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ABSTRACT: Mutations in theTGFBI (BIGH3) gene that encodes for transforming growth factor beta induced
protein (TGFBIp) are the cause of several phenotypically different corneal dystrophies. While the genetics
of these protein misfolding diseases are well documented, relatively little is known about this extracellular
matrix protein itself. In this study, we have purified TGFBIp from normal human and porcine corneas
using nondenaturing conditions and standard chromatography techniques. The two homologues were shown
to be monomers, and we did not find evidence for posttranslational additions. The C-terminal of both
human and porcine TGFBIp is truncated predominantly after the integrin binding sequence Arg642-Gly643-
Asp644 (RGD). However, using an antibody against the C-terminal fragment (residues 648-683), we also
detected a small amount of full-length TGFBIp in corneal extracts. Approximately 60% of TGFBIp was
covalently associated with insoluble components of the extracellular matrix in both human and porcine
corneas through a disulfide bridge.

TheTGFBI1 gene, also known asBIGH3, was discovered
in a search for genes induced by transforming growth factor
â (TGF-â) (1). On the basis of the cDNA sequence, it is
predicted to encode for a 72 kDa protein composed of 683
amino acid residues including a signal peptide (1).

The physiological function of transforming growth factor
beta induced protein (TGFBIp) has not yet been character-
ized, but it is a highly conserved protein dominated by four
fasciclin (FAS) domains in close succession. The protein
homologues from human and porcine are 93% identical
(Figure 2). FAS-containing proteins are extracellular or
membrane bound and associated with cell adhesion. Whereas
TGFBIp itself appears to be restricted to vertebrates, the FAS
domain has been identified within Eukarya in Plantae, Fungi,

and Animalia (2-7). However, only four proteins containing
the domain are known in humans, including TGFBIp,
periostin (8, 9), and two newly described proteins, FEEL-1
and FEEL-2 (10-12). FAS domains are recognized more
from their overall homology than any particular consensus
sequence, but three moderately conserved areas denoted Fra,
H-box, and Frb are usually present (13). FAS domains are
often present in multiple copies in the same protein and
displaying low internal sequence identity reflecting an ancient
multiplication event. The structure of FAS domains from two
different proteins has recently been solved (7, 14), and shown
to be a unique domain fold consisting of a seven-stranded
â-wedge and a number ofR-helices. The structure has made
it possible to model part of TGFBIp, which has provided
insight into the mutation sites responsible for corneal
mutations and possible ligand binding areas (15). However,
there is no immediate clue to the adhesion mechanism of
FAS domains.

TGFBIp is found in the extracellular matrix (ECM) of
most tissues. Cornea (16, 17), skin (18), bone (19), tendon
(20, 21), endometrium (22), and kidney (23) all have high
levels of TGFBIp. During embryogenesis,TGFBI is ex-
pressed in mesenchyme and mesenchymal-derived tissues,
particularly in active zones of growth (24, 25). Most cell
lines studied express TGFBIp at low levels unless induced
by TGF-â. An exception is the fibroblast, which produces
TGFBIp constitutively at significant levels (18). The most
telling pattern of distribution for TGFBIp is probably the
extensive co-localization with bovine collagen VI (26), which
has been emphasized by the recent finding that TGFBIp may
bind to bovine collagen VI through a disulfide bond (27).
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In addition to bovine collagen VI, TGFBIp has been shown
to interact with porcine collagens I, II, and IV (28), human
fibronectin (29), and human integrinsR3â1 (30, 31), R1â1
(32), Rvâ5 (33), andR6â4 (34). The interaction of TGFBIp
with these ligands suggests that TGFBIp plays a role in cell
adhesion. In the case of some integrins, TGFBIp may bind
through the RGD sequence situated near the C-terminus of
TGFBIp (Figure 2).

Several corneal dystrophies in humans are accompanied
by mutations in TGFBI (35, 36) causing an abnormal
accumulation of protein aggregates in the cornea (36). While
symptoms are restricted to the cornea, the resulting reduction
in visual acuity may progress to severe visual impairment.
The protein deposits inTGFBI-linked corneal dystrophies
have been shown to bind antibodies against TGFBIp (37,
38), indicating that they consist, at least partly, of TGFBIp.
SomeTGFBI mutations give rise to a deposition of amyloid
within the corneal stroma (R124C, L518P, L527R, A546D,
A546T, P501T, A622H, and H626R), while others cause
fuchsinophilic granular deposits (R124L, R124S, R555W,
and G623N), a combination of granular and amyloid deposits
(R124H), or curly fibers (R555Q) (36, 39). This tight linkage
between specific mutations and particular kinds of protein
aggregation is unique to theTGFBI-linked corneal dystro-
phies, and may help elucidate the requirements for the
formation of amyloid deposits in general.

Little biochemical information regarding the fundamental
characteristics of TGFBIp has been available until now,
largely because TGFBIp has not been purified in its native
state. This study reports the purification and structural
characterization of TGFBIp from porcine and human corneas.
Both homologues were shown to be monomers lacking
posttranslational additions. The majority of TGFBIp in the
cornea was C-terminal truncated after the RGD sequence.
However, the results indicate that the C-terminal proteolytic
processing of corneal TGFBIp is a heterogeneous event
leading to a ragged C-terminus. In addition, a fraction of
TGFBIp was covalently associated with insoluble extracel-
lular components.

