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Mutations in the human TGFBI gene encoding TGFBIp have
been linked to protein deposits in the cornea leading to visual
impairment. The protein consists of an N-terminal Cys-rich
EMI domain and four consecutive fasciclin 1 (FAS1) domains.
We have compared the stabilities of wild-type (WT) human
TGFBIp and six mutants known to produce phenotypically
distinct deposits in the cornea. Amino acid substitutions in the
first FAS1 (FAS1-1) domain (R124H, R124L, and R124C) did
not alter the stability. However, substitutions within the fourth
FAS1 (FAS1-4) domain (A546T, R555Q, and R555W) affected
the overall stability of intact TGFBIp revealing the following
stability ranking R555W>WT>R555Q>A546T. Significantly,
the stability ranking of the isolated FAS1-4 domains mirrored
the behavior of the intact protein. In addition, it was linked
to the aggregation propensity as the least stable mutant
(A546T) forms amyloid fibrils while the more stable variants
generate non-amyloid amorphous deposits in vivo. Signifi-
cantly, the data suggested that both an increase and a decrease
in the stability of FAS1-4 may unleash a disease mechanism. In
contrast, amino acid substitutions in FAS1-1 did not affect the
stability of the intact TGFBIp suggesting that molecular the
mechanism of disease differs depending on the FAS1 domain
carrying the mutation.

Protein misfolding is associated with human disorders, col-
lectively known as “protein deposition diseases” (1) or “pro-
tein misfolding diseases” (2). More than 40 of these disorders
have been described, including neurodegenerative diseases
such as Parkinson disease, Alzheimer disease, and
Creutzfeldt-Jacob disease as well as various types of systemic
amyloidoses (3). Protein aggregation is generally presumed to
be initiated by global or partial unfolding, resulting in expo-

sure of hydrophobic moieties from the protein core (4). In
addition, conformational states resulting from thermal fluctu-
ation in native, globular proteins have recently been proposed
to be intermediates in protein aggregation (1) suggesting that
even minor changes in protein stability may influence the ag-
gregation propensity. Single amino acid substitutions have
been shown to enhance these effects in proteins such as hu-
man lysozyme (5), human superoxide dismutase 1 (6), and
immunoglobulin (7).
Transforming growth factor-�-induced protein (TGFBIp)4

is a 683-amino acid residue extracellular protein expressed in
various human tissues including the cornea (8–14). TGFBIp
has been found, by sequence identity, to consist of an N-ter-
minal Cys-rich EMI domain (15) and four consecutive fasci-
clin 1 (FAS1) domains. Furthermore, authentic TGFBIp mole-
cules purified from human and pig corneas exist as monomers
with no apparent post-translational modifications (16).
TGFBIp has been shown to interact in vitro with numerous
macromolecules including several types of integrins (17, 18),
collagens, and proteoglycans (19, 20), indicating that TGFBIp
exerts a role in mediating contact between cells and the extra-
cellular matrix.
More than 30 different mutations in the TGFBI gene have

been reported to result in corneal protein deposits (21). These
TGFBI-associated corneal dystrophies are a heterogeneous
group of hereditary, bilateral diseases characterized by a pro-
gressive accumulation of abnormal protein deposits in the
cornea (22). This study addresses the stability changes in
TGFBIp brought about by amino acid substitutions associated
with different types of corneal dystrophies. Specifically, we
investigated the effects of mutations in the first FAS1 domain
(FAS1-1) including R124H, R124L, R124C, respectively giving
rise to granular corneal dystrophy (GCD) type II, GCD type
III, and lattice corneal dystrophy (LCD) type I (21), and the
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fourth FAS1 domain (FAS1-4) including R555W, R555Q, and
A546T resulting in GCD type I, Thiel-Behnke corneal dystro-
phy, and LCD type IIIA, respectively (21).
The analyses of intact WT and mutant TGFBIp revealed

