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ABSTRACT: TGFBIp, also known as keratoepithelin and CELL

Pig-h3, is among the most abundant proteins in the human

cornea, and approximately 60% is associated with the insoluble L
fraction following extraction in sodium dodecyl sulfate (SDS)

sample buffer. TGFBIp is of particular interest because a wide

range of mutations causes amyloid or fuchsinophilic crystalloid Other EGM
deposits in the cornea leading to visual impairment. We show contacts
that the SDS-insoluble fraction of TGFBIp from porcine and
human corneas is covalently linked via a reducible bond to the
NC3 domain of type XII collagen in a TGFBIp:type XII
collagen stoichiometric ratio of 2:1. Because type XII collagen TYPE | COLLAGEN CONTAINING FIBER
is anchored to striated collagen fibers of the extracellular
matrix, its interaction with TGFBIp is likely to provide
anchoring for cells to the extracellular matrix through the integrin binding capability of TGFBIp. Furthermore, the TGFBIp—type
XII collagen molecule will affect our understanding of the molecular pathogenesis of the TGFBI-linked corneal dystrophies.
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T ransforming growth factor 8 induced protein (TGFBIp, corneal stromal transparency.”*** This highly ordered
also known as keratoepithelin and pig-h3, UniProt collagenous organization is maintained by proteoglycans and
accession number Q15582) is an extracellular matrix (ECM) smaller collagen typ6526 that also interact with keratocytes in
protein that is found in several tissues of the human body.'~’ the collagen matrix. Elucidating the molecular interactions
Significantly, TGFBIp is the second most abundant protein in between TGFBIp and the ECM in the cornea may prove
the human cornea,s yet its precise function in corneal valuable in understanding corneal transparency and TGFBI-
homeostasis remains elusive. As part of the ECM of several linked corneal dystrophy pathogeneses.

tissues, it has been found to interact noncovalently with a We have previously reported that approximately 60% of

TGFBIp is covalently bound to the SDS-insoluble part of the
ECM in both human and porcine corneas through a reducible
cross-link.”” In this study, we have identified trivalent fibril-
associated collagen with interrupted triple helices (FACIT)
type XII collagen (UniProt accession number Q99715) as the
covalently linked interaction partner in mammalian cornea. We
propose that this novel interaction between TGFBIp and type
XII collagen is important for understanding the homeostasis of
the healthy cornea and the pathobiology of TGFBI-linked
corneal dystrophies.

number of matrix macromolecules, including type I, II, and IV
collagens;9 laminin; fibronectin;*®'! decorin; and biglycan.12 In
addition, TGFBIp has been reported to interact covalently and
noncovalently with type VI collagen in bovine nuchal
Iigament.13 Finally, recombinant TGFBIp has been shown to
bind several subtypes of human integrins."*">° Taken together,
the interactions to the fibril-forming collagens (types I, II, and
III) as well as to integrins indicate that TGFBIp may mediate
contacts between the collagenous ECM matrix scaffold and the
cells embedded therein. These molecular interactions may play
important roles in the molecular pathogenesis of corneal
dystrophies linked to mutations in the transforming growth
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corneal stroma was isolated by scraping off the epithelial and
endothelial cell layers. The corneas were dried in a vacuum
desiccator and homogenized in liquid nitrogen using a tissue
homogenizer (Ystral, Ballrechten-Dottingen, Germany). The
resulting powder was stored at —20 °C until use for further
experiments.

Production of Antiserum against Full-Length Re-
combinant Human TGFBIp (anti-FL-rhTGFBIp). Rabbits
were immunized three times subcutaneously with approx-
imately 100 ug of the purified full-length human recombinant
TGFBIp exgressed in HEK293T cells and purified as described
previously.”

