to the smeared band observed
in the stably transfected HEK293 cell line (Figure 5A,B). In contrast, DUF959 purified from HEK293-SCs showed
a faster migrating smeared band of ~43-55 kDa (Figure 5D). This is an indication of the presence of truncated
O-glycans on the protein when expressed in the HEK293-SCs. There are some differences in the apparent MW of
the enzymatically deglycosylated and HEK293-SC-purified unmodified DUF959 (Figure 5C,D), most likely on
account of the initial addition of GalNAc residues to the HEK293-SCs, which would have increased the size of
the protein. The difference in the apparent MW indicates that many of the potential sites shown in Figure 2A are
modified by the ~0.2 kDa GalNAc moieties, resulting in a 43-55 kDa species which could well represent an aber-
rantly migrating disordered DUF959 decorated with single GalNAc residues (Figure 5D).

To confirm the presence of GalNAc residues, aliquots from the same CM samples were subjected to purifica-
tion with agarose-bound VVA, and the elutes were analyzed by Western blotting (Figure 5E). The DUF959
expressed in the HEK293-SCs bound to VVA and was detected as a species of MW ~50-55 kDa. As expected,
the DUF959 expressed in HEK293-WT cells was unable to bind to VVA and thus could not be detected
(Figure 5E). Unexpectedly, a band of ~32 kDa was visible in all VVA elutes, probably representing an endogen-
ous GalNAc-modified protein that binds to VVA column and cross-reacts with the polyclonal anti-medium/
long-18 antibody (Figure 5E). Collectively, the results from SimpleCells and lectin affinity chromatography indi-
cate that the DUF959 is post-translationally modified by GalNAc-type O-glycans.

Discussion
Of the three N-terminally distinct isoforms of ColXVIII, DUF959 is present in the long and medium variants,
while the short variant lacks this domain. The short form results from the use of an upstream promoter of the
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Figure 5. The DUF959 of ColXVIll is rich in mucin-like O-glycosylation.

(A) In a Western blot with anti-medium/long-18 or penta-His antibody, the purified recombinant DUF959 (DUF) from the
conditioned CM of the stable HEK293 cells appeared as a smear at ~72-95 kDa. Before loading onto SDS-PAGE, the purified
DUF959 samples were incubated at 30°C with or without heparitinase | (HEPase) for 16 h. There was no change in protein size
after heparitinase | digestion. (B) Treatment of DUF959 with endoglycosidase H (ENDOase H) or PNGase F at 30°C for 16 h did not
affect the size of DUF959. (C) Treatment with a mixture of O-glycosidase (O-GLYase) and neuraminidase (NEURase) at 30°C for
16 h resulted in the appearance of two smaller smeared bands of ~55-70 and ~32-36 kDa band, while untreated DUF959 or
incubation of DUF959 at 30°C without enzymes showed the most intense broad signal between 60 and 95. Anti-medium/long-18
antibody was used to visualize DUF959 in Western blotting. (D) Purification of DUF959 from the transiently transfected
HEK293-WT CM shows a smeared band between 72 and 95 kDa, while a ~43-55 kDa band is seen in the HEK293-SC CM. Two
separate experiments are shown. (E) VA lectin affinity chromatography of DUF959 expressed either in HEK293-WT cells or in
HEK293-SCs. The CM was subjected to VWA chromatography, and the bound and eluted material was analyzed with Western
blotting using the anti-medium/long-18 antibody. In contrast with the DUF959 expressed in HEK293-WT cells, DUF959 expressed
in HEK293-SCs binds to VA lectin and has a MW of ~50-55 kDa. CM samples from non-transfected (NT) HEK293-WT cells and
HEK293-SCs are shown as controls. An additional unidentified VVA-binding ~32 kDa protein that cross-reacts with anti-medium/
long-18 antibody is seen in all elutes. VA affinity chromatography was performed with CMs collected from two transient DUF959
transfections in HEK293-WT or HEK293-SC cells. Other data shown in this figure are from at least three independent replicates.

