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Abstract

Notch signaling plays a key role in cell diVerentiation and is very well conserved from Drosophila to humans. Ligands of Notch recep-
tors are type I, membrane spanning proteins composed of a large extracellular region and a 100–150 residue cytoplasmic tail. We report
here, for the Wrst time, the expression, puriWcation, and characterization of the intracellular region of a Notch ligand. Starting from a set
of synthetic oligonucleotides, we assembled a synthetic gene optimized for Escherichia coli codon usage and encoding the cytoplasmic
region of human Jagged-1 (residues 1094–1218). The protein containing a N-terminal His6-tag was over-expressed in E. coli, and puriWed
by aYnity and reversed phase chromatography. After cleavage of the His6-tag by a dipeptidyl aminopeptidase, the protein was puriWed to
homogeneity and characterized by spectroscopic techniques. Far-UV circular dichroism, Xuorescence emission spectra, Xuorescence
anisotropy measurements, and 1H nuclear magnetic resonance spectra, taken together, suggest that the cytoplasmic tail of human Jagged-
1 behaves as an intrinsically unstructured domain in solution. This result was conWrmed by the high susceptibility of the recombinant pro-
tein to proteolytic cleavage. The signiWcance of this Wnding is discussed in relation to the recently proposed role of the intracellular region
of Notch ligands in bi-directional signaling.
© 2005 Elsevier Inc. All rights reserved.
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The type I membrane-spanning proteins Jagged (Jag-
ged-1 and -2) and Delta (Delta-1, -3 and -4) are the human
ligands of Notch receptors, which mediate key signaling
events in cell diVerentiation and morphogenesis [1]. Bind-
ing of Jagged and Delta proteins to Notch receptors trig-
gers a series of proteolytic cleavages eventually leading to
the release of the intracellular part of the receptor from
the membrane, its translocation to the nucleus, and the
activation of transcription factors [2,3]. ADAM (a disin-
tregrin and metalloprotease) and presenilin/�-secretase,
the proteases involved in Notch receptor processing, have
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been recently shown to be involved also in the proteolytic
cleavage of Jagged and Delta [4–6], with the consequent
release of signaling fragments from the membrane [4,6,7].
Furthermore, Delta-1, Delta-4, and Jagged-1 (but not
Delta-3 and Jagged-2) contain a PDZ binding motif at the
C-terminus of their cytoplasmic tail [7,8], suggesting their
involvement in Notch-independent signaling, as well as a
possible role of their intracellular region in the cross-talk
between Notch signaling and other signal transduction
pathways. The cytoplasmic tail of Jagged-1 has been
shown to bind the PDZ domain of AF-6 (Afadin) [7], a
protein belonging to the cell adhesion system and contain-
ing two Ras association domains. To address the struc-
tural grounds of the interaction between the cytoplasmic
region of human Jagged-1 and its partner proteins, we
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assembled a synthetic gene encoding the 125 residue,
intracellular region of human Jagged-1 (JAG1IC) and
expressed it in Escherichia coli. The recombinant protein
was puriWed and characterized by circular dichroism,
tryptophan Xuorescence, NMR, and limited proteolysis.
Spectroscopic and biochemical data show that JAG1IC
behaves in solution as a natively unfolded protein, and the
biological relevance of this scenario is discussed in the
context of Notch signaling.

