
Biochem. J. (2005) 392, 13–20 (Printed in Great Britain) doi:10.1042/BJ20050515 13

High-resolution crystal structure of the human Notch 1 ankyrin domain
Matthias T. EHEBAUER*, Dimitri Y. CHIRGADZE*, Penny HAYWARD†, Alfonso MARTINEZ ARIAS† and Tom L. BLUNDELL*1

*Department of Biochemistry, University of Cambridge, 80 Tennis Court Road, Cambridge CB2 1GA, U.K., and †Department of Genetics, University of Cambridge, Downing Street,
Cambridge CB2 3EH, U.K.

The Notch receptor is part of a highly conserved signalling system
of central importance to animal development. Its ANK (ankyrin)
domain is required for Notch-mediated signal transduction. The
crystal structure of the human Notch 1 ANK domain was solved
by molecular replacement at 1.9 Å (1 Å = 0.1 nm) resolution, and
it shows that the features identified in the Drosophila homologue
are conserved. The domain has six of the seven ANK repeats
predicted from sequence. The putative first repeat, which has only
part of the consensus and a long insertion, is disordered in both
molecules in the asymmetric unit, possibly due to the absence
of the RAM (RBPJκ-associated molecule) region N-terminal to

it. The exposed hydrophobic core is involved in intermolecular
interactions in the crystal. Evolutionary trace analysis identified
several residues that map to the hairpins of the structure and may
be of functional importance. Based on the Notch 1 ANK structure
and analysis of homologous Notch ANK sequences, we predict
two possible binding sites on the domain: one on the concave
surface of repeat 2 and the other below the hairpins of repeats
6–7.

Key words: ankyrin, binding site, crystal structure, Notch,
signalling.

INTRODUCTION

The Notch receptor is the central element of a signalling system
that is involved in a wide range of events during animal develop-
ment [1]. It is primarily involved in binary cell fate decisions
in which the Notch signalling event directs the cell to adopt a
particular cell fate, while blocking differentiation towards an alter-
native fate [1]. The Notch receptor is a Type I transmembrane re-
ceptor consisting of a large extracellular domain, containing 36
EGF (epidermal growth factor) and three LNR (Lin12-Notch) re-
peats, and an NICD (Notch intracellular domain), which includes
a region comprising seven ANK (ankyrin) repeats. Functionally
significant mutations that map to the ANK repeats show that it is
essential for signalling [2–6].

There are four mammalian Notch homologues (Notch 1–4).
Their ANK domains share significant sequence identity (identity
relative to the human Notch 1 is 78 % for Notch 2, 77% for Notch
3 and 53% for Notch 4). The overall structure for the Notch re-
ceptor is not known, although structures for some regions of the
human Notch 1 extracellular domain have been reported [7,8], as
well as the structure of the Drosophila Notch ANK domain [9].

Ligands for Notch are members of the DSL (Delta, Serrate,
Lag-2) family of transmembrane proteins. Ligand binding to the
extracellular domain results in two sequential cleavages of Notch.
The second, mediated by γ -secretase, releases NICD, which can
enter the nucleus where it interacts with members of the CSL
[CBF1/RBPJκ , Su(H), Lag-1] family of transcription factors and
participates in transcription activation [10]. For this reason, Notch
is sometimes referred to as a membrane-tethered transcription
factor [11].

NICD is instrumental in the activation of Notch target genes.
The transcriptional regulator CSL is a constitutive repressor of
Notch target genes through its association with transcriptional
co-repressors. NICD displaces these co-repressors and forms a
transcription-activating complex with CSL [12–15]. The binding

of NICD to CSL recruits other proteins to the complex, in
particular MAM (MAML1, Mastermind) [16–19].

Genetic analysis reveals that NICD has other functional sites
in addition to the ANK repeats. N-terminal to the ANK repeats is
the RAM (RBPJκ-associated molecule) region, which is required
for binding of NICD to CSL [13]. This region is likely to be un-
folded in the native state as judged by CD spectra [19]. C-terminal
to the ANK repeats, there is a polyglutamine sequence and a PEST
(Pro-Glu-Ser-Thr) motif, as well as a presumed transactivating
domain [20]. Like the RAM region, this part of NICD is likely to
be unfolded (M. Ehebauer, unpublished work). The ANK domain
is therefore the only part of NICD for which a protein fold
can probably be defined, although other parts of the sequence
may be ordered when they are complexed with other signalling
proteins.

