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Summary

We present NMR structural and dynamics analysis of
the putative ligand binding region of human Notch-1,
comprising EGF-like domains 11-13. Functional integ-
rity of an unglycosylated, recombinant fragment was
confirmed by calcium-dependent binding of tetra-
meric complexes to ligand-expressing cells. EGF mod-
ules 11 and 12 adopt a well-defined, rod-like orienta-
tionrigidified by calcium. The interdomain tilt is similar
to that found in previously studied calcium binding
EGF pairs, but the angle of twist is significantly differ-
ent. This leads to an extended double-stranded 3 sheet
structure, spanning the two EGF modules. Based on
the conservation of residues involved in interdomain
hydrophobic packing, we propose this arrangement
to be prototypical of a distinct class of EGF linkages.
On this premise, we have constructed a model of the
36 EGF modules of the Notch extracellular domain that
enables predictions to be made about the general role
of calcium binding to this region.

Introduction

The orderly development of complex multicellular or-
ganisms requires mechanisms for cell-cell coordination
in the determination of cell fate. The Notch pathway
fulfils this function in every metazoan species so far
studied, in numerous tissues and during embryonic de-
velopment and beyond (Lai, 2004). Null mutations of
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core components of the Notch pathway are lethal during
embryonic development of laboratory animals, but a
number of human diseases are being traced to more
subtle derangements of Notch signaling (Harper et al.,
2003).

Notch and its homologs (1-4 in mammals) are trans-
membrane proteins that function as receptors for li-
gands expressed on neighboring cell surfaces (named
Delta and Serrate in Drosophila, Delta-like and Jagged
in mammals). Signal transduction is remarkably direct;
following ligand binding, the intracellular domain of
Notch (Ncp) is released by regulated intramembrane pro-
teolysis at two sites and translocates to the nucleus,
where it functions as a transcriptional regulator (Schweis-
guth, 2004). Recent work has identified a number of
important regulators of the Notch pathway (reviewed
in Schweisguth, 2004), but the interaction with ligand
retains a crucial, permissive role.

A binding interaction between Drosophila Notch and
ligand was first demonstrated in mixtures of singly trans-
fected insect cells (Fehon et al., 1990). Later, deletion
mutation analysis localized this binding activity to 2 of
the 36 EGF-like repeats (EGFs) that constitute the major-
ity of the Notch extracellular domain (Rebay et al., 1991).
In developing Drosophila, deletion of this EGF pair (11
and 12) abrogates function and the ability to bind to
Delta, although there is indirect evidence that some Ser-
rate binding persists (Rebay et al., 1991; Lawrence et
al., 2000). It is generally believed that Notch EGFs 11
and 12 interact with the conserved N-terminal “DSL”
module of Notch ligands, together with adjacent regions
including a variable number of EGFs (Han et al., 2000;
Henderson et al., 1997; Shimizu et al., 1999).

Recent research has revealed that EGF12 within the
ligand binding region contains an O-fucosylation site at
Thr466 (Shao et al., 2003). Although O-fucosyl trans-
ferase activity is required for Notch function (Okajima
and Irvine, 2002; Okajima et al., 2003), point mutagenesis
of the EGF12 fucosylation site in Drosophila did not
abrogate ligand binding or signaling activity (Lei et al.,
2003). Instead, the unfucosylated mutant was rendered
resistant to the action of Fringe, a glycosyl transferase
thatinhibits the interaction of Notch with Serrate/Jagged
ligands (Lei et al., 2003; Moloney et al., 2000). Thus,
fucosylation within the putative ligand binding region is
not required for molecular recognition, but it appears to
be critical to the appropriate regulation of Notch-ligand
interaction by Fringe.

The EGF-like domain represents an evolutionarily con-
served, modular structure that is found in a wide variety
of proteins, often as arrays of multiple tandem repeats
(Boswell et al., 2004). The secondary structure of individ-
ual domains is dominated by a core B-pleated sheet,
three characteristic disulphide bonds, and a corre-
sponding series of loops of variable composition. Notch
EGFs 11-13 exemplify the calcium binding variety of
EGF (cbEGF), based on amino acid sequence and on
their behavior with chromophoric chelators (Rand et al.,
1997). The ability to bind Ca?" appears functionally im-
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portant, based on the severe loss-of-function phenotype
produced by a point mutation in a consensus Ca*" bind-
ing residue in EGF12 (de Celis et al., 1993). In addition,
it has recently been proposed that extracellular Ca*"
may regulate Notch signaling within a physiologically
relevant concentration range (Raya et al., 2004).

