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Introduction

The Notch signaling pathway is a highly connected

and tightly regulated signal transduction framework

that, together with a restricted number of other signal-

ing networks, drives developmental processes in all

metazoans. Notch signaling controls cell lineage deci-

sions in tissues derived from all three primary germ

lines: endoderm, mesoderm and ectoderm, thus playing

an essential role in organogenesis [1–3]. Faults in the

Notch-mediated signaling network have been associ-

ated with very different pathologies, such as some

cancers (T-cell acute lymphoblastic leukemia,

mucoepidermoid carcinoma) [4–6]; several genetic

disorders [Alagille syndrome (AGS), tetralogy of

Fallot, spondylocostal dysostosis, cerebral autosomal

dominant arteriopathy with subcortical infarcts] [7];

and possibly autoimmune diseases, such as multiple

sclerosis [8].

Both receptors and ligands are membrane-bound

proteins, and this restricts signaling to adjacent cells.

Of the five Notch ligands identified in man, Jagged-1
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Notch signaling controls spatial patterning and cell-fate decisions in all

metazoans. Mutations in JAG1, one of the five Notch ligands in man, have

been associated with Alagille syndrome and with a familial form of tetral-

ogy of Fallot. A specific G274D mutation in the second epidermal growth

factor repeat of the Jagged-1 was found to correlate with tetralogy of

Fallot symptoms but not with usual Alagille syndrome phenotypes. To

investigate the effects of this mutation, we studied the in vitro oxidative

folding of the wild-type and mutant peptides encompassing the second epi-

dermal growth factor. We found that the G274D mutation strongly impairs

the correct folding of the epidermal growth factor module, and folding can-

not be rescued by compensative mutations. The 274 position displays very

low tolerance to substitution because neither the G274S nor the G274A

mutants could be refolded in vitro. A sequence comparison of epidermal

growth factor repeats found in human proteins revealed that the pattern

displayed by the second epidermal growth factor is exclusively found in

Notch ligands and that G274 is absolutely conserved within this group. We

carried out a systematic and comprehensive analysis of mutations found in

epidermal growth factor repeats and show that specific residue require-

ments for folding, structural integrity and correct post-translational

processing may provide a rationale for most of the disease-associated

mutations.
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and -2 are orthologs of Drosophila Serrate, whereas

Delta-like-1, -3 and -4 are orthologs of Drosophila

Delta. Jagged-1 is a single pass type I membrane pro-

tein with a large extracellular region made of a poorly

characterized N-terminal region, a Delta ⁄Serrate ⁄
LAG2 (DSL) domain, a series of 16 epidermal growth

factor (EGF) tandem repeats and a cysteine-rich juxt-

membrane region (Fig. 1). Mutations in the JAG1 gene

have been associated with AGS [Mendelian Inheritance

in Man (MIM) database: #118450], a rare genetic dis-

order that can affect several organs, such as the liver,

heart, eye, skeleton and kidneys [9]. More than 400

mutations in the JAG1 gene have been identified,

including missense, nonsense, deletion, insertion, splice

site mutations and even complete gene deletion.

AGS has an autosomal dominant inheritance and

haploinsufficiency has been indicated as the main

mechanism for the onset of this disorder. Recent stud-

ies, however, suggest that some mutations may have a

dominant-negative character, leading to truncated

soluble forms of JAG1 that can compete with the

membrane-bound ligand [10,11]. AGS is a complex

disorder with highly variable clinical symptoms and a

clear genotype–phenotype association cannot always

be established, with a few exceptions. A C234Y muta-

tion in the first epidermal growth factor (EGF1) of Jag-

ged-1 was found in a group of patients with deafness,

congenital heart defects and posterior embryotoxon

[12], and a G274D mutation in the second epidermal

growth factor (EGF2) repeat of Jagged-1 was found in

a familial form of tetralogy of Fallot (TOF) (MIM

database: #187500) [13], comprising a heart malforma-

tion involving a large ventricular septal defect, pulmo-

nary stenosis, right ventricular hypertrophy and an

overriding aorta. Although cardiac defects are fre-

quently found in AGS patients, none of the individuals

with the G274D mutation displayed any other relevant

clinical feature typical of AGS. The JAG1-G274D

mutant protein can actually be expressed in NIH-3T3

cells, although in two different forms [14]. A fraction

of JAG1-G274D is correctly processed, presented at

the cell surface, and is functional, whereas another

fraction is not fully glycosylated, is retained in the

intracellular compartment, and is therefore inactive.

