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Homocystinuria, a disorder originating in defects in the methio-
nine metabolism, is characterized by an elevated plasma concentra-
tion of homocysteine. Most patients have a defect in the cystathi-
onine-fB-synthase, the key enzyme in the conversion of
homocysteine to cysteine. Many abnormalities in the connective
tissue of patients with homocystinuria resemble those seen in
Marfan syndrome, caused by mutations in fibrillin-1. These obser-
vations led to the hypothesis that the structure and function of
fibrillin-1 is compromised in patients with homocystinuria. To test
this hypothesis we produced recombinant human fibrillin-1 frag-
ments spanning the central portion of the molecule (8-Cys/trans-
forming growth factor-f binding domain 3 to calcium binding EGF
domain 22) and extensively analyzed the potential of homocysteine
to modify structural and functional properties of these proteins.
Circular dichroism spectroscopy revealed moderate changes of
their secondary structures after incubation with homocysteine.
Equilibrium dialysis demonstrated a number of high affinity cal-
cium binding sites in the tandemly repeated calcium binding epi-
dermal growth factor-like domains 11-22. Calcium binding of
homocysteine-modified fragments was completely abolished. Incu-
bation of the recombinant proteins with homocysteine rendered the
analyzed calcium binding EGF domains as well as the 8-Cys/trans-
forming growth factor-f binding domain 3 significantly more sus-
ceptible to proteolytic degradation. Furthermore, data were
obtained demonstrating that homocysteine can covalently modify
fibrillin-1 via disulfide bonds. These data strongly suggest that
structural and functional modifications as well as degradation pro-
cesses of fibrillin-1 in the connective tissues of patients with homo-
cystinuria play a major role in the pathogenesis of this disorder.

Fibrillin-1 together with fibrillin-2 and -3 constitute a family of large
(350 kDa) calcium binding (cb)? extracellular matrix proteins which
form the backbone of the 10 —12-nm-diameter microfibrils (1-3). The
spectrum of physiological functions of microfibrils is versatile. It is
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believed that they serve as a scaffold for the deposition of elastin and,
thus, for the correct formation of the elastic fibers (4). In the eye micro-
fibrils are the major component of the ciliary zonules holding the lens in
the correct position. Microfibrils are also suggested to play a role in the
regulation of morphogenic substances like transforming growth factor
B (TGE-B) through the interaction of fibrillin-1 with latent TGF-$-
binding proteins (5). Fibrillins display a pronounced modular protein
design characterized by an unusual high (12-13%) overall content of
cysteine residues. The majority of these cysteine residues are predicted
to be involved in intramolecular disulfide bonds stabilizing individual
domains (6—8). The most prominent domains are the epidermal
growth factor-like (EGF) domain and the 8-Cys/TB domain, character-
ized by 3 and 4 stabilizing disulfide bonds, respectively. 42—43 of the
46 —47 EGF like domains are of the calcium binding type (cbEGF) (9).

Calcium binding to cbEGF domains in fibrillins is essential for stabi-
lization of a rod-like structure (6, 10), for the resistance against pro-
teases (11-14), and for the interaction with ligands such as heparan
sulfate, MAGP-1, or fibulin-2 (15-17). Calcium binding to cbEGF
domains is mediated by the consensus sequence (D/N)X(D/N)(E/
Q)X,,,(D/N)X,, (Y/F) in the N-terminal part of the domain (9). In con-
trast to isolated cbEGF domains with dissociation constants in the mil-
limolar range, the affinity for calcium of tandemly repeated cbEGF
domains is typically higher (~0.35-500 um), indicating a stabilizing
effect of the surrounding domains (18 —23). The calcium concentration
in extracellular environments is predicted to be about 1-2 mm. High
affinity calcium binding sites are, thus, expected to be fully saturated,
whereas low affinity binding sites are likely only partially saturated,
which may be important for the regulation of flexibility, elastic proper-
ties, degradation, and/or protein-protein interactions.

Mutations in fibrillin-1 lead to the autosomal dominant disorder
Marfan syndrome (MIM 154700), which is characterized by symptoms
in the cardiovascular, the skeletal, and the ocular systems (24). Most
currently known mutations (72%) leading to Marfan syndrome are point
mutations, and about 35% of all mutations generate or substitute cys-
teine residues (25). A number of these mutations make fibrillin-1 more
susceptible for protease digestion, most likely by inducing subtle struc-
tural changes in close vicinity of the affected amino acid residue (11—
14). Mutations in the center of the molecule (exons 24 —32) often lead to
the very severe neonatal form of Marfan syndrome (for review, see
Ref. 26).

Homocystinuria (MIM 236200) is an autosomal recessive disorder
originating from enzymatic defects of the methionine metabolism. The
major cause of homocystinuria is a deficiency in the cystathionine-f-
synthase, an enzyme involved in the conversion of homocysteine to
cysteine (27). This deficiency leads to significantly elevated plasma con-
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centrations of the toxic amino acid homocysteine of up to 500 uM com-
pared with 10 uM under normal conditions (28, 29). The most promi-
nent clinical symptoms of patients with homocystinuria are mental
retardation, ectopia lentis, skeletal abnormalities, and vascular disease
(27). The skeletal and ocular symptoms resemble the symptoms seen in
patients with Marfan syndrome, and in both disorders histopathological
findings included fragmented elastic fibers in the aortic wall (27, 30).
Although the genetic cause for homocystinuria has been determined, it
is not clear how elevated levels of homocysteine lead to the pathogenetic
mechanisms. We and others hypothesized that due to the reductive
potential of homocysteine, it may be able to chemically modify the
structure of the heavily disulfide-bonded fibrillin-1 and, thus, alter its
functional properties.