© 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

487
488
489
490
491
492
493
494
495
496
497
498
499
500

502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530

532
533
534
535
536
537
538
539
540



Biochemical Journal (2018) 0 1-17 ° PORTLAND
https://doi.org/10.1042/BCJ20180405 ... PRESS

ColXVIII gene, whereas the medium and long forms result from the use of a downstream promoter and alter- 541
native splicing of the ensuing RNA transcript [3-6,24,53,54]. Recent studies have indicated specific roles for the 542
isoforms, the short form being essential for retinal development and the other two forms affecting liver func- 543
tion and adipose tissue formation [8,15]. These in vivo data render it necessary to investigate the properties of 544
the N-terminal non-collagenous domains that distinguish the ColXVIII isoforms. While the FZ18 domain, spe- 545
cific to the longest isoform, and the TSP-1 domain, found in all three isoforms, can be envisioned as sharing 546
properties with other proteins having similar domains [17,18,55-59], the structural and functional properties of 547
DUF959 are not known. 548

Secondary structure prediction tools identified DUF959 as an IDR interrupted by short ordered regions. We 549
produced DUF959 as a 265-residue His-tagged recombinant protein in mammalian cells and characterized its 550
properties after purification. CD spectroscopy showed that DUF959 indeed has an intrinsically disordered 551
structure. Since TFE did not induce any notable increase in the o-helical content of DUF959, it is probable 552
that DUF959 does not have a strong propensity for folding into an a-helical conformation. This might be due 553
to the large amount of bulky glycan residues contained in it, which hinder the effect of TFE on the polypeptide 554
backbone and physically block the formation of secondary structures. On the other hand, it is rather common 555
for IDRs to form short segments of secondary structure upon binding to ligand proteins or membranes. Once 556
the binding partners for the DUF959 have been identified, higher-resolution studies will be required to observe 557
such structures. 558

Estimation of the MW of glycoproteins by conventional means is difficult, but SLS can be used as an accur- 559
ate method for this [45]. SLS shows the MW of DUF959 to be 63 kDa, and approximately one half of this MW 560
is made up of a polypeptide chain and the other half of glycans. Since the sequence-based MW of DUF959 is 561
~26 kDa, SLS shows a monomeric state for the glycosylated DUF959 in solution. The MW of the molecule in 562
solution can also be estimated based on SAXS, and we derived it using the forward scattering intensity of the 563
sample relative to that of a reference protein. In the case of glycoproteins, differences in Ap and the partial spe- 564
cific volumes of the reference protein and a glycoprotein need to be considered [45]. Based on SAXS, the MW 565
of fully glycosylated DUF959 is 70 kDa, which is in good agreement with the MW derived from SLS (63 kDa). 566

SAXS is a widely used method for studying intrinsically disordered proteins, and we used it here to charac- 567
terize the glycosylated structurally disordered DUF959. The scattering pattern and Kratky plot confirm that 568
DUF959 is a highly extended, flexible molecule, and that its maximum dimension is 226-241 A (Table 1). 569
Although no ab initio modeling programs have yet been optimized for glycoproteins, these can successfully be 570
used [45]. Both modeling methods produced similar models, an elongated, disordered polypeptide chain with 571
bulky volumes attached, presumably representing the linked glycans. The precise positions of the glycan resi- 572
dues cannot be determined by SAXS, however. EOM analysis shows that a fraction of the DUF959 particles 573
adopt a conformation that is more compact than a random polypeptide chain, a form of behavior that indicates 574
that under certain conditions, such as ligand binding, the DUF959 may partly fold. 575

IDRs in proteins are frequently subjected to various PTMs, including glycosylation [60,61]. Actually, glycosy- 576
lation is the most common type of PTM in proteins, playing a vital role in cellular differentiation and in patho- 577
logical disorders [62-64]. This may include changes in the glycosylation pattern of the cell surface and secreted 578
glycoproteins and the facilitation of malignant transformation and cancer progression. Protein O-glycosylation, 579
for example, is implicated in various physiological processes, such as cell adhesion, trafficking, cell signaling 580
and pathogen-host interactions [63,65]. 581

Collagens undergo a wide range of PTMs, including extensive hydroxylation of proline and lysyl residues as 582
well as N- and O-glycosylation. The latter include O-glycosylation of some hydroxylysine residues within the 583
triple-helical collagenous domain by the addition of galactose, which can be further modified by adding of 584
glucose [1,66]. The importance of these glycosylations for collagen stability and function has been demon- 585
strated in several studies [66-69]. Our current results point to a previously unrecognized PTM among the col- 586
lagens, namely extensive mucin-like O-glycosylation of the DUF959 of ColXVIIL 587

Sequence analyses suggest that DUF959 can be expected to contain multiple putative sites for Ser/Thr 588
O-linked glycosylation and one potential site for N-glycosylation. We investigated the glycosylation patterns of 589
recombinant DUF959 and found that its digestion with O-glycosidase and neuraminidase resulted in a decrease 590
in the MW of the protein, suggesting the presence of O-glycans (Figure 5C). This was confirmed by expressing 591
DUF959 in HEK293-SCs, which do not support the elongation of O-glycans beyond the initial GalNAc-Ser/ 592
Thr linkage [37,52]. As expected, the expressed DUF959 was substantially smaller in size in these cells than in 593
WT HEK293 cells (Figure 5D). VVA has been successfully used to enrich GalNAc-Ser/Thr-modified proteins 594
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from various sources [47,51,70,71], and here DUF959 produced in HEK293-SCs became bound to the
GalNAc-Ser/Thr-binding VVA lectin, confirming the presence of GalNAc-type O-glycans (Figure 5E).