Tandem repeats of cbEGFs have been identified in
many different proteins, and mutations within them may
be associated with human disease (Boswell et al., 2004).
Multiple sequence alignment analysis has shown that
in spite of the functional diversity of proteins containing
tandem cbEGFs, the two domains are always linked by
one or two amino acids, suggesting the existence of
general pairwise domain architectures (Downing et al.,
1996). For class | domains (separated by a single amino
acid) such as fibrillin-1 and the low-density lipoprotein
receptor, calcium is known to play an important struc-
tural role: it imparts rigidity to an extended tertiary struc-
ture (Cardy and Handford, 1998; Downing et al., 1996;
Kielty and Shuttleworth, 1993; Saha et al., 2001;
Smallridge et al., 2003; Werner et al., 2000) and protects
against proteolytic degradation (McGettrick et al., 2000;
Reinhardt et al., 2000). By analogy, one can envisage
the involvement of Ca?* in stabilizing a conformation
of Notch that favors ligand binding and/or consequent
signal transduction. However, the class Il linkages be-
tween EGFs in Notch and its ligands (containing two
amino acids) differ systematically from those of pre-
viously solved class | cbEGF domain pairs, with un-
known structural implications.

In the current work, we take a step toward a molecular
understanding of Notch-ligand interaction by character-
izing the functional and structural properties of arecom-
binant fragment of human Notch-1 encompassing EGF
domains 11-13. As anticipated, our results offer struc-
tural insight into the importance of calcium binding in
Notch-ligand interactions. The structure also provides
a prototypical example of the extended arrangement of
tandem calcium-loaded cbEGF domains containing a
two amino acid linker (Downing et al., 1996). Comparison
of this structure with coEGF domain pairs from fibrillin-1
and the LDL receptor suggests that the insertion of the
extra amino acid plays an important role in determining
the twist angle between the two domains, and hence
modulates the surface presented for protein-protein
interactions. Our work therefore provides a basis for
protein engineering and site-directed mutagenesis ex-
periments designed to probe the requirements for
Notch-ligand binding.

Results

Previous work identified EGFs 11 and 12 as the minimal
binding unit of Drosophila Notch (Rebay et al., 1991),
and functional activity of this domain pair, expressed in
bacteria, has been claimed (Garces et al., 1997; Nickoloff
et al., 2002). However, in initial experiments, we were
unable to achieve homogeneous in vitro refolding of
hNotch-1 EGFs 11 and 12. We therefore produced the
three-domain construct containing EGF domains 11-13
(N11-13), reasoning that the presence of the C-terminal
EGF would stabilize the folding of EGF12, as has been
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Figure 1. FACS Analysis of the Binding of Tetrameric Complexes
of Recombinant Notch to the Surface of Ligand-Expressing Cells
(A and B) Intensity of surface staining with Notch cbEGF11-13-
Extravidin-PE complexes (line) and unconjugated Extravidin-PE (fill).
(A) Uninfected L cells. (B) L cells expressing murine Delta-like-1. The
proportions of cells stained (region R1) were as follows (background
staining in parentheses): uninfected L cells, 0.2% (0.1%); murine
Delta-like-1, 24.0% (0.4%).

(C and D) Calcium dependence of Notch tetramer binding to murine
Delta-1-expressing cells. (C) Surface staining in the presence of
1 mM calcium chloride. (D) Absence of staining upon substitution
with 1 mM EGTA.

demonstrated for other EGF repeats (Kurniawan et al.,
2004; Whiteman et al., 2001). In order to verify that this
region could support ligand binding, a tagged version
was engineered that, after refolding, could be specifi-
cally biotinylated for conjugation to a fluorescently la-
beled avidin derivative. Such technology has previously
been applied very successfully to recombinant class |
MHC molecules and their low-affinity interaction with
cell surface TCR and CD8 ligands (Altman et al., 1996).

We used FACS to analyze binding of the resulting
labeled tetrameric N11-13 complexes to L cells express-
ing Notch ligand at high levels following retroviral trans-
duction. Control, uninfected L cells exhibited no tetra-
mer staining (Figure 1A). In contrast, specific binding to
cells expressing murine Delta-like 1 (K/D) was readily
demonstrated (see Figure 1B). The intensity of staining
(about two logs) was such that the tetramer-positive
cells formed a discrete population comprising some
20% of cells (in keeping with transduction efficiency,
data not shown). Removal of 1 mM ionized calcium from
the staining buffer, and its replacement by EGTA, totally
abrogated tetramer binding (compare Figures 1C and
1D). Thus, a requirement for Ca?* is localized to this
specific region of Notch and/or its binding partner. In
contrast, preincubation with an excess of unconjugated
N11-13 showed failure to compete with tetramer for
binding to Notch ligand (data not shown), implying a low
affinity for the monomeric interaction.

