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Abstract

Mutations in the transforming growth factor beta-induced (TGFBI) gene result in a group of
hereditary diseases of the cornea that are collectively known as TGFBI corneal dystrophies. These
mutations translate into amino acid substitutions mainly within the fourth fasciclin 1 domain
(FAS1-4) of the transforming growth factor beta-induced protein (TGFBIp) and cause either
amyloid or non-amyloid protein aggregates in the anterior and central parts of the cornea,
depending on the mutation. The A546T substitution in TGFBIp causes lattice corneal dystrophy
(LCD), which manifests as amyloid-type aggregates in the corneal stroma. We previously showed
that the A546T substitution renders TGFBIp and the FAS1-4 domain thermodynamically less
stable compared with the wild-type (WT) protein, and the mutant FAS1-4 is prone to amyloid
formation in vitro. In the present study, we identified the core of A546T FAS1-4 amyloid fibrils.
Significantly, we identified the Y571-R588 region of TGFBIp, which we previously found to be
enriched in amyloid deposits in LCD patients. We further found that the Y571-R588 peptide
seeded fibrillation of A546T FAS1-4 and, more importantly, we demonstrated that native TGFBIp
aggregates in the presence of fibrils formed by the core peptide. Collectively, these data suggest an
involvement of the Y571-R588 peptide in LCD pathophysiology.
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Transforming growth factor beta-induced protein (TGFBIp, also called keratoepithelin) is an
extracellular matrix protein that is expressed in a wide range of tissues at high levels in skin,
bone, kidney and cornea 14, Mutations in the transforming growth factor beta-induced
(TGFBI) gene are associated with several autosomal dominant corneal dystrophies that are
characterized by progressive accumulation of proteinaceous aggregates in the cornea. These
dystrophies include lattice corneal dystrophies (LCDs), which are defined by the formation
of amyloid fibrils in the sub-epithelial anterior and central parts of the cornea, and granular
corneal dystrophies (GCDs), which are characterized by the deposition of opacities in the
corneal stroma . The only available treatments of TGFBI corneal dystrophies are lamellar
keratoplasty or phototherapeutic keratectomy for disorders that only affect the superficial
cornea; full-thickness corneal transplant can be used in severe cases with TGFBIp deposits
throughout the corneal stroma -°. However, the impact of these treatments is normally
transient because there is a risk of new protein accumulation in the donor cornea 10-12,
Moreover, donor corneas may be scarce. Therefore there is an urgent need for alternative,
less invasive treatments.

Amyloid fibrils are self-assembled protein structures that are associated with corneal
dystrophies and several neurodegenerative diseases including Alzheimer’s disease and
Parkinson’s disease 3. Amyloids are generally extremely stable structures with a fibril core
that is comprised mainly of beta-sheet secondary structure elements 14. This beta-rich core is
essential to the thermodynamic stability of the fibril. Therefore, this core is an attractive
target for therapeutic intervention in amyloid diseases.

Previous attempts to localize the fibril core of amyloidogenic TGFBIp mutants have
analyzed the aggregation propensity of synthetic peptides representing regions from
TGFBIp predicted to be prone to fibrillation 1% 16, These peptides covered regions in the
termini of the fourth fasciclin 1 domain (FAS1-4) of TGFBIp, specifically F515-N532 and
E611-Q633.

The present study characterized the fibril structure that is induced by the naturally occurring
A546T mutation in TGFBIp. The A546T mutation produces an LCD variant (previously
known as LCD llla) that manifests as thick, ropy lattice lines throughout the stroma and
causes corneal erosions; this phenotype corresponds to an autosomal dominant inheritance
pattern 17- 18_Our recent study showed that mutations in FAS1-4 affect the thermodynamic
stability of TGFBIp and the A546T mutation drives the FAS1-4 domain towards the
formation of amyloid fibrils via structural destabilization 19. Here, we identify the segment
that constitutes the fibril core of A546T FAS1-4 amyloid fibrils. The region identified
contained the Y571-R588 segment, which we recently showed was enriched in LCD corneal
deposits 20-22, We further demonstrated that fibrils of the core peptide induced fibrillation of
A546T FAS1-4 and caused aggregation of native WT TGFBIp in corneal protein extracts.
Consistent with our previous identification of the Y571-R588 peptide in LCD corneal
deposits, our findings indicate that this peptide plays a central role in LCD pathogenesis.
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EXPERIMENTAL PROCEDURES

Materials

Unless otherwise stated, chemicals were from Sigma-Aldrich Co. (St. Louis, MO, USA).
The F515-R533 and Y571-R588 peptides were synthesized at EZBiolab Inc. (Carmel, IN,
USA). Professor Daniel Otzen, Aarhus University, kindly provided a-synuclein fibrils. A
healthy eye was obtained post-mortem from an 86-year-old male at Aarhus University
Hospital, and it was collected within 48 h after time of death.

Cloning, expression, and purification of mutant A546T FAS1-4 and WT TGFBIp

An A546T FAS1-4 construct encoding amino acid residues 502—657 from human TGFBIp
(SwissProt accession number Q15582) plus two additional N-terminal amino acid residues
(denoted A500' and G501') was cloned, expressed and purified as previously described 19.
WT TGFBIp was also cloned, expressed and purified as previously described 23, with minor
modifications in cell type and the transfection protocol. Expression was induced in the
human cell line Freestyle 293-F (Invitrogen, Madison, WI, USA) using the
polyethylenimine transfection method 24, Purified proteins were dialyzed against phosphate-
buffered saline (PBS) (20 mM sodium phosphate, 137 mM NaCl, pH 7.4), frozen in liquid
nitrogen and stored at —80°C.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

Protein fragments of the insoluble and soluble fractions of monomeric and fibrillated A546T
FAS1-4 before and after trypsin digestion were separated in 10-15% polyacrylamide gels
using SDS-PAGE 25. DTT (35 mM) and SDS (1%) were added to prepare the samples for
electrophoresis, and the samples were boiled for 5 min. After separation, the gel was stained
with Coomassie brilliant blue. Bands of interest were analyzed using N-terminal sequencing
on a separate gel.