This conclusion was supported by the sensitivity of

JAG1-G274D to endoglycosidase H, which removes

oligomannose and hybrid N-linked oligosaccharides,

but not complex carbohydrates, by the incomplete

digestion of the mutant protein in cells exposed to

trypsin, and by the partial activation of Notch signal-

ing detected through a reporter gene assay. The car-

diac-specific phenotype associated with this mutation

was explained in terms of a high sensitivity of the

developing heart to Jagged-1 levels [14].

Despite the fact that EGF repeats are widespread in

extracellular proteins and that hundreds of missense

mutations have been identified and associated with sev-

eral genetic diseases, the structural grounds of these

disorders have been investigated only in a few cases,

mostly related to calcium-binding EGFs (cbEGF).

Detailed biochemical studies were carried out on muta-

tions in CRB1 [15], the human orthologue of Drosoph-

ila Crumbs, fibrillin-1 [16–22], low density lipoprotein

receptor [23] and human factor IX [19], which are

associated with Leber congenital amaurosis, Marfan

syndrome, familial hypercholesterolemia and emophilia B,

respectively. The overall conclusion from these studies

is that, in multidomain proteins, mutations can have

different effects depending on the context, and a corre-

lation between the genotype and the phenotype is still

difficult.

To investigate the structural effects of the G274D

mutation, and to attempt to correlate them with the

available data obtained in vitro and in vivo, we initially

synthesized a peptide corresponding to EGF2 of

Jagged-1 (residues 263–295). This peptide, however,
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Fig. 1. Domain architecture of human Jagged-1. MNNL, N-terminal domain of Notch ligands; EGF domains are numbered progressively;

potential calcium-binding EGF domains are shaded in gray; VWC, von Willebrand factor type C domain; the transmembrane segment is

shown as a black bar; the receptor binding region is enclosed within a dashed rectangle. Amino acid residues corresponding to exon bound-

aries are shown above. The amino acid sequence of the J1ex6 peptide and the disulfide bond connectivities are also shown; the mutated

glycine (G274) is shown in bold and underlined.
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could not be refolded in vitro under the standard oxi-

dative folding conditions used for other EGFs. Stem-

ming from the observation that exon 6 of the JAG1

gene encodes not only EGF2, but also part of EGF1,

we speculated that exon 6 might encode an autono-

mously folding unit. We thus prepared a longer pep-

tide encompassing the C-terminal part of EGF1 and

the entire EGF2 (Fig. 1). This peptide, J1ex6 (residues

252–295), could be readily refolded in vitro and was

shown to yield a structured unit with a disulfide bond

topology typical of EGF repeats [24,25]. In the present

study, we show that the G274D mutation associated

with TOF strongly impairs the in vitro oxidative fold-

ing of this minimal folding and structural unit.

Results

The G274D mutation impairs folding of J1ex6

The solution structure of J1ex6 (residues 252–295)

determined by NMR [Protein Data Bank (PDB) code:

2KB9] showed that the N-terminal overhang corre-

sponding to the C-terminal part of EGF1 is not only

required for folding, but is also an integral part of a

structural unit that encompasses the EGF1 C-terminal

region and the entire EGF2 [25]. The solution struc-

ture of this unit, including the conformation of the

N-terminal overhang, is also very similar to the struc-

ture of the same region in a larger Jagged-1 construct

comprising the DSL and EGF1, 2 and 3 domains, for

which the crystal structure was determined recently

[26] (PDB code: 2VJ2). We used this minimal folding

and structural unit to address the structural grounds

for the misfolding of the G274D mutant.