The structure of the N11-13 peptide without tag and
in the presence of saturating calcium was solved on the
basis of solution NMR data. A superposition of the family
of structures is shown in Figure 2, and structural statis-
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Figure 2. Superposition of the Family of NMR
Structures

The 20 final structures of Notch cbEGF11-13,
superposed on secondary structure back-
bone atoms of domains N11 and N12. The
structure is oriented with the N terminus at
the top. Secondary structure atoms that are
highlighted in dark green correspond to the
C¢, C’, and N atoms of: N11: 415-418 (u);
427-431, 436-440, 444-445, 451-452 (B);
N12: 455-458 (a); 466-470, 473-477, 482-
483, 489-490 (B). The backbone rmsd to the
mean for these atoms is 0.68 A. Secondary
structure residues for N13 are: 504-508, 511-
515 (B). This figure and Figures 4, 5, and 7
were created with Molmol (Koradi et al.,
1996).
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Table 1. Summary of Structural Statistics

NOE upper distance limits

Total 3,269
Intraresidue and sequential (li — j| = 1) 2,466
Medium range (1 < |i — j| <5) 368
Long range (i — j| = 5) 417
Other NOE-type restraints
H bonds 42
Calcium 15
Torsion angle restraints
Total 87
) 44
4 43
Distance restraint violations
Number> <0.2A> 5
Maximum 0.49 A
Torsion angle restraint violations
Number > 5° none
CYANA target function 6.04 + 0.35 A2
Convergence Parameters
Cycle 1 Rmsd (A) Cycle 7 Rmsd (A)
Backbone Atoms Backbone Atoms
(C+ C', N) Heavy Atoms (C+ C', N) Heavy Atoms
N11 (414-450) 0.96 + 0.27 1.53 + 0.31 0.53 + 0.17 1.09 = 0.21
N12 (451-488) 1.92 = 0.57 2.60 + 0.61 1.04 = 0.37 1.58 + 0.37
N13 (489-515) 2.74 = 0.75 3.87 = 1.05 1.21 = 0.38 2.02 = 0.42
N11-12 (414-488) 2.56 = 0.84 3.04 = 0.78 1.08 = 0.31 1.54 = 0.29
N11-13 (414-515) 5.65 + 1.72 6.21 + 1.69 - -
N11 (414-450) 0.96 + 0.27 1.53 + 0.31. 0.53 = 0.17 1.09 = 0.21
PROCHECK
Residues in favored regions (%) 61.5
Residues in additionally allowed regions (%) 27.5
Residues in generously allowed regions (%) 6.9

Results are shown as mean + SD.

tics for the ensemble are given in Table 1. The first two
domains comprising the Notch ligand binding region
adopt a well-defined, elongated conformation. The NMR
data for the third domain are highly line broadened, and
consequently the structure of this domain and its relative
orientation are less well defined. The accuracy of the
NMR models may be assessed based on criteria, which
have been defined by Jee and Giintert (Jee and Guintert,
2003), for successful structure calculation with the pro-
gram CYANA. These criteria specify that in the final
round of calculations, >75% of the input NOE cross
peaks are assigned, and the backbone root mean square
deviation (rmsd) of structures calculated in the first cycle
must be <3 A. The CYANA algorithm is composed of
seven iterations in which structures calculated in the
previous iteration are used as input for cycles 2-7.
Therefore, convergence to a well-defined fold in the first
iteration is critical to the accuracy of structure calcula-
tion with this program. Table 1 shows that the conver-
gence criteria have been met for each of the three EGF
domains in isolation, and for the N11-12 pair, but that
the cycle 1 rmsd for all three domains is above the
acceptable threshold. Therefore, the orientation of N13
with respect to N11-12 is not reliable in these models.

In order to gain insight into the true behavior of N13
with respect to N11-12, we acquired heteronuclear *N
relaxation data at 11.7 and 14.1 T, which are shown in

Figure 3. Plots of experimental T, and T, values versus
curves calculated for T, and T, at different correlation
times using the Lipari-Szabo formalism (Lipari and
Szabo, 1989a) show that the dynamic behavior of N13
is distinctly different from N11-12. Points for N11 and
N12 tend to cluster mainly in a single region of the plots
shown in Figures 3A and 3B, indicating that there is little
relative motion of the two domains and that they tumble
with similar correlation times. Correlation times (=SEM)
for the two domains calculated on the basis of the T,
and T, data for residues with heteronuclear ['H]-'*N NOE
values higher than 0.65 are 8.6 = 0.3 and 9.2 * 0.2 ns
at 11,7 Tand 89 = 0.3 and 94 = 0.2 ns at 141 T,
respectively. In contrast, the points for N13 show greater
spread, with the majority of residues manifesting low T,
values, which are indicative of slower timescale (j.s-ms)
chemical exchange. The T, values for this domain are
consistent with the line broadening observed in the
NOESY data. However, heteronuclear ['H]-"*N NOE val-
ues for the construct, shown in Figure 3C, are relatively
constant. Values less than 0.6 at 14.1 T are only associ-
ated with the N and C termini and loop regions, and
not the interdomain linker regions. Analysis of the field
dependence of the primary data clearly shows large R,
contributions for a number of residues in N13. The data
also indicate that the timescale of motions is outside
the fast exchange approximation. Overall, these data
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Figure 3. N Relaxation Data for Notch cbEGF11-13.
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(A and B) Experimentally determined T, and T, at (A) 11.7 T and (B) 14.1 T plotted within T, and T, lines calculated as a function of correlation
time, and S?, using the Lipari-Szabo model (Lipari and Szabo, 1989a, 1989b). In (A) and (B), the points for cbEGF domains 11, 12, and 13 are

shown in red, green, and blue, respectively.
(C) ['H]-"°*N NOE data at 11.7 T (black) and 14.1 T (red).

suggest that N13 is disordered on a slow (j.s-ms) time-
scale, but not on a fast (ps-ns) timescale.