Materials and methods

Gene synthesis

The synthetic gene encoding JAG1IC was obtained in a
two-step PCR (assembly and ampliWcation). The oligonu-
cleotides used for the gene assembly were designed using
DNAWorks v2.3 [9]. BrieXy, the amino acid sequence of the
human Jagged-1 cytoplasmic region (JAG1IC, correspond-
ing to residues 1094–1218 of JAG1_HUMAN) was back-
translated using the Escherichia coli Class II codon usage
[10] and the resulting DNA sequence was split into 16
partially overlapping oligonucleotides by DNAWorks.
Synthetic oligonucleotides were purchased from Sigma-
Genosys (0.05 �mol scale, desalted), dissolved in equimolar
concentration and assembled by PCR using the Pfu poly-
merase (Promega). PCR conditions were: 5 min at 95 °C
during which Pfu was added (hot start), 25 cycles of ampli-
Wcation (30 s denaturation at 95 °C, 30 s annealing at 58 °C,
90 s elongation at 72 °C), 10 min at 72 °C for the Wnal elon-
gation. AmpliWcation of the assembled gene was achieved
using the following forward and reverse primers (Sigma-
Genosys, 0.05 �mol scale, puriWed by polyacrylamide gel
electrophoresis): 5�-TAA TAG TAG CAT ATG AAA
CAC CAT CAC CAT CAC CAT CGT AAA CGT CGT
AAA CCG GGT AGC and 5�-TAG TAG GGA TCC
TCA TTA AAC GAT GTA TTC CAT ACG GTT CAG
GCT. The forward primer contains (underlined): a NdeI
restriction site, encoding the start methionine, a AAA trip-
let encoding lysine, and a six histidine tag. The synthetic
gene was digested with NdeI and BamHI and directionally
cloned into the pET-11a vector (Novagen). Positive clones
were obtained by transformation in DH5� E. coli cells
grown on LB plates in the presence of 50 �g/mL ampicillin.
Plasmid constructs containing the synthetic gene were
sequenced and the correct one was used for transformation
of BL21(DE3) E. coli (Novagen).

Expression and puriWcation

Typically, 100 mL of LB containing 50 �g/mL ampicillin
were inoculated with the transformed BL21(DE3) clone,
cells were grown at 37 °C to a density of »1 OD units, and
induced with IPTG (1 mM) for 3 h. Cells were harvested by
centrifugation and pellets frozen at ¡80 °C. Cells were
resuspended in the lysis buVer (20 mM sodium phosphate
buVer, 0.5 M NaCl, 50 mM Chaps, 2% Tween 20, 1 mM
DTT,1 10 mM imidazole, pH 7.4, containing one protease
inhibitor cocktail tablet (Roche)) and sonicated. After
centrifugation, the supernatant was loaded on a Ni2+–
Sepharose HisTrap HP column (1 mL, Amersham Biosci-
ences), the column washed with 20 mM sodium phosphate
buVer, 0.5 M NaCl, 1 mM DTT, 10 mM imidazole, pH 7.4
and the protein eluted with a 10–500 mM imidazole gradi-
ent. The crude material was puriWed by RP-HPLC on a
Zorbax 300SB-CN column (9.4£ 250 mm, 5 �m, Agilent)
using a 0–50% gradient of 0.1% TFA in H2O and 0.1% TFA
in acetonitrile, and freeze-dried. The His6-tag was removed
with the TAGzyme (Qiagen) for 1 h at 37 °C following the
manufacturer’s protocol. The digested protein was puriWed
on a HisTrap HP column (1 mL) with a 10–100 mM imid-
azole gradient. After a Wnal RP-HPLC puriWcation step, the
protein was analyzed by LC–MS on a Gilson HPLC system
coupled to a ESI-MS single quadrupole mass spectrometer
(Applied Biosystems API-150EX), using a Zorbax 300SB-
CN column (2.1£ 150 mm, 5 �m, Agilent) and a 0–50% gra-
dient of 0.1% TFA in H2O and 0.1% TFA in acetonitrile.
Deconvolution of the multicharge ion spectrum was carried
out using the BioMultiView software (Applied Biosystems).
The puriWed protein was freeze-dried and used for
spectroscopic studies. The Wnal yield was »8 mg of puriWed
material from 1 L culture.

Circular dichroism

Samples for CD spectroscopy were prepared dissolving
the freeze-dried protein in 5 mM Mops buVer, pH 7.4. Pro-
tein concentration (8.2�M) was determined by UV absor-
bance at 280 nm using the calculated � value of
9530 M¡1 cm¡1. CD spectra were recorded at room temper-
ature on a Jasco J-810 spectropolarimeter in the range
190–250 and 250–350 nm using quartz cuvettes of 0.1 and
1 cm pathlengths, respectively. For each spectrum, Wve
scans were acquired at 10 nm/min, and the mean residue
ellipticity (MRE, deg cm2 dmol¡1 residue¡1) was calculated
from the baseline-corrected spectrum. A quantitative esti-
mation of secondary structure content was carried out
using SELCON3, CONTINLL, and CDSSTR, all run from
the DichroWeb server [11].