EXPERIMENTAL PROCEDURES

Materials. Unless otherwise noted chemicals were from
Sigma Chemical Co., St. Louis, MO. HPLC-grade acetoni-
trile was from Mallinckrodt Baker (Mallinckrodt Baker,
Deventer, Holland). Heptafluorobutyric acid (HFBA) was
purchased from Pierce (Rockford, IL). Sequence grade
porcine trypsin was from Promega (Madison, WI). Protein
sequencing and peptide synthesis reagents were from Applied
Biosystems (Foster City, CA). Prepacked columns, chroma-
tography resins, and ECL Western blotting detection reagents
were from Amersham Biosciences (Little Chalfont, England).
SDS-PAGE molecular weight standards were purchased
from Bio-Rad Laboratories (Hercules, CA). Fused-silica
emitters and boro-silicate spray capillaries for on-line na-
noelectrospray were obtained from Proxeon Biosystems
(Odense, Denmark) and New Objective (Woburn, MA).
Reverse phase column material (Nucleosil 120-3 C18) was
from Macherey-Nagel (Duren, Germany).

Human and Porcine Corneas. Thirteen normal human
corneas were obtained post mortem from individuals intended
for autopsy at the Department of Forensic Medicine, Aarhus

University Hospital, Denmark. None of the individuals had
any known corneal disease or previous eye surgery. The
corneas came from 47-87-year-old individuals and the
interval from death to preparation of the cornea ranged from
19 to 56 h. Following informed consent, one additional
cornea was obtained from a 53-year old man immediately
after enucleation for a uveal melanoma. The collection of
human tissue was approved by the regional committee for
scientific medical ethics in Aarhus, Denmark. Porcine eyes
were obtained freshly from Danish Crown (Horsens, Den-
mark). The central area of both human and porcine corneas
was excised using a 7-mm diameter trephine. The corneas
were kept at-20 °C until use.

Purification of TGFBIp from Porcine and Human Cor-
neas.The corneas were placed in a vacuum desiccator for
24-48 h, and the dried corneas were homogenized in liquid
nitrogen using a tissue homogenizer (Ystral, Ballrechten-
Dottingen, Germany). The resulting corneal powder was
washed three times for 5 min in 75 mL of cold 20 mM Tris-
HCl, pH 7.4, and centrifuged for 10 min at 30000g in
between. Following the last centrifugation step, the pellet
was left stirring overnight at 4°C in extraction buffer (1 M
(NH4)2SO4, 20 mM Tris-HCl, pH 7.4). The resulting extract
was passed through a 0.45µm filter, and applied to a 5 mL
Phenyl Superose FF Hi-Trap column (Amersham Bioscience)
equilibrated in the extraction buffer. Bound proteins were
eluted by employing a linear gradient from 1 to 0 M (NH4)2-
SO4. The flow rate was 0.5 mL/min, and the eluate was
monitored at 280 nm. The TGFBIp-containing fractions were
pooled and applied to a 3 mLProtein G column (Amersham
Bioscience) equilibrated in 20 mM Tris-HCl, pH 7.4. The
flow-through was dialyzed against 20 mM Tris-HCl, pH 7.4
at 4 °C for 12-16 h. The dialyzate was applied to a 1 mL
Mono Q High-Trap anion exchange column (Amersham
Bioscience) equilibrated in 20 mM Tris-HCl, pH 7.4, and
the proteins were separated using a linear gradient from 0
to 1 M NaCl in 20 mM Tris-HCl, pH 7.4 at a flow rate of
1 mL/min. TGFBIp eluting from 0.5 to 0 M (NH4)2SO4 was
pooled, concentrated, and applied to a Superose 12 HR 10/
30 gel filtration column (Amersham Bioscience) equilibrated
in 50 mM Hepes, pH 7.4, 150 mM NaCl, 0.02% NaN3. The
column was run in the same buffer with a flow rate of 0.3
mL/min. The purified TGFBIp was frozen at-20 °C. All
chromatographic steps were performed at room temperature
(∼20 °C) using a Pharmacia FPLC system. The purification
was monitored using Western blotting, and the intensity of
the signals was quantified in a Kodak Image Station 1000
equipped with a cooled CCD camera using proprietary
software.

Expression and Purification of Recombinant Human
TGFBIp (rhTGFBIp). The humanTGFBI (BIGH3) cDNA
clone (Invitrogen) was obtained from a human placenta
cDNA library cloned in the pCMV-SPORT6 vector. Ex-
pression was performed in HEK293 cells transfected using
the calcium phosphate precipitation method. Cells were
grown in serum-free DMEM medium supplemented with
glutamine and the secretion of TGFBIp was followed by
immunoblotting. Media were harvested and recombinant
TGFBIp was basically purified as described for corneal
TGFBIp.