While the relaxation data confirm that the dynamic
properties of N13 are different from those of N11-12,
they do not inform on the amplitude of domain-domain
motions. However, manual analysis of the NOESY data
has revealed similar interdomain hydrophobic packing
interactions between N11-N12 and N12-N13. Specifi-
cally, NOEs have been unambiguously assigned be-
tween the structurally equivalent residues Y444-1471
and Y482-1509, which are highlighted in Figure 4A.

A N (Q411) B

C (P517)

Figure 4. Representative Structure of Notch cbEGF11-13

These data, combined with the relaxation data, support
a model in which all three domains are arranged in a
linear fashion, with N13 structurally breathing on a slow
(ns—ms) timescale. The low density of NOEs for N13 is
insufficient to derive a reliable orientation of this domain
in the structure calculations; however, one representa-
tive structure within the ensemble adopts a linear do-
main arrangement showing that the NMR data are com-
patible with this architecture (Figure 4B). Unfortunately,
attempts to derive the relative orientation of the domains
by using residual dipolar couplings were not successful

N (Q411)

1430

P480

L500

C (P517)

(A) Schematic ribbon drawing of the representative structure of Notch cbEGF11-13 best fitting the sum of the NMR data. Amino acid residues
that pack between adjacent domains, based on the identification of unambiguous long-range NOE crosspeaks, are shown in gold and are
labeled. Calcium atoms are depicted as red spheres.

(B) Stereoview (side-by-side) backbone (C°, C’, N) trace of the structure shown in (A) with every tenth C* atom shown as a sphere and labeled.
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due to the problems with line broadening for residues
in domain N13 (data not shown). Pairwise domain link-
age has been observed previously to affect the structural
stability, proteolytic susceptibility, and folding of adja-
cent domains (Kurniawan et al., 2004; McGettrick et
al., 2000; Reinhardt et al., 2000; Werner et al., 2000).
Therefore, the increased mobility of N13 is likely to result
from the absence of the C-terminally linked EGF14 in
this construct.

Discussion

We have expressed and refolded a recombinant frag-
ment containing EGF domains 11-13 of human Notch-1,
and we have shown that tetrameric complexes of this
peptide bind in a specific and Ca?"-dependent manner
to ligand-expressing cells. We thus confirm and extend
previous studies, which showed that EGF domains 11
and 12 are responsible for ligand interaction (Rebay et
al., 1991), and that Notch binding is dependent upon
calcium (Fehon et al., 1990), but not glycosylation of
EGF12 (Lei et al., 2003).

Structures were calculated for human Notch-1 EGF
domains 11-13 in the presence of saturating calcium at
pH 6.1. All three EGF domains adopt a canonical fold
that is accurately defined based on criteria for structure
calculation convergence, and the orientation of domains
11 and 12 is well defined by the solution NMR data. The
combined analysis of NOE and heteronuclear relaxation
data reported here indicate that the poor definition of the
orientation of domains N12 and N13 in our calculations
most likely results from ps—-ms timescale motions affect-
ing N13, and not to large-amplitude domain-domain mo-
tions. Motions on this timescale have been previously
associated with disulphide bond rotamerization in EGF
domains (Smallridge et al., 2003; Werner et al., 2000),
and it is likely that, in the native Notch molecule, the
structure of N13 is stabilized by C-terminal linkage of
EGF14.

A schematic illustration of the N11-12 structure is
shown in Figure 5 in comparison to the structure of a
representative class | pair of cobEGF domains from fibril-
lin-1 (Downing et al., 1996). It is evident that the two
structures show significant similarity in spite of the pres-
ence of an extra residue in the linker between the two
domains of N11-12. Importantly, however, while the tilt
angle for the family of Notch structures, 17° = 4°, is
indistinguishable from to that of previously solved
cbEGF pairs (Downing et al., 1996; Saha et al., 2001;
Smallridge et al., 2003), the twist angle, 119° + 5° is
significantly different (Figure 5C).