The results obtained with respect to the in vitro oxi-

dative folding for the wild-type J1ex6 and its variants

are summarized in Fig. 2. Folding of the wild-type

J1ex6 lead to a largely prevalent product (> 86% by

RP-HPLC area integration), with a very minor frac-

tion of products that could be identified by LC-MS as

mixed disulfides with glutathione (GSH). Because

GSH is hydrophilic, adducts with GSH usually display

shorter retention times in RP-HPLC compared to the

native folded species. The folded species has a reten-

tion time that is only slightly shorter (� 1 min) than

that of the reduced peptide, suggesting that J1ex6 lacks

a true hydrophobic core. Under the same experimental

conditions, oxidative folding of the G274D mutant

produced a very complex mixture. A clear separation

of the different products in the mixture could not be

achieved, but MS analysis revealed that most of the

RP-HPLC peaks arise from adducts with one or more

molecules of GSH. This suggests that, in the G274D

mutant, the correct folding and the complete forma-

tion of the four disulfide bonds cannot be accom-

plished, leaving one or more cysteines coupled to GSH

and leading to shorter retention time species. By con-

trast, products at longer retention times may contain

incorrect disulfide bonds that remain exposed to the

solvent. The same results were obtained using redox

buffers containing aromatic thiols, which were shown

to enhance both folding rates and yields [27]: wild-type

J1ex6 refolded in excellent yield, whereas the G274D

mutant remained trapped in mixed disulfides forms.

Figure 2 refers to a time point where equilibrium has

been reached, but the same trend was observed at

short refolding times. Although the RP-HPLC profile

for the wild-type J1ex6 already showed a major prod-

uct after 1 h, at the same time point, the profile of the

G274D mutant displayed a complex pattern.

To confirm that the mixture of products obtained in

the refolding of the G274D mutant is actually com-

posed of misfolded species, we subjected it to proteoly-

sis using proline endopeptidase, and analyzed the

fragments by MALDI-TOF MS (Fig. 3). Proline endo-

peptidase was chosen because J1ex6 contains three

prolines (P267, P269 and P279), all in the central part

of the EGF2 sequence, and close to the mutated G274.

Although the wild-type J1ex6 was scarcely affected

after 20 h at 37 �C, the refolding mixture of the

G274D mutant digested under the same conditions dis-

played a completely different MS profile, with an

almost complete proteolysis of the G274D mutant into

Fig. 2. Oxidative folding. RP-HPLC profiles for the in vitro oxidative

folding of the wild-type J1ex6 and its variants in the presence of

the GSH ⁄ oxidized GSH (GSSG) redox couple. The RP-HPLC profile

of the purified, reduced J1ex6 peptide is also shown.
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small fragments. The much higher susceptibility of the

G274D mutant to proline endopeptidase suggests the

prevalence of misfolded species with a bead-like

arrangement of the core disulfide bonds.

From the 3D structure of J1ex6, we speculated that

misfolding of the G274D mutant could be a result of

electrostatic repulsion or a steric clash with E285. If

this was the case, the G274D mutant would be rescued

by a compensative mutation at position 285 aimed

either at neutralizing the negative charge or at reduc-

ing the steric hindrance of E285. Supported by the

observation that position 285 shows a high variability

(see below), we prepared the double mutants

G274D ⁄E285Q and G274D ⁄E285G, purified them,

and refolded under the same conditions used for the

wild-type J1ex6. RP-HPLC profiles (Fig. 2) reveal, as

for the G274D mutant, a complex pattern, suggesting

that the tested putative compensative mutations cannot

rescue the correct folding of the G274D mutant

in vitro. To test the tolerance of position 274 to amino

acid substitution, we prepared two additional mutants,

G274S and G274A, replacing glycine with two small

amino acids (i.e. serine or alanine, respectively). Also

in this case, however, RP-HPLC analysis of the oxida-

tive folding mixture (Fig. 2) showed a complex profile

and the lack of a major product. In conclusion, posi-

tion 274 is not tolerant to substitution, nor could puta-

tive compensative mutations rescue the folding of the

G274D mutant. From a closer inspection of the J1ex6

structure, it should be noted that, to maintain the cor-

rect stereochemistry, any side chain at position 274

would point towards the interior of the domain. In

other words, any amino acid other than glycine would

require a substantial rearrangement of the backbone to

reorient the side chain. The experiments performed in

the present study demonstrated that this region of

J1ex6 may be too rigid to allow for such a conforma-

tional change to occur.