ANK domains are generally responsible for mediating protein–
protein interactions [21,22]. Genetic analysis of Notch suggests
that its ANK domain is functionally important and it has been
shown to interact with several proteins. Among them are MAM
[16], Deltex [23,24], p300 [25,26], PCAF [p300/CREB (cAMP-
response-element-binding protein)-binding-protein-associated
factor] and GCN5 [27]. It is also known to contribute to the
interaction with CSL [14,15], although there is no evidence that
it interacts directly with CSL. Even though interactions between
the histone acetyltransferase p300 and NICD have been reported
it has been suggested that it is MAM that is responsible for
recruiting this potential co-activator to NICD [28].

ANK repeats are found in a great many proteins [21,22] and
although considerable sequence variability exists between them,
they have a conserved secondary and tertiary structure. A repeat
consists of 33 amino acids arranged in two antiparallel α-helices
connected by a short loop. The helices of one repeat are connected
to the next repeat by a structure that resembles a β-hairpin.
These hairpins are oriented perpendicular to the helices, giving the
domain an L shape in cross-section. This arrangement of repeats
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produces a groove along the long axis of the domain, which is
frequently the main binding interface [22]. Binding partners com-
monly have contacts between the β-hairpin tips and/or the surface
of the inner helices [22]. Intradomain interactions involving ANK
domains have also been described. In these structures, the
ANK domain is closely bound by another domain of the same
protein, although the ANK groove is left exposed, at least in part
[29,30]. Terminal repeats are often truncated and, having more
polar residues, often deviate from the consensus ANK repeat
sequence [22]. The polar residues that replace conserved hydro-
phobic residues in these repeats protect the hydrophobic core of
the domain. Absence of the terminal capping repeats may desta-
bilize the domain as a whole. Deletion of the terminal capping
seventh repeat in the Notch ANK domain indicated that this repeat
contributes significantly to the overall stability of this domain
[31,32].

In the present study, we describe the structure of the ANK
domain of human Notch 1. We show that the putative first repeat
is disordered in both molecules in the asymmetric unit, possibly
due to the absence of the N-terminal RAM region. This structure
shows that features identified in the Drosophila homologue are
conserved in mammalian orthologues.

MATERIALS AND METHODS

Bioinformatics

Amino acid sequences of Notch ANK domain homologues
were aligned using ClustalW [33]. Secondary structure for the
human Notch 1 ANK domain was predicted using JPred [34].
Evolutionary trace analysis was used to identify possible residues
that are of structural and functional importance. For this purpose,
a multiple sequence alignment containing 23 homologues of
Notch ANK domains was analysed using TraceSuite II [35].
Only residues that had the highest evolutionary time cut off were
considered important and were mapped to the structure of the
human Notch 1 ANK domain. To identify more accurately resi-
dues that may form part of binding sites, the method of Chelliah
et al. [36] was used. This method distinguishes those restraints
placed on protein structure from additional restraints that arise
due to function. The putative first repeat was not included in this
analysis, because it is disordered in the structure reported here.

Protein expression, purification and crystallization

The ANK domain of human Notch 1 was expressed in Rosetta
(DE3) Escherichia coli cells using the pET41a (+) vector from
Novagen. The construct used for expression encoded the Notch 1
residues Met1873–Asp2115 (in the present paper, labelled Met1–
Asp243). It was cloned into the vector using the restriction digest
of a PCR product produced using 5′-GATCATTAATATGGAC-
GTCAATGTCCGCGG-3′ as sense primer and 5′-GTCACT-
CGAGGTCCAGCAGCCTCACGATGTCG-3′ as antisense pri-
mer. The PCR product was digested with AseI and AvaI and
ligated into the vector’s NdeI and XhoI sites. The protein was
C-terminally His-tagged with eight histidine residues. Due to
the manner of cloning, there was a two-amino-acid insertion
(Leu-Glu) between the protein’s coding sequence and the tag.
Cells transformed with the ANK domain expression vector
were grown at 37 ◦C in a shake incubator until the culture had
reached mid-exponential phase. The cells were then induced
with 1 mM IPTG (isopropyl β-D-thiogalactoside) for 3 h. After
induction, the culture was centrifuged at 2500 g for 10 min, and
the resultant cell pellet was resuspended in 20% sucrose, 50 mM
Tris/HCl (pH 8.0), 150 mM NaCl and 5 mM DTT (dithiothreitol)