The axial rotation of one domain with respect to the
next is the result of a change in pairwise domain amino
acid packing interactions relative to tandem cbEGF do-
mains containing a single amino acid linker. In both
cases, there are hydrophobic amino acid interactions
involving an aromatic residue in the N-terminal domain;
however, in place of the conserved glycine involved in
pairwise domain packing in class | pairs, the C-terminal
interacting partner of Notch EGF12 is an isoleucine resi-
due (Figure 4). Remarkably, the prediction that the two
classes of domain pairs would correspond to two dis-

tinct arrangements of EGF domains (Downing et al.,
1996) is supported by the conservation of amino acids
involved in packing. In PROSITE pattern-based
searches of the Swiss-Prot database, 77% of class Il
EGF-cbEGF or tandem cbEGF pairs contain an aromatic
residue (Y/F/W) in the N-terminal domain and a hy-
drophobic residue (I/L/V/P) in the C-terminal domain at
the positions involved in packing (data not shown).
These positions are highlighted in Figure 6, which illus-
trates the consensus sequences for class | and class
Il EGF-cbEGF/cbEGF-cbEGF domain pairs derived by
Downing et al. (Downing et al.,, 1996). These data
strongly suggest that the Notch EGF11-12 structure is
a general model for many class Il EGF domain pairs in
which the C-terminal domain is Ca?" saturated, just as
the class | consensus sequence-structure relationship
has been shown to be general for functionally distinct
proteins (Saha et al., 2001). Human proteins containing
class Il cbEGF domain pairs and a brief description of
their functions are given in Table 2. It is of interest to
note that all of the proteins apart from Protein S, which
contains only a single class Il EGF-cbEGF pair, have
been proposed to fulfill developmental functions. How-
ever, the specific role(s) of the EGF domains within these
proteins is in general not well understood.

On the basis of this structure and the amino acid
conservation of residues involved in pairwise domain
packing of the Notch cbEGFs, we have constructed a
model for all 36 EGF domains of the Notch extracellular
domain, which is shown in Figure 7. This model shows
the domains in the most extended possible conforma-
tion; regions containing noncalcium binding EGFs (high-
lighted) are likely to adopt a less extended interdomain
packing arrangement than the tandem cbEGF regions.
(In the structure of a pair of noncalcium binding EGF
domains from Plasmodium falciparum merozoite sur-
face protein-1 (Morgan et al., 1999), the two domains
adopt a U-shaped fold, with a large hydrophobic inter-
face, and the current model does not rule out an accor-
dion conformation for the noncalcium binding regions
of the extracellular domain.) Nonetheless, the model
offers interesting predictions regarding the overall con-
formation of the Notch receptor, which is expected to
be generally elongated in the presence of saturating
calcium. In particular, the Notch ligand binding region
is contained near the N terminus of the longest stretch
of tandem cbEGFs; calcium binding to this region may
be important for extending the extracellular domain
away from the cell surface and for positioning of the
binding site.

Critical to the accuracy of this model is the degree to
which Notch cbEGFs are saturated with calcium in the
physiological range. The calcium dissociation constant
for the C-terminal cbEGF domain of a tandem pair is
typically in the micromolar range (Boswell et al., 2004),
as was an earlier estimate for Notch EGF12 (Rand et al.,
1997). This implies minimal vacancy of Ca?' binding
sites at typical extracellular concentrations of around 1
mM. However, a recent study linked unexpectedly large,
local fluctuations in extracellular calcium concentration
with the regulation of Notch-dependent gene expression
in a developmental context (Raya et al., 2004). In a re-
porter assay, enhanced Delta-dependent Notch signal-
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Figure 5. Comparison of Notch cbEGF11-12 Domain Pair Orientation with Class | cbEGF Pairs

(A and B) (A) The tertiary structure of N11-12, a class Il cbEGF pair, is shown beside that of (B), an example class | pair (human fibrillin-1
cbEGFs 32 and 33 (Downing et al., 1996)). Notch cbEGF13 is omitted for clarity. The N-terminal EGF domains for the two peptides have been
overlaid based on the calcium binding EGF core residues, which are also used for the definition of the tilt and twist angles between the two
domains (Downing et al., 1996), and then linearly translated. Note the similar interdomain tilt, but contrasting degrees of twist, resulting in a

pair of B strands appearing to flow between the two domains of N11-12.

(C) Angle of twist plotted against angle of tilt for published families of NMR solution structures of cbEGF domain pairs including N11-12 (a
class Il cbEGF domain pair, black open squares) and class | pairs: fibrillin cbEGFs 32-33 (black filled squares) (Downing et al., 1996), fibrillin
cbEGFs 12-13 (red filled squares) (Smallridge et al., 2003), and the LDLR EGF-AB pair (red open squares) (Saha et al., 2001).

ing was shown as the extracellular Ca®>* concentration
was increased from 0.18 through >5 mM. Although this
might be consistent with an effect through increasing
Notch cbEGF Ca?* saturation, this cannot be assumed;
indeed, the lack of Ca?" sensitivity of Serrate-mediated
signaling suggests an effect on Delta rather than Notch.