Solubilization of Cross-Linked TGFBIp from Intact
Porcine Corneas. Approximately 4 mg of homogenized
porcine cornea was suspended in 1 mL of alkylation buffer
containing 50 mM iodoacetamide (IAA), 20 mM Tris-HCI (pH
8.0) and was rotated in the dark for 1 h at 23 °C. After
centrifugation at 10000g for 2 min, protein was extracted from
the pellet by rotating for 1 h in 1 mL of extraction buffer
containing 1 M (NH,),SO, and 20 mM Tris-HCl (pH 7.4) at
23 °C. This extraction process was repeated three times on the
tissue. Subsequently, the pellet was washed six times in 1 mL of
1X phosphate-buffered saline (PBS). All steps were performed
at 23 °C. The resulting pellet was solubilized by adding 300 uL
of 4 mg/mL Clostridium collagenase 1 (Life technologies,
Carlsbad, CA) in 1X PBS supplemented with 3 mM CaCl,, 100
units/mL penicillin, 100 yg/mL streptomycin, and 0.25 pg/mL
fungizone (amphotericin B) (Sigma-Aldrich, St. Louis, MO),
rotating at 37 °C. At time points indicated in the figure legends,
the sample was centrifuged at 16000g for 2 min, and 50 uL was
removed from the supernatant for analysis by nonreducing
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE) and immunoblotting. The remaining pellet
was resuspended and digested further at 37 °C.

Purification of TGFBIp-Containing Complex from
Porcine Corneal Stroma. Approximately 1 g of porcine
corneal stroma was added to 50 mL of extraction buffer and left
rotating for 1 h. This treatment was repeated and followed by
alkylation in 15 mL of alkylation buffer for 1 h rotating in the
dark. Subsequently, the sample was washed three times in 50
mL of 20 mM Tris-HCl (pH 7.4) (buffer A). All steps were
performed at 23 °C. Between each washing step, the sample
was centrifuged for 10 min at 1000g, and the supernatants were
discarded. The resulting pellet was digested with 80 mg of
collagenase I in 50 mL of 1X PBS containing 3 mM CaCl,, 100
units/mL penicillin, 100 pg/mL streptomycin, and 0.25 pg/mL
fungizone. This was left rotating for 6 h at 37 °C. The sample
was then centrifuged as described above, and the supernatant
was collected and stored at —20 °C until used.

The supernatant from collagenase I-digested porcine corneal
stroma was dialyzed two times against 5 L of buffer A at 4 °C
and filtered using a 022 pum filter (Thermo Scientific,
Rochester, NY) before TGFBIp was purified as previously
described.”® Briefly, protein was purified by affinity chromatog-
raphy using a heparin Sepharose column (1 mL HiTrap
Heparin HP column, GE Healthcare, Buckinghamshire,
England) connected to an FPLC system (GE Healthcare).
The column was pre-equilibrated in buffer A, and the sample
was then applied at 1 mL/min. Bound proteins were eluted
using a linear NaCl gradient (0.0—1.0 M). Selected fractions
were analyzed by nonreducing SDS—PAGE followed by
immunoblotting using the anti-FL-rhTGFBIp antiserum.
Fractions containing the TGFBIp complex were pooled and
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dialyzed two times against 5 L of buffer A overnight. The
resulting sample was then filtered, and purification was
continued by ion exchange chromatography using an anion
exchange column (1 mL HiTrap Q HP column, GE
Healthcare). Proteins were eluted by applying a linear gradient
of NaCl (0.0-1.0 M) and analyzed by nonreducing SDS—
PAGE and immunoblotting as described above.

Polyacrylamide Gel Electrophoresis (PAGE), Densi-
tometry, and Immunoblotting. SDS—PAGE was performed
on 5—15% gradient gels (10 cm X 10 cm X 1.5 mm) using the
glycine/2-amino-2-methyl-1,3-propanediol /HCI system.” Un-
less otherwise stated, samples were diluted or dissolved in 50
mM Tris-HCl and 150 mM NaCl (pH 7.4). Proteins were
visualized using Coomassie or silver staining. Relative
quantifications of protein amounts in SDS—PAGE were
measured using Image] software (version 1.46, National
Institutes of Health). Inmunoblots were made by transferring
proteins to polyvinylidene difluoride (PVDF) membranes
(Immobilon-P, Millipore, Billerica, MA) in 10 mM N-
cyclohexyl-3-aminopropanesulfonic acid (CAPS) and 10% (v/
v) methanol (pH 11),*° and TGFBIp-containing bands were
subsequently detected using a polyclonal antiserum raised
against full-length recombinant human TGFBIp.