The sequence pattern of EGF2 is unique

The very low tolerance of J1ex6 to amino acid substi-

tution at position 274 lead us to investigate whether

the sequence pattern associated with EGF2 is found in

other proteins. A pattern search in swiss-prot (http://

www.expasy.org/prosite/) produced 22 hits, which, sur-

prisingly, are all related to Notch ligands in different

organisms. In this dataset, G at position 274 is abso-

lutely conserved. Extending the pattern search to

trEMBL, we obtained 115 hits. A plot of Shannon

entropy shows that, apart from cysteines, there are

only two additional positions that display no variabil-

ity at all, the first corresponds to G274 in the Jagged-1

sequence, and the second to G290 (Fig. 4). This sup-

ports the idea that, in this specially constrained type of

EGF, position 274 is not tolerant to substitution.

Analysis of disease-associated mutations

Because the EGF domain is one of the most common

structural building blocks in extracellular proteins

[28,29], we decided to undertake a global analysis of

disease-associated missense mutations found in EGF-

containing proteins (Tables S1–S4). By far the most

frequent disease-associated mutation found in EGF

domains involves cysteine (48%) followed by arginine

(11%) and glycine (10%). Although R fi X and

G fi X mutations are also involved in polymorphism,

C fi X mutations are almost exclusively disease-associ-

ated. To take into account the relative abundance of

certain amino acid types in EGF domains, which are

notably cysteine-rich, the number of observed muta-

tions was normalized for the amino acid content, and

this mutation frequency was compared with that calcu-

lated for the reference dataset. The ratio between these

two frequencies can be considered as a measure of the

relative impact of a certain AAi fi X mutation in a

Fig. 3. Probing folding by proteolysis. MALDI-TOF analysis of the

folding mixtures of (A) the wild-type (WT) and (B) the G274D

mutant peptides subjected to proteolysis with proline endopepti-

dase for 20 h at 37 �C. Cleavage sites are indicated by triangles

(.), the mutated glycine by an arrow; the m ⁄ z region of the intact

peptide is enclosed within a rectangle; for quantitative comparison,

the intensity ratio between the m ⁄ z values of the intact peptide

and the fragment of m ⁄ z = 2187 (labeled with an asterisk and cor-

responding to a C-terminal fragment of 16 residues) can be used.
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EGF domain (Fig. 5). Although normalization drasti-

cally reduces the weight of mutations involving cyste-

ine, it is apparent that mutations either removing

(C fi X) or introducing a cysteine (X fi C, similar to

Y fi C and R fi C) still have a great impact on EGF

domains. This effect can be easily explained by the

structural requirements of EGF domains, which, lack-

ing a true hydrophobic core, are mainly stabilized by

the three disulfide bridges. On the other hand, the

introduction of an additional cysteine is likely to

scramble the oxidative folding of EGF domains

in vivo. Oxidation of cysteines to yield disulfide bonds

is the most studied but not the only post-translational

modification found in EGF domains [30]. b-hydroxyl-
ation of aspartate and asparagine, as well as different

types of N- and O-glycosylation, has been reported.

Although the role of b-hydroxylation remains elusive,

correct O-glucosylation and O-fucosylation of ser-

ine ⁄ threonine residues has been shown to be required

for correct signaling mediated by Notch receptors

[31,32]. The impact of mutations involving these resi-

due types might be related to these post-translational

modifications, rather than to changes in the physico-

chemical properties of a specific amino acid.

To analyze this latter aspect, we compared the

disease-associated and neutral mutations in terms of

the chemical distance, as measured by the Grantham

score [33] (Fig. 6). Polymorphism-related mutations

follow an almost bell-like distribution centered on rela-
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tive small values of the Grantham score, whereas dis-

ease-associated mutations show an uneven distribution.

Overall, it can be concluded that mutations with a

high Grantham score are highly likely to be disease-

associated, but the contrasting case is not true, at least

for EGF domains, suggesting that the chemical dis-

tance is not the only determinant, as discussed above.