Since our recombinant protein was expressed in bac-
teria, the calculated structure lacks posttranslational
modifications, including O-linked fucosylation. How-
ever, the position of Thr466, upon an exposed surface
at the base of the major g hairpin of EGF12 as illustrated
in Figure 7, offers insight into the possible role of
O-linked oligosaccharide. This position would be ex-
pected to be solvent accessible and suggests the possi-
bility of steric interference by O-fucose-linked oligosac-

charide as the mechanism of inhibition of Notch
signaling by Fringe.

In conclusion, we have described the solution NMR
structural and dynamic properties of a refolded, recom-
binant human Notch-1 peptide that encompasses the
ligand binding region. Tetrameric complexes of this pep-
tide display calcium-dependent ligand binding, which
suggests that the calcium-dependent behavior of en-
dogenous Notch derives at least in part from calcium
binding to this region. NMR analysis of N11-13 has of-
fered a structural correlate of this functional requirement
for Ca?*, which participates in a rigid, extended confor-
mation. In addition, we demonstrate a unique interdo-
main hydrophobic packing arrangement which, based
on amino acid conservation, is expected to be prototypi-

Figure 6. Class | and Class Il Consensus Se-
quences

(A and B) Schematic secondary structure il-
lustrations of (A) class | and (B) class Il con-
sensus sequences of EGF-cbEGF/cbEGF-
cbEGF domain pairs derived by Downing et
al. (Downing et al., 1996). Amino acid residues
involved in key pairwise domain hydrophobic
packing interactions based on known struc-
tures are highlighted in orange and yellow,
respectively. Calcium atoms are shaded in
red, and potential amino acid side chain and
backbone ligands are indicated. Consensus
disulphide bonds are illustrated with zigzag
connectors.
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Table 2. Mammalian Proteins Containing Class || EGF-cbEGF/cbEGF-cbEGF Domain Pairs and Putative Functions Thereof

Protein Putative Function

Crumbs protein homolog 1

Delta-like protein 1
2004).
Jagged 1,2

Role in development and maintenance of retinal photoreceptors; mutations produce blinding disorders
(Jacobson et al., 2003; Mehalow et al.,
Ligand for Notch receptors. Involved in development and patterning of a wide variety of tissues (Lai,

2003).

Ligands for multiple Notch receptors. Involved in the mediation of Notch signaling (Lai, 2004).

Haploinsufficiency of Jagged 1 produces Alagille syndrome (Harper et al., 2003).

NELL protein 1,2

Notch 1,2,3,4

determination (Lai, 2004).
Protein S

factors Va and Vllla (Esmon, 2000).
Slit 1,2,3

Modulate calvarial osteoblast differentiation and apoptosis pathways; overexpressed in some forms
of craniosynostosis (Zhang et al.,

Receptors for membrane bound ligands of Jagged and Delta-like families; regulating cell-fate

Anticoagulant plasma protein; a cofactor to activated protein C in the degradation of coagulation

Secreted ligands of Robo in nervous tissue; important for axonal guidance, branching, and neuronal

migration (Brose and Tessier-Lavigne, 2000).

Only proteins containing an aromatic residue (Y/F/W) in the N-terminal domain and a hydrophobic residue (I/L/V/P) in the C-terminal
domain at the consensus positions involved in class Il domain pair packing are listed.

cal of class Il cbEGF domains. This insight has enabled
modeling of the structure and flexible properties of the
majority of the extracellular region of the Notch-1 recep-
tor; itis also likely to be relevant to several other proteins
involved in development and other processes.

Experimental Procedures

Expression and Refolding of Recombinant Notch Proteins

The preparation of human Notch-1 cbEGFs 11-13 for structural
determination has been described (Muranyi et al., 2004). For the
production of tetrameric complexes of Notch, the construct was
reengineered to include a 15 amino acid residue BirA recognition
sequence at the C terminus (O’Callaghan et al., 1999; Schatz, 1993).
Notch cbEGFs 11-13 were reamplified by PCR with Pfu polymerase
(Stratagene), the template TAN-1 cDNA (Ellisen et al., 1991, a kind
gift of Jeffrey Sklar), and primers 5'-TAGTAGGGATCCATAGAAG
GACGATCAGCACAGGACGTGGATGAGTGCTCGC-3' and 5'-TAG
TAGAAGCTTGTCGACCTGGCACAGATGCCCAGTGAAGC-3'. Puri-
fied PCR product was ligated into the BamHI and Sal1 sites of the
bacterial expression vector pQE30 (Qiagen) and cloned in NM554
E. coli. The BirA recognition sequence, itself amplified by PCR (from

g

a pGMT7 derivative kindly donated by Dr. C. O’Callaghan), was
cloned into the Sall1 site with the introduction of two linker residues.
The sequence of the resulting plasmid was confirmed by automated
DNA sequencing (ABlprism) and by mass spectrometry of polypep-
tide product. We detected the same departure from the published
sequence as previously described (Rand et al., 1997), resulting in
the substitution of methionine with isoleucine at position 477. We
confirmed that this was the correct sequence by recloning from an
alternative cDNA source, namely, Jurkat cell cDNA. Isoleucine is
conserved at this position in Notch-1 of most other species. Expres-
sion and refolding was carried out essentially as described (Knott
et al., 1996; Muranyi et al., 2004).

