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Background: Martan syndrome is @ heritable disorder
ot conneetive tssue which has been associated with
ntatons o gene encoding tbeillinga 330 kD slveo-
protent found mmicrotibrils, This proteny consistsy of
~60 domauns, 47 of which have similarity o epidernal
growth fuctor (EGE The first mutations to be detecred
were found in two snoradic cases that had identical Arg
w0 Pro changes within one LGF-like domain, Based on
sequence features commaon to 43 of the LGT-like
domains. icwas proposed that dhese domains might bind
calciun Through the svnthesis and characterization of
wild-tvpe and mutated single domain peprides, we
exanined the structural and caletum-binding properties
of an olaced EGE-Tike domaim Grom fibrillin and the
etfeets of the Arg to Pro sequence change.

Resules: A pepride corresponding to the thirteenth
putative caletum-=hinding. EGF-like domain of fibrillin
{the stte ol the firse detected mnatons) was svarhesized

[his peptide could be casily oxidized and refolded. The
structure of this domain was probed using NMIL
methods, indicating features characteristic of the known
strucrures of EGE-lke domains, The domain bound o
calcium with moderire attnity [‘K(| — 0 0T
with no major changes meostructure duced upon
calcim bindig, A syntheue peptide continng the Arg,
to Pro mutation was found to be drastcally impaired i
its ability co fold i viiro.

Conclusions: As predicted. a fibrillin domam torms a
caleium- binding. EGF like module, Ax the putative
caleinn=binding sites are found at the amino terminal
end of the modules, we propose dhae caleium jons may
Bind at rhe interbiees benween domains, atteceng the
overal structure of the protenn. The Arg o Pro nutation
blocks domamn folding in vitre. suggesting that lack of
proper domain folding i i may contribute to the
molecular detects responsible for Marfan svodrome,
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Introduction

Marfan syndrome s an autosomal dominane disorder
of the conmective fissue manifested by ocular, skeletal and
cardiovascular abnormalities. Genetie linkage analyses
implicated
1 gene encodmg fibrllin as the cause of
Martan syndrome  [I=4]. Tibrillin s o glycoprotein

and inmunoliasological  studies have

mutations i

component ot extracellular microfibrils [3.6]. 1t contains
@ large number of eystetne-rich repeats, including 43
EGE-hke domains that closely mateh the sequence D-X-
Db -CaX ) -O-XG -0 XEN-X (YR -X-C-X-C-
Xy - C=XR7] Domanns with analogous sequence |8]
bave been shown to bind caleium with moderate affuniey
i blood coaguladon factors IX and X |9-13].

A number of ditferent mutations have now  been
characterized m the tibrillin genes of individuals with
Martin syndrome {2.14=16]. Many of these oceur
binding EGE-like domains.
[t has been proposed that different mutations in indi-
vidual EGF-like donims of fibrillin may disrupe the

i the proposed caleium-

normal intramolecular disultide nerwork, change local
secondary structure, or adversely aftect calcium binding
acavity, The first mutations o be idenufied involved
wentical changes trom Arg to Pro ae position 1137 of
tibritlin in two unrelated mdividuals |2[. This residuc is

domam. NMR . protein folding, tandem arrays

at position 25 of the 42 amino acids 11 the thireeeuth
putative caleium-binding, EGEP-like domain of fibrillin.
To test the hypothesis that these domains bind calcium
and to gain msight inte how this poimt mutation aftects
the structure and properties of this domain, we have

synthesized and characrerized a peptide corresponding
o the thirteenty putative caleium: binding EGF-like
domain ot fibrillin (HALT3) and the corresponding Arg
to Pro mutant pepride. HALT3(IR25P}.