The abundance of Pro/Thr/Ser (PTS) residues and the cell-based analyses together imply that DUF959
resembles mucin proteins in terms of its O-glycosylation. Closer examination revealed that DUF959 sequence
does not perfectly fulfill the criteria of a mucin-type protein, i.e. the presence of a typical PTS domain contain-
ing at least 5% of Pro and over 25% of Thr and Ser residues in a tandem repeat organization [72]. In mucins,
this domain is extensively O-glycosylated through GalNAc linkages at the Thr and Ser residues, resulting in a
‘bottle brush’ glycan configuration around the protein core that typically constitutes over 50% of the glycopro-
tein mass [73,74]. It should be noted here that lack of tandem repeats is seen in some mucins and mucin-like
glycoproteins, e.g. in endomucin/MUCI14 and MUCI15 [75], and thus DUF959 with its high degree of
O-glycosylation could be considered a novel mucin-like glycoprotein.

Previous biophysical analyses of mucin glycopeptides indicate that the flexibility of the mucins is remarkably
reduced upon O-glycosylation [76-78]. The stiffness of the fully glycosylated mucin glycopeptides resembles the
stability of folded globular protein [77,79]. By CD spectroscopy (Figure 3A), we, however, showed that the con-
formation of DUF959 is similar to a disordered random coil. Also, Kratky plot (Figure 4B) as well as EOM ana-
lysis from SAXS data clearly confirm the flexible nature of DUF959. Despite DUF959 being highly glycosylated,
the glycan content is still low enough to retain the flexibility and disordered nature of the polypeptide chain.

In addition to mucin-type or mucin-like protein glycosylation, O-glycans can be distributed to isolated sites of
proteins without mucin-like features, referred to site-specific O-glycosylation [80]. Formation of GalNAc-Ser/Thr
linkages are controlled by ~20 differentially expressed GalNAc-transferases (GalNAc-T), which have essentially
distinct peptide substrate specificities and show specialized functions in the cells [80-82]. Of a particular interest
for us is a recent finding that loss of GalNAc-T2 leads to dysregulated lipid metabolism in humans and rodents
due to abnormal site-specific O-glycosylation of various targets, including angiopoietin-like protein 3 and
ApoC-IIT which both are liver-secreted regulators of triglycerides and high-density lipoprotein cholesterol [83]. In
this study, glycoproteomic analysis revealed that Ser107 and Thrl10 sites of DUF959 are O-glycosylated by
GalNAc-T2 in the mouse liver, but the role of this modification was not addressed further. An important mechan-
ism maintaining lipid homeostasis seems to be the GalNAc-T2 O-glycosylation-regulated substrate proteolysis by
proprotein convertases and matrix metalloproteases [84,85]. The DUF959-containing medium/long ColXVIII var-
iants are enzymatically processed with currently unknown proteases [3,19], and it remains to be studied whether
the reported site-specific O-glycosylation of DUF959 by GalNAc-T2 [83] is involved in the regulation of ColXVIII
processing and, subsequently, lipid metabolism.

We propose on the basis of the present data that DUF959 is a mucin-like domain with a brush-like structure
(Figure 6A). The mucin-like domain of the medium and long isoforms of ColXVIII may provide functional
properties not present in the other classical basement membrane components, namely collagen IV, laminins,
nidogens and perlecan [86]. It should be mentioned here that our NetOGlyc and other sequence analyses of
collagen XV, structurally related to ColXVIII and the second member of the multiplexin subfamily of collagens,
revealed potential mucin features also in this collagen and warrant biochemical and biophysical studies for it as
well. We speculate that the mucin-like properties of DUF959 may have a role in cell adhesion and survival in
tissues where the medium and long ColXVIII isoforms are expressed, e.g. in the liver [22]. As also reported for
mucins [75,87], the O-glycans in DUF959 may affect cells by forming a signaling platform for various growth
factors and other signaling molecules. O-glycans may also specifically regulate processing of N-terminus of
ColXVIII, thereby affecting the activity of its functional domains as described for FZC18 [3,19], or protect
ColXVIII from cell surface proteolysis and thereby shield the cells from attack by other cells [63,73,88,89]. A
further possibility is that DUF959 may act as a lubricant at cell-matrix interfaces, because of the potential
gel-like properties endowed by high glycosylation.