Electroelution of Protein Bands from Polyacrylamide
Gels. Relevant bands from SDS—PAGE gels were excised, and
protein was extracted using an Electro-Eluter Concentrator
(C.B.S. Scientific Co., Del Mar, CA) as described previously.'
Briefly, gel plugs were washed with water, placed in the
electroeluter cell separated from the reservoir by a dialysis
membrane with a molecular weight cutoff (MWCO) of 12000—
14000 Da, and swelled in 0.4 M NH,HCO; containing 2%
SDS. The electroeluter reservoir was filled with 0.1% SDS and
50 mM NHMHCO; and a current of 50 V was applied
overnight. The next day the reservoir solution was changed to
10 mM NHHCOj; containing 0.02% SDS, and an 80 V current
was applied overnight. Proteins were collected at the anode of
the cell and concentrated using ethanol precipitation prior to
gel electrophoresis.

Protein Identification by Matrix-Assisted Laser De-
sorption lonization-Mass Spectrometry (MALDI-MS).
Bands from Coomassie- and silver- stained gels were excised
and washed extensively with water and acetonitrile. Sequence
grade trypsin from porcine (Promega, Madison, WI) at a
concentration of 12.5 ng/uL in S0 mM NHHCO; was added
to the gel plugs and incubated at 37 °C for 16—17 h. Peptides
were isolated using a C-18 ZipTip (Millipore), and samples
were mixed with a-cyano-4-hydroxycinnamic acid at 2 mg/mL
in 50% acetonitrile and 0.03% trifluoroacetic acid. Subse-
quently, 0.5 uL of the mixture was spotted on MALDI targets,
and samples were analyzed by MALDI-MS and MALDI-MS/
MS using a quadrupole time-of-flight (QTOF) Ultima Global
mass spectrometer (Micromass, Waters Corp., Manchester,
United Kingdom). The resulting peak lists of peptides were
used to query all entries of the NCBI nonredundant protein
database or the Swiss-Prot protein database on a local Mascot
server using the Mascot search engine (Matrix Sciences,
London, United Kingdom). The searches were performed
with a peptide mass tolerance of 10 ppm, and a single missed
tryptic cleavage was allowed. Only significant hits as defined by
Mascot probability analysis were accepted.

Edman Degradation for Amino-Terminal Sequence
Identification. Proteins in TGFBIp-containing fractions were
separated by reducing or nonreducing SDS—PAGE. To avoid
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amino-terminal derivatization, the stacking gel was allowed to
polymerize overnight prior to electrophoresis, and samples
were heated for 3 min at only 80 °C before SDS—PAGE.
Following electrophoresis, proteins were transferred to a PVDF
membrane (Immobilon-P, Millipore) in 10 mM CAPS and 10%
(v/v) methanol (pH 11).*° Samples were then analyzed by
automated Edman degradation using an Applied Biosystems
PROCISE 494 HT sequencer with online high-performance
liquid chromatography (model 120A, Applied Biosystems,
Foster City, CA) for phenylthiohydantoin analysis.

Analysis of the Intermolecular Covalent TGFBIp
Cross-Link in Human Corneas. A healthy human cornea
was obtained post-mortem at the Department of Forensic
Medicine, Aarhus University Hospital, Denmark, as described
previously.>> Two pieces of 0.5 mg cornea were dried in a
SpeedVac concentrator. One piece was boiled in nonreducing
SDS sample buffer for 3 X 10 min after which the supernatants
were removed. The resulting pellet was then boiled in SDS
sample buffer containing 30 mM dithiothreitol (DTT). The
other piece of cornea was digested with collagenase I as
described above. Equal amounts of sample were analyzed by
SDS—PAGE and immunoblotting as described in the figure
legend.

B RESULTS

Digestion of Collagen Fibers Releases a High-
Molecular Weight TGFBIp-Containing Complex from
the Cornea. In a previous study, we showed that
approximately 60% of TGFBIp in the human and porcine
corneas is covalently bound to the SDS-insoluble fraction of the
ECM through a reducible bond.*” To investigate the nature of
the interaction, we purified the TGFBIp-containing complex
from porcine corneas. This was done by removing soluble ECM
proteins through an extensive washing procedure after which
the insoluble collagenous pellet was subjected to collagenase I
digestion (Figure 1). An immunoblot analysis following
nonreducing SDS—PAGE of the resulting supernatants revealed
a time-dependent release of a major 170 kDa and a minor 224
kDa TGFBIp-containing complex from the SDS-insoluble
corneal fraction.