As a further step, we attempted to identify positions

in the EGF scaffold that are most sensitive to muta-

tions. This type of analysis, however, turned out to be

problematic because of the very high variability in the

amino acid sequence of EGF domains and in the

length of the loops, which together make both

sequence and structural alignments unreliable for this

purpose. We thus decided to carry out this type of

analysis on a coarser basis, dividing the sequence of

EGFs into seven windows, w1 to w7, and partitioning

mutations accordingly (Fig. 7). Polymorphism-related

mutations show a relatively homogeneous distribution

over the sequence, whereas disease-related mutations

are mainly found in w1, w3, w4 and, to a minor

extent, in w6. The relatively high frequency of disease-

associated mutations in the N-terminal region most

likely has no specific structural explanation, but is

rather related to the strict requirement of specific

amino acids (D ⁄N) necessary for calcium coordination

in calcium-binding EGF domains. On the other hand,

mutations in w3 and w4 are more likely to disrupt the

two-strand antiparallel b-sheet that is the main (and

sometimes the only) secondary structure element in

EGF domains, or to involve residues that are required

for the correct formation of the interface between two

consecutive EGF repeats. A separate positional analy-

sis of cysteine mutations, which are all disease-associ-

ated, showed that they are equally distributed, with no

significant prevalence of any of the six positions.

Discussion

The G274D mutation in EGF2 of Jagged-1 is occur-

ring within the same window (w3 in Fig. 7) and at a

position that is structurally equivalent to G1127 in

fibrillin-1 and G106 in factor IX (Fig. 8). The G274D

mutation, however, appears to affect folding in a more

drastic way (Fig. 2) than the G1127S mutation in

fibrillin-1 and the G106S mutation in factor IX [19,20].

This is likely a result of the higher constraints in the

structure of this atypical EGF, as indicated by the

shorter BN-BC loop (ten residues, compared to 13 in

fibrillin-1 and 14 in factor IX) and spacing between

the first and last half-cystines (the AN–CC distance is

27 residues in Jagged-1 EGF2, compared to 35 in

fibrillin-1 and 30 in factor IX) and supported by the

observation that glycine at that position is totally con-

served in Notch ligands (Fig. 4). It is possible that the

G274D mutation, introducing a larger charged amino

acid, is more disrupting than a G fi S mutation (a dif-

ference of 94 in the Grantham score, compared to 56

for a G fi S mutation; Fig. 6). The misfolding of the

G274S and G274A mutants (Fig. 2), however, sup-

ports the hypothesis that no amino acid other than

glycine can be accommodated at that position, regard-

less of the substitution type. This low tolerance to

substitution is consistent with the positive / angle

measured for G274 (Tables S5). For steric reasons, in

protein structures, positive values of / are observed
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Fig. 8. Structural alignment. Multiple sequence alignment based on

the structural alignment of EGF2 from Jagged-1 (JAG1; PDB code:

2VJ2), cbEGF1 from factor IX (FA9, PDB code: 1EDM) and

cbEGF13 from fibrillin-1 (FBN1; PDB code: 1LMJ). Despite some

discrepancy in the N-terminal region, half-cystines (boxed) and the

mutated glycines (in bold) are aligned. Structure comparison was

made using STAMP [42].
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almost exclusively for glycine residues, and glycines

that are both buried and have a positive / angle tend

to be highly conserved [34]. Misfolding of the G274S

and G274A mutants suggests that the positive / angle

cannot be maintained upon introduction of any side

chain, and also indicates that the backbone in this

region of J1ex6 may be too rigid to allow extensive

rearrangements to occur.

Additional missense mutations reported for exon 6

of JAG1 and expected to induce an amino acid

replacement include G256S in EGF1 [35], P269L [36],

C271R [35], C284F [10,11,37], and W288C [10,37] in

EGF2. All these six missense mutations share a com-

mon feature; they occur at residues that are either

completely (positions 256, 271, 274 and 284) or very

highly (positions 269 and 288) conserved in the amino

acid sequence (Fig. 4). When considering all the 17

missense mutations occurring in the 16 EGF repeats of

Jagged-1, ten involve either the replacement or the

introduction of a cysteine, and are thus likely to be

structurally disrupting (Fig. 5). Previously reported

mappings of mutations over the Jagged-1 sequence

[35–37] did not indicate the presence of any hot spot

of critical region. Such mapping, however, was per-

formed considering all types of possible mutations,

including premature termination, and partitioning

them over the 26 exons of the JAG1 gene. Taking into

account only missense mutations, which are likely to

be more informative with respect to structural changes,

and partitioning them over domains, rather than

exons, it appears that the segment comprising the

N-terminal domain, the DSL and the first two EGFs

is most sensitive to missense mutations (Figure S1 and

Tables S4). This is consistent with the DSL ⁄EGF1-2

region being involved in receptor binding [26,38] and

points to a key role of the N-terminal domain. From

this map, it can be speculated that two additional

regions, one extending over EGF12–14 and the other

including the von Willebrand factor type C domain,

might also play a yet unidentified structural or func-

tional role.