Results and discussion

Synthesis and folding of the wild-type domain (Hiib13)

A 42-residue peptide with the ammo acid sequence
corresponding to - the thirteenth putative caleium
binding FGE-like domain of fibrillin (e 1) was svnthe-
sized by solid-phase methods. The peptide was puritied
o homogeneity e its reduced form by TPLC, The
circular dichroism spectrum of this pepuide revealed it to

be ina random cotl contormation (Fig. 2a). Folding of

H
the pepride required the introduction of three disulfide

bonds. which could be acconuplished wing o variery of

oxidizing conditions such as air oxidation or various
ratios ol oxidized and reduced glutathione or eysteme,

The HPLC

analvsis of the products from one such

folding experiment is shown in Fig. 3a. A single nujor
peptide product was generated, This waterial had the
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1113
AspIleAspGluCysGlnArgAspProLeuleuCysArgGly
1 14

GlyValCysHisAsnThrGluGlySerTyrArgCysGluCys

15 Pro 28
1154

ProProGlyHisGlnLeuSerProAsnIleSerAlaCysIle

29 42

Fig. 1. The amino acid sequences of Hiib13 and Hfib13(R25P).
The numbering scheme shown above the sequence corresponds
lo positions within intact fibrillin whercas the numbers shown
below the sequence refer to the synthetic peptides. Hfib13(R25P)
conlains Lhe single Arg to Pro mutation at position 25. Residues
that may be involved in calcium binding arc highlighted in biue.
Cys residues are highlighted in pink.

expected molecular mass and was shown to contain three
disulfide bonds and no free sulthydryl groups [17]. The
circular dichroism spectrum revealed significant structure
as shown in Fig. 2a.

Structure and calcium binding of wild-type Hfib13

The one dimensional '"H NMR  spectrum of Hfib13
demonstrated strong evidence of a well-defined structure
with well dispersed o proton and methyl group
peaks (Fig. 4a). This spectrum was assigned using
standard two-dimensional NMR  methods [18]. The
assignments of the amide and Cot proton shifts for Gly22
through Glu27are indicated in the fingerprint region of
the nuclear Overhauser cffect spectroscopy (NOESY)
spectrum shown in Fig. 4b. Structural calculations were
performed based on 481 distance and 18 dihedral angle
constraints. Forty structures were generated, of which ten
were found to have two or fewer constraint violations.
The remaining structures had four or more violations.
Fig. 4c shows the superposition of the ten structures
which represent a single family and have a backbone
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Fig. 2. Circular dichroism specira of wild-type and mutated EGF-
domain peptides. {a) The spectra of reduccd and oxidized wild-
type Hiib13. (b) The spectra of reduced Hfib13(R25P) and the
three major oxidized products from the attempted folding rcac-
tion. The spectrum of oxidized Hfib13 is shown for comparison.
All spectra were recorded at 21 °C.
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Fig. 3. 1 IPLC analysis of folding reaction products. (a) The folding of wild-type Hfib13. GSSC and GSH indicate oxidized and reduced
glutathione, respectively. (b) Attempted folding of {Ifib(R25F). The three oxidized products with molecular masses corresponding to

peptide monemers are indicated by a, b, and c.
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root-mean-squared deviation of 1.36 A relative to the
average structure. A more detailed description of the
structure determination will be published elsewhere. A
ribbon diagram of the average structure of 11fib13 (Fig.
4d) shows a central antiparallel B-strand flanked by a
small carboxy-terminal B-strand and a less-well-defined
amino terminus, This resembles the structure of other
EGE-like domains in terms of overall topology and
disulfide connectivity [19].

Changes in the NMR spectrum of Hib13 as a function
of added calcium revealed that the isolated peptide binds
calcium (Fig. 5a). Calcium binding was most easily

monitored by observing the o proton resonance of
Tyr24, which shifts upfield and sharpens with increasing
calcium concentration. The chemical shift data for this
proton as a function of added calcium concentration
were fitted with a single-site binding equation as shown
in Fig. 5b. The analysis revealed a dissociation constant
of 0.6 = 0.1 mM for the Ifib!3—calcium complex. This
binding 15 of the same order of magnitude as that
observed for factors [X and X [9,10.12,13]. No signifi-
cant changes were observed in the circular dichroism
spectra of either the oxidized or the reduced torms
upon addition of calcium (data not shown), suggesting
that the structural changes that occur upon caleium
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Fig. 4. A model oi Lhe structure of Hfib13 in the absence of bound calcium as probed using NMR methods. (a) The one-dimensional
NMR spectrum of Hiib13 in H,0. (b) Fingerprint region from a NOESY spectrum with a mixing time of 170 ms in H,O at pH 6.5
and 25 °C. (c) Ten structures wilh two or fewer constraint violations generated by distance geometry/simulated annealing refine-
ment. (d) A Molscript [25] diagram of 1he average structure from ic) showing the secondary structural clements, the disulfide bonds,