Altogether 11 260 SNPs, multiple nucleotide polymorphisms and small insertion/deletions (indels) have been
identified in the COLI8AI gene to date, and out of these, 361 SNPs are located in the region that encodes the
DUF959 (Figure 6B). It was recently demonstrated that one of the SNPs in the DUF959 region, rs114139997;
pGlyl11Arg, is associated with circulating lipid content and coronary artery disease [90], and that in line with
this, genetic polymorphism in the FZ18 region of COLI18AI is associated with fat deposition and obesity [91].
Moreover, lack of the Col18a1 medium and long variants in mice results in markedly reduced adiposity and
imbalance in circulating triglycerides [8], and lack of all three variants causes hypertriglyceridemia and
increases atherosclerosis [92,93], further supporting the role of ColXVIII in regulating lipid metabolism. As
mentioned above, site-specific O-glycosylation by GalNAc-T2 is a critical regulator of lipid metabolism, and
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Figure 6. (A) Schematic representation of the full-length medium ColXVIIl isoform, including the mucin-like features of DUF959,
which we now propose to name MUCL-C18. This ColXVIIl isoform consists of a sp, the N-terminal non-collagenous NC11
region, a MUCL18 domain, an LAM-G/TSP-1 homology region, 10 triple-helical collagenous domains (COL1-10), nine short
non-collagenous sequences (NC2-NC10) and a C-terminal NC1 with a trimerization (TRI) domain and an endostatin (ES)
domain. O-linked glycosylation (O) in the MUCL-C18 domain is indicated. Sites reported to be occupied by HS chains [26] are
indicated. (B) SNPs in MUCL-C18 according to the HaploReg v4.1 database [99] and a recent publication by Suri et al. [94].
Gray pins: total number (n = 283) of somatic SNPs identified; green: amino acid variation to Ser or Thr (n = 50), or from Thr to
any other amino acid (n = 4) potentially affecting O-glycosylation (note that no variation was observed in Ser); red: amino acid
variation to Arg (n = 16) or from Arg to any other amino acid (n = 6) potentially involved in proteolytic cleavage [100]; blue: an
SNP within the MUCL18 with confirmed physiopathological association with lipid metabolism [90]; orange: an SNP within the
MUCL-C18 with confirmed pathophysiological association with primary open angle glaucoma [94].
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DUF959 was found among the GalNAc-T2 targets in liver [83], implicating that O-glycosylation of ColXVIII
may regulate its ability to control lipid homeostasis.

In addition to the lipid phenotype, DUF959 of ColXVIII may have a role in glaucoma pathogenesis.
Recently, a new SNP (rs749957649, p.Glul84Lys) in human DUF959 was identified and associated with irido-
corneal primary angle closure glaucoma (PACG) [94]. PACG is an anatomical disorder of the anterior segment
of the eye characterized by blocking the aqueous humor drainage as a result of iris apposition the trabecular
meshwork and subsequent increased intraocular pressure [95]. These findings are in line with previous reports,
showing that specifically medium/long ColXVIII is expressed in ciliary and iris epithelia in mice [15], that mice
lacking all three ColXVIII isoforms show ciliary body atrophy, adherence of iris to cornea and higher intraocu-
lar pressure in young knockout mice [96], and that some Knobloch patients with COL18A1 mutations manifest
a glaucoma phenotype [97,98]. Finally, even if the few identified SNPs in DUF959 do not directly change
O-glycosylation sites, it is possible to envisage a role for COLI8A1 SNPs in changing the patterns of glycosyla-
tion within the DUF959, something that might have unexpected biological consequences.

Concluding remarks

We have shown that the DUF959, situated at the extreme N-terminal end of the long and medium variants of
ColXVIIL, is intrinsically disordered and highly O-glycosylated at its Ser/Thr residues. Such properties have often
been found in other proteins to mediate important biological events, for example by recruiting/storing ligands and
assembling signaling complexes via their PTMs or regulating proteolysis [60]. These findings can help to illuminate
the functional properties of the DUF959 in future studies. Moreover, due to its high degree of GalNAc-type
O-glycosylation, we suggest that the DUF959 should be renamed the Mucin-like domain in ColXVIII (MUCL-C18).
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