Only a few studies addressed the molecular consequences of elevated
homocysteine levels on extracellular matrix proteins including fibrillins.
In a high methionine diet chick model with elevated homocysteine lev-
els, the amounts of fibrillin-2 and elastin-associated microfibrils in the
aortic wall were reduced (31). Analysis of smooth muscle cells showed
no negative influence of elevated homocysteine concentrations on
fibrillin-1 deposition in the extracellular matrix (32). However, reduced
cysteine concentrations, which are also found in patients with homo-
cystinuria, decreased the amount of fibrillin-1 deposited into the matrix
(32). It has been shown for other ¢cbEGF domain-containing proteins
such as thrombomodulin or protein C that homocysteine can inactivate
these proteins (33). Recently, it was reported that homocysteine modi-
fies the structure of procaryotically expressed fibrillin-1 and Notchl
fragments by reshuffling of disulfide bonds and covalent binding of
homocysteine to cbEGF domains (34).

Here, we demonstrate that homocysteine in concentrations found in
patients with homocystinuria lead to structural modifications of recom-
binant human fibrillin-1 fragments and loss of calcium binding. These
molecular alterations lead to enhanced protease sensitivity. Based on
these data, we suggest that degradation of fibrillin-1 in the connective
tissues of patients with homocystinuria plays a major role in the patho-
genesis of this disorder.

EXPERIMENTAL PROCEDURES

Expression Constructs—The following three expression constructs
for human fibrillin-1 fragments were designed with hexahistidine tags at
the C-terminal end which were introduced with appropriate antisense
primers for the respective PCR to facilitate protein purification. Due to
the cloning strategy, all sequences are preceded at the N-terminal end
by Ala-Pro-Leu-Ala. The template for PCR was cDNA clone HFBN8
(35). To generate the expression plasmid for rF1B coding for Asp®>*—
Val''®®, the 766-bp Nhel-Xhol-restricted PCR product generated with
oligonucleotides 5'-ATCGTAGCTAGCTGATATCCGCCTGGAAA-
CCTGC-3" and 5'- ACCGAACTCGAGCTATTAGTGATGGTGAT-
GGTGATGAACACAAAATAGCCTATCGGGAG-3' was subcloned
into the Nhel-Xhol-restricted pDNSP-rF51 (14), resulting in plasmid
pDNSP-rF1B. The expression plasmid for rF1C coding for Asp''®’—
Thr'?*? (pDNSP-rF1C) was produced by subcloning the 529-bp Nhel-
Xhol-restricted PCR fragment amplified with 5'-ATCGTAGCTAGC-
TGACATTGATGAATGCAGCATAATG-3" and 5'- ACCGAACTC-
GAGCTATTAGTGATGGTGATGGTGATGAGTGCACTTAATG-
CCATCTCC-3' into the Nhel-Xhol-restricted pDNSP-rF51. To pro-
duce the expression plasmid for rF1D coding for Asp'***~Val'*?’, the
530-bp Nhel-Apal PCR fragment generated with 5'-ATCGTAGCTA-
GCTGATCTGGACGAATGTTCCAATGG-3" and 5'- AATTAAGG-
GCCCTATTAGTGATGGTGATGGTGATGAACACAGCCAACT-
CGAGTTGGG-3' was fused with the Nhel-Apal-restricted pDNSP-
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FIGURE 1. Schematic overview of the recombinant fibrillin-1 fragments rF1B, rF1C,
and rF1D. This overview shows the relative position of the expressed fragments of
human fibrillin-1 used in this study. The 3 fragments span subsequent parts of the region
between 8-Cys/TB domain 3 and cbEGF domain 22. Fragments rF1B and rF1C comprise
the neonatal region of fibrillin-1 (bar). Each of the recombinant fragments contains four
cbEGF domains. The predicted N-linked glycosylation sites are indicated (inverted Y).
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FIGURE 2. Characterization of the N-linked glycosylation of recombinant fibrillin-1
fragments. Recombinantly expressed fibrillin-1 fragments rF1B (10 ng), rF1C (5 ng), and
rF1D (10 pg) were analyzed by reducing (20 mm dithiothreitol) SDS gel electrophoresis
before (—) and after (+) treatment by N-glycosidase F (PNGase). The position of the
N-glycosidase F (~36 kDa) is indicated by the arrowhead. The masses of globular marker
proteins (M) are indicated.

rF51, resulting in a plasmid termed pDNSP-rF1D. The correct sequence
of all expression plasmids was verified by commercial DNA sequencing
(Agowa, Berlin).

Transfection of Cells and Culture Conditions—Human embryonic
kidney cells (293, American Type Culture Collection) were transfected
with the Pvul-linearized expression plasmids described above using cal-
cium phosphate as described (36). The cells were grown in Dulbecco’s
modified Eagle’s medium (PAA Laboratories) supplemented with 2 mm
glutamine, 100 units/ml penicillin, 100 ug/ml streptomycin, and 10%
fetal calf serum in a 5% CO, atmosphere at 37 °C. Selection of recombi-
nant clones started after 24 h with 0.25 mg/ml G418. Single colonies
were isolated and propagated. Positive clones were identified by West-
ern blotting and detection with an antibody directed against the hexa-
histidine tag (Invitrogen).

Production and Purification of the Recombinant Polypeptides—Re-
combinant cell clones were grown in triple-layer flasks (Nalge Nunc
International), and serum-free medium was collected every 2—-3 days
and stored at —20 °C. After thawing 23 liters of conditioned medium
containing rF1B, rF1C, or rF1D, phenylmethylsulfonyl fluoride was sup-
plemented to a final concentration of 0.1 mMm. The medium was concen-
trated to ~50 ml by ultrafiltration (10-kDa cutoff), dialyzed against 20
mM HEPES, 500 mm NaCl, pH 7.2, and loaded on a 1-ml HiTrap che-
lating column charged with Ni** (GE Healthcare). The bound histi-
dine-tagged proteins were eluted with a gradient of 0 —500 mM imidaz-
ole in the same buffer in 40 ml at a flow rate of 1 ml/min. Fractions
containing the protein of interest were pooled, dialyzed against 50 mm
Tris-HCI, 150 mm NaCl, pH 7.4 (TBS) containing 2 mm CaCl,, and
stored at —80 °C.