and the overall fold.
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Fig. 5. Calcium binding by Hfib13. (a) Onc-dimensional NMR
spectra of Hfib13 as a function of added calcium. (b) A fit of the
chemical shift change for the alpha proton of Tyr24 as a tunction
of added calcium concentration.

binding arc relatively localized, and do not affect the
overall folding of the peptide.

Synthesis and attempted folding of mutant Hfib13(R25P)
A 42-residue peptide containing a mutation at position
25, correspanding to the Arg to Pro mutation encoded in
a fibrillin gene from two Marfan syndrome patients, was
also studied. This pepride, Hb13(R25P), was synthesized
and purificd to homogeneity in its reduced form. Tolding
of HAb(IR25P) was attempred using a variety of redox

ful for the wild-type domain. Fig. 3b shows a typical
result. A large number of products were generated, most
of which were mised disulfides involving glutathione.
Three of the products (R23P, R23Pb, R25P¢) had the
correct molecular mass. Further
three products by circular dichroism spectroscopy (Fig.
2bj showed that none of these closely resembled the
wild-type domain. Analysis of the disulfide bonds i these
peptides [17] revealed that R25Pa appeared to have two
disulfide bonds whercas R25Pb and R25P¢ cach have

examination of these

three. Further characterization of the most abundae
product, R25Pb, by one- and two-dimensional NMR
methods revealed spectra that were quite different from
the wild-type peptide with somewhat broader lines.
These results indicate that the mutated peptide does not
told efticiently to any form that resembles the wild-type
domiain i overall structure. Examination of the model of
the wild-type structure reveals that Arg23 lies i che
central P-sheet with two hydrogen bonds to His18 and is
in an extended conformation. The Jy, coupling con-
stant of 10 Hz for Arg25 observed during NMR analysts
confirms that this residue is in an extended conformation
and suggests a value of ¢ near =120 The substitution of
Pro at this posidon would prevent the peptide from
adopting an extended conformation at this position.

A model for calcium binding to intact fibrillin

We have demonstrated that a single EGE-like domain
from fibrillin binds caleium with reasonable affinity. This
fact strengthens the suggestion that the vemaining 42
domains that share the calcium-binding consensus also
bind calcium. Based on conserved sequence features and
the calcium-hinding  properties of other  EGF-like
domains [11=13] it 15 likely thac residues Aspl, Asp3,
Glud, and Asn19 of HABI3 constitute part of the
calcium-binding site. NMR - seructural studies of an
EGF-like domain from factor X suggested that three of
the stde chains in these positions teract dircetly with
calctum |11, The structures generated for the factor X
domain revealed at most five protein-derived ligands
mteracting with caleium. Calcium generally binds six or
more ligands, suggesting that water molecules or ligands
from other protein domams must also be pare of the
calcium coordination sphere. Modeling of this site within
the context of a tandem array of directly abutred
domams such as those presene e fibrillin suggested that
residues from the loop between the final pair of cysteines
trom the preceding domain could contribute one or
more additional hgands.

Alignment of the amino acid sequences of all the EGF-

like domains from fibrillin revealed the presence of a

previously unnoted recurring Asp - {or, more rarely,
Asn} residue in the carboxy-terminal loops of these
domains (Fig. 6a). These residues are present at the fourth
and sixth residues prior o the last Cys in 19 and 11 of
the 43 EGF-like domains, respectively. The occurrence of
this residue appears to be unique to fibrillin as it 1s not
found m other proteins with large tandem arrays of
LGFE-like modules such as Notch [20]. More detailed
model building which explicitly included the interaction
between calcium and the residue at the fourth position
prior to Cysd1 (Asn37 in the firse domam) resulted in
the model shown in Tig. 6b. The side chains ot residue
Aspl. Aspd, Glud and Asnl19 trom the second domain
were also included as caletum ligands in the caleulation.