that amino acid substitutions in the FAS1-4 domain (A546T
and R555W) affected the unfolding in different ways, making
A546T less stable and R555Wmore stable than WT, while
R555Q appeared to retain a slightly lower stability than the
WT. This behavior was mirrored by the FAS1-4 domain, ana-
lyzed separately. Because all the mutations are known to
cause disease, this suggests that both an increase and a de-
crease in stability may cause protein aggregation. In contrast,
amino acid substitutions within the FAS1-1 domain including
R124H, R124L, R124C, did not appear to affect the overall
stability. This suggests that the molecular mechanism of dis-
ease differs depending on the domain containing the amino
acid substitution.

EXPERIMENTAL PROCEDURES

Materials—Chemicals were purchased from Sigma-Al-
drich. The ChampionTM pET SUMO Expression System was
purchased from Invitrogen. Mammalian HEK293T cells were
obtained from American Type Cell Culture, LGC Standards.
Cloning, Expression, and Purification of WT and Mutant

TGFBIp—WT TGFBIp mutants were expressed and purified
as previously described (23). Briefly, the WT TGFBI gene was
subcloned from a human TGFBI (BIGH3) cDNA clone (In-
vitrogen) into the pCMV-SPORT6 vector. The genes encod-
ing the R124H, R124L, R124C, A546T, R555Q, and R555W
mutants of human TGFBIp were constructed by introducing
the point mutations in a QuikChange reaction (Stratagene)
using the cloned WT TGFBI gene as template (Table 1). Mu-
tations were confirmed by sequencing both strands of the
constructs. Expressions of full-length WT and mutant
TGFBIp were conducted in the human cell line HEK293T
after transfection using the calcium phosphate precipitation
method (24).
Cell culture media from transfected HEK293T cells were

harvested over a period of 3 days, dialyzed against 20 mM

Tris-HCl, pH 7.4 (buffer A) and separated by heparin affinity
chromatography (5-ml HiTrap Heparin HP, GE Healthcare).
Proteins were eluted from the column using a linear gradient
from buffer A to buffer B (20 mM Tris-HCl, 1 M NaCl, pH 7.4).
TGFBIp-containing fractions were pooled, dialyzed, and fur-
ther purified by anion-exchange chromatography (1-ml
HiTrap Q column, GE Healthcare). Proteins were separated
by a linear gradient of buffer A to buffer B, and TGFBIp-con-

taining fractions were identified by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE).
Cloning and Expression of WT and Mutant FAS1-4—The

WT and mutant FAS1-4 domains (residues 502–657) were
constructed from the corresponding TGFBI clones using the
following primers: 5�-gcaggtatggggactgtcatggatgtcct-3� (for-
ward) and 5�-tcatgcttgtttgaagatctcaagcgca-3� (reverse), which
add two additional amino acids (Ala-Gly) at the N terminus of
FAS1-4 domain compared with the native TGFBIp amino
acid sequence (SwissProt accession number Q15582) and in-
clude the authentic C terminus of corneal TGFBIp (16). PCR
products were subsequently cloned into the ChampionTM
pET SUMO Protein Expression System (Invitrogen) accord-
ing to the manufacturer’s instructions.
Expression of FAS1-4 variants was performed in the Esche-

richia coli strain BL21(DE3), which was grown in lysogeny
broth (LB) medium supplemented with the antibiotic kana-
mycin (50 �g ml�1) at 37 °C. FAS1-4 expression was induced
with isopropyl �-D-1-thiogalactopyranoside (IPTG) at an ab-
sorbance (A) at 600 nm of 0.7–0.8. Cells were harvested by
centrifugation at 6,000 � g when no further growth was de-
tected, and stored at �20 °C until used.
Purification of FAS1-4 Domains—Harvested cells from the

expression of the four FAS1-4 variants were resuspended in
50 mM Tris-HCl, 60 mM KCl, 7 mM �-mercaptoethanol, 10%
glycerol, 100 �M PMSF, pH 7.6 (Start buffer), and sonicated
for 6 � 30 s at 10 �m amplitude while kept on ice. The sam-
ples were then centrifuged for 30 min at 33,000 � g and fil-
tered using a 0.22-�m filter before applied on a nickel-chelat-
ing column (5 ml HiTrap Chelating HP equilibrated in 0.1 M