Amino Acid Sequence Analysis.N-terminal sequence
analysis was performed in an Applied Biosystems 477A
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sequencer with on-line phenylthiohydantoin analysis using
an Applied Biosystems 120A HPLC system operated ac-
cording to the manufacturer’s recommendations. C-terminal
sequence analysis was carried out by Protein Analysis Center,
Karolinska Institutet, Stockholm, Sweden using an Applied
Biosystems Procise C instrument as described by Bergman
et al. (40).

Matrix-Assisted Laser Desorption Ionization Time-of-
Flight (MALDI-TOF) Mass Spectrometry.For MALDI-TOF
peptide fingerprinting a Micromass Q-TOF Ultima Global
mass spectrometer was used. The samples were mixed with
R-cyano-4-hydroxy-cinnamic acid at 2 mg/mL in 50%
AcCN/0.3% TFA to the desired concentration and 0.5µL
was spotted on a MALDI target for analysis. The masses of
purified porcine and recombinant human TGFBIp were
determined under nonreducing conditions using a Voyager-
DE STR mass spectrometer operated in linear mode using
sinapinic acid as matrix.

Electrospray Ionization (ESI) Mass Spectrometry. Porcine
or human corneal powders were boiled in reducing SDS
sample buffer and analyzed by reduced SDS-PAGE. The
TGFBIp bands of interest were excised and digested with
different proteases overnight, the peptides were extracted,
and particular matter was removed by filtration. The LC-
MS/MS analyses were performed using a Micromass Q-TOF
Ultima Global mass spectrometer connected to an LC-
Packings UltiMate Nano LC system with autosampler. A
nano spray ion source was used to hold the packed fused-
silica emitters and apply capillary voltage through a Valco
union. Injected samples were first trapped and desalted
isocratically on an LC-Packings PepMap C18 Precolumn
cartridge (300× 5 mm). The peptides were eluted and
separated on analytical fused-silica emitter (10 cm× 75 mm,
packed with Nucleosil 120-3, C18, Macherey-Nagel) con-
nected in line to the mass spectrometer. The column was
developed using a 200 nL/min flow rate and linear gradients
from buffer A (0.02% HFBA and 0.5% acetic acid in water)
to buffer B (0.02% HFBA, 0.5% acetic acid, and 75%
acetonitrile in water). After data acquisition, the individual
MS/MS spectra acquired for each precursor were combined,
smoothed, deisotoped, and compiled as a single Mascot-
searchable peak list. The peak list files were used to query
the Swiss-Prot database using the Mascot program. Un-
matched spectra were analyzed using the Mascot error
tolerant search option (41).

Calibrated Gel Filtration.The apparent molecular mass
and Stokes radii (Rs) of purified porcine TGFBIp were
measured by gel filtration on a calibrated PC 3.2/30 Superose
12 column (Amersham Biosciences). The column was
connected to a Pharmacia SMART system equilibrated in
50 mM Tris-HCl, pH 7.4, 150 mM NaCl, and calibrated
using ∼20 µg of each of the following standard globular
proteins with known molecular mass and Stokes radius:
ribonuclease A (MW) 14.8 kDa,Rs ) 16.4 Å), chymo-
trypsinogen A (MW) 21.0 kDa,Rs ) 20.9 Å), ovalbumin
(MW ) 43.5 kDa,Rs ) 30.5 Å), and bovine serum albumin
(MW ) 66.0 kDa,Rs ) 35.5 Å). The elution volume (Ve)
of the standard proteins was measured andKav was calculated
according to the equation:Kav ) (Ve - V0)/(Vt - V0). The
elution position of blue dextran was used as the Superose
12 void volume (V0 ) 0.85 mL) and the total volume of the
column (Vt) was 2.4 mL. The data were used for plotting

Kav against log(MW) and (-log Kav)1/2 against the Stokes
radius (Rs) according to Siegel and Monty (42). The Ve of
purified porcine TGFBIp was measured using 6µg of
protein. Eluting proteins were monitored at 280 nm. TheVe

of purified human TGFBIp was monitored by immunoblot-
ting of fractions.

Production of TGFBIp Fragments and Specific Antiserum.
Human TGFBIp fragments for antibody production were
either synthesized (residues 648-683; C-terminal) or ex-
pressed inE. coli (residues 134-500; central domains). The
peptide corresponding to residues 648-683 in human
TGFBIp was assembled in an Applied Biosystems 433A
Peptide synthesizer using F-moc chemistry (43). The result-
ing peptide was deblocked, purified by reversed phased
HPLC, and characterized by Edman degradation and mass
spectrometry. Primers for amplifying the TGFBIp cDNA
encoding residues 134-500 were 5′-caccgggcccggcagcttcac-
catcttcg-3′ and 5′-tcagggggtcagcacccggtccat-3′. The resulting
TGFBIp cDNA fragment was cloned into pET Directional
TOPO expression plasmid (pET100/D-TOPO, Invitrogen),
and transfected intoE. coli cells. The TGFBIp fragment was
purified using nickel affinity chromatography. Rabbits were
immunized five times subcutaneously with approximately
100 µg of antigen emulsified in Freund’s adjuvant at four
week intervals.