Table 1 Data collection and refinement statistics

Values in parentheses are for the highest resolution shell. Rsym = �h|Ih − 〈 I 〉/�hIh, where Ih

is the intensity of reflection h and 〈I〉 is the mean intensity of all symmetry related reflections.
Rcryst = �||F obs| − |F calc||/�|F obs|, where F obs and F calc are observed and calculated structure
factor amplitudes. R free as for Rcryst using a random subset of data excluded from the refinement,
5 % of the total dataset was used. Estimated co-ordinate error based on R value was calculated
using Refmac [42]. Ramachandran plot analysis was calculated using PROCHECK [43].

Parameter Value

Data collection
X-ray source Daresbury Synchrotron Radiation Source station 14.1
Detector CCD ADSC unsupported-q4
Space group P65

Unit cell a = b = 96.84 Å, c = 108.99 Å
α = β = 90◦, γ = 120◦

Resolution 30–1.90 Å (1.94–1.90 Å)
Completeness 98.5 % (98.6 %)
Rsym 7.9 (38.5)
〈I/σ 〉 12.4
Percentage with I/σ > 3 81.2 % (42.8 %)
Redundancy 3.6
Number of unique reflections 44 926
Wilson plot B-factor 26.9 Å2

Refinement
Rcryst 16.1%
Rfree 19.3%
Number of reflections
Working 3138
Test 108
Molecules per asymmetric unit 2
Number of non-hydrogen atoms 3483

Model quality
Estimated co-ordinate error 0.109 Å

RMSD bonds 0.018 Å
RMSD angles 1.43◦

Overall mean B-factor 26.8 Å2

Ramachandran plot analysis
Number of residues in

Most favoured regions 90.7%
Additionally allowed regions 9.3%
Disallowed regions 0%

to which recombinant lysozyme was added to a final concentration
of 1 mg/ml and also Roche CompleteTM protease inhibitor, as
directed by the manufacturer. The suspension was incubated on ice
for 1 h and was then sonicated to fully disrupt the cell membranes
and shear the genomic DNA. The sonicate was centrifuged at
17200 g for 15 min to produce cleared lysate.

The cleared lysate was loaded on to a Ni-NTA (Ni2+-nitrilo-
triacetate) column (Qiagen) for affinity purification. Protein was
incubated with the affinity matrix for 1 h before collection of
the flow-through. The column was washed twice using 50 mM
Tris/HCl (pH 8.0), 300 mM NaCl and 20 mM imidazole and was
then eluted using 50 mM Tris/HCl (pH 8.0), 300 mM NaCl and
250 mM imidazole. The affinity-purified ANK domain was then
loaded on to a HiTrap Q-HP anion-exchange column (Pheno-
menex) pre-equilibrated with buffer A: 50 mM Tris/HCl (pH 8.0)
and 50 mM NaCl. Protein was eluted using a gradient of 0–
100% of buffer B: 50 mM Tris/HCl (pH 8.0) and 1 M NaCl.
Collected fractions were loaded on to a Superdex 200 HR 10/30
size-exclusion column (Phenomenex) and eluted using 50 mM
Tris/HCl (pH 8.0) and 50 mM NaCl.

