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Structural and Functional Characterization of the NHR1
Domain of the Drosophila Neuralized E3 Ligase in the
Notch Signaling Pathway
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The Notch signaling pathway is critical for many developmental processes
and requires complex trafficking of both Notch receptor and its ligands,
Delta and Serrate. In Drosophila melanogaster, the endocytosis of Delta in the
signal-sending cell is essential for Notch receptor activation. The Neuralized
protein from D. melanogaster (Neur) is a ubiquitin E3 ligase, which binds to
Delta through its first neuralized homology repeat 1 (NHR1) domain and
mediates the ubiquitination of Delta for endocytosis. Tom, a Bearded
protein family member, inhibits the Neur-mediated endocytosis through
interactions with the NHR1 domain. We have identified the domain
boundaries of the novel NHR1 domain, using a screening system based on
our cell-free protein synthesis method, and demonstrated that the identified
Neur NHR1 domain had binding activity to the 20-residue peptide
corresponding to motif 2 of Tom by isothermal titration calorimetry
experiments. We also determined the solution structure of the Neur NHR1
domain by heteronuclear NMR methods, using a 15N/13C-labeled sample.
The Neur NHR1 domain adopts a characteristic β-sandwich fold, consisting
of a concave five-stranded antiparallel β-sheet and a convex seven-stranded
antiparallel β-sheet. The long loop (L6) between the β6 and β7 strands
covers the hydrophobic patch on the concave β-sheet surface, and the Neur
NHR1 domain forms a compact globular fold. Intriguingly, in spite of the
slight, but distinct, differences in the topology of the secondary structure
elements, the structure of the Neur NHR1 domain is quite similar to those of
the B30.2/SPRY domains, which are known to mediate specific protein–
protein interactions. Further NMR titration experiments of the Neur NHR1
domain with the 20-residue Tom peptide revealed that the resonances
originating from the bottom area of the β-sandwich (the L3, L5, and L11
loops, as well as the tip of the L6 loop) were affected. In addition, a
structural comparison of the Neur NHR1 domain with the first NHR
domain of the human KIAA1787 protein, which is from another NHR
subfamily and does not bind to the 20-residue Tom peptide, suggested the
critical amino acid residues for the interactions between the Neur NHR1
domain and the Tom peptide. The present structural study will shed light
on the role of the Neur NHR1 domain in the Notch signaling pathway.
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Introduction

The Notch pathway is an evolutionarily conserved
cell–cell signaling system that plays a critical role
in cell-fate decisions throughout development.1–3

The Notch receptor is composed of the extracellular
domain (NECD) and the intracellular domain (NICD),
which are bound to each other noncovalently.4 The
canonical Notch signaling system is activated when
one of the Notch ligands (Delta and Serrate in
Drosophila, Lag2 in Caenorhabditis elegans) in the
signal-sending cell binds to the NECD of the Notch
receptor in a signal-receiving cell. In Drosophila, the
intracellular domains of the Notch ligands (Delta and
Serrate) must be monoubiquitinated by either the
Neuralized protein (Neur) or the Drosophila Mind
bomb protein (D-mib) to be targeted for endocytosis
into the signal-sending cell.5–14 Although Neur and
D-mib are functionally interchangeable as ubiquitin
E3 ligases for Delta, they share no obvious sequence
similarity, apart from a canonical RING finger
required for their E3 ligase activities.15–17 Upon the
endocytosis of Delta into the signal-sending cell with
theNECD, the NICD of the Notch receptor is released
from the membrane and translocated into the nucleus
of the signal-receiving cell, where it activates Notch-
targeted gene expression (Fig. 1).1,2,18–21

Neur is a peripheral membrane protein composed
of 754 amino acid residues. It comprises one C-
terminal RING finger and two consecutive neur-
alized homology repeat (NHR) domains, NHR1 and
NHR2, which are also referred to as NEUZ domains
(Fig. 2a).9,24,25 The C-terminal RING finger is
responsible for the ubiquitin E3 ligase activity
required for the ubiquitination of Delta, as described
above. The NHR1 domain is necessary and suffi-
cient for the binding to Delta.26 Mutations in Neur
result in a variety of developmental defects that
closely resemble those observed in mutants of the
Notch ligands and the Notch receptor.27–29 These
results indicated that Neur plays a critical role in the
Notch signaling system and must be tightly con-
trolled in the signal-sending cell in order to ensure
the correct pattern of Delta trafficking and signal
transduction.
The regulatory proteins from the Bearded protein

family, such as Tom, reportedly interact specifically
with Neur and block the Neur-mediated endocyto-
sis of Delta, but not the pathway regulated by D-mib
(Fig. 1).30,31 At least eight Bearded-like genes (m2,m4,
m6, mα, bob, brd, tom, and ocho) have been identified
in the Drosophila melanogaster genome.32,33 All of the
gene products, except for m2, contain the conserved
amino acid sequence referred to as motif 2 and
interact with Neur. Further deletion and point
mutation analyses of Tom demonstrated that motif
2 is critical for Neur binding.31 In addition, yeast
two-hybrid screening and coimmunoprecipitation
experiments demonstrated that the NHR1 domain
of Neur (the Neur NHR1 domain) was required