N-terminal sequencing

Reversed-phase HPLC (RP-HPLC) fractions were applied directly to micro trifluoroacetic
acid (TFA) filters and sequenced using automated Edman degradation (PROCISE TM 494
HT sequencer with on-line phenylthiohydantoin analysis by HPLC, Applied Biosystems,
Foster City, CA, USA). Proteins were electrophoretically transferred to a polyvinylidene
fluoride (PVDF) membrane (Millipore, Billerica, MA, USA) in 10 mM N-cyclohexyl-3-
aminopropanesulfonic acid (CAPS), 10% (v/v) methanol, pH 11, as described previously 26,
to sequence the N-termini of the SDS-PAGE-separated proteins. Subsequently, the bands of
interest were excised and analyzed.

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry

Samples from RP-HPLC were lyophilized and mixed 1:1 v/v with a-cyano-4-
hydroxycinnamic acid in 70% acetonitrile and 0.1% TFA and spotted directly onto the
MALDI target. The analysis of peptides larger than 4,000 Da was performed on an Autoflex
Il smart-beam instrument (Bruker, Billerica, MA, USA), and peptides with masses below
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4,000 Da were analyzed using a Q-TOF Ultima MALDI mass spectrometer (Waters
Corporation, Milford, MA, USA).

Fibrillation of A546T FAS1-4 and synthetic peptides

Proteinase inhibitors (cOmplete Proteinase inhibitor cocktail - EDTA free, Roche
Diagnostics, Basel, Switzerland), sodium azide (0.02%) and EDTA (5 mM) were added to
all samples in order to prevent bacterial growth and adventitious proteolysis during
fibrillation. The recombinant A546T FAS1-4 protein (1.2 mg/ml in PBS) and synthetic
F515-R533 and Y571-R588 peptides, which were used for the seeded fibrillation assay and
pull-down experiments described below, were fibrillated in a thermoshaker (Grant Bio,
Hillsborough, NJ, USA) for 8 days (A546T FAS1-4) or 4 days (peptides) at 37°C with
shaking at 900 rpm. The synthetic F515-R533 and Y571-R588 peptides were dissolved in
dimethyl sulfoxide (DMSOQ) at a concentration of 4.3 mM and diluted to 43 uM in PBS
before fibrillation. In experiments where the two peptides were mixed, the concentration of
each peptide was also 43 UM and in seeding experiments seeds of the peptides were
produced separately and only mixed when added to the A546T FAS1-4. A546T FAS1-4 was
fibrillated at a concentration of 0.3 mg/mL, and 10 or 20% (molar ratio) core peptide seeds
were added, when testing the ability of fibrillated F515-R533 and Y571-R588 to seed the
fibrillation of A546T FAS1-4. The seeds were obtained using sonication of F515-R533 and
Y571-R588 fibrils at 30% amplitude for 3 x 10 s (Labsonic M, Sartorius, Goettingen,
Germany). Thioflavin T (ThT) was added to a final concentration of 40 uM to visualize the
fibrillation process, and the samples were incubated in a 96-well plate at 37°C in a plate
reader (FLUOstar Omega, BMG LABTECH, Ortenberg, Germany). The fibrillation of the
core peptides was performed in optical bottom surface- coated polystyrene plates (Cat#:
165305, Thermo Scientific, Waltham, MA, USA), and the seeded fibrillation assays were
carried out in optical bottom polystyrene plates (Cat#: 3631, Corning, New York, NY,
USA). The samples were set up for fibrillation with double orbital shaking for 2 min at 500
rpm every 20 min. The excitation wavelength was 450 nm, and emission was measured at
485 nm. The fibrillations were performed in triplicate. Monitoring of ThT binding to fibril
seeds was performed in duplicates.

Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS)

Automatic sample handling, online proteolysis and LC/MS analysis of the deuterated
samples were performed using a H/D-X PAL system (LEAP Technologies, Carrboro, NC,
USA) coupled to an Ultimate 3000 UPLC system (Dionex, Sunnyvale, CA, USA) and an
Ultima Q-TOF mass spectrometer (Micromass/Waters, Milford, MA, USA). The fibrillated
AB46T FAS1-4 was isolated as a pellet via centrifugation at 16,100 x g for 15 min, followed
by washing in PBS to remove excess monomeric A546T FAS1-4 that was loosely associated
with the pellet. Monomeric or fibrillated A546T FAS1-4 was allowed to undergo hydrogen-
deuterium exchange in a 87% deuterated buffer containing 10 mM Tris-HCI and 137 mM
NaCl at pD 7.4 for increasing time intervals (30 sec, 2 min, 5 min, 10 min, 30 min 60 min, 3
h, 12 hand 72 h) at 2°C. A fully deuterated FAS1-4 sample was generated by incubating
monomeric FAS1-4 in the deuteration buffer for 1 h at 95°C 24 h followed by 23 h at 2°C.
Deuterium uptake was quenched, and the fibrils were solubilized in 6 M urea and 300 mM
glycine pH 2.5 at 4°C for 1 min, after which time the samples were diluted 3-fold with 0.1%
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formic acid. The quenched samples were injected onto a 2 x 40 mm column packed with
immobilized pepsin (POROS AL 20 Applied Biosystems, Foster City, CA, USA) followed
by desalting on a UPLC reversed-phase trap column (ACQUITY UPLC BEH 130 A C18 1.7
um, 2.1x5 mm, VanGuard Pre-column, Waters, Milford, MA, USA). Digestion, trapping
and desalting were performed using a 0.1% formic acid solution at 0.2 ml/min for 2 min.
The peptides were eluted from the pre-column and separated by RP-HPLC (ACQUITY
UPLC BEH C18 1.7 um 1.0 x 100 mm) using a gradient of buffer A (0.1% formic acid) and
buffer B (90% acetonitrile + 0.1% formic acid) from 10% B to 45% B in 10 min and 45% B
to 95% B in 1 min followed by 5 min of 95% B at a flow rate of 40 uL/min. The Q-TOF
Ultima mass spectrometer was operated with a capillary voltage of 3.5 kV, cone voltage of
35V, source temperature at 80°C and desolvation temperature at 150°C. The scan range was
set to m/z 250-1800 with a scan time of 1 sec. Retention times and identity of the pepsin-
generated peptides were obtained via LC-MS/MS analyses of non-labeled samples using
identical chromatographic conditions. The raw data were converted into peak lists and
searched using a local MASCOT search engine. The deuterium uptake level was calculated
using HDExaminer software (Sierra Analytics, Modesto, CA, USA), and it was based on all
charged species of the LC-MS/MS-identified peptides. Results from the fully deuterated
sample were used to calculate the back-exchange occurring during quench, fibril
dissociation, on-line pepsin digestion and LC/MS analysis. All peptides in the partially
deuterated samples were corrected for back-exchange based on the back-exchange observed
in the fully deuterated sample 27. A representative data set from 3 individual experiments is
shown.