Recombinant rF1D bound relatively weakly to the Ni**-chelating
column, and much of the material was found in the flow-through.
Therefore, the flow-through after Ni>*-chelating chromatography was
dialyzed against 20 mm Tris-HCI, 50 mm NaCl, pH 8.6, and loaded on a
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TABLE ONE

Characterization of N-linked glycosylation of rF1B, rF1C, and rF1D

rF1B rF1C rF1D
Calculated molecular mass (kDa) 28.6 189 18.9
Determined molecular mass (kDa) 38.3 31.5 33.6
Determined molecular mass after N-glycosidase F digestion (kDa) 35.7 31.5 31.5
Determined N-linked oligosaccharides (%)* 6.8 0 6.3
Predicted N-glycosylation sites 2 0 3
Predicted O-glycosylation sites” 0 0 0

“ The percentages represent the percentage of total mass as determined by SDS gel electrophoresis shown in Fig. 2.
® The absence of mucin type N-acetylgalactosamine O-glycosylation sites was predicted using the NetOGlyc server (43).

HiTrap Q anion exchange column (GE Healthcare) equilibrated in the
same buffer. Bound proteins were eluted with a linear gradient (15 ml) of
equilibration buffer containing 50-1000 mm NaCl at a flow rate of 0.5
ml/min. The fractions containing rF1D were pooled, concentrated to
<1 ml, and loaded on a Superose 12 gel filtration column (24 ml; GE
Healthcare) equilibrated with TBS containing 2 mm CaCl,. Recombi-
nant rF1D eluted between 11 and 13 ml. The quality of all protein prep-
arations was evaluated by SDS-PAGE, and the identity of each protein
was verified by N-terminal sequencing.

Homocysteine Preparation—A 30 mM stock solution of homocysteine
was prepared from homocysteine-thiolactone (Fluka) according to the
procedure of Duerre and Miller (37) with minor modifications. Briefly,
46.11 mg of homocysteine-thiolactone were dissolved in 0.3 ml of 5 N
NaOH and incubated for 5 min at room temperature. About 1.5 ml of 1
M KH,PO, was added to adjust the final pH to 7.0. After the addition of
8 ml of H,O (final calculated homocysteine concentration = 30 mm), an
aliquot was removed to determine the absolute concentration of free
homocysteine. This was performed with Ellman’s reagent (Pierce)
according to the manufacturer’s instructions (38). Homocysteine ali-
quots were stored at —80 °C and thawed only once. Determination of
the homocysteine concentration after 1 month indicated no substantial
loss of free homocysteine.

Incubation of Recombinant Proteins with Homocysteine—To mimic
the exposure of fibrillin-1 to elevated homocysteine levels found in
patients with homocystinuria, recombinant fragments of fibrillin-1 in
TBS containing 2 mm CaCl, were incubated with 300 uM homocysteine
for 24 h at 37 °C. Due to the short half-life of homocysteine in solution
(~2h), a second 300 uM aliquot was added to the proteins after 12 h.

Calcium Binding Studies—To remove calcium from either the non-
treated or the homocysteine-modified fragments dissolved in TBS con-
taining 2 mMm CaCl,, the samples were supplemented with 10 mm
EDTA and incubated for 1 h at ~20 °C and then dialyzed for 24 h
against TBS in the presence of 5 g/100 ml Chelex-100 (Bio-Rad). The
dialysis buffer was changed 4 times, and the last buffer volume was
filtered to retain the Chelex-100 resin and used as calcium-free TBS
to prepare calcium stock solutions and to adjust the protein concen-
tration of calcium-free recombinant proteins. Equilibrium dialysis
was performed with DispoEquilibrium Dialyzers (Harvard Appara-
tus) equipped with a membrane with a molecular weight cutoff of
1000. 50 ul of protein solution in calcium-free TBS was dialyzed
against 50 ul of 0.05-2 mMm CaCl, in TBS including trace amounts of
*5Ca®" (PerkinElmer Life Sciences). After dialysis for 24 h at 37 °C,
2-3 15-pl aliquots were counted in a scintillation counter (Win-
Spectral a/ B 1414, Wallac). For curve fitting, equal and independent
binding sites were assumed using the fitting function [bound Ca*"]/
[recombinant fragment] = nX [free Ca®"]/(K, yyerage T [free Ca®"]),
where 7 = the number of binding sites, and K; e qe = the average
thermodynamic dissociation constant. To verify that the hexahisti-
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FIGURE 3. Secondary structure analysis by CD spectroscopy. Far-UV circular dichro-
ism spectra of rF1B, rF1C, and rF1D (0.5 mg/ml each) were recorded at 20 °C. Non-treated
fragments (solid lines) and homocysteine-treated fragments (dotted lines) were analyzed
in the presence of 10 mm CaCl, in TBS buffer. Curves represent the means of three
independent experiments. Measurements below 202 nm are not shown due to the
strong absorption of the buffer. The mean residue ellipticity [@] is blotted against the
wavelength in nm.

dine tags on the C-terminal end of the proteins did not contribute to
calcium binding, a control protein (main proteinase from the severe
acute respiratory syndrome virus) containing a hexahistidine tag was
tested under identical conditions by calcium equilibrium dialysis.
This control protein did not bind calcium.