The pure protein was usually concentrated to 20 mg/ml and
crystallized by the hanging-drop vapour diffusion method using
0.9 M (NH4)2HPO4, 0.2 M NaCl and 0.1 M imidazole (pH ∼8.5)
as precipitant. Crystallization was performed at room temper-
ature (25 ◦C). Crystals were flash-cooled in liquid nitrogen using a
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Figure 1 Sequence alignment of Notch ANK domains

Multiple sequence alignment of the ANK domain of human Notch 1–4, zebrafish, Xenopus and Drosophila. The secondary structure assignment of human Notch 1 is shown above the sequences.
Helices are labelled according to their location in repeats 1–7. The putative first repeat (helix 1a and 1b) predicted by JPred [34], which was not evident in the electron density, is shown by
dotted lines. The long insert predicted for this repeat is indicated with asterisks (*). Residues in black boxes are absolutely conserved; those in grey boxes are conserved in several of the
homologues. Black arrows indicate residues that are predicted to be part of binding sites (see the Results and discussion section). The alignment was produced using ClustalW [33] and GeneDoc
(http://www.psc.edu/biomed/genedoc).

cryo-protectant solution composed of 30 % (v/v) glycerol, 0.9 M
(NH4)2HPO4, 0.2 M NaCl and 0.1 M imidazole (pH ∼8.5).

Data collection, data processing, structure solution and refinement

Diffraction data of a single cryo-cooled crystal were collected
at station 14.1 of the Daresbury Synchrotron Radiation Source,
Warrington, U.K. A data set was collected by the rotation method
with a 1◦ oscillation per frame at a wavelength of 1.488 Å (1 Å =
0.1 nm). The set of images was indexed, scaled and integrated
using the programs DENZO and SCALEPACK [37]. The data-
processing statistics are shown in Table 1.

The VM coefficient [38] calculation (VM = 2.4 Å3 · Da−1) indi-
cates the probable presence of two molecules in the asymmetric
unit, designated chain A and B. The structure was solved by
molecular replacement using the program AMoRe [39] with the
co-ordinates of the Drosophila Notch ANK domain as a probe
{Protein Data Bank (PDB) code 1OT8 [9]}. One round of rigid-
body refinement, simulated-annealing and B-factor refinement
was performed with CNS (Crystallography and NMR System)
[40]. The σ A-weighted 2Fo − Fc and Fo − Fc electron-density
maps were calculated by CNS and visually inspected to allow
rebuilding and refitting using XtalView [41]. Much of the first
ANK repeat (first 51 residues in chain A and 54 in chain B) of
both molecules in the asymmetric unit was not included, as no
electron density was evident. Additional density was observed at
the C-terminus of chain A, where a leucine residue was added
(Leu244 chain A). This leucine is part of the insert between the
ANK domain proper and the His-tag used for purification. Three

more rounds of simulated annealing and B-factor refinement
were performed, followed by three rounds of refinement using
REFMAC5 [42]. Water molecules were introduced progressively
throughout the refinement process. No electron density for the
side chains of residues Gln52, Thr53, Arg55 and Arg69 in chain
A was observed in the final density maps. Likewise, no density
for the side chains of Arg55 and Lys178 in chain B was observed.
In the final model, these residues were modelled as alanine. These
residues are either part of the disordered first ANK repeat or, in the
case of Arg69 and Lys178, solvent-exposed. The stereochemistry
was validated using PROCHECK [43] and WHAT CHECK
[44]. Surface potentials were calculated using APBS (Adaptive
Poisson–Boltzmann Solver) [45].

RESULTS AND DISCUSSION

Sequence analysis

The ANK domain is the most conserved region of NICD and was
predicted to have six repeats. Recent analyses have identified an
additional seventh repeat [9,19,31,46]. Five of the ANK repeats in
human Notch 1 conform to the ANK consensus sequence defined
by Mosavi et al. [22]. The terminal repeats of Notch 1 ANK
diverge significantly from this consensus. The first repeat starts
with the ANK motif sequence GXTPL(M)XAXXXG, which is
the consensus sequence of the first helix of an ANK repeat (X
denotes any amino acid; the M in parenthesis is usually an H in the
consensus sequence). This ANK motif is conserved among Notch
homologues (Figure 1). The second half of the first repeat does not
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Figure 2 Superposition of the Drosophila Notch and the human Notch 1
ANK structures

Shown in red is the Cα trace of chain A of the Drosophila Notch ANK structure (PDB code 1OT8;
[9]) superimposed on the green Cα trace of chain A of the human Notch 1 ANK domain. The
Drosophila structure has one additional helix at the N-terminus. The Figure was created using
PyMOL (http://pymol.sourceforge.net).