Identification of the fibril core using proteolysis and transmission electron microscopy

(TEM)

Monomeric and fibrillated A546T FAS1-4 were separated into insoluble and soluble
fractions using centrifugation at 16,100 x g for 15 min. The concentration of fibrillated
Ab546T FAS1-4 was determined via fibrillation of a known amount and subsequent analysis
of the supernatant and pellet using SDS-PAGE. The protein amount in the pellet and
supernatant was evaluated using visual inspection of the Coomassie-stained gel. The
insoluble fraction was washed in PBS. The supernatant from the monomeric A546T FAS1-4
sample, containing the majority of the protein amount, was incubated with trypsin at a ratio
of 1:1 w/w at 37°C for two h, and the trypsin was inhibited with 2 mM phenylmethane-
sulfonylfluoride (PMSF) for 30 min at 23°C. The digest was separated into insoluble and
soluble fractions via centrifugation. The insoluble fraction of fibrillated A546T FAS1-4 was
resuspended in PBS and subjected to proteolysis and centrifugation following the same
procedure as monomeric A546T FAS1-4. Fibrillated samples before and after proteolysis
were visualized using TEM. Prior to TEM, 150 uL of fibrillated material was isolated as a
pellet via centrifugation and resuspended in 20 uL PBS. The concentrated samples (5 pL)
were placed on 400-mesh carbon-coated, glow discharged Ni grids for 30 s, washed with
distilled water and stained with 1% phosphotungstic acid (pH 6.8). A Jeol 1010 transmission
electron microscope (JEOL Tokyo, Japan) equipped with an Olympus KeenView TEM
CCD camera system (Olympus Soft Imaging Solutions GMBH, Miinster, Germany) was
used to visualize the fibrillated material.
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Fractionation of soluble and insoluble protein fragments using RP-HPLC

Supernatant and pellet fractions obtained after trypsin digestion of fibrillated A546T FAS1-4
were analyzed and separated using RP-HPLC. The insoluble fraction was washed in PBS
and dissolved in 6 M guanidine hydrochloride for 5 min. Samples were acidified via the
addition of 0.1% TFA and applied to a reversed-phase column (Vydac C18 2.1 mm,
Phenomenex, Torrance, CA, USA), followed by washing of the column in approximately 5
x column volumes of solvent A (0.1% TFA). The samples were eluted from the column with
a linear gradient from solvent A to 90% solvent B (90% acetonitrile, 0.07% TFA) at 1% B/
min. All peaks from the insoluble samples were collected manually. Fractions were
lyophilized and analyzed using N-terminal sequencing and mass spectrometry (peptides with
masses larger than 4,000 Da were analyzed on an Autoflex 111 smart-beam instrument and
peptides with masses below 4,000 Da were analyzed using a Q-TOF Ultima MALDI mass
spectrometer).

Formation and identification of fibrillating peptides derived from A546T FAS1-4

The purified, monomeric A546T FAS1-4 protein was digested with trypsin, at a A546T
FAS1-4:trypsin ratio of 20:1 (w:w), for 4 h at 37°C. Protease inhibitors, sodium azide and
ThT were then added, and the sample was incubated in a plate reader, as described above.
Following fibrillation the aggregates, in a parallel sample without ThT, were isolated via
centrifugation, and the peptides were separated using RP-HPLC, as described above.
Finally, the separated peptides were identified using N-terminal sequencing and mass
spectrometry (Q-TOF Ultima MALDI mass spectrometer).

Preparation of natively extracted human corneal proteins

The eye was rinsed in isotonic saline immediately after removal, and the clearness of the
cornea was inspected under a dissection microscope. The eye was stored at —80°C until
further use. The eye was thawed, and the corneal epithelium was removed by washing with
70% ethanol and gentle scraping using a surgical blade. The remaining part of the cornea
was carefully excised to avoid the corneal limbus and washed briefly in water. The
endothelium was removed in the same manner as the epithelium. The corneal stroma was
stored at —80°C until further use. After thawing, the corneal stroma was cut into smaller
pieces, lyophilized and homogenized (IKA Werke Ultra-Turrax T8, Staufen, Germany) in
liquid nitrogen, dissolved in 2 ml of extraction buffer (1 M (NHg)2SO4, 50 mM Tris-HClI,
pH 7.4,5 mM EDTA and cOmplete Proteinase inhibitor cocktail - EDTA-free) and
incubated for 4 h at 4°C while rotating. The sample was centrifuged for 20 min at 2,500 x g
at 4°C to remove the insoluble fraction and dialyzed into tris-buffered saline (TBS) (137
mM NaCl, 20 mM Tris-HCI, pH 7.4) with 1 mM CaCl,. Finally, the protein concentration
was determined using absorbance readings at 280 nm (NanoDrop2000 Spectrophotometer,
Thermo Scientific, Waltham, MA, USA).