Protease Degradation Experiments—The unmodified or homocys-
teine-modified recombinant fibrillin-1 fragments rF1B, rF1C, and rF1D
were incubated in the presence or absence of 6.25-9.5 mm CaCl, in TBS
with trypsin (E.C. 3.4.21.4, Sigma) or a-chymotrypsin (E.C. 3.4.21.1,
Sigma) for up to 16 h. After removing a control sample at time 0, the
enzymes were added in a ratio of 1:40 (w/w) and incubated at 30 °C
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TABLE TWO

Secondary structure analysis from circular dichroism spectra of recombinant non-treated and homocysteine-treated fibrillin-1 fragments
rF1B rF1C rF1D
Non-treated Hcy-treated Non-treated Hcy-treated Non-treated Hcy-treated
a-Helix 0.10 0.16 0.07 0.08 0.08 0.09
B-Sheets 0.36 0.29 0.37 0.35 0.36 0.34
B-Turns 0.22 0.23 0.22 0.22 0.22 0.22
Other 0.32 0.33 0.34 0.36 0.35 0.35
Total” 1.00 1.01 1.00 1.01 1.01 1.00
“ Values were calculated using the ContinLL method (39, 40).
(chymotrypsin) or 37 °C (trypsin) as instructed by the supplier. Samples
were removed after 0.5, 1, 2, and 16 h and immediately transferred into 691
reducing 4-fold concentrated sample buffer, heated to 95 °C for 5 min, 504
and chilled on ice until all samples were collected for analysis by SDS gel
electrophoresis (15% acrylamide (w/v)). The protein fragments were 404
stained with Coomassie Brilliant Blue. 304
N-terminal Sequencing—To determine the amino acid sequence of K average = 252 £ 6.0 uM
the recombinant proteins and the protease degradation products, the 204 RN
fragments were separated by reducing (20 mM dithiothreitol) SDS gel 1.0 S
electrophoresis, blotted on a polyvinylidene difluoride membrane
(Immobilon P, Millipore), and stained with Coomassie Brilliant Blue. = 00| —mmm—e—et—
The fragments of interest were cut out and directly sequenced with an © o 0 200 | 400 800 800 . 1000
automated protein sequencer (Model Procise 494, Applied Biosystems). A
For identification of the N-terminal amino acid in each sequencing o 254 ’{1
cycle, it was reacted with phenylisothiocyanate, removed as an anili- ©
nothiazoline derivative, converted to the more stable phenylthiohydan- % oy
toin-amino acid (PTH-AA), separated by a high performance liquid © 154
chromatography gradient system, and compared with an external £ 05
standard mixture of known PTH-AAs. g 1 Kd-Average = 574 £25.0 uM
Circular Dichroism (CD) Spectroscopy—The CD spectra of the T 054 g N=22:02
recombinant unmodified and homocysteine-modified fibrillin-1 frag- a 004 ___g_u________u_______-——E-—
ments (0.5 mg/ml in TBS) were recorded in the presence of 10 mm B Ho & o
CaCl,, Ho.mocysteme—treated samples were extensively dialyzed before 2 r o e oo o o
the analysis to remove free homocysteine. The samples were analyzed in m 304 F1D
quartz cuvettes on a Jasco J-175 instrument. Spectra were recorded 25 J
from 200 to 250 nm at 20 °C. Secondary structure analysis was per-
formed with the ContinLL method (39, 40). 204
Labeling of Homocysteine and Immunofluorescence—For labeling of 154
homocysteine with fluorescein isothiocyanate (FITC), 100 ul of FITC (5 10
mg/n.ﬂ m. Me2$O) was added in 5-ul ahquots Fo 1 ml of 1? mM homo- KeAverage = 27.8 £ 7.2 yM
cysteine in Tris-HCl, pH 7.0. The reaction mixture was incubated at 0.5 b
4.°C for 8 h in the dark. To stop the reaction, 12 ul of 5 M NH,CI was o0l 8 = o
added. The FITC-labeled homocysteine (Hcy-FITC) was sterile-fil- - o
trated and stored at —80 °C. As a control, Tris-HCI was labeled in an —— T T T T
identical fashion (Tris-FITC). 0 200 400 600 800 1000
For immunofluorescence, normal human dermal fibroblasts (passage Free calcium (uM)
8-9) were prepared as described in detail previously (36). Briefly, cells

were trypsinized and seeded at densities of 7.5 X 10* cells/well in 8-well
chamber slides (Permanox; Nalge Nunc International) resulting in a
confluent cell layer after attachment of the cells. The cells were grown in
Dulbecco’s modified Eagle’s medium containing 10% (v/v) fetal calf
serum in the presence of Hcy-FITC or Tris-FITC at a final concentration of
300 uM. The medium was changed daily, and 2—4 days after seeding
the cells were fixed with 70% (v/v) methanol/30% (v/v) acetone and
either visualized directly with an Axioskop2 microscope (Zeiss) or
further stained with the polyclonal antiserum a-rF6H reacting with
the C-terminal half of fibrillin-1 (15). To reduce potential disulfide
bonds between Hcy-FITC and the cysteine residues of fibrillin-1 and
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FIGURE 4. Calcium binding of fibrillin-1 fragments rF1B, rF1C, and rF1D. Calcium
binding of non-treated (closed circles) or homocysteine-treated (open squares) fibrillin-1
fragments (0.5-1 mg/ml) was analyzed by equilibrium dialysis against increasing con-
centrations of radioactive-labeled “*CaCl, in TBS buffer. For the non-treated samples, the
data points represent the means of three independent experiments including S.D. of the
mean. The theoretical curves were calculated as described under “Experimental Proce-
dures.” x? values of the curve fittings were 0.1 (rF1B), 0.08 (rF1C), and 0.03 (rF1D). n = the
number of binding sites, and K ,yerage = the average thermodynamic dissociation con-
stant. For the homocysteine-treated samples, linear curve fitting was applied. Note that
homocysteine-treated proteins are not able to bind calcium.