Fig. 1. The Notch signaling path-
way in Drosophila. The Notch recep-
tor in the signal-receiving cell is
composed of the Notch extracellular
domain (NECD) and the Notch
intracellular domain (NICD). Delta
(Notch ligand) is in the signal-
sending cell, and its binding to the
NECD triggers the endocytosis of
Deltawith theNECD into the signal-
sending cell. The endocytosis acti-
vates a cascade of proteolysis of the
NICD, and finally the NICD is
released from the membrane. Sub-
sequently, the processed NICD
enters the nucleus and interacts
with the DNA-binding protein,
CSL [CBF1, Su(H) and LAG-1]

†http://pfam.sanger.ac.uk/
‡http://smart.embl-heidelberg.de/smart/
§http://www.uniprot.org/

complex (red). Along with other transcriptional factors, such as the coactivator Mastermind (MAM, blue), the CSL
complex activates the transcription of the target gene. The monoubiquitination of Delta is a prerequisite for its endocytosis.
Neuralized (Neur, orange) and Mind bomb (Mib, yellow) are the E3 ligases for the monoubiquitination of Delta (Notch
ligand). Tom (green) specifically inhibits the ubiquitination of Delta by Neur.
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for binding to the 20-residue peptide corres-
ponding to motif 2 of Tom. Therefore, it has
been suggested that the NHR domains can function
in facilitating protein–protein interactions30,31 and
that the specific binding of motif 2 of Tom to the
Neur NHR1 domain inhibits the interaction be-
tween Neur and Delta.
The NHR domain is a novel protein module, and

several proteins containing between one and six
NHR domains have been found in fly, worm, and
mammalian proteins. According to the domain
organization, the NHR-domain-containing proteins
can be classified into three subfamilies: those
including the RING finger (the RING finger sub-
family), the Suppressor of Cytokine Signaling box34

(the SOCS box subfamily), and the NHR-only
subfamily. The RING finger subfamily proteins
contain one or two N-terminal NHR domains and
one C-terminal RING finger, such as LINCR (lung-
inducible Neuralized related C3HC4 RING finger
protein), which is an inflammation-induced E3
ligase,35 and Neur.5,6,9,10,28,36 The proteins of the
SOCS box subfamily contain only one N-terminal
NHR domain and one C-terminal SOCS box, such as
mouse Neurl2, also referred to as Ozz.37,38 Ozz is a
muscle-specific E3 ligase regulating β-catenin pro-
teasomal degradation during myogenesis.37,38 The
SOCS box in Ozz functions as an adaptor of the E3
ligase complex, composed of Cullin-5, Elongin B/C,
and Rbx1.38,39 Therefore, the members of the RING
finger and SOCS box subfamilies are all ubiquitin E3
ligases, and the NHR domains in these subfamilies
are thought to mediate the specific protein–protein
interactions for the recognition of the substrates for
ubiquitination. On the other hand, the proteins from
the NHR-only subfamily, which contain six NHR
domains and are exemplified by the human
KIAA1787 protein, have not been well characterized
thus far (Fig. 2a).
To gain more structural insight into the regula-

tion of the Notch signaling pathway by the NHR
domains, we have determined the solution struc-
ture of the Neur NHR1 domain and investigated
the interaction between the NHR1 domain and a
20-residue peptide derived from motif 2 of Tom. In
addition, in order to examine the commonalities
and the differences among the NHR domains, we
also solved the structure of the first NHR domain
of the human KIAA1787 protein (the KIAA1787
NHR1 domain) from the NHR-only subfamily,
whose members are not E3 ligases. On the basis of
these data, we discuss the interaction mode of the
Neur NHR1 domain from a structural point of
view.
Results and Discussion

Identification of the domain boundaries of the
NHR domain

We first tried to identify the domain boundaries of
the Neur NHR1 domain to conduct a structural
analysis of this novel domain. On the basis of the
sequence alignment from various databases, (Pfam†,
SMART‡, and Uniprot§), the NHR domain is
defined by nearly 60, 120, and 160 amino acid
residues, respectively. Among these databases, the
definitions of the N-terminal end of the NHR
domains were almost the same, but those of the C-
terminal end were different from each other. This is
probably caused by the fact that high level of
homology is observed among the N-terminal por-
tions of the NHR domains, but low level of