The JAG1-G274D mutant cloned into a retroviral

expression vector and expressed in NIH-3T3 cells was

shown to be partially retained in the intracellular com-

partment and partially presented at the cell surface in

a functional form. The cardiac-specific phenotype asso-

ciated with this mutation was explained in terms of a

high sensitivity of the developing heart to Jagged-1

levels [14], in accordance with a haploinsufficiency

mechanism of the disease. The severe impairment of

EGF2 folding observed in vitro and caused by the

G274D mutation may actually reflect the in vivo

misfolding and retention in the endoplasmic reticulum

of Jagged-1, and is in agreement with the prevalent

intracellular localization of the mutated Jagged-1 in

NIH-3T3 cells. The question arises as to whether the

fraction of the mutated Jagged-1 that is presented at

the cell surface is correctly folded. The results obtained

in the present study suggest the opposite. There are

several lines of evidence in support of this hypothesis:

the dramatic impairment of the oxidative folding in vi-

tro induced by the G274D mutation, the misfolding of

the G274S and G274A mutants, the impossibility of

rescuing the G274D mutation with compensatory

mutations, the sensitivity of the G274D mutant folding

mixture to proteolytic cleavage, the steric requirements

at position 274, the relatively highly constrained nature

of this atypical EGF, and the strict conservation of

G274 emerging from sequence analysis. Thus, it is

unlikely that the EGF2 containing the G274D muta-

tion can be correctly refolded, even minimally. It is

possible, however, that the structural changes induced

by the G274D mutation remain confined to EGF2,

and that in vivo, the mutated Jagged-1 can be still be

correctly processed and transported to the cell surface,

as observed in NIH-3T3 cells. Correct trafficking has

been reported for the G1127S mutant of fibrillin-1,

which is normally secreted [21], and for a C284F

mutant of Jagged-1 [11]. The C284F mutant was found

to be correctly processed, glycosylated and targeted to

the plasma membrane, despite the fact that this muta-

tion is expected to disrupt the C-terminal disulfide of

EGF2. Of the additional missense mutations reported

for exon 6 of JAG1, no detailed biochemical studies

are available for the G256S, P269L and C271R

mutants. A normal level of mRNA transcript was

detected for the W288C mutant, suggesting also in this

case that the protein is likely to be expressed [10].

These results suggest that large multidomain proteins

such as Jagged-1 can escape degradation and undergo

normal trafficking if misfolding is restricted to a small

region. Depending on the type and position of the

mutation, folding kinetics and post-translational modi-

fications also may play an important role. We could

not identify any straightforward correlation between

missense mutations within this region of Jagged-1 and

a particular phenotype. Although the G274D mutation

has been reported to affect heart development almost

exclusively, the other mutations are associated with

more classical symptoms of Alagille syndrome (e.g.

liver, heart, face, eye and skeleton defects), although

with slightly different patterns.

JAG1-G274D expressed in NIH-3T3 cells was

shown to activate a response in NIH-3T3 cells trans-

fected with a reporter plasmid containing a luciferase

gene downstream of a Notch-activated promoter [14].
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The response varied by approximately 20–60%

compared to that of the wild-type, depending on the

temperature. This experiment confirmed that the

JAG1-G274D expressed at the cell surface is func-

tional, although it was not conclusive with respect to

binding efficiency because the activity was normalized

for the total protein content, and not for the Jagged-1

actually expressed at the surface. How can this finding

be reconciled with the ‘local misfolding’ model

proposed above? Deletion studies on mouse Jagged-1

constructs demonstrated that the DSL domain is nec-

essary and sufficient for binding to Notch receptors,

with EGF1 and 2 substantially increasing the binding

[38]. Although the structural determinants of the Not-

ch ⁄ ligands interactions are not yet known in detail, the

X-ray structure of a receptor binding module compris-

ing the DSL and EGF1-3 domains revealed the pres-

ence of a patch of highly conserved residues on the

DSL domain, which were shown to be functionally

important [26]. It is therefore possible that the G274D

mutation, although disrupting the correct fold of

EGF2, leaves the DSL and EGF1 unaffected, thereby

reducing, but not abolishing, binding to the receptor.