other matrix proteins, Tris(2-carboxyethyl)phosphine hydrochlo-
ride (TCEP; Sigma) was used in concentrations of 10 mM in phos-
phate-buffered saline for up to 30 min.
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RESULTS AND DISCUSSION

Although the genetic basis for homocystinuria caused by mutations
in enzymes of the methionine metabolism is well characterized, the
molecular pathogenetic mechanisms leading to connective tissue
abnormalities overlapping with those observed in Marfan syndrome
caused by mutations in fibrillin-1 are less well understood. Based on
these similar clinical symptoms, we and others hypothesized that
homocysteine in elevated concentrations found in individuals with
homocystinuria has the potential to modify the structure and function
of fibrillin-1. To test this hypothesis, we have produced and character-
ized recombinant human fibrillin-1 fragments and extensively analyzed
the potential of homocysteine modification as well as the structural and
functional consequences on the proteins. Because mutations in the so-
called neonatal region in the center of the fibrillin-1 molecule (Fig. 1)
cause the most severe symptoms in Marfan syndrome, we focused on
this and neighboring regions for the analysis of potential homocysteine
modifications.

Expression and Properties of Recombinant Human Fibrillin-1 Frag-
ments—The fragments were recombinantly expressed in a well estab-
lished human embryonic kidney cell system to ensure correct folding
and posttranslational modifications. This system has been demon-
strated to produce a number of other correctly folded fibrillin-1 frag-
ments (17, 20, 36, 41). The fragments rF1B, rF1C, and rF1D produced
here span the region from 8-Cys/TB domain 3 to cbEGF domain 22,
representing the longest stretch of 12 tandemly repeated cbEGF
domains in fibrillin-1 (Fig. 1). These small recombinant fragments, each
containing 4 cbEGF domains, were chosen over previously produced
larger fragments to facilitate the analysis and interpretation of the con-
sequences of homocysteine modification on calcium binding and pro-
tease susceptibility described below. The recombinant fragments were
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expressed and secreted into the cell culture medium in amounts of
~2-5 ug/ml/day. The expected N-terminal sequences were verified by
Edman degradation.

Fragments rF1B, rF1C, and rF1D contain 2, 0, and 3 potential
N-linked glycosylation sites, respectively (Fig. 1). N-Linked glycosyla-
tion of the recombinant fragments was analyzed by digestion with
N-glycosidase F (PNGase F), an enzyme that cleaves high mannose,
hybrid, and complex oligosaccharides from N-linked glycoproteins (Fig.
2 and TABLE ONE). rF1B and rF1D showed enhanced mobility in SDS
gel electrophoresis after treatment with N-glycosidase F but not rF1C.
This reduction in the apparent molecular masses of 6.8% for rF1B and
6.3% for rF1D demonstrates that these recombinant fragments are
N-linked-glycosylated as expected from their primary sequences. These
data are in agreement with observations for larger recombinant fragments
spanning a similar region in fibrillin-1 (20, 42). No O-glycosylation sites in
rF1B, rF1C, and rF1D were predicted with the NetOGlyc 3.1 software (43).
The molecular masses determined by SDS gel electrophoresis after removal
of N-linked oligosaccharides were somewhat larger than calculated from
the primary sequence (Table I). This property is typical for fibrillin-1 frag-
ments containing a large portion of cysteine residues (20, 44).

Analysis of Secondary Structures by CD Spectroscopy—Far UV CD
spectra in the presence of calcium indicate a substantial amount of
B-structures for each of the recombinant fragments, which is typical for
proteins containing cbEGF domains (Fig. 3) (13, 14, 45). Minima of ® =
—6927 degree X cm® X dmol ™' at 212 nm (rF1B), ® = —5157 degree X
cm?® X dmol ! at 211 nm (rF1C), and ® = —4950 degree X cm® X
dmol ™" at 212 nm (rF1D) were observed. Consistent with previous data
obtained with a larger recombinant fibrillin-1 fragment spanning the
8-Cys/TB domain 3 to cbEGF domain 22 (13), the spectra of calcium-
free rF1B, rF1C, and rF1D shifted toward lower wavelengths and ©

VOLUME 280-NUMBER 41+-OCTOBER 14, 2005

020z ‘sz snbny uo 1s8nb Ag /1o oq-mmmy/:dny wody papeojumoq


http://www.jbc.org/

Role of Fibrillin-1 in Homocystinuria

TABLE THREE

Susceptible proteolytic cleavage sites in homocysteine-treated fragments rF1B, rF1C, and rF1D, which are normally protected in the non-treated
fragments
Fragment Cleaved sequence” Position” Enzyme*
rF1B LXXEDEEC 960 C
LPIAGXXR 969 C/u
TPEYEEXC 1001 C/u
LCXRGPGF 1007 C/u
FKDINECKMIPSLCT 1026 C
KDINECKMIPSLCT 1027 C
MIXSXCTH 1034 T
GKCRNTXG 1042 C/U
NCTDIDEC 1067 T
MKNCMDID 1108 C
KNCMDIDE 1109 C
NCMDIDECQRDPLLC 1110 T
CIDINEC 1153 C/uU
rF1C GGCEXECT 1206 C/u
SCQPGF 1222 C/U
ALMPDQXSCTDIDE 1228 C
SCTDIDECEDXPN 1235 T
MASEDMXTCVDVNE 1270 C
TCVDXNECDLXPN 1277 T
SGTCEXTXG 1293 C
TGCTDINECEIGAH 1318 T
GCTDINEC 1319 T/U
HAVCXNXAGSFKC 1336 T
rF1D FTCXDLDE 1400 C/U
NLCGNGQC 1413 C
APGGYXCE 1423 T/U
GTCHNLPG 1459 C
SGGXCTDV 1481 T
“ Cleaved sequences were determined by Edman degradation of the degradation products and are indicated in the one-letter amino acid code. X, residues that could not be
identified by N-terminal sequencing. Cysteine residues are shown as C, although they cannot be identified by the procedure used.
b Positions are indicated according to Pereira et al. (54).
¢ T, trypsin; C, chymotrypsin; in some cases cleavage sites have been observed at positions that are normally not used by trypsin or chymotrypsin (U, unspecific).