The denails of the model we propose are not crucial to
our proposal that the calcium-binding sites occur at
domain mierfaces and may be important in stabilizing
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Fig. 6. A model for calcium binding to
landem arravs of FGF-like modules in (@

fibrilfin. (@) The sequences ol the 43 1 8vlecort PoL000

GNCINTVGSFECKCPAGH KLNEVSQKCE
GECINNQGSYTCQCRAGY QSTLTRTECE

2 DIDECSTI PGICEG
DIDECLQN GRICNN
DINECETE GICMN
DINECVLE SLLCDN

GECINTVSSYPCKCPPGF YTSFDGTRCI
GRCINTDGSFHCVCNAGF HVTRDGKNCE
GRCYNTDGSYRCECFPGLA VGLDGRVCV
GQCRNTPGSF CPKGF IYKEDLETCE

calcium-binding EGF-like domains from DVDECERN  PCAG :

- . . . - DMDECSIE NMCLN GMCINEDGSFKCICKPGF QLASDGRYCK
fibrillin, illustrating the presence of a BriecaLn pp1cey  GICENLRGTYKCIQRSOY EVBSGNNCY
recurring  potential  calciume-ligating DIDECESS  PCIN GVCKNSPGSFICECSSE:

DINECKMI PSLCTH
DIDECQRD PLLCRG
DIDECSIM NGGCET
DVNECDLN PNICLS

residue (Asp, red, or Asn, blue), indi-
cated by the arrows in the region
hetween the linal pair of cysieines. (b) A

Molscript 251 diagram ol the refined DIDECSLF NICVF

DIDECQEL PGLOQG

CKCRNTIGSFKCRCDSGF ALBSEERNCT
GVCENTEGSYRCECPPGH QLSENISACI

FCINSEGSYECSCQPGF ALMEDQRSCT
GTCENTKGSFICHCDMGY SGKKGKTGCT
DLDECSNG THMCSQH ADCKNTMGSYRCLCKEGY
GTCHNLPGLFRCECEIGY ELDRSGCRCT
GKCINTFGSFQCRCPTGY YLNEDTRVCD

TIDTRTICT DIDECEVF PGVCKN
PDLCGR

AHLCPN

GLCYNTRGSFECQCPSGY TIDATGRICL
GQCVNTRGDFECKCDEGYESGFMMMENCY
GRCVNLIGKYQCACNPGY HSTEDRLECV
ENICDG GQCTNIPGEYRCLCIDGF MASEDMETCYV
AENCGFH AVCTNTAGSFKCSCSPGW  IGDGIKCT
LNLCGN  GQCLNAPGGYRCECDMGF VPSADGKACE

TTCIS GNCVNIPGSYICDCPEDF ELNPTRVGCY

GICGE GTCYNTVGNYTCICPEDY MQVNGGNNCM

TCDGFTCT

maodel showing the calcium bridging DIDECREI PGVCEN GVCINMVGSFRCECPVGF FYNDKLLVCE PVCQRN AECINTAGSYRCDCKPGY RETSTGQCH
H T H DRNECQEI PNICSH GQCIDTVGSRYCLCHTGF KTNDDOTMCL ACGN GTCRNTIGSFNCRCNHGF ILSENNDCI
y n N

I)(’l\‘\em the two domains. H]t.' s}xh Byiecsancn OncITVoSrocadiEeY EVATBIRTCY Rkap oreONiousTReIcraY  SucHerce
chaing for the proposed melal-binding BIDECVEE P GTCSNTEGSFKCLCPEGF SLSSSGRRCO DvCRE  GOC YRCECPFGY  TLAGNECV
\ e e N DIDECSVG NPCON GTCKNVIGGFECTCEEGF RPGEMMICE N PLLCAF  RCUNTYGSYECKCPVGY VLREDRRMCY.
residues and for _llwt disulfide honds are CER KEDCTERQECILICTINCIOOPGY bt e poicEN ROUTRASYTCRCREGF ThSHCRECL
\|‘|l)\r\’ﬂ. See text for dem!\ DIDECKVI HDVCRN GECWNDRGSYHCICKTGY TEDITGTSCV PEPCNF  ICKNTEGSYQCSCPKGY ILQEDGRSCK