Purifying the TGFBIp-Containing Complex from
Corneas. The major 170 kDa TGFBIp-containing complex
was purified from the supernatant of collagenase I-digested
porcine corneas by heparin affinity and anion exchange
chromatography (Figure 2). The broad peak ranging from
about 25 to 30 min in the anion exchange chromatogram
(Figure 2A) contained only noncovalently bound TGFBIp in
the first fractions (25—27), whereas fractions from 28 to 30 min
contained primarily the high-molecular weight TGFBIp-
containing complex. Immunoblotting of the final pool showed
that TGFBIp, under nonreducing conditions, was present in a
170 kDa complex, which was disrupted upon reduction with
DTT to yield two TGFBIp species of about 62 and 50 kDa
(Figure 2B) indicating that TGFBIp is released from a molecule
of higher molecular weight. In addition to the 170 kDa species,
a Coomassie blue-stained SDS—PAGE gel of the same samples
showed that the purified TGFBIp-containing complex prepara-
tion generates two additional protein bands of 210 and 138 kDa
(Figure 2C, protein bands 1 and 3, respectively) when
separated under nonreducing conditions. An additional 151
kDa protein (Figure 2C, protein band 4) was observed under
reducing conditions compared to the gel band pattern from the
TGFBIp specific immunoblot (Figure 2C).
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Figure 1. Release of a 170 kDa TGFBIp-containing complex from the
SDS-insoluble fraction of porcine cornea by collagenase I digestion.
Porcine cornea powder was washed extensively and digested with
collagenase I for different periods of time at 37 °C. The supernatant
from the last wash (0 min) and supernatants after digestion for 10 min,
90 min, and 8 h were analyzed by anti-TGFBIp immunoblotting
following nonreducing SDS—PAGE. Collagenase auto digest (no
cornea powder) was loaded in the final lane (Collagenase). Molecular
weights are indicated on the right. The immunoblot shows that there is
a time-dependent release of a major 170 kDa and a minor 210 kDa
TGFBIp-containing molecule when corneal tissue is incubated with
collagenase L

Establishing the Identity and Stoichiometry of the
TGFBIp-Containing Complex Components. To establish
the identities of the subunits in the 170 kDa TGFBIp-
containing complex, protein bands from nonreducing and
reducing SDS—PAGE were analyzed by mass spectrometry
(Table 1). Thus, protein bands 1, 3, and 4 were identified as
type XII collagen, and protein bands 2 and 5—7 were identified
as TGFBIp (Figure 2C and Table 1). Edman degradation was
utilized to determine the exact N-termini of the protein bands
(Table 1).

Initially, only TGFBIp was identified in the nonreduced 170
kDa band (Figure 2) by mass spectrometry and N-terminal
sequencing (Table 1). The additional component of the 170
kDa TGFBIp-containing band was identified by electroeluting
the nonreduced 170 kDa band followed by separation using
reducing SDS—PAGE (Figure 3). The major resulting 151 kDa
band was identified by MALDI-MS as type XII collagen,
whereas the bands of 62 and 50 kDa were identified as TGFBIp
(data not shown).

To determine the stoichiometry within the covalent
reducible TGFBIp—type XII collagen complex (Figure 2C,
protein band 2), the Coomassie blue-stained gel bands were
analyzed by densitometry (Table 2). Comparison of the
summed intensities of all bands in the nonreducing lane to
those of the reducing lane (Figure 2C) revealed that the ratio
was approximately 1:1, suggesting that all TGFBIp and type XII
collagen of the purified sample entered the SDS gel. To obtain
information about the stoichiometry between TGFBIp and type
XII collagen, the intensities of the protein bands in the reducing
lane were compared. The intensity ratio between the 151 kDa
type XII collagen band (band 4) and the summed intensities of
the TGFBIp bands (bands S—7) was determined as 1:0.8
(Table 2), assuming that the two molecules are stained equally
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Figure 2. Purification of the high-molecular weight TGFBIp-containing complex from porcine cornea. (A) Anion exchange chromatogram from the
final step of purification of the high-molecular weight TGFBIp-containing complex. Collagenase I-digested cornea was initially applied to a heparin
affinity column from which all bound protein was dialyzed and applied to an anion exchange column. Fractions 28—30 were pooled and further
analyzed. (B) Immunoblot of nonreducing (lane 1) and reducing (lane 2) SDS—PAGE of the pooled fractions containing the 170 kDa TGFBIp-
containing complex. (C) Coomassie-stained SDS—PAGE gel of nonreduced (lane 1) and reduced (lane 2) samples of the purified 170 kDa TGFBIp-
containing complex. Protein bands that were analyzed by MALDI-MS and N-terminal sequencing are indicated with numbers 1—7, and the identity
based on MS-analysis is shown on the right. The characterization of the TGFBIp-containing complex shows that noncovalently bound type XII
collagen molecules migrating at 210 and 138 kDa copurify with the covalent and reducible 170 kDa TGFBIp—collagen XII complex.