NiCl2 and Start buffer). After washing the column succes-
sively with 50 mM Tris-HCl, 7 mM MgCl2, 0.5 M NaCl, 5 mM

�-mercaptoethanol, 10% glycerol, pH 7.6 (Wash buffer) con-
taining 20 mM and 35 mM imidazole, specifically bound pro-
tein was eluted with 50 mM Tris-HCl, 40 mM KCl, 5 mM

�-mercaptoethanol, 10% glycerol, 200 mM imidazole, pH 7.6
(elution buffer). Purity of the protein sample was assessed
using SDS-PAGE. The purified N-terminally His-tagged
SUMO-FAS1-4 fusion proteins were then dialyzed against 50
mM Tris-HCl, 95 mM NaCl, pH 7.6, and the SUMOmoiety
was cleaved off by adding 0.2% Nonidet P-40, 5 mM DTT and
SUMO protease to a final concentration of 4 units ml�1 and
incubated at 30 °C for 2–3 h. The resulting samples were dia-
lyzed against 20 mM sodium phosphate, 15 mM NaCl, pH 7.4
and passed over a nickel-chelating column and the pure
FAS1-4 proteins were collected in the flow through.
Polyacrylamide Gel Electrophoresis—Proteins were sepa-

rated by SDS-PAGE in 5–15% polyacrylamide gels (25). Sam-
ples were boiled for 5 min in the presence of 30 mM dithio-
threitol (DTT) and 1% SDS prior to electrophoresis.
Transverse Urea Gradient (TUG) Gel Electrophoresis—A

gradient mixer was used to cast (10 cm � 10 cm � 1.5 mm)
7% polyacrylamide TUG gels containing a linear 0–8 M urea
gradient using the glycine/2-amino-2-methyl-1,3-pro-
panediol/HCl buffer system described previously (25). The
gels were rotated 90°, and samples containing �10 �g of full-
length TGFBIp (WT and mutants) or 150 �g of FAS1-4 pro-
tein (WT or mutants) were loaded evenly across the top of the

TABLE 1
Primers used for generating TGFBI mutations

Mutant Primer sequencea
Changes

introduced

R124H CTCAGCTGTACACGGACCACACGGAGAAGCTGAGG G418 to A
R124L CTCAGCTGTACACGGACCTCACGGAGAAGCTGAGG G418 to T
R124C CTCAGCTGTACACGGACTGCACGGAGAAGCTGAGG C417 to T
A546T TTGCTCCCACAAATGAAACCTTCCGAGCCCTGCCA G1683 to A
R555W CCTGCCACCAAGAGAATGGAGCAGACTCTTGGGAG C1710 to T
R555Q CCTGCCACCAAGAGAACAGAGCAGACTCTTGGGAG G1711 to A

a Only the sequence of the forward primer is shown. The reverse mutation primer
is complementary to the forward primer. Changes introduced are shown in bold
italics. Nucleotide numbering is according to entry NM_000358.
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gel (26). Refolding TUG gels were performed by unfolding the
samples in 8 M urea for 60 min at 23 °C prior to applying the
samples to the gels. Electrophoresis was performed at 23 °C,
and proteins were visualized by silver staining or Coomassie
Brilliant Blue. Quantitative interpretations of the equilibrium
unfolding transitions ([urea]1/2) were estimated as described
elsewhere (27).
Limited Proteolysis of TGFBIp using Trypsin—Recombinant