Polyacrylamide Gel Electrophoresis and Western Blots.
SDS-PAGE was performed in 5-15% gradient gels (10 cm
× 10 cm× 1.5 mm) using the glycine/2-amino-2-methyl-
1,3-propanediol/HCl system described by Bury (44). For
Western blotting, proteins were electroblotted onto a PVDF
membrane according to Matsudaira (45), and TGFBIp was
detected with an enhanced chemiluminesence detection
system (Amersham Biosciences) using the primary antisera
at a dilution of 1:2000.

Quantification of CoValent-Associated TGFBIp.Approxi-
mately 1 mg of human corneal powder was incubated for
30 min at 25°C in 100µL of nonreducing SDS sample buffer
containing 50 mM iodoacetamide interrupted by vigorous
vortex mixing. The sample was then boiled for 5 min and
centrifuged for 2 min at 16000g before the supernatant was
removed and transferred to another Eppendorf tube. This
procedure was repeated with the pellet four more times using
nonreducing SDS sample buffer without iodoacetamide. The
supernatants were combined producing a total volume of 0.5
mL. After the fifth time no TGFBIp was detected in the
supernatant as determined by Western blotting. The resulting
pellet was then boiled in 100µL of SDS sample buffer now
containing 50 mM DTT, centrifuged for 2 min at 16000g
and the supernatant was transferred to another Eppendorf
tube. The combined nonreduced supernatants and the protein
material released following reduction of the pellet (1/10 of
both) were analyzed by reduced SDS-PAGE (Figure 6).
Proteins were electroblotted onto a PVDF membrane and
TGFBIp was detected by immunoblotting using the primary
antisera against the central domains of TGFBIp. Quantifica-
tions of TGFBIp were performed by densitometry on the
developed films using a proprietary Software package
(Biorad Quantity One).

RESULTS

Purification of Porcine and Human TGFBIp.To make the
porcine corneas amenable to homogenization, they were dried
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thoroughly and then frozen in liquid nitrogen. This makes
them brittle, and the homogenization produces a fine powder,
maximizing protein extraction. The amount of contaminating
proteins in the TGFBIp extract was significantly reduced by
briefly washing the pellet with water three times, which was
particularly important with regard to albumin. Most of the
TGFBIp could be released from the pellet by washing
overnight with 1 M (NH4)2SO4. This result suggests that the
interaction with the pellet involves electrostatic interactions.
The extracted proteins were applied directly to a Phenyl
Sepharose column for hydrophobic interaction chromatog-
raphy (Figure 1A,B). The TGFBIp-containing fractions were
pooled and applied to a Protein G column to remove IgG,
which was the most abundant protein in the extract. The
flow-through was collected, dialyzed and applied to a Mono

Q anion exchange column equilibrated in 20 mM Tris-HCl,
pH 7.4 and eluted using a linear NaCl gradient (Figure 1C,D).
Additional purification was achieved by gel filtration on a
Superose 12 column (Figure 1E,F), yielding∼95% pure
TGFBIp (Table 1). The total protein concentration was
determined by absorbance at 280 nm. The progress of the
purification procedure was monitored by SDS-PAGE and
Western blotting. Quantification of the latter is the basis of
the estimated purification folds in Table 1. Human TGFBIp
was purified essentially as described above, but at a much
smaller scale employing only 10 corneas (data not shown).

C-Terminal Truncation of TGFBIp.Porcine corneal
TGFBIp migrates as a 64 kDa protein (Figure 1), and human
corneal TGFBIp migrates as a 65 kDa protein in reduced
SDS-PAGE (Figure 5A), whereas the sequence of the

FIGURE 1: Purification of porcine corneal TGFBIp. Chromatography traces and polyacrylamide gels from purification of porcine corneal
TGFBIp on Phenyl Sepharose (A, B), Mono Q (C, D), and Superose 12 (E, F). In the chromatographic traces, the bars indicate the fractions
pooled for further purification. In the polyacrylamide gels, a broad set of fractions are represented, with the number of the fraction above
the lane. The TGFBIp bands are indicated with arrows.
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TGFBI gene predicts a molecular mass of 72 kDa when
excluding the signal peptide of 23 amino acid residues. We
hypothesized that the smaller than expected size was the
result of proteolytic processing. Thus, using Edman degrada-
tion, we identified the first eight amino acids of purified
porcine TGFBIp as GPAKSPYQ (data not shown). This was
the expected N-terminal sequence (46) and N-terminal
processing was ruled out as the reason for the apparent low
molecular weight. Since the N-terminal was intact, a C-
terminal truncation was investigated. To identify the C-
terminus, we subjected purified porcine TGFBIp to C-ter-
minal protein sequence analysis and identified DELA-COOH
as the major C-terminus and LEVSSK-COOH as a weak
C-terminal sequence according to the signal intensities from
the sequence HPLC (data not shown). In porcine TGFBIp,
these sequences are unique to Asp644-Ala647 and Leu597-
Lys602, respectively (Figure 2). To further investigate the
C-terminal truncation, TGFBIp from human and porcine
corneas was analyzed by LC-MS/MS. Corneal powders from
porcine and human were boiled in reducing SDS sample
buffer and analyzed by SDS-PAGE. The TGFBIp band was
excised and digested with different proteases to generate
overlaps and thereby covering most of the sequence (Table
2). This direct procedure facilitates that no proteolytic
cleavages of TGFBIp occur prior to the LC-MS/MS analysis.
The predominant C-terminal processing of porcine TGFBIp
at Ala647 was verified by the presence of the truncated peptide
TINTVLRPPANKPQERGDELA after digestion with chy-
motrypsin that does not readily cleave Ala-Xxx peptide
bonds. The most C-terminal localized peptide Gly643-Lys655