Fig. 2. Domain architectures and sequence alignment of the Neur and human KIAA1787 proteins. (a) Domain
architectures of Neur and human KIAA1787 are shown with the NHR domains (green) and RING finger (red). The
boundaries of the NHR domains and the RING finger are indicated on the basis of information from the Uniprot database
(http://www.ebi.ac.uk/uniprot/). (b) Structure-based sequence alignment of the NHR1 andNHR2 domains of Neur, the
NHR1 domain of KIAA1787, and the B30.2/SPRY domain of GUSTAVUS.22 The red star indicates the only absolutely
conserved residue (Gly) in the NHR domains. The filled circles indicate the conserved, but solvent-exposed, residues at
the bottom area of the β-sandwich fold. Secondary-structure elements of the Neur NHR1 domain are depicted above the
aligned sequences. The sequence alignment output was created with the ESPript program.23
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homology is found among the C-terminal ones.
Therefore, as described in the Materials and Meth-
ods, we examined several constructs with around 60,
120, and 160 amino acid residues, using green
fluorescent protein (GFP) as a C-terminal fusion40,41

in a batch mode with our cell-free protein synthesis
system.42,43 At the same time, we tried to identify the
Fig. 3. 2D 1H–15N HSQC spectrum and ITC data of the N
Neur NHR1 domain, recorded at the 1H frequency of 800 M
residue numbers. Side-chain resonances of asparagine and glu
for the interaction of the wild-type Neur NHR1 domain (b) an
residue Tom peptide. Top: the exothermic heat reaction, meas
the protein samples. Bottom: plot of the total heat released as a
The continuous line represents the nonlinear, least-squares be
domain boundaries by monitoring the soluble
fractions by SDS-PAGE experiments (see Materials
and Methods). We thus successfully identified
several constructs for the soluble Neur NHR1
domain, which were composed of around 160
amino acid residues (spanning residues 96–266, 96–
276, 106–266, and 106–276) (Fig. S1). Lastly, with the
eur NHR1 domain. (a) 2D 1H–15N HSQC spectrum of the
Hz, pH 7.0, and 298 K. Cross-peaks are labeled with the
tamine residues are indicated by horizontal lines. ITC data
d the mutant Neur NHR1 domain (Y183S) (c) with the 20-
ured with the injection of the 20-residue Tom peptide into
function of the molar ratio of the 20-residue Tom peptide.
st fit to the experimental data using a one-site model.



Fig. 3 (legend on previous page)
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uniformly 15N-labeled samples of these soluble
constructs, we measured the two-dimensional (2D)
1H–15N heteronuclear single-quantum coherence
(HSQC) spectra. We then determined that the
segment spanning residues 106–266 of the Neur
protein yielded a well-resolved spectrum (Fig. 3a)
and that the construct was properly folded as the
minimum Neur NHR1 domain.
We investigated the physical interactions be-

tween the Neur NHR1 domain identified here and
a 20-residue peptide derived from motif 2 of Tom
by isothermal titration calorimetry (ITC) experi-
ments (Fig. 3b). The ITC experiments revealed the
distinct binding between the Neur NHR1 domain
and the 20-residue peptide with a binding constant
Kd=2.53±0.024 μM (Fig. 3b). The molar ratio from
the ITC experiments indicated that the Neur NHR1
domain forms a one-to-one complex with the Tom
peptide. Therefore, we concluded that this con-
struct, with 161 amino acid residues (Pro106–
Gln266) of the Neur NHR1 domain, is not only
structured but also functional. In the following
discussion, the residues are numbered as shown in
the first line of Fig. 2b. Similarly, the human
KIAA1787 NHR1 domain, spanning residues
Glu43–Leu205, was also identified for the structure
determination. The 15N/13C-labeled samples of both
NHR domains were prepared by a large-scale cell-
free protein synthesis system42,43 for solution struc-
ture determination by NMR.

Resonance assignments and NMR structure
determination

Using a combination of triple-resonance NMR
experiments, we performed chemical shift assign-
ments for the Neur NHR1 domain and the
KIAA1787 NHR1 domain by standard methods,
(see Materials and Methods). In the case of the Neur
NHR1 domain, the backbone and side-chain reso-
nance assignments were complete, except for the
amide protons of Arg121, Arg122, and Gly123 aswell
as Hα of Arg121, the side chain of Arg122, Hδ of
Arg165, andHζ of Phe129 and Phe132. The side-chain
NH2 resonances of all Asn and Gln residues were
assigned. The assignmentswere confirmed by tracing
the dNN, dαN, and dβN connectivities in nuclear Over-
hauser enhancement (NOE) spectroscopy (NOESY)
experiments.44 Inspection of the X(Hα)–Pro(Hδ)
sequential NOESY cross-peaks and the 13Cβ/13Cγ

chemical shift differences45 revealed that all of the
X-Pro peptide bonds in the Neur NHR1 domain,
except for Pro186, are in the trans conformation.
The total of 5388 cross-peaks identified in the