WT TGFBIp was incubated at 37 °C and titrated with increas-
ing amounts of trypsin. Proteolysis was inhibited after 90 min
with 1 mM (final concentration) phenylmethylsulphonyl fluo-
ride (PMSF), for 30 min at 23 °C. Samples were subsequently
boiled in reducing SDS sample buffer and separated using
SDS-PAGE (28).
Edman Degradation—Proteolytic fragments of TGFBIp

were separated by SDS-PAGE as described above. For this
analysis, the stacking gel was allowed to polymerize overnight
prior to electrophoresis and samples were heated for 3 min at
80 °C only. After electrophoresis proteins were transferred to
a polyvinylidene diflouride membrane (Immobilon-P, Milli-
pore) in 10 mM CAPS, 10% (v/v) methanol, pH 11 as de-
scribed previously (29). Samples were analyzed by automated
Edman degradation using an Applied Biosystems
PROCISETM 494 HT sequencer with on-line phenylthiohy-
dantoin analysis by HPLC (Applied Biosystems Model 120A).
Nanoelectrospray Mass Spectrometry—Protein bands were

excised and digested with trypsin (30). The resulting peptides
were analyzed by nano-liquid chromatography (LC)-MS/MS
using an EASY-nLC (Proxeon Biosystems) system connected
in-line to a Q-TOF Ultima API (Micromass/Waters Corp.)
mass spectrometer. The data were processed using Masslynx
4.0 (Micromass) and the generated peak list files were used to
query the Swiss-Prot database using the Mascot program (31).
The searches were performed with propionamide as fixed
modification, peptide mass, and fragment mass tolerances
offset to 0.2 Da, and no missed tryptic cleavage sites were
allowed.
Far-UV Circular Dichroism (CD) Spectroscopy—Far-UV

CD wavelength spectra and temperature scans were recorded
on a Jasco J-810 spectropolarimeter (Jasco Spectroscopic Co.
Ltd., Hachioji City, Japan) equipped with a JASCO PTC-
348WI temperature control unit. Unless specifically men-
tioned, the buffer was 20 mM sodium phosphate, pH 7.4 and
15 mM NaCl. Thermal scans were performed with a scan rate
of 90 °C h�1. All scans were done in triplicate. Unless specifi-
cally indicated, proteins were used at a concentration of 10
�M as determined using the Bradford method. For urea dena-
turation unfolding experiments, samples were incubated in
0–8 M urea and allowed to equilibrate for 2 h before record-
ing and analyzing the spectra using ellipticity at 222 nm as
described (32) to obtain the midpoint concentration of dena-
turation [urea]50%. Urea denaturation refolding experiments
were performed by first denaturing the protein in 8 M urea for
2 h, followed by diluting the solution to 0.5–8 M urea, equili-
bration for 2 h, and carrying out the analysis as for the unfold-
ing experiments.
Fibrillation Assay—FAS1-4 protein (0.4 mg ml�1) in 20 mM

NaCl, 20 mM sodium phosphate, pH 7.0 was mixed with 40

�M thioflavin T (ThT) in a 96-well clear-bottomed plate
(Nunc) and incubated at 37 °C in a Genios Pro (Tecan, Män-
nesdorf, Switzerland) plate reader with excitation at 450 nm
and emission at 485 nm. Data collection proceeded for 150 h,

FIGURE 1. TUG gels of full-length TGFBIp WT and mutants. Chemical de-
naturation of TGFBIp WT and mutants was analyzed by TUG gel electro-
phoresis. Native recombinant WT (A), R124H (B), R124L (C), R124C (D), A546T
(E), R555Q (F), and R555W (G) TGFBIp were analyzed by TUG gel electro-
phoresis. The starting points of unfolding are marked by asterisks.

TABLE 2
Stabilities of intact TGFBIp variants

Mutant �Urea�1/2 ��Urea�1/2
a

M M

WT 4.1 �
R124H 4.2 �0.1
R124L 4.3 �0.2
R124C 4.0 �0.1
A546T 3.3 �0.8
R555Q 4.2 �0.1
R555W 4.6 �0.5

a Compared to WT TGFBIp (mutant minus WT). The midpoints of the transi-
tions were calculated from TUG gels as described in “Experimental Procedures.”