was identified by LC-MS/MS of porcine TGFBIp after
digestion with trypsin indicating that the C-terminal process-
ing of TGFBIp is a heterogeneous event in the cornea.
Similarly, the most C-terminal localized peptide identified
in human TGFBIp was Leu646-Ala657 after digestion with
thermolysin, which does not readily cleave Ala-Ser peptide
bonds (Table 2, Figure 3). Thus, the LC-MS/MS analysis
supports the C-terminal sequencing data using purified
TGFBIp and indicates that the C-terminal of porcine corneal
TGFBIp is ragged.

The predicted molecular mass of porcine TGFBIp with a
C-terminus at Ala647 and no posttranslational modifications
is 68.092 Da, and using purified TGFBIp we determined it
to be 68.079 Da by MALDI mass spectrometry under
nonreducing conditions (Figure 4A). To investigate the
C-terminal proteolytic processing in vitro, recombinant
human TGFBIp was expressed in HEK293 cells and purified
from the medium. The measured mass of recombinant
TGFBIp was 69.193 Da (data not shown), which is in
agreement with the calculated mass (68.230 Da) following
a C-terminal cut at Ala647. Thus, these results suggest that
the C-terminal proteolytic processing of TGFBIp in the

cornea is similar to that observed when the protein is
expressed in HEK293 cells.

No EVidence for Posttranslational Additions in TGFBIp.
In addition to the measured masses of porcine and human
TGFBIp the measured masses of the individual peptides
identified by LC-MS/MS were consistent with the lack of
posttranslational additions (Table 2). The only exceptions
were oxidations or deamidations, which are commonly
observed nonenzymatic modifications often caused by han-
dling during protein and peptide purifications. However,
since some regions of both porcine and human TGFBIp were
not covered by the LC-MS/MS analysis (Table 2), we cannot
exclude that TGFBIp contains posttranslational additions.
Furthermore, modified peptides present in very low amounts
relative to the nonmodified species could theoretically remain
undetected by LC-MS/MS. However, the LC-MS/MS data
revealed no evidence for posttranslational additions in
TGFBIP, which is in accordance with the MALDI mass
spectrometry data of both porcine and human TGFBIp.

TGFBIp Is a Monomer.During gel filtration, porcine
TGFBIp eluted at a position that corresponded to an apparent
molecular mass of 64.6 kDa calculated from equation:Kav

) 0.872-0.338× log(MW) (Figure 4B), or a Stokes radius
of 35.6 Å. For human corneal TGFBIp, a similar result was
obtained (data not shown). In addition, cross-linking with
the homobifunctional reagent dimethyl suberimidate did not
result in the appearance of dimeric or other oligomeric
species when analyzed by SDS-PAGE (data not shown).
Thus, these results in combination with the determined
molecular mass of porcine TGFBIp (68.079 Da) and rh-
TGFBIp (69.193) by MALDI mass spectrometry under
nonreducing conditions suggest that TGFBIp is a globular
monomer.

Intact TGFBIp Is Present in Corneal Extracts. To inves-
tigate the nature of the proteolytical processing, we raised
an antibody against a synthetic peptide corresponding to the
entire missing C-terminus (Asp648-His683) of the predominant
processed isoform of porcine TGFBIp, i.e., Gly24-Ala647.
This antibody did not exhibit an affinity for purified porcine
or semi-purified human TGFBIp (data not shown), indicating
that the majority of human corneal TGFBIp is also lacking
residues Asp648-His683. However, in Western blots of
extracts from human or porcine corneas, the C-terminal
antibody showed reactivity against two bands that migrated
just above purified TGFBIp (Figure 5B). The faint upper
band and the lower stronger band (Figure 5B) must likely
represent full-length TGFBIp and the Gly24-Ala657 isoform,
respectively. The reactivity was much less than with the
antibody directed against the central FAS domains (Gly134-
Pro500) (Figure 5A), indicating that full-length TGFBIp is
significantly less abundant in the cornea than C-terminal-
processed TGFBIp. To confirm the presence of full-length

Table 1: Purification Yields of Porcine Corneal TGFBIpa

fraction volume (mL) total protein (mg) TGFBIp (mg) yield (%) purification (fold)

Corneal extract 300 480 1.1 100 1
Phenyl sepharose 240 96 1.0 91 4.5
Protein G column 260 39 0.9 82 10
Mono Q ion exchange 10 1.6 0.2 18 55
Superose 12 gel filtration 3 0.1 0.1 9 440

a The total amounts of protein are calculated fromA280, while the amounts of TGFBIp are estimated from quantifications using Western blotting.
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TGFBIp indicated by the Western blots, we cut out the
corresponding region from a duplicate SDS-PAGE gel of

extract from porcine corneas. The protein in the gel plug
was digested with trypsin and the resulting peptides were

FIGURE 2: Alignment of human and porcine TGFBIp. Full-length human and porcine TGFBIp (683 residues) including the signal peptide
(underlined) are 93% identical. The alignment indicates identities (regular letters) and nonidentical residues (regular bold letters). The
proposed integrin binding sequence Arg642-Gly643-Asp644 (RGD) is also marked (bold italic letters).