values (data not shown). After incubation of all three recombinant frag-
ments with homocysteine in concentrations found in individuals with
homocystinuria (300 M), the spectra differed as compared with the
spectra obtained with non-treated proteins (Fig. 3). Homocysteine-
treated fibrillin-1 fragments resulted in minima of @ = —9949 degree X
cm?® X dmol ™! at 205 nm (rF1B), ® = —5148 degree X cm?® X dmol !
at 208 nm (rF1C), and ® = —5797 degree X cm? X dmol " at 209 nm
(rF1D). Calculating the relative amounts of secondary structure by the
ContinLL method (TABLE TWO) showed, as expected, relatively low
amounts of a-helix (7-10%), and high amounts of B-sheets (36 —37%)
and B-turns (22%) for the non-treated proteins. The calculations pre-
dicted only small differences in secondary structure between the non-
treated and the homocysteine-treated forms.

Based on these data, we suggest that the structural changes observed
after homocysteine treatment results from either covalent modification
of cysteine residues in fibrillin-1 involved in disulfide-bonds, leading
temporarily to free reactive cysteine residues in the protein, or from a
rearrangement of disulfide bonds in a reduction-oxidation-like mecha-
nism catalyzed by homocysteine. These interpretations are in agree-
ment with a very recent publication by Hutchinson et al. (34) reporting
that homocysteine treatment leads to a partial reduction of disulfide
bonds in ¢cbEGF domains 32—-34 of fibrillin-1 and suggesting that ho-
mocysteine initiated disulfide bond shuffling and misfolding of cbEGF
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domains. Such structural changes would be also reflected on the func-
tional level such as calcium binding.

Calcium Binding of rFIB, rFIC, and rFID—To determine calcium
binding properties, the fibrillin-1 fragments were analyzed by equilib-
rium dialysis using *>Ca®", which allows determining the amount of
protein-bound and free calcium at different calcium concentrations
(Fig. 4). The average calcium dissociation constant (K, yyerage) for rf1B is
25.2 = 6.0 uM. For individual cbEGF domains in this region, which are
in context with an N-terminally located domain, calcium dissociation
constants were reported to be <100 uM (TB3-cbEGF11 (46)), <30 uM
for cbEGF13 in the cbEGF12-13 pair (22), or <100 uM for cbEGF14 in
the cbEGF13-14 pair (19). Thus, the average dissociation constant for
cbEGF11-14 contained in rF1B corresponds well with these data. The
average calcium dissociation constants of rF1C (K; ,yerage = 57.4 £ 25.0
M) and rF1D (K, 4yerage = 27-8 £ 7.2 uM) were in a similar low micro-
molar range as compared with rF1B. All the fragments contain 4 cbEGF
domains which are expected to bind 1 calcium ion each. For rF1B, where
the N-terminal cbEGF domain is stabilized by a preceding 8-Cys/TB
domain, the number of binding sites (4.3 * 0.2) correlated well with the
expected value. In rF1C and rF1D, the N-terminal cbEGF domains are
not stabilized by preceding domains. N-terminally located cbEGF
domains often do not bind calcium efficiently (19, 22, 23). Therefore, 3
calcium binding sites with dissociation constants <1 mm were expected
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FIGURE 6. Schematic representation of susceptible proteolytic sites in the fibrillin-1 fragments after treatment with homocysteine. Sensitive tryptic (black arrows and
triangles) or chymotryptic (white arrows and triangles) proteolytic cleavage sites, which only were observed after treatment with homocysteine but not or less without treatment (see
Table Ill), are indicated on the polypeptide chain of each recombinant fragment. Typical cleavage sites for each protease are indicated by arrows, and non-typical cleavage sites are
marked by triangles. The two-dimensional projections of the 8-Cys/TB and the cbEGF domain structures were adjusted from references (6, 7). The drawing was generated with the

CorelDraw version 11 software.

for rF1C and rF1D. Due to large variations in the results of the equilib-
rium dialyses at higher calcium concentrations, binding sites with dis-
sociation constants >1 mm could not be analyzed. The number of bind-
ing sites observed for rF1C (2.2 = 0.2) and rF1D (1.8 * 0.1) were
somewhat lower than what was expected based on the domain struc-
ture. After removal of calcium by EDTA and Chelex-100, the residual
calcium concentration in the buffer system was <0.5 uMm. Therefore, the
detection of only 2 binding sites in rF1C and rF1D could be due to the
presence of 1 very high affinity binding site with dissociation constants
below 0.5 uM, from which calcium could not be removed. For cbEGF 22
contained in rF1D, an average dissociation constant of 376 um was
reported previously for a construct containing cbEGF22-TB4-cbEGF23
(20). From the studies presented here it is clear that the calcium disso-
ciation constant of cbEGF 22 is at least 1 order of magnitude lower (e.g.
the calcium affinity is higher) when this domain is in context with the
appropriate N-terminal domains. Similar effects have been observed by
others for a number of other cbEGF domains (18, 19, 22, 47).