Mutation-specific Changes in the Stability of TGFBIp

FEBRUARY 18, 2011 • VOLUME 286 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4953



with 3 min intervals of agitation, commencing every 5 min.
Samples for electron microscopy were prepared by incubating
FAS1-4 protein (0.5 mg ml�1) in 137 mM NaCl, 20 mM so-
dium phosphate, pH 7.4 in a 96-well clear-bottomed plate
(Nunc) for 8 days at 37 °C including a 10 s double orbital
shaking every 45 min.
Electron Microscopy—Protein aliquots of 5 �l were placed

on 400-mesh carbon-coated, glow-discharged grids for 30 s
followed by washing with distilled water and staining with
phosphotungstic acid (pH 6.8). Samples were visualized using
a Jeol 1010 transmission electron microscope.

RESULTS

TGFBIp WT and Mutants Display Different Susceptibilities
to Chemical Denaturation—To investigate if naturally occur-
ring amino acid substitutions affected the stability of recom-
binant TGFBIp, WT TGFBIp and a selection of mutants in-
cluding R124H, R124L, R124C, A546T, R555Q, and R555W
were analyzed by TUG gel electrophoresis (representative gels
are shown in Fig. 1). In TUG gel electrophoresis the protein
migrates as a single band spanning the gel as it encounters a
gradient of 0–8 M urea perpendicular to the direction of mi-
gration. The unfolded protein will be conformationally more
extended than in the native state and will therefore migrate
more slowly. The resulting data showed the unfolding of all
TGFBIp variants, as a smooth transition from folded to un-
folded protein as the urea concentrations increased (Fig. 1)
(33). Given that TGFBIp is a multi-domain protein, it is likely
that the domains unfold independently of each other. But in-
dividual transitions are often difficult to distinguish, particu-
larly if they occur in similar denaturant concentration ranges.
Therefore we used the midpoint urea denaturation concen-
tration ([urea]1/2) for comparative purposes as an empirical
indication of the overall stability of TGFBIp. The data re-
vealed that amino acid substitutions within the FAS1-1 do-
main (R124H, R124L, R124C) failed to significantly affect the
stability (Table 2). In contrast, substitutions A546T or

R555W, both found in the FAS1-4 domain, gave rise to pro-
nounced changes in [urea]1/2 compared with WT TGFBIp,
respectively reducing and increasing the stability of TGFBIp.
The FAS1-4 Domain Is Susceptible to Trypsin Proteolysis—

The conformational stability of WT TGFBIp was further
tested by limited trypsin proteolysis (Fig. 2). The results re-
vealed a tryptic fragment resistant to proteolysis even at a
trypsin:TGFBIp ratio of 4:1 (w/w) (Fig. 2A). Peptide mass fin-
gerprinting and Edman degradation of the resulting frag-
ments showed that the fragment was composed of most of the
first three FAS1 domains (residues 120–447), indicating that
this region is particularly rigid (Fig. 2, B and C). This was in
contrast to both the EMI domain and the FAS1-4 domain,

FIGURE 2. TGFBIp contains a trypsin-resistant core. Limited proteolysis of TGFBIp by trypsin. A, SDS-PAGE of trypsin digests. Trypsin to TGFBIp ratios are
indicated at the top. B, LC-MS/MS analyses of analyzed fragments. C, schematic representation showing approximate trypsin cleavage sites in TGFBIp (ar-
rows) based on peptide mass fingerprinting. The scissors indicate the C-terminal truncation reported in TGFBIp purified from human corneas (16). A large
part of TGFBIp is resistant to trypsin proteolysis.