Table 1. Protein Identifications®

band ID accession no. peptide range % coverage Mowse score (expect) N-terminal

1 collagen a-1 (XII) (Sus scrofa) XP_ 001927071 284—1815 30 162 (4.3 x 107'9)

2A TGEBIp (S. scrofa) 011780 28—602 45 200 (6.9 X 1074) GPAKSPYQL
2B TGEBIp (S. scrofa) 011780 28-588 2 134 (27 x 1077) LVSNVNIELLN
3 collagen a-1 (XII) (S. scrofa) XP_001927071 2841312 24 216 (1.7 x 1071%) ILSSGMECLTR
4 collagen a-1 (XII) (S. scrofa) XP_001927071 284—1312 26 223 (3.4 x 1071) ILSSGMECLTR
3 TGEBIp (S. scrofa) 011780 28-588 4 122 (43 x 107%)

6 TGFBIp (S. scrofa) 011780 28-588 42 131 (5.4 X 1077)

7 TGEBIp (S. scrofa) 011780 173602 32 124 (2.7 X 107%) LVSNVNIELLN

“Search criteria: database, NBClnr (S. scrofa); variable modifications, carbamidomethyl (C), propionamide (C), oxidation (M); +10 ppm.
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Figure 3. Electroelution of the 170 kDa TGFBIp-containing band.
The 170 kDa TGFBIp-containing band observed by SDS—PAGE
under nonreducing conditions was electroeluted and analyzed by
reducing SDS—PAGE. MS analysis of the resulting marked bands
showed that the 170 kDa TGFBIp-containing complex contains one
isoform of type XII collagen of 151 kDa (solid arrowhead marked Col
XII) and TGFBIp isoforms migrating at 62 and S0 kDa (open
arrowheads marked TGFBIp).

well by Coomassie. When correcting for the mass differences
between TGFBIp and type XII collagen, we found an
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Table 2. Densitometry

band raw data (AU)“ relative intensity”
1 1842 0.25

2 11562 2

3 13780 1

4 13073 1

5-6 7678 0.6

7 2641 0.2

“AU, arbitrary units. ’Approximate intensities relative to protein band
4.

approximate molar ratio of two TGFBIp molecules per type
XII collagen molecule.

To show that an equivalent covalent TGFBIp—ECM
interaction is found in human corneas, a healthy human cornea
was analyzed by anti-TGFBIp immunoblotting after reducing
and nonreducing SDS—PAGE before and after collagenase I
digestion as was done for the porcine corneas (Figure 4). When
comparing lanes of the nonreduced samples for the non-
collagenase-digested and the collagenase-digested corneal
stroma (lanes 1 and 3), we can see that the TGFBIp-containing
complex of approximately 170 kDa is released by the
collagenase treatment. Upon reduction with DTT, this complex
dissociates to result in free TGFBIp migrating below the 66
kDa molecular weight marker (lane 4). Thus, these results