Fluorescence spectroscopy

Samples prepared for CD were also used for Xuores-
cence spectroscopy. Fluorescence spectra were recorded at
298 K on a Jobin-Yvon FluoroMax-3 spectroXuorimeter
equipped with a Peltier temperature control apparatus
using 1£0.2 cm pathlength quartz cuvettes. Excitation was
set at 295 nm and spectra were recorded between 300 and
450 nm. Fluorescence anisotropy was measured at the

1 Abbreviations used: DSS, 2,2-dimethyl-2-silapentane-5-sulfonate sodi-
um salt; DTT, 1,4-dithiothreitol; LC–MS, liquid chromatography coupled
to mass spectrometry; PDZ, domain present in PSD-95, Dlg and ZO-1/2;
RP-HPLC, reverse phase high performance liquid chromatography.
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maximum of emission (355 nm) using the same excitation
wavelength. Measurements were corrected for the back-
ground and averaged.

NMR spectroscopy

The sample for NMR spectroscopy was prepared dis-
solving the freeze-dried material in H2O/D2O (90/10, v/v)
containing 2 mM EDTA-d16 and 20 �M DSS and adjusting
the pH to 6.6 with small aliquots of 0.1 N KOH, for a Wnal
sample concentration of »0.9 mM. Spectra were recorded
at 298 K on a Bruker Avance 500 operating at a 1H fre-
quency of 500.13 MHz and equipped with a three-axis gra-
dient probe. A 2D TOCSY spectrum was acquired using a
50 ms mixing time, with solvent suppression obtained by
excitation sculpting [12]. The acquisition was performed
over a spectral width of 7002.8 Hz in both dimensions, with
matrix size of 2048 points in t2 and 512 points in t1. Data
were transformed using X-WinNMR (Bruker). Chemical
shifts were referenced to internal DSS.

Limited proteolysis

The freeze-dried material (»150 �g) was dissolved in Tris
buVer (0.1 M, pH 7.4) containing CaCl2 (10 mM) and sub-
jected to proteolysis at room temperature by addition of
chymotrypsin (sequencing grade, Roche, 1:100 w/w) dis-
solved in Tris buVer [13]. Aliquots of the reaction mixture
were quenched with HCOOH, and analyzed by LC–MS on
a Gilson HPLC system coupled to a ESI-MS single quadru-
pole mass spectrometer (Applied Biosystems API-150EX).
Separation of peptide fragments was achieved with a C18
column (150£ 1 mm, 5 �m, Phenomenex) using a 0–40%
gradient of 0.1% HCOOH in H2O and 0.1% HCOOH in
acetonitrile at a Xow of 35 �L/min. Comparison between
the fragments expected from chymotrypsin cleavage and
experimentally found fragments was carried out using the
BioMultiView software (Applied Biosystems). The identity
of candidate peptide fragments was conWrmed by deconvo-
lution of the multicharge ion spectra.

Results and discussion

Gene synthesis

The synthetic gene encoding JAG1IC and optimized for
E. coli codon usage [10,14] was assembled from 16 oligonu-
cleotides designed by DNAWorks [9] (Fig. 1). The synthetic
oligonucleotides had a maximum length of 40 bases, a cal-
culated annealing temperature (Tm) of 64 °C with a Tm
range of 1.8 °C, a minimal overlap of 13 bases, and no
repeats that could potentially lead to hairpin formation or
to mispriming in the PCR. As a result of codon optimiza-
tion, no codon with an abundance <20% was used, and
»80% of the protein residues were encoded by >50% abun-
dant codons, according to Class II genes codon usage [10]
(Fig. 2). After the assembly PCR (Fig. 3A), the gene was
ampliWed in a second PCR (Fig. 3B) using two primers
Fig. 1. DNA and amino acid sequence of human JAG1IC. Codon optimized synthetic oligonucleotides used for the gene assembly (Wrst and second lines,

alternatively in capital and small letters) and amino acid sequence of JAG1IC (third line, X D stop codon).
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containing the chosen restriction sites. Both gene assembly
and ampliWcation were straightforward. Automated DNA
sequencing of clones lead to the identiWcation of the correct
one (1/12), which was used for protein expression.

Protein expression and puriWcation

Codon optimization tailored on the expression host has
proved to be an eVective way to increase heterologous pro-
tein expression, especially in E. coli [15]. High expression
levels could be achieved in standard E. coli strains from the
combination of a codon-optimized synthetic gene and a T7
RNA polymerase-based vector (Fig. 4). Total gene synthe-

Fig. 2. Codon usage. Number of codons used in the human cDNA (grey)
and in the synthetic gene (black) of JAG1IC partitioned according to their
relative abundance in E. coli Class II genes.