Fibril-based pull-down assays

The corneal stroma extract and purified TGFBIp were centrifuged at 40,000 x g at 4°C for
15 min and filtered through centrifugal filters with a pore size of 0.45 um (VWR, Radnor,
PA, USA) to remove any preformed aggregates. The fibrillated samples (A546T FAS1-4, a-
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synuclein, and synthetic peptides) were centrifuged at 40,000 x g at 4°C for 15 min (Sorvall
Evolution RC centrifuge, Kendro, Newton, CT, USA) to collect the fibrils. Corneal stroma
extract (11.25 pg total protein) was incubated with 15 pg of either fibrillated A546T
FAS1-4, F515-R533, Y571-R588, or a-synuclein or without fibrils for 18 h at 4°C while
shaking at 500 rpm. Similarly, 10 pg of recombinant TGFBIp was incubated with 10 ug of
fibrillated material or without fibrils. The solution was transferred to a 0.45 um centrifugal
filter and the supernatant was centrifuged through the filter at 1,000 x g for 4 min to isolate
the fibrils on top of the filter. The filters were rinsed three times with TBS and subsequently
washed for 30 min with 1 M NaCl, 20 mM Tris-HCI, and 5 mM EDTA, pH 7.4. Each
washing step was followed by centrifugation to remove the buffer. Incubation with 6 M
guanidine hydrochloride for 30 min at 23°C dissolved the isolated fibrils, and subsequent
centrifugation isolated the dissolved fibrils and associated proteins. The samples were
desalted using micropurification 28 and subjected to SDS-PAGE analysis. Western blotting
(corneal stromal extract) or Coomassie brilliant blue staining (recombinant TGFBIp) was
subsequently used to visualize the proteins resolved by SDS-PAGE. Western blotting was
performed using a polyclonal antibody against full-length TGFBIp 2% 30 and a Cy3-labeled
secondary antibody (Sigma-Aldrich Co., St. Louis, MO, USA). Proteins were visualized
using a fluorescence scanner (FluorChem Q, ProteinSimple, Santa Clara, CA, USA) and
AlphaView software (ProteinSimple, Santa Clara, CA, USA). All samples were analyzed in
triplicate and normalized to a loading control using the same fluorescence scanner and
software described above for quantification. Student’s t-tests were performed to compare the
quantitations.

HDX-MS reveals the core of A546T FAS1-4 amyloid fibrils

We previously demonstrated that full-length A546T TGFBIp and A546T FAS1-4 mutants
are both destabilized compared with WT proteins, and the A546T FAS1-4 domain has an
increased propensity to form amyloid fibrils 19 31, Consequently, we used A546T FAS1-4
as a model system to characterize the structure and formation of TGFBIp amyloid fibrils.
The formation of amyloid fibrils was achieved by mild shaking of A546T FAS1-4 in
solution as described previously 19 31, We compared the hydrogen exchange dynamics of
AB46T FAS1-4 fibrils to monomeric protein using HDX-MS to probe the structure of
AB46T FAS1-4 fibrils (Fig. 1). This method exploits the fact that the hydrogen exchange
rate of backbone amides is structure-dependent. In general, solvent shielding or participation
in hydrogen bonds in secondary structural elements results in a slower exchange rate. Our
data showed that the exchange of the backbone hydrogens in monomeric A546T FAS1-4
was fast, and most of the exchange occurred within 10 min. Fibrillated A546T FAS1-4 in
general displayed reduced exchange, which suggests a higher degree of protection from the
solvent and/or stabilized secondary structure elements. The peptides covering the region
L565-L597 (numbered according to the full-length TGFBIp precursor including the signal
peptide) in fibrillated A546T FAS1-4 showed a low exchange rate (less than 40%) compared
with the monomeric sample. The regions A500°-Y537 and E598-T629 also displayed
decreased exchange in the fibrillated sample compared with the monomeric sample,
however to a less degree than the L565-L597 region. To assess the resistance to hydrogen
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exchange at a longer time scale we subjected the A546T FAS1-4 fibrils to an exchange
period of 72 h in deuterated buffer (Fig. 2). During this time only a minor increase in the
deuterium uptake was observed and the L565-L597 region still presented the highest degree
of protection.

Collectively, the HDX-MS data suggested that the fibril core of A546T FAS1-4 is contained
within the L565-L.597 region, which implies that the mutated amino acid residue (A546T) is
not part of the core region of the fibrils.

Two regions in A546T FAS1-4 fibrils are resistant to proteolysis

To narrow the region that is essential to amyloid stacking in A546T FAS1-4 fibrils we took
advantage of the tight packing within amyloid fibrils, which renders the protein backbone
less susceptible to proteolysis (Fig. 3). We used the proteinase trypsin for this purpose
because it reliably produces protein fragments of defined sizes that are suitable for
downstream analyses. Fibrillated A546T FAS1-4 was incubated with trypsin to generate
fibril core-containing fragments. Supernatants and pellets were separated using
centrifugation and analyzed using SDS-PAGE and TEM. Monomeric A546T FAS1-4 and
fibrils that were not treated with trypsin were included as controls (Fig. 3A). The analysis
demonstrated that freshly purified monomeric A546T FAS1-4 was soluble and readily
cleaved by trypsin. By contrast, trypsin proteolysis of the pellet from the fibrillated sample
resulted in accumulation of insoluble A546T FAS1-4 fragments of defined sizes (Fig. 3A).
TEM of untreated and trypsin-treated pellets confirmed the presence of fibrils (Fig. 3C and
3D), which indicates that part of the fibril structure was unaffected by trypsin treatment. N-
terminal sequencing established the identity of 7-8 amino acid residues from the N-termini
of the proteolysis-resistant insoluble fragments. The largest fragment, which migrated just
below the 6.5-kDa marker (Fig. 3A, Band 1), represented two N-termini: L8 GDAKEL565
and ESB4LANILK570 (Fig. 3A and 3B). The signal from L558.GDAKEL555 was the most
intense (data not shown). Both N-termini correspond to the central region of A546T
FAS1-4. The more faint band (Fig. 3A, Band 2), was found to contain the N-termini

LS8 GDAKELS5%5 and A0’ GMGTVMD®%7, and thus contained an N-terminal fragment of
A546T FAS1-4 in addition to the central region.