Biotinylation and Streptavidin Conjugation

Purified, refolded Notch polypeptide bearing the BirA recognition
site was biotinylated overnight at room temperature, by using BirA
(Avidity) and the following reaction conditions: 80 mM NaCl, 50 mM
Tris-HCI (pH 8), 20 mM MgCl,, 1 mM biotin, and 5 mM ATP (pH 8).
The resulting material was acidified and purified by reverse phase
HPLC, yielding a single peak that was collected and lyophilized.
The efficiency of biotinylation was estimated by the extent of protein
adsorption onto streptavidin-agarose beads (Sigma). Known
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Figure 7. Model of the 36 Notch Extracellular EGF Domains Highlighting the Position of the O-Fucosylation Site

Homology model of the 36 EGF domains of the Notch ECD, color-coded according to putative calcium binding properties (calcium binding,
dark green; noncalcium binding, light green). Calcium atoms are shown as red spheres. Solid black lines are drawn over the structure to
indicate regions that are predicted to be rigidified when calcium is bound. Red arrows and wavy lines show points and regions of potential
flexibility. The experimentally determined structure of EGF11-13 is detailed, highlighting in EGF12 the position of the O-fucosylation site,
Thr466, in gold CPK.
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amounts of biotinylated sample solution and beads were incubated,
with rotation, at 4°C for 30 min. Protein adsorption was measured
by the reduction in optical density at 280 nm; after allowing for
dilution, this was generally 50%-60%. Tetrameric complexes of re-
combinant, refolded N11-13 were prepared by mixing the biotinyl-
ated monomer with Extravidin-R-phycoerythrin (Extravidin-PE,
Sigma) in a 4:1 molar ratio. This was achieved by adding the Ex-
travidin-PE in approximately ten aliquots at intervals of 15-30 min
on ice.

FACS Analysis of Notch Tetramer Binding

by Ligand-Expressing Cell Lines

L cells expressing murine Delta-like-1 were a kind gift of Professor
Maggie Dallman. Ligand expression was driven from a retroviral
vector (Wong et al., 2003) and maintained by puromycin selection;
proportions of cells stained were in keeping with the efficiency of
retroviral transduction. For staining, L cells were detached by brief
incubation with 2 mM EDTA in PBS, and cells were washed in cold
FACS buffer (150 mM NaCl, 10 mM Tris-HCI [pH 8], 1% fetal calf
serum plus 1 mM CaCl,, except where indicated). Cells were incu-
bated for 30-60 min on ice with prediluted Notch tetrameric com-
plexes (1-10 uM) and were washed extensively with FACS buffer
prior to fixation (in PBS containing 1% formaldehyde and 1% FCS).
As negative controls, tetramer staining was compared with unconju-
gated Extravidin-PE, and ligand-expressing cells were compared
with uninfected L cells (which do not express Notch ligands). Sam-
ples were analyzed with FACScan or FACScalibur machines (Becton
Dickinson) and CellQuest software.

Solution NMR Data Acquisition and Analysis

Three-dimensional NOESY spectra used for the derivation of dis-
tance constraints were acquired as described previously (Muranyi
et al., 2004). *N-edited and *C-edited NOESY spectra were mea-
sured with mixing times of 150 ms and 100 ms, respectively. A series
of HSQC (Kay, 1992 #2) spectra recorded directly after dissolving
the sample in 2H,O were used to identify slowly exchanging amide
'H as peaks present after 24 hr. The NMR data were processed with
Felix 97 (MSI, Inc.).

NMRView, version 5.0.4 (Johnson and Blevins, 1994), was used
to facilitate NOE assignment. The previously reported chemical
shifts for "H, '3C®, *CP, and *C’ (Muranyi et al., 2004) were analyzed
with TALOS (Cornilescu et al., 1999) to derive backbone dihedral
angle restraints. Slowly exchanging amide protons identified in well-
defined regions of 3 sheet or a-helical secondary structures were
subjected to two hydrogen bond distance constraints, do.y = 3.0 =
0.3 A and doyy = 2.0 = 0.3 A.

Relaxation data of calcium-saturated N11-13 were acquired at
25°C on home-built/GE Omega spectrometers operating at 500 and
600 MHz as described previously (Werner et al., 2001). Each spec-
trometer was fitted with a triple resonance probe with self-shielded
pulsed field gradients. In the *N-T, and "*N-T, experiments (Farrow
et al., 1994), the acquisition times were 151 ms ('H) and 52.2 ms
(**N) at 500 MHz and 128 ms ('H) and 43.5 ms ("°N) at 600 MHz. The
CPMG delay in the T, experiment was set to 500 ps. Relaxation
delays were 40, 80, 120, 160, 240, 400, 800, and 1200 ms and 8, 16,
24, 32, 40, 64, 80, and 120 ms for the T, and the T, series, respec-
tively. T; and T, relaxation time constants were derived from two-
parameter exponential fits to the intensity decays, and errors were
estimated from the root mean square noise in the spectra.