DUDECATY. QHNCQF LCWNTIGGFTCKCPPGF TQHHTSCI INLCGS K

BBECEGN HRCQH  GCONIIGGYRCSCPQGY LOHYQHNeCY — DENSsCLsh  HICGG
QBDINECGS!. QAPCSY GCENTEGGYLCGCPPGY  FRIGQGHCV

intertaces. Such calcium-mediated interactions between
FGE-like and other domains have been praposed in

other systems although none has as yet been structurally
characterized. The position of the binding sites m fibrillin
bevween domains could allow calcium binding to con-
tribute to the mechanical and dynamical propertics of
fibrillin. iy addition, the inclusion of this interaction leads
to the prediction that cach doma s wotated by ~180°
along the long axis of the array relative to the adjacent
domaims. A simtlar two -told serew axis was predicted [21]
type I
domains. In an intevesting parallel to onr proposal for

and observed [22] for tandem fibronectin
Hbrillin, a sodium fon was observed to lie at the domain
meerface coordinated by two ligands from each domain
il] [hL’ l'\'LCH[lY r(’p(”'[k‘d (‘]'}Sllﬂ strucLure Uf Lwoy [-U]d&‘lll
tvpe I tibronectin domatns front neuroglian [22].

Significance

Calcium binding is important in the structure of
many proteins and in protein—protein interactions
in a variety of systems, Studies of fibrillin purified
from fibroblast cultures have demonstrated that it
has an extended structure and that it binds
calcium [6,7,23]. We have shown that a chemically
synthesized peptide representing a single fibrillin
domain folds into an EGF-like structure and binds
calcium with reasonable affinity. When a mutation
(Arg 1137 to Pro) found in two patients with the
connective-tissue disorder Marfan syndrome is

introduced into the peptide, the folding of the
domain in vitro is disrupted. It is therefore possible
that Marfan syndrome results from a misfolding of
this domain, although direct proof that this also
occurs in vivo remains to be obtained.

Since the report of the Argl137Pro mutation, a
number of additional mutations have been found
that involve the substitution of cysteine residues
presumed to be involved in intramolecular disul-
fide bonds [14]. Although no direct evidence is
available, it seems likely that these mutations also
cause global disruption of domain folding. Other
mutations have been found that involve changes in
the potential calcium-binding residues [15]. Based
on our studies of individual domains, we have
proposed a model for the role of calcium ions in
which they help to form the interfaces in a tandem
array of such' domains. This model can be tested by
preparing appropriate peptides comprising two
adjacent domains.

The integrity of individual domains and relation-
ships between adjacent domains is expected to be
crucial to the assembly of fibrillin molecules into
the oligomeric structures that form in microfib-
rils. Mutations that disrupt domain folding or
relative domain orientation could adversely influ-
ence the intermolecular interactions that are
required for proper microfibrillar assembly. It is

9
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easy to imagine how such damaged molecules
could poison the assembly of normal monomers
resulting in the autosomal dominance that is
characteristic of Marfan syndrome.

Materials and methods

Peptide synthesis

Peptides were synthesized on a Milligen/Biosearch 9050
peptide synthesizer using the solid-phase method with
fluorenyl-9-methoxycarbony! chemistry. Crude peptides were
cleaved from the resin with a solution of 90:5:3:2 (v/v) trifluo-
roacetic acid : thicanisole : 1,2-ethanedithiol : anisole for 2 h,
reduced with 110 mM dithiothreitol ar 55 °C for 2 h and puri-
fied by reverse phase HPLC (Vydac C4 column, 0.1 % trifluo-
roacetic acid/acctonitrile gradient). Folding reactions were
performed using 1 variety of conditions, including air oxidation
and oxidation with several ratios of oxidized/reduced glu-
tathione or cysteine. The procedure routinely performed for the
wild-type peptide employed 3 mM oxidized glutathione, 3 mM
reduced glutathione, 100 mM Tris, | mM EDTA, pH 8.8 under
anaerobic conditions overnight. Folded products were purified
by reverse phase HPLC, lvophilized, and stored at =20 °C.