The proteolytic peptides in the supernatant and pellet of the trypsin-treated A546T FAS1-4
fibrils were separated using RP-HPLC to determine the full sequence of the fibril core
fragments (Fig. 4). Comparison of the elution profiles of the pellet and supernatant revealed
four major and one minor peaks that were only present in the pellet (Fig. 4A, lower
chromatogram, numbers 1-5). A combination of N-terminal sequencing and mass
spectrometry established the identities of these peptides as overlapping fragments that
contained 2—7 missed tryptic cleavages and covered two areas in A546T FAS1-4 (Figs. 4B
and 4C). Collectively, the data showed that two regions were resistant to trypsin proteolysis:
the most abundant species covered a central region E564-K602 while the less abundant
species covered an N-terminal part of A546T FAS1-4 A500’-R533 (Fig. 4C). These two
regions correlate well with the data obtained from HDX-MS and suggest the successful
identification of the primary and secondary regions that constitute the fibril core.
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Isolation and characterization of two highly amyloidogenic tryptic peptides in A546T

FAS1-4

The two regions identified when analyzing the core of A546T FAS1-4 fibrils were relatively
large, and we hypothesized that the regions that initiate fibril formation are considerably
smaller. Monomeric A546T FAS1-4 was extensively digested with trypsin and incubated in
a plate reader with shaking in the presence of ThT to identify the parts of the fibril core
regions with the highest amyloidogenic capacity (data not shown). Once there was no
further increase in fluorescence, the aggregated fraction of a parallel sample (without ThT)
was isolated, and the peptides were separated using RP-HPLC (Fig. 5A). Subsequently, N-
terminal sequencing and mass spectrometry were used to determine the identity of the
peptides (Fig. 5B). The fibril pellet contained two A546T FAS1-4 tryptic peptides: F515-
R533 and Y571-R588. A third peak containing a peptide was observed (Peak 2, Fig. 5B),
but the N-termini therein were similar to the peptides in peaks 1 and 3. We could not
identify any unique masses in peak 2 using mass spectrometry. This result suggests that this
peak contains a modified peptide, or it is the result of a missed tryptic cleavage. The two
identified peptides, F515-R533 and Y571-R588, mapped within the two fibril-forming
regions that were identified by HDX-MS and limited proteolysis.

A combination of ThT fibrillation assays and electron microscopy was used to confirm the
fibrillation propensities of the synthetic peptides Y571-R588 and F515-R533 (Fig. 6). The
ThT assay showed that the exponential growth phase of F515-R533 started after 25 h of
incubation (Fig. 6A), and the growth phase of Y571-R588 started after 15 h (Fig. 6C). When
the two peptides were incubated together the lag phase was increased to approximately 30 h,
while still maintaining a monophasic fibrillation curve (Fig. 6E). TEM images from the
endpoints of all three experiments revealed linear fibrils that were regular in shape with
many higher order structures (Figs. 6B and 6D). These results confirmed our hypothesis that
the larger core regions identified by HDX-MS and proteolysis contained smaller regions,
F515-R533 and Y571-R588, which were highly amyloidogenic.

Seeds of the fibril core peptides induce fibrillation of A546T FAS1-4

We showed that the F515-R533 and Y571-R588 peptides are likely encompassed in the core
of TGFBIp fibrils. We next investigated the potential of these peptides to induce fibrillation
of larger TGFBIp entities. We used seeds from mature peptide fibrils and tested their
seeding capacities on A546T FAS1-4 using a ThT fluorescence assay (Fig. 7). Seeds of the
fibril core peptides were incubated with A564T FAS1-4 either alone or in combination. In
all cases a dose-dependent decrease in lag time was observed as the seed concentrations
were increased (Fig. 7A-C). Specifically, an immediate increase in ThT fluorescence was
observed when A546T FAS1-4 was incubated with increasing concentrations of F515-R533
seeds, while addition of Y571-R588 seeds resulted in a more gradual increase in ThT
fluorescence. When A546T FAS1-4 was incubated with a combination of core peptide seeds
there was an increased effect on seeding compared to the isolated core peptide seeds (Fig.
7C). Collectively, the seeding data suggest that both core peptides have the potential to seed
fibrillation of A546T FAS1-4.
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The fibril core peptides facilitate aggregation of TGFBIp

We extracted the soluble protein fraction from a human cornea and incubated it with fibrils
of A546T FAS1-4 and core peptides to explore whether the fibril core peptides may play a
role in the aggregation of TGFBIp in vivo (Fig. 8). Samples with and without fibrils of
recombinant a-synuclein were included as controls. Washing the samples extensively using
1 M NaCl ensured that only proteins in large high-affinity complexes were retained in the
sample, which was analyzed using SDS-PAGE followed by immunoblotting using antiserum
against TGFBIp (Fig. 8A). The data showed that TGFBIp from corneal stromal extract had a
high affinity for fibrillated core peptides (F515-R533 and Y571-R588) and A546T FAS1-4
fibrils (Fig. 8A). Approximately 3 times more TGFBIp was bound to fibrils of the core
peptide Y571-R588 compared with F515-R533 (Fig. 8B). Only trace amounts of TGFBIp
were present in the two negative control samples (Fig. 8A and 8B).