Structural Characterization of Corneal TGFBIp Biochemistry, Vol. 43, No. 51, 200416379



Table 2: LC-MS/MS Analyses of Porcine and Human TGFBIpa

residue sequence (porcine TGFBIp) enzyme

24-31 GPAKSPYQ thermolysin
32-39 LVLQHSRL thermolysin
40 R missing
41-52 GRQHGPNVCAVQ chymotrypsin
43-53 QHGPNVCAVQK trypsin
54 L missing
55-62 IGTNKKYF chymotrypsin
62-68 FTNCKQW thermolysin
69-72 YQRK missing
73-82 ICGKSTVISY chymotrypsin
79-99 VISYECCPGYEKVPGEKGCPA thermolysin
100-103 VLPL missing
104-121 SNLYETLGVVGSTTTQLY chymotrypsin
122-127 TDRTEK missing
128-140 LRPEMEGPGSFTI thermolysin
140-158 FAPSNEAWAS LPAEVLDS thermolysin
159-170 LVSNVNIELLNA thermolysin
171-172 LR missing
173-178 YHMVDR trypsin
179 R missing
180-186 VLTDELK trypsin
187-213 HGMALTSMYQNSNIQIHHYPNGI VTVN trypsin
214-219 CARLLK missing
220-234 ADHHATNGVVHLIDK trypsin
235-257 VISTVTNNIQQIIEIEDTFETLR trypsin
257-275 RAAVAASGLNTLLEGDGQY chymotrypsin
276-283 TLLAPSNE missing
284-292 AFEKIPAETL thermolysin
288-295 IPAETLNR trypsin
296-304 ILGDP EALR trypsin
305-313 DLLNNHILK trypsin
313-325 KSAMCAEAIVAGL chymotrypsin
326-329 SLET missing
330-343 LEGTTLEVGCSGDM thermolysin
344-350 LTINGKP missing
351-366 IISNKDVLATNGVIHF thermolysin
367-380 IDELLIPDSAKTLF chymotrypsin
378-396 TLFELAAESDVSTAVDLFR chymotrypsin
397-409 QAGLGSHLSGNER trypsin
410-421 LTLLAPMNSVFK trypsin
419-426 VFKDGTPR thermolysin
427-432 IDARTK missing
433-441 NLLLNHMIK trypsin
437-448 NHMIKDQLASKY chymotrypsin
448-461 YLYHGQTLDTLGGK trypsin
462-464 KLR missing
465-475 VFVYRNSLCIE V8
473-488 CIENSCIAAHDKRGRY chymotrypsin
488-496 YGTLFTMDR trypsin
497-510 MLTPPMGTVMDVLK trypsin
498-514 LTP PMGTVMDVLKGDNR thermolysin
515-533 FSMLVAAIQSAGLTETLNR trypsin
534-555 EGVYTVFAPTNEAFQALPLGER trypsin
546-564 AFQALPLGERNKLLGNAKE V8
564-570 ELANILK trypsin
571-588 YHVGDEILVSGGIGALVR trypsin
589-590 LK missing
591-602 SLQGDKLEVSSK trypsin
603-642 NSLVTVNKEPVAEADIMATNGVV HTINTVLRPPANKPQER trypsin
627-647 TINTVLRPPANKPQERGDELA chymotrypsin
643-655 GDELADSALEIFK trypsin

residue sequence (human TGFBIp) enzyme

24-31 GPAKSPYQ thermolysin
31-39 QLVLQHSRL chymotrypsin
40 R missing
41-61 GRQHGPNVCAVQKVIGTNRKY chymotrypsin
60-66 KYFTNCK trypsin
67-69 QWY missing
70-82 QRKICGKSTVISY chymotrypsin
83-95 ECCPGYEKVPGEK chymotrypsin
96-124 GCPAALPLSNLYETLGVVGSTTTQLYTDR trypsin
121-139 YTDRTEKLRPEMEGPGSFT thermolysin
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analyzed using MALDI-TOF MS. Among the fragments
identified was the peptide LAPVYQR (Leu670-Arg676) of
TGFBIp. This is the most C-terminal peptide that we could
expect to detect with the method applied (Figure 2). This
demonstrates that both intact and C-terminally truncated
TGFBIp are present in the cornea.