dx.doi.org/10.1021/bi400212m | Biochemistry 2013, 52, 2821-2827
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Figure 4. Release of a 170 kDa TGFBIp-containing complex in human
corneas by collagenase I digestion. Dried human cornea was analyzed
for the presence of high-molecular weight TGFBIp-containing
complexes before and after digestion with collagenase I. Collage-
nase-digested (Coll: +) and nondigested (Coll: —) samples were
analyzed by reducing (Red.: +) and nonreducing (Red.: —) conditions
followed by immunoblotting to detect TGFBIp-containing bands. The
immunoblot shows that in the nondigested cornea only a small
amount of TGFBIp is visible on the gel without reducing agent present
compared to the intense band observed in the reducing lane. When the
collagenase I-digested sample is analyzed, a TGFBIp-containing band
of 170 kDa is observed in the nonreducing lane as seen for the porcine
tissue (Figures 1 and 2). Upon reduction with DTT, the most
prominent signal migrates as a TGFBIp monomer at 66 kDa.
Collectively, these data suggest that TGFBIp in the human cornea is
also covalently linked to type XII collagen through a disulfide bridge.
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confirm that TGFBIp and type XII collagen form a covalently
linked complex in the mammalian cornea.

B DISCUSSION

TGFBIp (UniProt accession number Q15582) is a major
protein in several connective tissues and is involved in different
types of corneal dystrophies®>>* and cancers.”"** In this study,
we report a novel disulfide-mediated cross-link between
TGFBIp and type XII collagen in mammalian corneas.
Human type XII collagen (UniProt accession number
Q99715) belongs to the FACIT collagens and exists as a
long (330 kDa) and a short (203 kDa) splice variant, which can
form homo- or heterotrimers. The C-terminal collagenous
region of type XII collagen interacts with the surface of banded
type I collagen fibers, whereas the noncollagenous 3 (NC3)
domains are exposed to the surroundin§ matrix allowing for
additional intermolecular interactions.> In vivo, type XII
collagen has been shown to be associated with the assembly
of the corneal matrix and to be present in regions of increased
stability,**” and it has been reported to be overexpressed
during corneal scarring.® Significantly, TGFBIp has been
shown to colocalize with type XII collagen in rabbit corneas,*
and our recent data show that type XII collagen is a major
component of the corneal proteome, suggesting that it plays an
important function in the homeostasis of the human cornea.
Thus, on the basis of these results and the reported reducible
covalent interaction between TGFBIp and type VI collagen in
bovine nuchal ligament,"* we conclude that TGFBIp forms
intermolecular disulfide bridges to different proteins of the
ECM and that it may vary between connective tissues.
TGFBIp is Cross-Linked to the NC3 Domain of Type XII
Collagen in a 2:1 Ratio. Collagenase cleavage of type XII
collagen has previously been shown to result in the release of
the NC3 domain (including the fibronectin type III and von
Willebrand factor A domains) as a noncovalently associated
trimer.* This is supported by the current study mainly showing
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identification of NC3-derived peptides following MALDI-MS
analyses (Table 1). Thus, the purified complex is likely to
consist of a trimeric type XII collagen NC3 domain linked to
TGFBIp via a disulfide bond. Additional information about the
TGFBIp—type XII collagen cross-link can be deduced from the
mass spectrometry and N-terminal sequencing data (Tables 1
and 2). The N-terminus of porcine type XII collagen was found
to be ILSSGMECLTR. This sequence is similar to the N-
terminal sequence (EGMECLTR) of the human short splice
variant (UniProt accession no. Q99715), suggesting that the
porcine sequence similarly is the short splice variant (Figure S).

NC3

Human type XII collagen (long variant) -O@O@OOOOCO@O000O00000-@mmHEH

Human type XII collagen (short variant) “@000000000OD R EHE

Porcine type XlI collagen CO@OOOCOOoo- @ HE

Purified type XII collagen fragment @00000000O »am

Porcine TGFBIp OO0
Domain types

Collagenous (COL1 and COL2)

Laminin G-like/thrombospondin N-terminal-like
von Willebrand factor A

Fibronectin type IIl

Fasciclin 1

EMI

00000

Figure 5. Schematic illustration of type XII collagen, TGFBIp, and the
species purified from porcine cornea. Human type XII collagen exists
as a long and a short splice variant. Porcine type XII collagen
(accession no. XP_001927071) has not been characterized at the
protein level at this point, but the sequence of the predicted protein is
more than 90% identical to that of human type XII collagen. The
fragment of porcine type XII collagen purified in this study (protein
band 4 (151 kDa) in Figure 2) is shown. The C-terminal part of this
fragment (indicated with dashed lines) was not identified by MALDI-
MS but is likely to be present due to the size of the band in SDS—
PAGE (151 kDa).