Altered flexibility in the rod-like structure of the

DSL ⁄EGF1-3 structure [26] might also affect the dock-

ing of the ligand to the receptor.

The oxidative folding in vitro of larger constructs

comprising modules adjacent to EGF2 may provide

additional clues regarding the effects of mutations on

the folding, structure and flexibility of this region.

Experimental procedures

Peptide synthesis

Peptides (44 amino acid long) corresponding to residues

252–295 of human Jagged-1 and its variants were synthe-

sized on solid phase using 9-fluorenylmethyloxycarbonyl

(Fmoc) ⁄O-benzotriazolyl-1,1,3,3-tetramethyluronium hexa-

fluorophosphate chemistry on a 0.05 mmol scale. The

syntheses were automatically performed on a home-built

automatic synthesizer based on a Gilson Aspec XL SPE

(Gilson Inc., Middleton, WI, USA). All amino acids except

cysteines were introduced as double couplings using a

four-fold excess of amino acid (Fmoc-AA ⁄ [(1H-6-chlo-

robenzotriazol-1-yl)(dimethylamino)methylene]-N-methylm-

ethanaminium hexafluorophosphate N-oxide ⁄diisopro-
pylethylamine; 1 : 1 : 2). Cysteine residues were instead

introduced by double coupling as N-a-Fmoc-S-trityl-l-cyste-

ine pentafluorophenyl ester to avoid cysteine racemization.

Peptide cleavage ⁄deprotection was performed by treatment

with trifluroacetic acid (TFA) ⁄ ethandithiol ⁄ triisopropylsi-
lane ⁄H2O (90 : 5 : 2.5 : 2.5) for 3 h at room temperature.

The peptides were then precipitated with diethylether,

washed and freeze-dried. The crude peptides were reduced

by Tris(2-carboxyethyl) phosphine hydrochloride and puri-

fied by RP-HPLC on a Zorbax 300SB-C18 9.4 · 250 mm

semipreparative column (Agilent Technologies Inc., Santa

Clara, CA, USA) using H2O ⁄ 0.1% TFA and MeCN ⁄ 0.1%
TFA as the A and B eluents, respectively. The purified pep-

tide fractions were analyzed by LC-MS to verify purity and

molecular mass. The purified reduced peptide fractions were

quantified by measuring UV A280 using a calculated extinc-

tion coefficient of 19630 m
)1Æcm)1 and immediately used for

oxidative folding experiments.

Oxidative folding

Fractions from RP-HPLC were diluted to a final peptide

concentration of 0.1 mgÆmL)1 in the degassed refolding buf-

fer (0.25 m Tris-HCl, 2 mm EDTA, 3.7 mm GSH, 3.7 mm

GSSG, pH 8) and refolded for 18 h at 4 �C. The folding

reactions were stopped by acid quenching (TFA addition)

and analyzed by RP-HPLC using a Zorbax SB300-C18

5 lm 4.6 · 150 mm column (Agilent Technologies Inc.)

connected to a Gilson analytical HPLC using UV detection

at 214 nm and MS detection (Applied Biosystems API

150EX; Applied Biosystems Inc., Foster City, CA, USA).

The gradient for separation was 18–38% B in 40 min with

H2O ⁄ 0.1% TFA and MeCN ⁄ 0.1% TFA as the A and B el-

uents respectively.