Purified recombinant TGFBIp was incubated with fibrils as described above to investigate
whether the aggregation of TGFBIp depended on other corneal proteins. Incubation of
recombinant TGFBIp with fibrils demonstrated that the fibrils had a similar effect on
recombinant TGFBIp as corneal TGFBIp (Fig. 8C). A larger amount of TGFBIp was present
in the control samples compared with the corneal extract. However, there was a significant
difference compared with the samples that contained fibrillated A546T FAS1-4, F515-R533
and Y571-R588 (Fig. 8D). Fibrillated Y571-R588 bound approximately 1.6 times the
amount of recombinant TGFBIp as F515-R533 (Fig. 8D).

DISCUSSION

The TGFBI-linked corneal disorders are a diverse group of diseases that are caused by more
than 50 different mutations in the TGFBI gene and result in several phenotypes, which can
be clustered into two groups, lattice corneal dystrophies and granular corneal dystrophies 32,
Little is known about the disease mechanism, and it is enigmatic that different mutations in a
single protein cause aggregates of varying appearance, localization, and effects on
surrounding tissues °. However, we and other investigators showed that the disease-causing
TGFBIp-mutants exhibit different stabilities and degradation pattern, which suggests that
these factors are related to the disease mechanism 33-38, We further showed that the LCD-
associated mutant A546T displayed decreased thermodynamic and proteolytic stabilities
compared with WT TGFBIp, but the GCD-associated mutation R555W stabilized

TGFBIp 19:31.39 Our previous data demonstrated that the stability and fibrillation
propensity of the FAS1-4 domain were similar to full-length TGFBIp, which supports the
use of FAS1-4 as a model system for TGFBIp fibrillation 1931, The present study took
advantage of this commonality and characterized the amyloid fibril core formed by A546T
FAS1-4.

We here characterized the fibril core of A546T FAS1-4 using several experimental
approaches. HDX-MS data revealed that the region L565-1L.597 displayed the highest degree
of protection from hydrogen/deuterium exchange in A546T FAS1-4 fibrils compared with
monomeric A546T FAS1-4. Our data for the L565-L597 region showed a relatively high
degree of deuterium uptake (approximately 40%) compared to what is usually expected for
amyloid cores 40, However, cases with a higher degree of exchange have been described for
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amyloid fibrils 4%, and importantly we found the deuterium level in the A546T FAS1-4 fibril
core to be stable during prolonged incubation. Thus, the relatively high uptake of deuterium
in the fibril core of A546T FAS1-4 likely results from a combination of fibril dynamics and
structural characteristics where a maturation of the fibril core is propagated from the central
parts of the fibrils towards the ends creating a heterogeneous structure with a more loose
packing of the fibril near the fibril extremities 42. Electron microscopy showed that the
fibrils were short, which would increase the solvent exposure and produce more fibril ends
where a monomer-fibril transitions could occur 43. Similar results have previously been
reported for the AB40 fibril, in which a 50% deuterium uptake was observed after 3 days
incubation 44. Thus, there is a large variation in molecular recycling observed between
different fibrils. Collectively, the HDX-MS data, indicated that region L565-L597 was the
most stable, while the regions A500’-Y537 and E598-T629 were less protected against
exchange.

Limited proteolysis of fibrillated A546T FAS1-4 provided complementary information
about the dynamic nature of the polypeptide chain. The results further supported the
involvement of the central region of FAS1-4 in the fibril core but additionally suggested that
part of the N-terminal region A500°-R533 is buried in the fibril structure (Fig. 9). The fact
that this region only showed medium degree of protection (~70%) in the HDX-MS data and
was a minor species in the proteolysis data suggest that it is either less stable or that it only
takes part in a fraction of the mature A546T FAS1-4 fibrils. Thus, the proteolysis data
showed that the N-terminal region, which displayed a relatively high degree of deuterium
exchange in the fibril, was relatively stable and may be involved in the fibril core.

To evaluate amyloidogenic potential across the A564T FAS1-4 sequence the domain was
extensively digested with trypsin and peptides were subsequently allowed to fibrillate (Fig.
4). The presence of two amyloidogenic regions was confirmed, and collectively, the data
suggested that these two TGFBIp-regions (F515-R533 and Y571-R588) contained the fibril
core of A546T FAS1-4 and TGFBIp.

Comparisons of these results to those of previously reported fibril core studies revealed that
the F515-R533 region overlapped with the F515-N532 region, which was previously
described as highly amyloidogenic 1°. Significantly, our previous analyses of amyloid
deposits in the cornea showed that the F515-R533 region was highly proteolytically
processed compared with healthy controls, which suggested that this peptide was not part of
the mature fibrils 29-22, However, the involvement of the F515-R533 region in the early
phases of fibril formation in vivo cannot be excluded. By contrast, the Y571-R588 region
was previously observed in diseased corneal tissue 29-22, Notably, this region accumulated
in all of these LCD cases, which indicates that the mechanism of fibril core formation is
independent of the mutation and the position of the mutation.

To elucidate the mechanism of TGFBIp aggregation in vivo, we investigated the ability of
fibrils that were formed by the fibril core peptides to induce fibrillation of larger TGFBIp
entities (Fig. 7). Both of the core peptides exhibited a dose dependent increase in seeding
capacity, although the F515-R533 peptide gave a more immediate response than the Y571-

Biochemistry. Author manuscript; available in PMC 2016 March 13.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sgrensen et al.

Page 12

R588 peptide. Notably, the combination of the two core peptides considerably enhanced this
effect, which suggests a cooperative seeding effect of these two peptides.