To test the consequences of homocysteine treatment on the func-
tional ability of the proteins to bind calcium, equilibrium dialyses of
homocysteine-treated fragments were performed (Fig. 4). These analy-
ses clearly demonstrate that modification of the fragments with homo-
cysteine in concentrations found in patients with homocystinuria leads
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to a complete loss of calcium binding for all three fragments. The struc-
tural changes observed by CD spectroscopy after treatment with
homocysteine are, therefore, sufficient to compromise calcium binding
of the recombinant proteins. The consequences of homocysteine on the
ability to bind calcium are studied here on cbEGF domain 11-22 of
fibrillin-1 contained in the 3 recombinant fragments. It is likely, how-
ever, that other cbEGF domains in fibrillin-1 would be similarly affected
by treatment with homocysteine. We predict that loss of calcium bind-
ing to ¢cbEGF domains of fibrillin-1 after modification with homocys-
teine plays a critical role in the molecular mechanism leading to homo-
cystinuria. Calcium binding to fibrillin-1 has been demonstrated to be
important for ligand binding interactions with ligands such as fibulin-2,
MAGP-1, or heparin/heparan sulfate (15-17, 48) or for self-assembly
(36, 49). Although these functions are dependent on relatively small
epitopes, including one or a few cbEGF domains in the fibrillin-1 mol-
ecule, a more general role for calcium was described to protect cbEGF
domains from proteolytic degradation (50). Therefore, we tested the
consequences of homocysteine modification on proteolytic stability of
the fragments.

Proteolytic Degradation of rF1B, rFI1C, and rF1D after Modification
with Homocysteine—The calcium-loaded recombinant proteins were
analyzed before and after treatment with homocysteine for their prote-
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ase susceptibility using trypsin and chymotrypsin. In Fig. 5, typical time-
resolved degradation patterns for rF1B, rF1C, and rF1D are shown. In
general, all three recombinant proteins were considerably more suscep-
tible to proteolytic degradation with trypsin as well as with chymotryp-
sin. The full-length homocysteine-modified fragments were almost
completely degraded to smaller fragments after 30 min of protease incu-
bation, whereas the non-modified fragments were not or only little
degraded even after 2 h of protease treatment. Prominent degradation
products of homocysteine-treated fragments, which did not occur or
occurred significantly less in the non-treated samples, include bands of
about 8 and 14 kDa (trypsin) and <10, 14, and 18 kDa (chymotrypsin)
for rF1B, bands of 16 and 20 kDa (trypsin) and several bands between 10
and 25 kDa (chymotrypsin) for rF1C, and bands of 18 (trypsin) and 19
and 20 kDa (chymotrypsin) for rF1C. Very similar degradation patterns
were observed after extended protease incubation for 16 h (data not
shown). Degradation of the calcium-free homocysteine-treated recom-
binant fragments with trypsin also resulted in higher protease suscepti-
bilities for all three fragments as compared with the non-treated calci-
um-free controls (data not shown; chymotrypsin was not used in these
experiments).

Degradation products of homocysteine-treated fragments, which
were more susceptible to either trypsin or chymotrypsin as compared
with the non-treated controls, were further analyzed by N-terminal
sequencing and are summarized in TABLE THREE and Fig. 6. In gen-
eral, sites rendered susceptible to proteolytic degradation were found in
almost all domains contained in rF1B, rF1C, and rF1D. Most sensitive
sites are located in loop 4 of the cbEGF domains between cysteine res-
idues 5 and 6 (cysteine residues of an individual cbEGF domain are
numbered here as 1-6). Some sensitive sites were also found in loop 1
(between cysteines 1 and 2) and loop 2 (between cysteines 2 and 3) of
various cbEGF domains as well as in various loops of the 8-Cys/TB
domain 3. These data demonstrate that modification of the recombi-
nant proteins with homocysteine results in structural changes through-
out the proteins, which are sufficient to enhance their susceptibility for
trypsin and chymotrypsin. In addition, several non-typical cleavage sites
primarily with chymotrypsin and occasionally with trypsin were
observed. These sites are almost exclusively located in close vicinity to
cysteine residues (Table IIT and Fig. 6). These data strongly indicate that
new recognition sites for chymotrypsin and trypsin were generated by
covalent homocysteine modification of a number of cysteine residues in
the recombinant fibrillin-1 fragments.

Taken together, this experimental set of data further support the
concept that homocysteine modifies the structure of all three fragments
of fibrillin-1 in that way that a number of epitopes in 8-Cys/TB and
cbEGF domains become more accessible to proteases. Chymotrypsin
and trypsin are used here as biochemical tools, and they do not repre-
sent physiological proteases for fibrillin-1 in extracellular matrices.
However, we suggest that the structural and functional changes of fibril-
lin-1 induced by homocysteine are sufficient to render the protein sus-
ceptible to proteolytic attack and degradation by physiological relevant
proteases in tissues. Such a mechanism may act in addition to other
mechanisms suggested, including the reduction of fibrillin-1 deposition
into the matrix under low cysteine conditions (32). Because potential
homocysteine modification takes place in the connective tissue of indi-
viduals with homocystinuria, the secretion of the normal fibrillin-1 is
likely not affected. This has been recently supported by analysis of fibro-
blasts from individuals with homocystinuria (34). Analysis of the con-
sequences of elevated homocysteine levels using smooth muscle cells
showed no influence on the fibrillin-1 deposition in the extracellular
matrix (32). In this light it is possible that potential degradation of
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Tris-FITC