Fig. 3. Gene synthesis. Agarose gel (1%) of (A) oligonucleotide assembly
and (B) gene ampliWcation PCR mixtures.
sis cannot be considered of general use because of the cost
of the oligonucleotides and the errors introduced both in
the oligonucleotide synthesis and in the gene assembly. It is
particularly attractive, on the other hand, when the target
protein is relatively small and high expression levels are
needed, as is the case of JAG1IC. The protein was recov-
ered from the soluble fraction of the bacterial lysate, and
the use of detergents increased the recovery yield, suggest-
ing that the target protein can interact with other cellular
components. The general strategy for protein puriWcation
was based on immobilized metal ion aYnity chromatogra-
phy (IMAC) followed by removal of the N-terminal His6-
tag (Fig. 5A). However, an additional puriWcation step was
necessary between the IMAC and the His6-tag removal
because of partial proteolytic degradation of the target pro-
tein, despite the use of protease inhibitors. The His6-tag was
removed using a recombinant dipeptidyl aminopeptidase I
(DAPase) containing a C-terminal His-tag (TAGZyme,
Qiagen). DAPase cleaves two amino acid residues at a time,
starting from the N-terminus of the polypeptide chain, and
stops when it Wnds a KX, RX, XP, or XXP sequence
(XDany residue). It is particularly convenient to use when,
as in the case of JAG1IC, the target sequence starts with
one of these residue combinations. On the other hand, the
start codons should be carefully designed to avoid out-
of-frame digestion that would lead to protein degradation,
and reaction time should be optimized to avoid overdiges-
tion. Removal of the enzyme, of partially digested products,

Fig. 4. Protein expression. Total cell SDS–PAGE (15%) of E. coli cultures
stained with Coomassie blue. Lanes 1 and 3, not induced; lane 2, 3 h
induction (1 mM IPTG); lane 4, 5 h induction (1 mM IPTG); lane 5,
LMW markers.
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and of cleaved His2 dipeptides was achieved through an
additional IMAC step (Fig. 5A). After a Wnal RP-HPLC
puriWcation step (Fig. 5A), JAG1IC was analyzed and iden-
tiWed by LC–MS (Fig. 5B) (Mr calculated: 14,588; found:
14,591). An alternative puriWcation protocol, based on
IMAC, desalting by gel Wltration, and ion-exchange chro-
matography on a strong cation exchanger resin (see Supple-
mentary material) was also developed in order to conWrm
that the biophysical properties of the target protein are not
dependent on the puriWcation scheme used.

Structural characterization

Far-UV CD spectra Fig. 6 show a strong minimum at
»200 nm, which is typical of random coil polypeptides or
unfolded proteins. A quantitative estimation of the sec-
ondary structure content was achieved through deconvo-
lution of the CD spectrum in the range 190–240 nm using
several methods [11]. The best Wt between the experimen-

Fig. 5. Protein puriWcation. SDS–PAGE (A) at the diVerent puriWcation
steps (lane 1, LMW markers; lane 2, total cell lysate before induction; lane
3, total cell lysate after 3 h induction; lane 4, IMAC-puriWed; lane 5, RP-
HPLC-puriWed; lane 6, after removal of the His6-tag, subtractive IMAC
and RP-HPLC) and LC–MS chromatogram (B) of the Wnal material.
tal and calculated spectrum was obtained from CDSSTR
using a set of reference spectra that include unfolded pro-
teins [16] (normalized RMSD D 0.014). Results suggest a
very low content of secondary structure: 4% helix, 17%
strand, 12% turn and 65% coil and similar values were
found also by other methods [17] (SELCON3, CON-
TINLL). The mainly disordered nature of JAG1IC in
solution was conWrmed by the lack of any detectable opti-
cal activity in the aromatic region (»280 nm) (data not
shown), by the position of the maximum in the trypto-
phan Xuorescence spectra (355 nm) (Fig. 7) and by the
very low value of the tryptophan Xuorescence anisotropy
(0.06). 1H NMR spectra (Fig. 8) show very little dispersion
in the chemical shift of both the backbone NH and the H�
protons, most of them being clustered in the 8.0–8.5 and
3.9–4.9 ppm range, respectively. Methyl resonances from
valine, leucine and isoleucine residues are also clustered in

Fig. 6. Circular dichroism. Far-UV CD spectrum of JAG1IC (8.2 �M) in
5 mM Mops, pH 7.4.