FIGURE 3. Far-UV CD spectroscopy of purified FAS1-4 variants. Far-UV circu-
lar dichroism spectra of the FAS1-4 variants WT, A546T, R555Q, and R555W. All
FAS1-4 variants have similar CD spectra indicating that their ratios of secondary
structure elements are identical. The minimum at �210 nm together with the
slight dip at �222 nm are characteristic of ��� structures.
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which were both cleaved at multiple sites. These results sup-
ported that the FAS1-4 domain is more flexible than the re-
maining FAS1 domains encompassing the bulk of the TGFBIp
molecule.
Chemical Denaturation of FAS1-4 Variants using TUG Gel

Electrophoresis—Amino acid substitutions in the FAS1-4 do-
main appeared to have the most pronounced effect on the
TGFBIp stability, thus this domain was analyzed further.
The stability effects introduced by amino acid substitutions in
the FAS1-4 domain were examined using purified recombi-
nant FAS1-4 (residues 502–657) WT, and the mutants
A546T, R555Q, and R555W. To confirm proper folding of the
purified protein, the secondary structure compositions of the
purified FAS1-4 domains were evaluated by far-UV CD spec-
troscopy. The spectra of the FAS1-4 variants all showed a ma-
jor negative band at 208–210 nm and a minor negative band
at 222 nm, characteristic of ��� structures (34) (Fig. 3).

There are some differences among the four proteins in the
absolute magnitude of the far-UV CD spectrum, but we at-
tribute this to errors in the determination of protein concen-
tration and to contributions from the single Trp residue only
present in R555W. Spectral deconvolution using the K2d al-
gorithm (35) suggested 25% �-helicity and 19% �-strand for
all the four variants tested.
As for the full-length TGFBIp variants, the stabilities of the

isolated FAS1-4 domains were examined using TUG gel elec-
trophoresis (Fig. 4). The unfolding midpoints in the 0–8 M

urea gradient were measured to 1.0 M (A546T), 2.5 M

(R555Q), 2.7 M (WT), and 3.6 M (R555W) (Table 3). Impor-
tantly, the same midpoints of denaturation were obtained

*

*

*

*

*

*

*

*

FIGURE 4. Unfolding and refolding TUG gels of FAS1-4 variants. Chemi-
cal denaturation of FAS1-4 variants was analyzed by TUG gel electrophore-
sis for WT, A546T, R555Q, and R555W FAS1-4. Proteins were loaded on the
TUG gels in either native buffer (left panel) or 8 M urea (right panel). The gels
show rapid two-state unfolding kinetics for all FAS1-4 variants. The A546T
variant is significantly less stable than the WT domain. The stability of mu-
tant R555Q is slightly less than that of WT. Mutant R555W displays an in-
creased stability compared with the WT FAS1-4 domain. The 0 – 8 M urea
gradient is shown below the TUG gels.

FIGURE 5. Denaturation of FAS1-4 variants in urea monitored by the
ellipticity at 222 nm. A, WT FAS1-4 unfolding and refolding data (i.e. the
protein was transferred from respectively 0 and 8 M urea to different con-
centrations of urea). The superimposition of the two curves shows that un-
folding is completely reversible. B, unfolding data for WT FAS1-4 and the
three mutants A546T, R555Q, and R555W. Data were fitted to a two-state
unfolding scheme as described (32), and midpoint denaturation concentra-
tions are summarized in Table 3.

TABLE 3
Stability of FAS1-4 variants
Transition midpoints were calculated using the program KaleidaGraph by fitting
curves to the data points.