Hcy-FITC /| TCEP Hcy-FITC | TCEP / Fib-1

Fibrillin-1

FIGURE 7. Targeting of homocysteine to the extracellular matrix of fibroblasts. A,
FITC-labeled homocysteine (Hcy-FITC, green signal) was added to fibroblast cell cultures
and localized by fluorescence microscopy (left upper panel). FITC-labeled Tris (Tris-FITC)
was used as a control (right upper panel). After Hcy-FITC labeling reduction was per-
formed with 10 mm TCEP for 30 min (lower panels). The absence of the green signal
demonstrates that Hcy-FITC originally formed reducible bonds with extracellular matrix
components (left lower panel). The fibrillin-1 network did not change after treatment
with Hey-FITC followed by reduction with TCEP (red signal, right lower panel). B and C,
indirect double immunofluorescence was performed 3 days (B) or 4 days (C) after cell
seeding with specific antibodies against fibrillin-1 (red signals) and with Hcy-FITC (green
signals). Colocalization between fibrillin-1 and Hcy-FITC is indicated by the yellow color in
the merged images. The bars in A, B, and C represent 100 um.

homocysteine-modified fibrillin-1 takes place at the level of microfibrils,
which may not necessarily lead to altered or diminished microfibrillar
networks in the extracellular matrix. Proteolytic cleavage sites within an
existing microfibril may compromise its function over time, resulting in
the clinical symptoms found in individuals with homocystinuria similar
to those seen in patients with Marfan syndrome. However, in a homo-
cysteinemic chicken model with elevated homocysteine plasma levels,
reduced and disrupted microfibrils were observed (31), potentially
reflecting enhanced proteolytic susceptibility in vivo.

The structural and functional changes of fibrillin-1 introduced by the
treatment with homocysteine may resemble the molecular conse-
quences of the common point mutations in Marfan syndrome, which
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either replace or generate new cysteine residues. It is likely that substi-
tuted or additional cysteine residues in domains requiring stabilization
by disulfide bonds lead to free reactive cysteine residues or induce disul-
fide bond shuffling and misfolding. Some cysteine mutations in fibril-
lin-1 prevent secretion of the molecules, whereas others have been shown
to alter the protein structure and render the mutated cbEGF domain more
susceptible to proteolysis in vitro (14, 42, 51, 52). In this light it is possible
that pathogenetic pathways leading to Marfan syndrome and to homo-
cystinuria share some common molecular mechanisms.

Homocysteine Modification of Fibrillin-1 Networks in Cell Cultures—To
analyze whether homocysteine is able to modify the extracellular matrix
of cells in culture, homocysteine was covalently labeled via the amine
group with the fluorescent compound FITC (Hcy-FITC) and then
added to dermal fibroblasts (Fig. 7A). Hey-FITC labeled fibrillar extra-
cellular structures, whereas the control compound Tris-FITC did not
show extensive labeling signals. After incubation of the Hey-FITC-la-
beled fibroblasts with the mildly reducing agent TCEP, Hcy-FITC was
no longer detectable in the extracellular matrix (Fig. 74). These results
indicate that Hcy-FITC covalently modifies components in the extra-
cellular matrix in a reducible fashion via disulfide bonds. This inter-
pretation is in agreement with the above-described observation of
newly generated recognition sites for chymotrypsin and trypsin and
with observations from others demonstrating homocysteine-modi-
fied adducts of fibrillin by mass spectrometry (34). To detect
whether homocysteine is able to modify fibrillin-1 in the extracellu-
lar matrix of fibroblasts, double immunofluorescence experiments
were performed with Hey-FITC and specific antibodies for fibrillin-1
(Figs. 7, Band C). Fibrillin-1 and Hcy-FITC showed significant colo-
calization patterns, suggesting that homocysteine has the potential
to modify fibrillin-1 in extracellular matrices. Incubation with either
Hcy-FITC (Fig. 7) or non-labeled homocysteine (data not shown) did
not disturb the formation of the fibrillin-1 networks, which is in
agreement with a previous study by Majors and Pyeritz (32). This set
of data clearly support that homocysteine covalently modifies fibril-
lin-1, which ultimately leads to the observed structural and func-
tional alterations described above. Such changes in fibrillin-1 could
explain the overlapping clinical symptoms observed in Marfan syn-
drome and homocystinuria. However, both disorders are also char-
acterized by different symptoms primarily in the central nervous and
the cardiovascular systems, suggesting additional selective mecha-
nisms. Based on the potential of homocysteine to modify fibrillin-1,
we predict that other cysteine-rich and disulfide-bonded molecules
in extracellular matrices or on cell surfaces are also targets for
homocysteine modification. Recently, Hutchinson et al (34)
reported the potential of homocysteine to modify Notchl, and mem-
bers of the Notch family have been suggested as candidates to medi-
ate the specific symptoms in homocystinuria. Another candidate is
fibrillin-3, a newly identified member of the fibrillin family, which is
significantly expressed in brain (3, 53). Based on the high overall homol-
ogy of fibrillins, it is likely that fibrillin-3 is a target for homocysteine
modification.

Conclusions—In this study we demonstrate that homocysteine in
concentrations found in individuals with homocystinuria can alter the
secondary structure of selected recombinant fibrillin-1 fragments in
vitro. These structural changes likely occur through covalent modifica-
tion of cysteine residues in fibrillin-1 and/or disulfide bond shuffling
and lead to aloss of calcium binding and significantly enhanced protease
susceptibility. These structural and functional changes occur within a
short period (1 day) of the experimental setup. In light of the fact that
patients with homocystinuria are permanently exposed to elevated

34954 JOURNAL OF BIOLOGICAL CHEMISTRY

homocysteine levels, we suggest that the modifications of fibrillin-1
described here play a pivotal role in the molecular pathogenesis of this
disorder. This would explain the overlapping clinical symptoms
observed in homocystinuria and Marfan syndrome caused by mutations
in fibrillin-1.
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