Pairs of 2D 'H-detected ['H]-"*N heteronuclear NOE experiments
(Farrow et al., 1994) were acquired at 500 and 600 MHz at a tempera-
ture of 25°C with acquisition times of 128 ms ('H) and 32.6 ms ("°N).
'H saturation was achieved in the experiment with NOE by a train
of 120° flip angle 'H pulses at 5 ms intervals for 3 s. The ['H]-
N NOE was calculated as the ratio of the peak volumes in the
experiments with and without proton saturation. The relaxation data
were also analyzed with NMRView (Johnson and Blevins, 1994).

Automated Solution NMR Structure

Calculations with CYANA

The NMRView sequence, chemical shift, and cross peak files were
converted to XEASY format by using the CCPN format converter
v1.0b11 (Wranken, 2004). The intensities of 1,894 peaks and 2,219

peaks picked in the '®N- and "*C-edited NOESY spectra, respectively,
and the previously reported chemical shifts were used as input
for structure calculations with CYANA software and the CANDID
protocol (Herrmann et al., 2002). Additional restraints included 44
¢ and 43 (s dihedral angle restraints, 42 distance restraints for 21
hydrogen bonds, 15 distance restraints for calcium ligation, incorpo-
rated as described previously (Downing et al., 1996), and 9 disul-
phide bonds according to the known pattern associated with EGF
domains (Boswell et al., 2004). Three calcium atoms were incorpo-
rated based on the high-resolution crystal structure of a cbEGF
domain (Rao et al., 1995). This was achieved by the modification of
the CYANA library file to include modified amino acids with a calcium
atom attached covalently to the oxygen of the C'=0 ligand at a
linear distance of 2.28 A in position x of the N-terminal region of
the calcium binding consensus sequence D/N-x-D/N-E, corre-
sponding to residues V¥3, V43 and T*'.

Chemical shift degeneracy of the *C-edited NOESY spectrum
led to poor structural convergence and a compacted multidomain
structure that was not consistent with manual inspection of the
NOESY data. Therefore, an initial structure was calculated on the
basis of the "®N-edited NOESY data alone and was used as a tem-
plate for final structure calculations utilizing the complete set of
experimental data. Typically, 600 conformers were calculated, and
the 20 best were selected for each assignment cycle. An iterative
structure refinement was performed within cycle 7 in which the
assignments of violated or unassigned peaks were adjusted manu-
ally. Twenty final structures were selected based upon the conver-
gence criteria described by Jee and Guntert (Jee and Guintert, 2003).
Structural statistics and measures of convergence for the ensemble
are given in Table 1. Tilt and twist angles for the two domains of
N11-12 were calculated by using previously described methods
(Downing et al., 1996).

Amino Acid Sequence Analysis and Homology

Modeling Methods

In order to identify class Il EGF-cbEGF and tandem cbEGF pairs
with or without consensus residues involved in pairwise domain
packing, ScanProsite (Gattiker et al., 2002) was run on the Swiss-
Prot Release 43.5 release (Boeckmann et al., 2003) with the tem-
plates  X(4)-C-{C}(2,14)-C-{C}(2,8)-C-{C}(2,12)-C~{C}-C-{C}(2,20)-C-{C}
(2)-[QDNE]-{C}-[QDNE]-[QDNE]-C-{C}(2,14)-C-{C}(2,8)-C-{C}-[QDNE]-
{C}(2,8)-[YF]-{C}-C-{C}-C-{C}(2,20)-C and X(4)-C-{C}(2,14)-C-{C}(2,8)-
C-{C}(2,12)-C-{C}-C-{C}(2,6)-[YFW]-{C}(2,20)-C-{C}(2)-[QDNE]-{C}-
[QDNE]-[QDNE]-C-{C}(2,14)-C-{C}(2,8)-C-{C}-[QDNE]-{C}-[IVLP]-{C}
(2,6)-[YF]-{C}-C-{C}-C-{C}(2,20)-C, respectively, and excluding splice
variants. Sequences were aligned with Clustal-X (Thompson et al.,
1997) with default parameters and were adjusted by using profile
alignment methods to correct the alignment of EGF consensus cys-
teine residues. Homology modeling of the 36 EGF domains of the
Notch extracellular domain was performed with Modeller 6v2 (Fiser
and Sali, 2003) by using the representative structure of N11-13
shown in Figure 4 as a template. Calcium atoms were incorporated
into the model, and Powell energy minimization was performed with
CNS 1.1 (Brunger et al., 1998).
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