�Urea�1/2
(TUGunfolding)

�Urea�1/2
(TUGrefolding) �Urea�50%

M M M

WT 2.7 2.7 3.30 � 0.059
A546T 1.0 1.1 2.01 � 0.09
R555Q 2.5 2.5 3.12 � 0.041
R555W 3.6 3.7 4.00 � 0.056
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when the proteins were loaded onto the TUG gels in a dena-
tured state (8 M urea). This underlines the reversibility of the
unfolding transition. In addition, the data revealed that the
isolated FAS1-4 domains retained the same stability profile as
intact TGFBIp, where A546T was less stable than WT or
R555Q and R555Q was more stable.
Chemical Denaturation and Refolding of FAS1-4 Variants

using Urea—The stability of the FAS1-4 variants were fur-
ther assessed in a more quantitative fashion using urea-
induced chemical denaturation detected by far-UV CD
spectroscopy (Fig. 5). To monitor the unfolding process
during denaturation, the ellipticity was measured at 222
nm, where the most dramatic signal changes during the
transition from folded state to random coil (denatured)
state was expected. In agreement with the TUG data, about
90% of WT FAS1-4 refolded displaying the same midpoint
of transition as was observed for for the native protein (Fig.
5A). The molar urea concentrations required to induce a
50% denaturation ([urea]50%) were measured to 2.01 �
0.09 M, 3.30 � 0.06 M, 3.12 � 0.04 M, and 4.00 � 0.06 M for
the A546T, WT, R555Q, and R555W, respectively (Table 3
and Fig. 5B). These results support the conclusions reached
in the TUG gel experiments, illustrating the same stability
ranking R555W	WT	R555Q	A546T.
Aggregation of FAS1-4 Mutants Follow the Same Pattern as

in Vivo Deposits—Finally, we investigate how the amino acid
substitutions affected the ability of FAS1-4 to form amyloid
deposits under physiological salt and pH conditions. The
wild-type FAS1-4 and the three mutants were incubated at
37 °C and amyloid formation was followed by a ThT assay
(Fig. 6). Based on the onset of the ThT signal the propensity
of A546T to form amyloid fibrils was significantly increased
as compared with the wild-type FAS1-4. In addition, the two
mutants, R555W and R555Q, showed no significant rise in
fluorescence at all (Fig. 6A). This is consistent with the obser-
vation that TGFBIp containing the A546T amino acid substi-
tutions forms amyloid deposits, while R555W and R555Q
form amorphous (i.e. non-amyloid) deposits in vivo (21). The
formation of amyloid fibril by A546T and to some degree WT
FAS1-4 was confirmed by electron microscopy (Fig. 6, B and

C, respectively). During the same conditions, both the R555W
and the R555Q mutants failed to form visible aggregates.

DISCUSSION

In this study we have investigated the stability of WT
TGFBIp, three different mutants of the FAS1-1 domain
(R124H, R124L, R124C) and three FAS1-4 mutants (A546T,
R555Q, and R555W). These mutants were chosen to repre-
sent different phenotypic manifestations observed in patients
suffering from TGFBI-associated corneal dystrophy.
The TGFBIp variants were initially analyzed by TUG gel

electrophoresis, revealing that the overall stability of intact
TGFBIp was affected only by amino acid substitutions within
the FAS1-4 domain, whereas changes in the FAS1-1 failed to
change the stability. Limited trypsin proteolysis of WT
TGFBIp supported that the FAS1-4 domain was more labile
than the bulk of the molecule containing the FAS1-1. Because
mutations in the FAS1-4 domain, in contrast to the FAS1-1
mutations, appeared to affect the stability of TGFBIp, the
FAS1-4 domain was further studied in isolation.
TUG gel electrophoresis and CD spectroscopy of the iso-

lated FAS1-4, WT, A546T, R555Q, and R555W variants, pro-
vided a quantitative view of the unfolding process. Both TUG
gel electrophoresis and chemical denaturation followed by
CD spectroscopy supported the following stability ranking of
the four FAS1-4 variants; R555W	WT	R555Q	A546T.
This underlines that single amino acid substitutions might
have a dramatic effect on the overall stability of the FAS1-4.
The same stability ranking of intact TGFBIp (WT and mu-
tants) and the isolated FAS1-4 domains suggested that
FAS1-4 is a feasible model for understanding the molecular
mechanism governing the stability of TGFBIp. Electron mi-
crographs of FAS1-4 samples incubated for 1 week with agita-
tion showed a formation of amyloid structures for the A564T
mutant, as expected from the ThT assay. The WT FAS1-4
was also found to form fibrillar (or protofibrillar) structures,
although to a much lesser extend. This observation points
toward an inherent propensity of WT FAS1-4 to form amy-
loid structures. The R555W and R555Q did not generate ag-