Densitometry of the protein bands following reducing SDS—
PAGE suggested that there are on average two TGFBIp
molecules associated with each collagen monomer in the 170
kDa complex. However, it is difficult to determine the exact
number of TGFBIp molecules linked to each type XII collagen
trimer. During nonreducing SDS—PAGE, two of the observed
bands contained only type XII collagen (Figure 2C, bands 1
and 3). This indicated that the 170 kDa band may contain more
than 2 equiv of TGFBIp per collagen molecule. As mentioned
below, there are many potential binding sites for TGFBIp on
the NC3 domain of type XII collagen, which contains tandem
repeats of various subdomains.

The disulfide bond pattern of TGFBIp remains unclear.
However, 6 of the 11 Cys residues in TGFBIp are found in the
EMI domain and have been suggested to form three
intradomain disulfide bridges.*' The remaining 5 Cys residues
are found within the first three fasciclin (FAS1) domains. The
two pairs of Cys residues found in the FASI—2 (Cys,;, and
Cys;3) and FAS1—3 (Cys,y; and Cysys) domains are close
together in homology modeling from the FAS1—4 domain
nuclear magnetic resonance structure, suggesting that these
might be involved in intradomain disulfide bridges. Thus, it is
most likely that Cys,,, in the FASI—1 domain is free to form
the intermolecular disulfide bridge with type XII collagen.

dx.doi.org/10.1021/bi400212m | Biochemistry 2013, 52, 2821-2827
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The NC3 domain of porcine type XII collagen contains 16
Cys residues. Two of these are positioned before the identified
N-terminus, and a total of 7 Cys residues are found in the
laminin G/thrombospondin N-terminal domain, which is likely
absent from the type XII collagen fragment purified from
porcine cornea (Figure S). This leaves 7 Cys residues as
potential cross-linkers in type XII collagen. None of these have
yet been reported to form intra- or intermolecular bridges and
are therefore all potential candidates for forming the disulfide
bridge to TGFBIp.

Potential Impact on TGFBIp Function in Normal and
Diseased Cornea. TGFBIp appears to exist both in a free
soluble form and in a covalently bound state anchored to the
ECM, suggesting a dual function: the immobilized molecules
may serve as anchors for cells in the ECM, whereas the soluble
molecules may serve a regulatory function. Being a flexible
molecule, type XII collagen likely acts as a spacer between the
collagen scaffold of the ECM and the cells embedded in it.
While the collagenous domains of type XII collagen bind to the
striated collagen fibers, the NC3 domain extends into the
extracellular space with its von Willebrand factor A, fibronectin,
and thrombospondin N-terminal domains accessible to other
macromolecules of the ECM. TGFBIp will facilitate additional
intermolecular interactions, and on the basis of these data we
propose a model in which TGFBIp, with its ability to bind
integrins, acts as a mediator of ECM—cell contacts (Figure 6).

R

EXTRACELLULAR
SPACE

CELL

Integrin

Other ECM
contacts

Type XIl collagen

TYPE | COLLAGEN CONTAINING FIBER

Figure 6. Model for the proposed biological function of the covalent
TGFBIp—type XII collagen interaction in the cornea. Type XII
collagen has been shown to interact noncovalently with type I collagen
fibers of the corneal ECM. The noncollagenous domains of type XII
collagen trimer extend into the extracellular space and bind TGFBIp.
TGFBIp is consequently able to interact with other macromolecules of
the ECM. The immobilized TGFBIp may function as an ECM
attachment anchor for the cells of the cornea.

The observation that the majority of TGFBIp is covalently
linked to the ECM of the cornea likely has implications for the
understanding of the TGFBI-linked corneal dystrophies. Thus,
despite the high content of TGFBIp in the human cornea,
unwanted protein—protein contact, potentially leading to
protein aggregation, may be limited by the anchoring to the
ECM. In this regard, it is interesting to note that our recent
proteomic analyses of TGFBI-linked corneal dystrophy patients
did not identify type XII collagen as a major component in
association with granular or amyloid TGFBIp deposits in the
corneas of TGFBI-linked corneal dystrophy patients.** This
suggests that it is the soluble fraction of TGFBIp that
aggregates and causes disease. In conclusion, these results
support the idea that the functional role of TGFBIp is to
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mediate the association of cells to the insoluble collagenous
matrix of connective tissues.
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