conform to the ANK consensus and is the least conserved region
of the domain (Figure 1). The secondary-structure prediction
algorithm JPred predicted two helices for the first repeat, one
for the conserved N-terminus and a second helix 16 residues C-
terminal to the first (Figure 1). The latter helix does not conform to
the ANK consensus. Indeed, excluding the conserved N-terminal
region, the first repeat does not resemble an ANK repeat. The
seventh repeat also deviates from the ANK consensus, although
to a lesser extent. Polar residues have replaced some conserved
hydrophobic residues in this repeat.

Overall structure

The Notch 1 ANK protein crystallized with a His8-tag at the C-
terminus. No electron density for the His8-tag could be observed,
although one non-native leucine residue of the insertion between

the domain and the tag was evident at the C-terminus of chain
A. The final model has an Rcryst of 16.1% and an Rfree of 19.3%;
the refinement statistics and an assessment of the model geometry
are given in Table 1. There are few crystallographic contacts
between chains A and B. All of them involve residues in the ter-
minal repeats. Although there has been some debate about the
formation of ANK dimers, the crystallographic dimer is unlikely
to be physiological [9]. The two chains are very similar with a
RMSD (root mean square deviation) of the main-chain atoms of
0.359 Å. Overall, the structure reported here is comparable to the
Drosophila ANK domain (main-chain atom RMSD=0.654 Å for
residues 50–237 of the Drosophila structure and 56–243 of the
structure reported in the present paper). The two structures are
shown superimposed in Figure 2.

The structure of the human Notch 1 ANK domain has the
expected ANK fold, although the third repeat is 34 residues in
length instead of the canonical 33 (Figure 3A) (PDB accession
code 1YYH). There is no density for the N-terminal first repeat,
which is probably disordered. It has been suggested that this
region is only ever partially folded, because the unfolding tran-
sition of Notch ANK variants, in which analogous alanine residues
in each repeat were replaced with glycine residues, indicated that
substitutions in the first repeat do not severely affect domain
stability [32]. The prediction of an unusually long loop (16 resi-
dues) (Figure 1) with a large number of charged or polar amino
acids may be one reason for the observed unfolding of this repeat.
It is possible that part of the first repeat folds loosely against the
second repeat, allowing the long charged loop and the rest of
the repeat to be solvent-exposed, accounting for the partially un-
folded nature reported for this repeat [32].

The seventh repeat, which caps the hydrophobic core at the
C-terminus, is of great importance to the stability of the entire
domain [28,31,32,46]. The polar and charged residues of the
seventh repeat are solvent-exposed (Arg227, Asp228, Asn231, Glu232,

Figure 3 Crystal structure of the human Notch 1 ANK domain

(A) Both molecules in the asymmetric unit are shown. Repeats 2–7 are individually coloured starting with blue at the N-terminus and ending with red at the C-terminus. (B) Notch ANK domains
pack end-to-end in the crystal lattice. A symmetry-related ANK domain is shown with both ANK chains in the asymmetric unit. (C) Residues involved in the formation of crystal contacts between
successive domains in the crystal. Figures are rotated from their original position in (B) to better show the contacts. Residues involved in forming the contacts were identified using the protein–protein
interaction server (http://www.biochem.ucl.ac.uk/bsm/PP/server/). The Figure was created using PyMOL.

c© 2005 Biochemical Society



Human Notch 1 ankyrin structure 17

Figure 4 Terminal repeats differ in amino acid composition

Repeats 2 and 7 are shown end on, looking down the long axis of the domain. The rest of the ANK
domain is hidden for clarity. Residues that constitute the helices in these repeats are shown in
stick-model form. Coloured red are polar and charged residues, hydrophobic residues are blue,
and connecting loops are in white. Selected amino acids are labelled, the numbering referring to
the position of residues in the sequence alignment in Figure 1. The hydrophobic core is exposed
in repeat 2 (Ala60, Ala64, Ala72 and Leu76). In repeat 7, polar and charged residues cover the
hydrophobic core (Arg227 and Asn231). The Figure was created using PyMOL.