A Fraction of TGFBIp Is CoValently Associated with
Insoluble ECM Components.The insoluble pellets from the
human and porcine TGFBIp purifications contained TGFBIp.
To investigate the nature of the binding, homogenized human
and porcine corneas were washed and boiled several times
in nonreducing SDS sample buffer until no TGFBIp was
released. Addition of the reducing agent, DTT, to this
extensively washed pellet released a significant amount of
TGFBIp (Figure 6). The relative amount of covalent-
associated TGFBIp was quantified by densitometry using
immunoblotting, and it was estimated that approximately

60% of the total TGFBIp in the cornea was covalently
associated with insoluble ECM components through a
disulfide bridge. In addition, fractions of both the free and
the covalently bound TGFBIp were fragmented. Fragments
of TGFBIp have previously been observed in normal human
corneas (47). Significantly, no difference in fragmentation
pattern was observed between the free and the covalently
bound TGFBIp.

DISCUSSION

Several corneal dystrophies are linked to mutations in the
TGFBI gene leading to abnormal accumulations of TGFBIp
aggregates in the corneal stroma and visual impairment. In
this study, we purified and characterized TGFBIp from
normal porcine and human corneas to obtain a better
understanding of the structure and processing of this protein.

Table 2: Continued

residue sequence (human TGFBIp) enzyme

140-146 IFAPSNE missing
147-158 AWASLPAEVLDS thermolysin
157-168 DSLVSNVNIELL chymotrypsin
169-172 NALR missing
173-178 YHMVGR trypsin
179-186 RVLTDELK trypsin
182-191 TDELKHGMTL chymotrypsin
192-195 TSMY missing
196-203 QNSNIQIH chymotrypsin
201-208 QIHHYPNG thermolysin
209-217 IVTVNCARL missing
218-230 LKADHHATNGVVH thermolysin
220-234 ADHHATNGVVHLIDK trypsin
235-257 VISTITNNIQQIIEIEDTFETLR trypsin
258-287 AAVAASGLNTMLEGNGQYTLLAPTNEAFEK trypsin
288-295 IPSETLNR trypsin
296-304 ILGDPEALR trypsin
305-313 DLLNNHILK trypsin
314-330 SAMCAEAIVAGLSVETL missing
331-343 EGTTLEVGCSGDM thermolysin
344-349 LTINGK missing
350-355 AIISNK trypsin
356-377 DILATNGVIHYIDELLIPDSAK trypsin
378-396 TLFELAAESDVSTAIDLFR trypsin
397-409 QAGLGNHLSGNER trypsin
410-421 LTLLAPLNSVFK trypsin
421-435 KDGTPPIDAHTRNLL chymotrypsin
436-448 RNHIIKDQLASKY chymotrypsin
448-461 YLYHGQTLDTLGGK trypsin
462 K missing
463-466 LRVF thermolysin
467-469 VYR missing
470-485 NSLCIENSCIAAHDKR trypsin
473-488 CIENSCIAAHDKRGRY chymotrypsin
488-496 YGTLFTMDR trypsin
493-506 TMDRVLTPPMGTVM chymotrypsin
507-518 DVLKGDNRFSML chymotrypsin
515-533 FSMLVAAIQSAGLTETLNR trypsin
534-548 EGVYTVFAPTNEAFR trypsin
547-555 FRALPPRER thermolysin
556-569 SRLLGDAKELANIL chymotrypsin
570-586 KYHIGDEILVSGGIGAL chymotrypsin
587-601 VRLKSLQGDKLEVSL chymotrypsin
602-619 KNNVVSVNKEPVAEPDIM chymotrypsin
611-642 EPVAEPDIMATNGVVHVITNVLQPPANRPQER trypsin
643-655 GDELADSALEIFK trypsin
646-657 LADSALEIFKQA thermolysin

a Top table, TGFBIp from porcine. Bottom table, TGFBIp from human. The sequence of TGFBIp is shown starting at the top of and going down
the columns with overlaps where there is a change of protease. The tables show only nonredundant peptides, i.e., a peptide is only shown if at least
part of the sequence is not covered by another already listed peptide.
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The results show that the majority of corneal TGFBIp from
both porcine and human are C-terminal proteolytically
processed between Lys602 and Ser658. We identified two
C-termini of porcine corneal TGFBIp (Ala647 and Lys602) and
one of human corneal TGFBIp (Ala657). Thus, we conclude
that the C-terminal of TGFBIp is ragged in porcine corneas
and that human corneas contain at least one C-terminal
truncated isoform. According to the relative signal intensities

from the C-terminal sequencing analysis, the most abundant
isoform of TGFBIp in porcine corneas is truncated at Ala647

leaving only three amino acids between the integrin binding
RGD sequence and the mature C-terminal residue. Because
secondary structure predictions show that the RGD sequence
is part of anR-helix in full-length TGFBIp, but forms a
random coil after processing of the Ala647-Asp648 peptide
bond, the processing may represent a functional activation
of the integrin binding activity. In this scenario, the process-
ing would make the area around the RGD sequence more
accessible and thereby facilitate the binding to integrins.
Unmasking of hidden or so-called cryptic sequences is an
important mode of regulation in the extracellular matrix (48).
In addition, we identified a mature C-terminus at Lys602 in
porcine corneal TGFBIp. This finding may indicate the

FIGURE 3: Schematic presentation of the identified TGFBIp
isoforms. The scheme shows the C-terminal cleavage sites (arrows)
identified in corneal porcine ([) and human (f) TGFBIp. The RGD
sequence (Arg642-Asp644) is only three residues from the C-terminal
residue in the major isoform of mature TGFBIp (Gly24-Ala647)
from porcine corneas. The signal peptide (Met1-Ala23) is cleaved
off before TGFBIp is secreted. The four repeat Fas1 domains
(Ala100-Ile238, Thr239-Asp374, Ser375-Pro501, and Met502-Pro635)
are indicated.