Fig. 7. Fluorescence spectroscopy. Fluorescence spectrum of JAG1IC
(8.2 �M) in 5 mM Mops, pH 7.4. Excitation wavelength was at 295 nm and
the raw spectrum was corrected for the contribution of the buVer alone.
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Fig. 8. NMR spectroscopy. The NH/aliphatic region of a 2 D TOCSY
spectrum recorded at 298 K with a 50 ms mixing time; solvent: H2O/D2O
(90/10 v/v), pH 6.6.
a small range (0.8–1.0 ppm) with no methyl resonance
below 0.8 ppm. Aromatic signals were tentatively assigned
and are all close to the random coil values, histidines: 7.9–
8.0 (H�1)/7.0–7.1 (H�2) ppm, phenylalanine: 7.3–7.4 ppm,
tyrosines: 6.8 (H�)/7.1 (H�) ppm, tryptophan: 10.2 (H�1)/
7.2 (H�1)/7.6 (H�3)/7.4 (H�2)/7.2 (H�2)/7.1 (H�3) ppm.

Overall, CD, Xuorescence and NMR data are consistent
with the lack of tertiary structure and the presence of very
little or no secondary structure, thus suggesting that in the
experimental conditions tested JAGIC behaves as a mainly
disordered protein in solution [18].

To conWrm the results obtained from these spectroscopic
techniques, JAG1IC was subjected to controlled proteolysis
using chymotrypsin. Chymotrypsin was selected because it
has a higher speciWcity towards aromatic and bulky hydro-
phobic residues (F, Y, W, L, and M). These amino acid
types are expected to be buried in the hydrophobic core of
the protein, hence less accessible to protease cleavage, when
a globular structure is present. JAG1IC, however, was very
rapidly degraded by chymotrypsin. After 15 min, no native
protein could be detected, and more than 15 diVerent frag-
ments were separated. Under the same conditions, small
globular proteins such as myoglobin and ribonuclease A
are not digested to an appreciable extent [13,19]. The time
course of the reaction and the identiWcation of many of the
fragments by LC–MS also show that no particular region
in JAG1IC is protected against proteolytic cleavage
(Fig. 9). These results thus conWrm that JAG1IC is essen-
tially unstructured in solution.

Finally, the anomalous SDS–PAGE mobility displayed
by JAG1IC (Figs. 4 and 5) is an additional, although indi-
rect evidence of its disordered nature [20].

Regions that are predicted to be intrinsically disor-
dered are quite common, especially in eukaryota [21].
These regions, or entire proteins, often play an important
Fig. 9. Limited proteolysis. Peptide fragment identiWcation (fragment identiWcation number, residue number, expected and found masses, RP-HPLC
retention time, and sequence) in the chymotrypsin cleavage mixture after 30 min reaction. The amino acid sequence of JAG1IC and the cleavage sites are
also shown on top of the table.
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role in protein–protein interactions, especially in signaling
networks [22]. Intrinsically unstructured regions can play
as docking stations hosting several protein interactions
motifs, potentially oVer a very large interaction surface
compared to their volume, can bind their target molecules
with high speciWcity but low aYnity, and by coupling
folding to binding they can work as Xexible, adaptable
partners in molecular recognition [23–25]. It cannot be
ruled out that post-translational modiWcations such as
phosphorylation and monoubiquitinylation, or the partic-
ular environment given by the interface between the inner
face of the plasma membrane and the cytoplasm might
induce some conformational change in JAG1IC.
However, the most plausible hypothesis at this stage is
that the entire cytoplasmic tail of Jagged-1, and not only
its C-terminal tetrapeptide, might contribute to the
speciWc recognition and binding of its PDZ containing
partner, providing at the same time a spacer between the
membrane and the bulky PDZ containing protein.

This Wrst report on the expression and puriWcation of the
intracellular region of Jagged-1 opens up the way to further
studies aimed at the structural characterization of the inter-
action between the cytoplasmic tail of Notch ligands and
their protein targets containing PDZ domains.
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