FIGURE 6. Aggregation of WT and mutant FAS1-4. A, ThT fluorescence for WT and mutant FAS1-4. The A546T mutant displays a 6-fold higher ThT signal
than WT FAS1-4, after 150 h. R555Q and R555W display no significant increase in fluorescence over the monitored time period, suggesting no fibrillation.
B, electron micrograph of A546T FAS1-4 after 8 days at 37 °C. C, electron micrograph of WT FAS1-4 after 8 days at 37 °C. Scale bars in panels B and C denote
100 nm.
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gregates, implying that other factors may be required for the
formation of the amorphous aggregation observed in vivo.
The Drosophila FAS1 (Protein Data Bank ID: 1O70) sug-

gests that Arg-555 in human FAS1-4 is exposed on the surface
(36). However, introducing a Trp residue at that position has
the potential to favor interactions with the hydrophobic core,
stabilizing the domain, as observed in this study. According to
the CD analysis, this is achieved without introducing major
changes in the secondary structure (Fig. 3B). However, it is
unexpected that stabilizing amino acid substitutions promote
aggregation (3). Here a positively charged hydrophilic (Arg) is
replaced by a hydrophobic amino acid residue (Trp), which is
likely to increase the propensity of the protein to associate,
potentially lowering the solubility, simply by reducing the
level of electrostatic repulsion. A similar effect, though with a
less aggressive outcome, is expected by replacing a positively
charged Arg with the uncharged but polar Gln residue. Alter-
natively, Arg-555 may be involved in an inter-domain salt
bridge that stabilizes the intact TGFBIp molecule. These sug-
gestions are in accordance with in vivo observations of
R555W and R555Q showing amorphous aggregates, com-
posed of intact TGFBIp. In contrast, the A546T mutant forms
amyloid structures, characterized by the loss of native struc-
ture and formation of cross-� sheets (37). An increased level
of intact R555W TGFBIp has been observed in corneal depos-
its in vivo (38) supporting that the protein is resistant to deg-
radation and that an increase in protein stability may indeed
have pathological consequences.
The A546T amino acid substitution was found to destabi-

lize intact TGFBIp as well as the FAS1-4 domain alone. The
FAS1 crystal structure suggests that most pathogenic muta-
tions in FAS1-4 introduce bulky or polar groups at the hydro-
phobic core of the domain. This is unfavorable and likely to
cause perturbation of the FAS4 structure. We propose that
these substitutions may expose intrinsic fibrillation prone
regions of TGFBIp (e.g. as reported by Yuan et al. (39)), caus-
ing amyloid deposits to form. Amyloids are resistant to prote-
olysis and indeed, other studies have shown that fragments of
TGFBIp accumulated in corneas of patients with amyloid de-
posits (40–43).
In conclusion, this work shows that only amino acid substi-

tutions in FAS1-4 provoke significant changes in the stability
of TGFBIp. These changes were found to be destabilizing for
the amyloid-associated A546T mutation and stabilizing for
the granular corneal dystrophy mutation R555W. Our results
suggest that different aggregation mechanisms are involved
during protein deposition in the TGFBI related corneal dys-
trophies. Significantly, the FAS1-4 mutant A546T was found
to form amyloid structures in vitro in accordance with its in
vivo phenotype. Furthermore, the similar behavior of intact
TGFBIp and the isolated FAS1-4 domain suggests that the
FAS1-4 domain may be used as a model system to understand
the FAS1-4-derived corneal dystrophies.
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