Arg233, His236, Asp237, Arg240 and Asp243) with parts of residues
Arg227 and Asn231 capping the core (Figure 4).

Adjacent ANK repeats pack together to form an elongated
structure that is held together predominately by hydrophobic inter-
actions. The structures of repeat domains are dominated by local
short-range interactions. Interestingly, it was assumed that the
modular nature of the ANK domains would preclude the formation
of long-range stabilizing interactions. However, biophysical ex-
periments using the Notch ANK domain have shown that a
modular domain can unfold co-operatively in a two-state folding
pathway and that, in the case of the Notch ANK domain, even
distant repeats are somehow coupled [31,32]. This is most likely
to be due to the hydrophobic core that extends through the length
of the domain. There appears to be a limit to the distance over
which such coupling of repeats, through the hydrophobic core,
can extend. It has been demonstrated that two additional repeats
introduced into the Notch ANK domain slightly improve domain
stability, but that three or four additional repeats represent a
limit beyond which full co-operativity cannot be maintained [47],
although significantly larger ANK structures are known [22].

Figure 5 Electrostatic potential of the ANK domain

Only chain A of the asymmetric unit is shown. The orientation of chain A is that shown in the
ribbon model inset. Most of the protein has negative surface potential. Potential was calculated
with APBS (Adaptive Poisson–Boltzmann Solver) [45]. The Figure was created using PyMOL.

The human Notch 1 ANK domain is slightly curved, a feature
that becomes particularly apparent in structures containing a large
number of repeats [48] and that appears to be the result of differing
helix lengths and inter-repeat interactions between the helices.
The inner helices of each repeat are shorter (by one or two
residues) than the outer helices. Also, conserved small side-chain
amino acids (mostly alanine and one valine) close to the short loop
connecting the helices allow the inner helices to pack more closely
than the outer helices, which have, with few exceptions, larger
residues (leucine, methionine, phenylalanine, valine, threonine,
aspartate and isoleucine) at similar positions. At the other end of
the helices, towards the β-hairpin loop, residues generally have
large side chains (leucine, isoleucine and, in the seventh repeat,
one proline), which force the bottom of the helices apart. Each
repeat is consequently rotated slightly counter-clockwise relative
to the preceding repeat. The overall effect is to impart a left-
handed superhelical twist to the structure.

Although Zweifel et al. [9] state that the presence of the RAM
region does not enhance helix formation or ANK domain stability
in Drosophila Notch, several hydrophobic residues in the second
repeat of human Notch 1 ANK (Ala60, Ala64, Ala72 and Leu76)
would be solvent-exposed (Figure 4). This resembles the cell-
cycle regulator Swi6 ANK domain in which the N-terminal repeat
has a significant hydrophobic surface that would be largely solvent
exposed if a set of helices from an adjoining domain did not stack
against it [29]. Similarly, exposed hydrophobic residues of the
N-terminal repeat of IκBα (inhibitory κBα) are capped by part of
p65 [49], whereas the IκB-family member Bcl-3 has these hydro-
phobic residues replaced with smaller or charged residues that
form the solvent-exposed face of that ANK domain [50]. The
end-to-end packing of the molecules in the human Notch 1 ANK
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Figure 6 Predicted binding sites and sequence conservation

(A) Chain A is shown with repeats 2–7 individually coloured blue to red. Side chains of residues identified by the evolutionary trace analysis [35] and Crescendo [36] are shown in stick-model form
with nitrogen atoms in blue, and oxygen atoms in red. In repeat 4, the side chains of residues substituted by the M1 and M2 mutations [3] are shown in stick-model form and are coloured orange
(Gly124, Thr126, Leu128, Ala131 and Ala132). Binding sites predicted by Crescendo are shown as pink polygons. BS1, predicted binding site 1; BS2, predicted binding site 2. (B) Sequence conservation
mapped onto the surface of the human Notch 1 ANK domain. The orientation of the molecule on the left is that shown in (A), with the β-turns parallel to the y-axis. The molecule on the right is
rotated by 180◦C along the y-axis. Coloured red are residues that are absolutely conserved in the Notch homologue sequences in Figure 1. In orange are residues conserved in all but one of the
homologues and in yellow are residues conserved in all but two or three homologues. Residues that are not conserved are in grey. The Figure was created using PyMOL.

crystal partially shields the second repeat from solvent (Figures 3B
and 3C). These observations suggest that, in the cell, the core at
the interface of the second repeat may be capped by another part
of the NICD or another molecule, leading to a structure that is not
evident for the isolated ANK domain used in the present study.