Resilience to proteolysis was evaluated as follows. Equal

amounts (� 3 mg) of purified J1ex6 and of the G274D

mutant were refolded as described above. Equal aliquots

(� 100 lg in 1 mL) of each folding mixture was quenched

by addition of 20 lL of TFA and quickly desalted by RP-

HPLC on a C18 analytical column (Zorbax SB300-C18,

4.6 · 150 mm; Agilent Technologies Inc.). The full range of

peptides (including folding intermediates and mixed disul-

fides) was collected for both peptides and, in the case of

J1ex6, the purified peak alone corresponding to the native

folded form was also collected for comparison. Amounts of

approximately 20 lg of each peptide were subjected to pro-

teolysis with proline endopeptidase (peptide ⁄protease;
20 : 1) for 20 h at 37 �C in 20 lL of ammonium acetate

buffer (0.1 m, pH 5.8) containing 2.5 mm CaCl2. Aliquots

(1 lL) of the digestion mixtures were mixed with 9 lL of

HCCA matrix (10 mgÆmL)1) and analyzed by MALDI-

TOF (Applied Biosystems 4800 Proteomics Analyzer) in

reflector positive ion mode.

Sequence analysis

Sequence retrieval, filtering and analysis were carried out

using in-house written perl scripts. Multiple sequence

alignment was performed using clustalw (http://www.

ebi.ac.uk/clustalw/).
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Pattern searches (http://www.expasy.org/prosite/) in

swiss-prot (release 55.1) or trembl (release 38.1) databases

were carried out using either the {C-X(8)-C-X(1,2)-C-X(5)-

C-X(4)-C-X(5)-C-X-C-X(8)-C} eight-cysteine motif that

includes the EGF2 signature and the preceding disulfide

bond loop or the {C-X(5)-C-X(4)-C-X(5)-C-X-C-X(8)-C}

six-cysteine motif that characterizes EGF2. Sequence vari-

ability was estimated from the Shannon entropy calculated

using the Sequence Variability Server (http://immunax.

dfci.harvard.edu/Tools/svs.html).

Sequences of EGF domains containing annotated dis-

ease-associated mutations were retrieved from swiss-prot

(release 55.6). Only EGF domains with three-disulfide

bonds were considered for the present study, thus discard-

ing the laminin and integrin-like EGF domains, which have

one additional disulfide bond. Domain boundaries were

considered as annotated in swiss-prot. Disease-associated

mutations and neutral mutations (polymorphism) were col-

lected separately. A total of 325 disease-associated muta-

tions from 105 EGF domains in 21 different proteins were

obtained (Tables S1 and S2). The neutral mutation dataset

consisted of a total of 67 mutations from 64 EGF domains

in 38 proteins (Tables S3). As a reference dataset, we used

a collection of all disease-associated mutations described in

the MIM database [39] and annotated in swiss-prot. This

dataset comprises a total of 4236 mutations from 436 genes,

regardless of protein function, cellular localization and

domain type [40]. To compare the frequency of each dis-

ease-associated mutation type observed in EGF domains

with that in the reference dataset, all disease mutations of

the type AAi fi X, where X is any amino acid, were col-

lected, summed up for each amino acid type AAi, and

divided by the number of occurrences of AAi, to obtain a

normalized mutation frequency Fi for the EGF domain

dataset and fi for the reference dataset. The ratio Fi ⁄ fi
between these two frequencies was plotted for each amino

acid type. To account for the very different size of the two

datasets, the number of observed mutations in the reference

dataset was first downscaled to the size of the EGF dataset.

Disease-associated and neutral mutations in EGF

domains were also analyzed in terms of the Grantham score

[33] associated with every mutation type. The Grantham

score is a composite measure of the chemical distance

between two amino acid types, and takes into account the

molecular volume, polarity and side-chain composition of

amino acid pairs. Grantham scores are in the range 5–215,

with a higher number reflecting less conservative changes.

Mapping of disease-associated and neutral mutations

onto the sequence of EGF domains was achieved by divid-

ing the EGF sequence into seven windows, w1 to w7 (with

w1 comprising the N-terminal residues, w2 to w6 compris-

ing the residues delimited by disulfide bonds half-cystines,

and w7 the C-terminal linker residues), counting the muta-

tions occurring in each window, and dividing these values

by the average number of residues in the window.
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Fig. S1. Plot of missense mutations found in JAG1

and associated with Alagille syndrome.

Table S1. List of EGF-containing proteins and the

names of the mutation-associated diseases.

Table S2. List of disease-associated missense mutations

found in EGF repeats.

Table S3. List of neutral mutations found in EGF

repeats.

Table S4. List of missense mutations found in JAG1

and associated with Alagille syndrome.

Table S5. Solvent accessible surface, / angles and con-

servation of glycines in J1ex6.
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