Having demonstrated that the core peptides seeded the fibrillation of an isolated TGFBIp
domain, we next tested this effect in an “in vivo-like’ situation using human corneal extract
and isolated TGFBIp (Fig. 8). Our data showed that native TGFBIp from human corneal
stroma and purified recombinant TGFBIp both aggregated when incubated with the amyloid
fibrils formed by the core peptides (F515-R533 and Y571-R588), as well as A546T FAS1-4.
The largest effect was again observed for the fibrillated Y571-R588 peptide compared with
the fibrillated form of the other peptide. There was little to no aggregation with the negative
control a-synuclein. These results suggest that fibril-induced TGFBIp aggregation/
interaction depends on the amino acid sequence and/or structural determinants as opposed to
non-specific interactions with fibrillated protein material in general. Moreover, the affinity
was demonstrated to be independent from other components of the corneal extract because
the same results were observed using purified recombinant TGFBIp. Combining these data
with our observation that the core peptides seeded the fibrillation of A564T FAS1-4 indicate
that the accumulating Y571-R588 region also binds or induces aggregation of full-length
TGFBIp, which may promote the progressive nature of the disease and cause corneal
haziness. The adsorbed TGFBIp might be directly incorporated into the amyloid structure or
cause concentration-dependent precipitation. Both scenarios would likely lead to an increase
in plaque volume and augment visual impairment. Therefore the present data suggest that
the accumulating amyloid fibrils exert a self-perpetuating effect on plaque propagation. The
accumulation of amyloid fibrils composed of peptides covering Y571-R588 in the cornea
could occur as a result of endogenous proteolytic activity in an attempt to remove the
TGFBIp fibrils. Alternatively, fibrils may arise when soluble TGFBIp is cleaved by
proteases as part of the natural protein turnover mechanism, which in turn may be influenced
by the stability changes of TGFBIp induced by the mutations. This event could release
fibrillating peptides that cover the core regions, which might initiate fibrillation.

The data presented here suggest that the region Y571-R588 of TGFBIp may be a therapeutic
target against LCD. Targeting the fibril core in amyloid disease was attempted previously
using diverse approaches including the addition of bulky groups to the core peptide,
replacement of a residue with proline, grafting of the peptide segment into the
complementarity-determining region of antibodies, and N-methylation of the peptide
backbone 15 45-51 These methods were effective in vitro, but they have not been
implemented in vivo. We propose that any of these strategies may be applied to the fibril
core peptides of TGFBIp to obtain an inhibitor of TGFBIp fibrillation. Additionally, the
fibril core peptide Y571-R588 may be used as a model for TGFBIp fibrillation in high-
throughput screenings of small-molecule fibril inhibitors.

In conclusion, we showed that A546T FAS1-4 formed amyloid fibrils with a primary and a
secondary core region in vitro, and that both of these regions were highly amyloidogenic.
The primary region (Y571-R588) accumulates in LCD corneas 20-22, and we showed that
this region induced fibrillation of A546T FAS1-4 and facilitated the aggregation of TGFBIp.
Mechanistically, we propose that this property may exacerbate the TGFBIp-related LCDs,
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and the Y571-R588 region of TGFBIp may be a potential therapeutic target in TGFBIp-
related LCDs.
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Figure 1.

Fibril formation lowers the hydrogen-deuterium exchange rate of two regions in A546T

FAS1-4. HDX-MS analysis measured the hydrogen exchange rate of fibrillated (red) and
monomeric A546T FAS1-4 (blue). The samples were allowed to exchange hydrogens from

30 sec up to 12 h, followed by quenching and proteolysis with pepsin. Each diagram shows
the degree of deuterium exchange relative to a fully deuterated monomer. Peptides covering
the entire sequence of A546T FAS1-4 are shown. The peptides covering the region L565-
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L597 showed a high degree of protection from the solvent in the fibrils, while the regions
A500°-Y537 and E598-T629 displayed less protection.
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Figure 2.

The A546T FAS1-4 fibril core is stable over prolonged periods of time. The level of
resistance towards hydrogen deuterium exchange in fibrillated A546T FAS1-4 was tested by
prolonged incubation in deuterated buffer. The fibrils were allowed to exchange hydrogens
for 72 h, followed by quenching and proteolysis with pepsin. Each bar represents the
deuterium uptake of a peptic peptide relative to a fully deuterated monomer. The data
represent the average deuterium uptake of three replicates. Error bars denote standard
deviations.
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Figure3.
The amyloid structure protects two regions of A546T FAS1-4 against proteolytic

degradation. A, Monomeric and fibrillated A546T FAS1-4 were divided into a supernatant
(S) and pellet (P) fractions using centrifugation and subsequently analyzed using SDS-
PAGE. The majority of monomeric A546T FAS1-4 was in the supernatant, and fibrillated
AB46T FAS1-4 was located in the pellet. The isolated monomeric A546T FAS1-4
(supernatant) and fibrillated sample (pellet) were digested with trypsin and again separated
into pellets and supernatants using centrifugation. Monomeric A546T FAS1-4 is easily
digestible with trypsin, but the fibrillated sample contains smaller, insoluble fragments
(marked 1 and 2). B, N-termini identified in bands (bands marked 1 and 2) from SDS-
PAGE. C, Electron microscopy of the undigested A546T FAS1-4 fibril pellet showing
fibrils that are relatively short, straight and unbranched, but somewhat irregular. D, Electron
microscopy of the A546T FAS1-4 fibril pellet after trypsin digest, confirms that part of the
fibril structure remains intact after proteolysis. The scale bars denote 200 nm.
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Figure4.

Isolation of trypsin-generated fragments that represent the fibril core region. Fibrillated
AB46T FAS1-4 was treated with trypsin at a ratio of 1:1 w/w and separated into pellet and
supernatant fractions. A, Chromatograms from RP-HPLC of the pellet (lower
chromatogram) and supernatant (upper chromatogram) fractions. Five peaks (marked 1-5),
representing the fibril core, were specifically retained in the pellet fraction, and four minor
peaks corresponded to peptides from the high amount of trypsin added (data not shown). B,
N-terminal sequencing and mass spectrometry analyses determined the sequences of the five
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peptides that covered the fibril core region. The table contains the identified N-termini,
observed masses, expected masses, regions covered in A546T FAS1-4, and the number of
missed trypsin cleavages. C, Schematic representation of the identified fibril core fragments
with vertical lines representing potential trypsin cleavage sites and an asterisk marking the
AB46T mutation site.
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Figureb5.