Potential binding sites

The concave surface of the ANK groove is most often the site of
protein–protein interactions, with interactions usually occurring
through the β-hairpins and/or the inner helices [22]. The electro-
static surface potential on either side of the Notch 1 ANK groove is
negative (Figure 5). The binding site of the MAM transcriptional
co-activator on the ANK domain is not known. However, given
that the region that interacts with the NICD contains a large
number of positively charged residues (>25% of the protein)
[17], the negatively charged regions either side of the ANK groove
may be an appropriate binding site for MAM.

Evolutionary trace analysis [35] was used to identify possible
residues that are of structural and functional importance. Several

clusters of conserved residues were identified; most of them are
in the antiparallel helices, the short loop that connects these heli-
ces or in the section of the loop connecting repeats that passes
under the domain core, reflecting evolutionary restraints on the
architecture of ANK repeat structure. Only six conserved residues
are located in the hairpins (Thr56, Arg91, Asp123, Glu190, His221 and
Asp223) (Figure 6A). These residues are solvent-exposed and may
therefore be of functional importance.

In order to distinguish between structurally and functionally
important residues, the multiple sequence alignment of Notch
homologues was analysed using the program Crescendo as des-
cribed by Chelliah et al. [36]. Two possible interaction sites were
predicted, one on the concave surface of repeat 2 and one below
the hairpins of repeat 6 and 7 (Figure 6A). Residues Glu58 and
Arg66 are predicted to form part of the first putative binding site.
These residues were also identified by the evolutionary trace
analysis; however, Glu58 is not solvent-exposed. Residues Gln186

and Glu190 are part of the second putative binding site. These
residues were also identified by the trace analysis and both are
solvent-exposed in the structure. These residues are conserved in
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the Notch homologues shown in Figure 1, with the exception of
Glu190, which is replaced by an aspartate residue in Drosophila
Notch (Figures 1, arrows, and 6B).

The location of these predicted binding sites, on different sides
of the hairpins and opposite ends of the domain, may indicate
that they are responsible for binding two different molecules, or
they may be part of one single binding site that covers the entire
concave surface and hairpins of the domain. Several mutations that
affect Notch function are located in the ANK domain. Among
them are the mutations M1 and M2 in repeat 4 of the mouse
Notch 1 ANK domain [3]. These are loss-of-function mutations
that inhibit myogenesis [3] and result in amino acid substitutions
in the domain core (Figure 6A). The secondary-structure content
and unfolding transitions of a Drosophila ANK domain containing
these mutations are significantly different from those of the native
Drosophila ANK domain, indicating that they affect domain
structure [9]. It is therefore likely that these mutations disrupt the
overall fold of the ANK domain [9]. The binding-site predictions
and the disruption of structure by the M1 and M2 mutations
suggest that there may be an extensive interacting interface along
the concave surface of the domain. Functional studies using Notch
receptors in which the putative binding site residues have been
substituted would shed light on their possible role in protein–
protein interactions. The structures of complexes that include the
Notch ANK domain and its binding partners would allow greater
definition of interaction sites.

While this manuscript was under review, a paper reporting
the partial structure of the mouse Notch 1 ANK domain was
published [51]. Molecules in the asymmetric unit of the partial
mouse Notch 1 ANK domain are oriented so as to protect the
exposed hydrophobic core in a manner analogous to that observed
in the crystal packing of the human Notch 1 ANK domain. The
authors argue that the N- and C-terminal repeats of the ANK
domain constitute functionally different subdomains, which may
interact with different proteins [51]. Our predicted binding sites
located at the N-terminal repeat 2 and the C-terminal repeats 6
and 7 are in broad agreement with this.
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