FIGURE 4: TGFBIp is a monomer. Determination of the molecular
mass of purified porcine TGFBIp using MALDI mass spectrometry
under nonreducing conditions (A). Determination of the apparent
molecular weight of TGFBIp using calibrated gel filtration (B).
The elution volumes (Ve) of the standard proteins were as follows:
(1) ribonuclease A (Ve ) 1.57 mL), (2) chymotrypsinogen A (Ve
) 1.54 mL), (3) ovalbumin (Ve ) 1.33 mL), and (4) bovine serum
albumin (Ve ) 1.26 mL). The elution volume of purified porcine
TGFBIp (Ve ) 1.256 mL) is indicated with an arrow.

FIGURE 5: The human cornea contains both intact and C-terminally
truncated TGFBIp. Normal human corneal extract was analyzed
by Western blotting using antibodies against the central domains
(A) and the C-terminal fragment (B). Approximately 0.1 mg was
boiled in 100µL of loading buffer containing DTT and 0.1, 0.2, or
0.3 µL of supernatant was loaded in lanes 1, 2, 3 (A), and 1, 2,
and 3µL was loaded in the gel used for the C-terminal antiserum
(B).

FIGURE 6: TGFBIp is covalently associated with insoluble com-
ponents of the extracellular matrix. Western blot of nonreducing
and reducing extractions of the human corneal powder. Lane 1,
supernatant following extraction using nonreducing SDS sample
buffer; lane 2, supernatant following extraction using SDS sample
buffer containing DTT. Both lanes contain 1/10 of the extract from
1 mg of corneal powder. It is apparent that a significant amount
(∼60% as determined by densitometry) of TGFBIp is released from
the pellet following the addition of DTT. In addition, some TGFBIp
was fragmented in agreement with previous reports (47).
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release of a C-terminal TGFBIp peptide containing the RGD
following proteolytic processing. Previous results have
indicated that the release of a C-terminal TGFBIp peptide
containing the RGD sequence mediates apoptosis (49). The
C-terminal processing of porcine and human corneal TGFBIp
was verified by immunoblotting using antibodies raised
against thecentraland C-terminal regions of TGFBIp. The
results showed that isoforms lacking the C-terminal region
were much more abundant than the full-length isoform in
extracts of human and porcine corneas. In addition, the
measured mass of human recombinant TGFBIp expressed
in HEK293 cells indicates that the proteolytic processing in
vitro is similar to that in vivo. All the residues mutated in
TGFBIp-linked corneal dystrophies are maintained in the
major isoform of C-terminal truncated porcine TGFBIp
(residues Gly24-Ala647) and human TGFBIp (residues Gly24-
Ala657). In contrast, the residues Ala622, Gly623, and His626

are not preserved in the porcine TGFBIp isoform cleaved at
Lys602.

Many FAS proteins including periostin, the closest ho-
mologue of TGFBIp, are glycosylated, and it has previously
been reported that TGFBIp is phosphorylated (50). However,
the data presented here reveal no evidence that TGFBIp
carries posttranslational additions. This conclusion rests on
two findings: (a) the determined mass of TGFBIp corre-
sponds to the theoretical mass of the unmodified protein and
(b) an extensive search for modified peptides using LC-MS/
MS was unsuccessful.

The retention of TGFBIp in gel filtration indicates that
the native protein is a monomer with a globular shape. This
finding is in contrast to observations of multimerization by
Kim et al. (51) and Ohno et al. (20). We did not encounter
natural multimers of TGFBIp, but after denaturation prior
to nonreduced SDS-PAGE, TGFBIp was prone to disulfide
bridge exchange and dimerization. This could be completely
eliminated by carboxymethylation of free Cys residues before
denaturation. In addition, dimers were not observed in gel
filtration chromatography or native PAGE, presumably
because the native state protects TGFBIp against disulfide-
bridge exchange.

TGFBIp has recently been shown to bind bovine collagen
VI through a disulfide bond in tissue microfibrils (27). Our
observation that a large fraction of human TGFBIp can be
released from the cornea pellet by reduction shows that the
same binding is likely to exist in the human cornea. This is
particularly likely as the cornea has an exceptionally high
content of collagen VI, estimated up to 25% of the total
protein (52). The covalently bound fraction of TGFBIp was
not analyzed by mass spectrometry and, therefore, it may
have different structural characteristics than the soluble
fraction of TGFBIp.

In conclusion, we have purified TGFBIp from porcine and
human corneas. The proteins were shown to be a monomer
in both cases. In addition the C-terminals were truncated
predominantly just after the RGD sequence. TGFBIp pre-
sumably does not carry posttranslational additions, but
approximately 60% of the protein is covalently associated
with insoluble components of the extracellular matrix.
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