Two tryptic peptides of A546T FAS1-4 are highly insoluble. Fibrillation of tryptic peptides
of A546T FAS1-4 reveals two aggregation prone peptides in the pellet fraction. A, After
extensive trypsin degradation and subsequent fibrillation, the tryptic peptides from A546T
FAS1-4 were separated into a pellet fraction and a supernatant fraction. The aggregated
peptides in the pellet fraction were separated using RP-HPLC, and four major peaks were
observed. The peak marked with an asterisk did not contain any peptide detected by N-
terminal sequencing or mass spectrometry. B, Table of identified N-termini and observed
masses from the three peaks in panel A and with expected masses and regions covered in

A546T FAS1-4.
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Figure6.
The ThT fluorescence assay confirms the fibrillating propensity of the two fibril core

peptides. The fibril formation of the F515-R533 and Y571-R588 peptides alone and mixed
together was followed using ThT fluorescence, and the end products were visualized using
TEM. A, Fibrillation of the peptide F515-R533 visualized using ThT fluorescence reveals a
lag phase of approximately 25 h, followed by an increase in fluorescence, after which time
the end level of ThT fluorescence was reached. B, TEM imaging of the fibrils formed by
F515-R533 revealed straight, unbranched, and relatively long fibrils that were packed in
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bundles. C, Fibrillation of the Y571-R588 peptide followed by ThT fluorescence.
Fibrillation of the Y571-R588 peptide had a lag phase of approximately 15 h followed by a
steep increase in fluorescence, after which time the end level of ThT fluorescence was
quickly reached. D, TEM imaging of the fibrils of Y571-R588 reveals straight, long fibrils,
including some fibrils with a twist. However, fewer fibrils are observed in bundles compared
with F515-R533. E, Equimolar amounts of F151-R533 and Y571-R588 were incubated in
the presence of ThT. A lag time of 30 h was observed. F, TEM image shows straight fibrils
with higher order structures and twists. The scale bars denote 200 nm.
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A A546T FAS1-4 + F515-R533 25 B A546T FAS1-4 + Y571-R588 C A546T FAS1-4
+F515-R533 + Y571-R588
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Figure7.
Seeds of the fibril core peptides induce fibrillation of A546T FAS1-4. The propensity of the

two core peptides to seed fibrillation of A546T FAS1-4 was analyzed using ThT
fluorescence assay. A—C, Averaged fibrillation curves (n = 3) representing A546T FAS1-4
alone and in combination with 10% or 20% fibril seeds of the core peptides alone or in
combination incubated for 96 h. Error bars denote the standard deviations. D-F, Seeds of
each core peptide alone or in combination incubated in the absence of A564T FAS1-4
(duplicate experiments). The data shows that seeds of both the F515-R533 and the Y571-
R588 peptides are able to seed the fibrillation of A546T FAS1-4 in a dose-dependent
manner. When A546T FAS1-4 was incubated with seeds of the mixed peptides an enhanced
effect was observed. None of the observed effects could be attributed to a background signal
for the peptide seeds since the increase in ThT fluorescence observed for the seeds alone
(D-F) displayed a progression distinct from of those of the seeding experiments.
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Corneal Extract incubated with fibrils
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WT TGFBIp aggregation is induced by fibril seeds of the core peptides. Corneal extract (A)
or recombinant TGFBIp (C) were incubated with fibrillated samples of A546T FAS1-4,
F515-R533, Y571-R588, a-synuclein, or no fibrils. Subsequently, the fibrils and interaction
partners were extensively washed, and the proteins were resolved using SDS-PAGE. A, The

proteins from the corneal extract were visualized by immunoblotting using anti-TGFBIp

polyclonal antiserum. Purified TGFBIp and corneal extract (C.E.) were included as controls.
B, Relative amount of TGFBIp from the corneal extract bound to the fibrils, n = 3, error bars
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= standard deviation. C, Purified recombinant TGFBIp was visualized using Coomassie
brilliant blue staining. Recombinant TGFBIp was included as a control. F515-R533
migrated with the dye front, and therefore, it is not visible on the gel (Lane 3); Y571-R588
migrated above its size as a very fuzzy band (Lane 4). D, Relative amount of purified
TGFBIp bound to the fibrils, n = 3, error bars represent the standard deviation. Both corneal
TGFBIp and recombinant TGFBIp aggregate in the presence of fibrillated core peptides,
with Y571-R588 causing the highest degree of aggregation.

Biochemistry. Author manuscript; available in PMC 2016 March 13.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sgrensen et al. Page 29

AG A546T FAS1-4 (M502-L632) Naturally occuring C-terminal (Q633-A657)
A546T FAS1-4 A500'[ [T I * TTT T T IT T 1T I [ 1 []Aes7
Core region identified by HDX-MS Ls65 [T [T T ]tvs97
Core regions identified by proteolysis Aaso0 T 1 1Rms33 Es64 ] [T__T__]xeo2
Fibrillating tryptic peptides from A546T FAS1-4 Fsi5s[____ ]Rs33 vs71[_____ |Rsss

Figure9.
Schematic representation of identified core regions in A546T FAS1-4. Linear representation

of the A546T FAS1-4 domain, including the N-terminally added residues AG and the
naturally occurring C-terminal. Tryptic cleavage sites are represented by lines, and the
mutational site of A546T is represented by an asterisk. The fibril core regions identified by
HDX-MS and proteolysis are depicted along with the two fibrillating tryptic peptides from
A546T FAS1-4, F515-R533 and Y571-R588.

Biochemistry. Author manuscript; available in PMC 2016 March 13.