Circular dichroism spectroscopy

Circular dichroism spectra were measured using an Aviv model
60DS spectropolarimeter. Spectra were recorded from 260 nm
to 200 nm and averaged over six scans. Samples were in 5 mM
Tris-HCl (pH 7.0 and peptide concentrations varied from
175 ug ml™ to 370 py mi~L. The temperature was maintained
at 21 °C using a water-jacketed cuvette holder and an external
water bath.

Calcium binding studies

Peptide samples were dissolved in 99.9% D,0O and
lyophilized. The exchange and lyophilization procedure was
repeated at least three times to exchange labile protons with
deaterium. T'he dried sample was then dissolved in 99.96 %
D,0 and the pH adjusted to 6.50 £ 0.05 (uncorrected for
isatope effects) with aliquots of NaOD/DCI if necessary.
Peptide concentracions ranged from 0.5 to (.7 mM. Calcium
chloride stock solutions were prepared in a sumilar manner to
the peptide solutions, Aliquots of calcium stock solution were
added to the peptide sample and the pH was measured and
adjusted as described above. The titrations were continued
until the calcium site was ~90 % saturated. All spectra were
recorded on a Bruker AM600 MHz spectrometer at 298 K.
Each spectrum contained 8192 points with 256 scans. The
binding constant was calculated by iteratively fitting a one-site
binding cquation to the chemical shift change of the ¢ proton
resonance of Tyr24,

NMR studlies

A sample of the wild-type peptide was dissolved in 90 %
H,0/10 % D,O with 5 mM deutcerated Tris to a concentra-
tion of ~3 mM and the pH was adjusted to 3.8 or 6.5. All
two-dimensional NMR experiments were performed on a
Bruker AM600 spectrometer. Double quantum filtered corrcla-
tion spectroscopy (DQF-COSY) and NOESY spectra were
recorded in the phasc-sensitive manner using time proportional
phase incrementation. The water signal was suppressed by pre-
saturation for 1.3 to 2 s. DQF-COSY and homonuclear
Hartmann—Hahn spectroscopy (t,, = 70 ms) data sets were
collected at pH 3.8 and pH 6.5. In addition, a NOESY set was

recorded with t, = 170 ms at pH 3.8 and a NOESY build-up
curve {t, =25 75, and 170 ms) was recorded at pH 6.5. Data
were processed and  analyzed  with FELIX  (Brosym
Technologies, San Diego, CA).

Structural calcufations

Structural calculadons for HEb13 {(pH 6.5) were carried out
using X-PLOR [24]. Calcolations employed 481 NOE
distance constraints determined from a 2D NOESY spectrum
(t,, = 75 ms). 18 dihedral constraints were also included, as
determined from [NI It coupling constants calculated from the
COSY spectrum. The protocol involved distance geometry
followed by simulated annealing and refinement with slow
cooling. A total of 40 structures were generated and refined. Of
these, 10 structures had two or fewer violations with NOE and
dihehdral violations less than 0.8 A and 6", respectively.

A two-doniain model was created employing CHAIN {Baylor
College of Medicine, TX) by duplicaring the Hfib13 structure
and attaching the two domains head-to-tail. Refinement caleu-
lations for the two domain model were carried out similarly to
those for Hfib13 with essentially the same constraints for each
domain as for the single-domain calculations. However, no
constraints taken from the single domain data were included
for the last residue of the first domain or for the first five
residues of the second domain in the two-domain model.
Finally, for the two-domain model, a calcium ion was added
with distances from the calcium to proposed calcium-binding
ligands constrained to 2.5 A.
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