15N- and 13C-edited 3D NOESY spectra resulted in
2984 nonredundant distance restraints, including
1209 long-range distance restraints, for the final
structure calculations with the program CYANA
2.1.46,47 Backbone torsion angle restraints calculated
by the TALOS program48 and hydrogen bonds
derived from the NOE network were incorporated
in the final stage of the structure calculation. The final
structures were further refined by minimization with
AMBER9∥. The precision of the bundle of 20
conformers that represents the solution structure of
the Neur NHR1 domain is characterized by RMSD
values to the mean coordinates for residues 106–265
of 0.50 Å for the backbone atoms and 1.04 Å for all
heavy atoms (Fig. 4a). The quality of the structure is
also reflected by the fact that 97.9% of the (ϕ,ψ) back-
bone torsion angle pairs are in the most favored and
additionally allowed regions of the Ramachandran
plot, according to the program PROCHECK-NMR.49

The chemical shift assignments and the structure
calculation for the KIAA1787 NHR1 domain were
performed in the same way. The backbone and side-
chain resonance assignments were complete, except
for the amide protons of Arg85, Ala91, Cys92, and
Arg94, and Hζ of Phe105 and Phe151. All side-chain
NH2 resonances of the Asn and Gln residues were
assigned, and all X-Pro peptide bonds were in the
trans conformation. The total of 7018 cross peaks
identified in the 15N- and 13C-edited 3D NOESY
spectra resulted in 4011 nonredundant distance
restraints, including 1753 long-range distance
restraints, and the solution structure of the
KIAA1787 NHR1 domain was calculated using the
same protocol as described above. The precision of
the structure is characterized by RMSD values to the
mean coordinates for residues 43–205 of 0.25 Å for
the backbone atoms and 0.70 Å for all heavy atoms
(Fig. 4c).
The solution structures of the NHR1 domains of

Neur and KIAA1787 are well defined and in
excellent agreement with the experimental NMR
restraints. Statistics regarding the quality and
precision of the final 20 best conformers that
represent the solution structures of the Neur
NHR1 domain (Fig. 4a and b) and the KIAA1787
NHR1 domain (Fig. 4c and d) are provided in Table 1.
Due to the poor stability and solubility of the Neur
NHR1 sample, the qualities of the 3DNOESY spectra
of the Neur NHR1 domain were worse than those for
the KIAA1787 NHR1 domain. Accordingly, the
statistics of the 3D structures of the KIAA1787
NHR1 domain are better than those of the Neur
NHR1 domain.

Solution structures of the two types of
NHR domains

The Neur NHR1 domain contains 12 β-strands (β1:
Phe109–His113; β2: Ile117–Ile119; β3: Ala126–
Arg128; β4: Ile136–Ser139; β5: Ile149–Glu155; β6:
Arg165–Thr169; β7: Phe194–Ala198; β8: Ile209–
Val214; β9: Asp219–Ile224; β10: Glu228–The234;
β11: Trp243–Asp247; and β12: Gly254–Leu258).
These β-strands constitute a two-layered β-sandwich
fold, composed of five-stranded (β1–β4–β11–β6–β7)
and seven-stranded (β2–β3–β12–β5–β8–β9–β10) an-
tiparallel β-sheets (Fig. 4a and b). The β-strands are
connected by loops with various lengths (L1–L11),
which extend out from both ends of the β-sandwich.



Fig. 4. Overall structures of the NHR1 domains of Neur and human KIAA1787. (a) Stereo view of the ensemble of 20
structures that represents the solution structure of the Neur NHR1 domain (residues 106–266). The N- and C-termini are
indicated by the letters N and C. (b) Ribbon representation of the Neur NHR1 domain. The α-helices, β-sheets, and loop
regions are depicted in red, cyan, and gray, respectively, and the secondary structure components are labeled by Greek
letters. The atoms of G167 are also indicated as blue spheres. The view on the right is rotated by 180° around the z-axis
from that on the left. (c) Stereo view of the ensemble of 20 structures that represents the solution structure of the KIAA1787
NHR1 domain (residues 43–205). (d) Ribbon representation of the KIAA1787 NHR1 domain, with the secondary structure
components labeled. The α-helices, β-sheets, and loop regions are depicted in hot pink, pale green, and gold, respectively.
The view on the right is rotated by 180° around the z-axis from that on the left.
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Table 1. Structural statistics for the NHR1 domains of
Neur and KIAA1787

Neur KIAA1787

Conformational restraints
NOE distance restraints
Total 2984 4011
Intraresidue 707 774
Sequential (|i− j|=1) 729 1025
Medium range (1b|i− j| b5) 339 459
Long range (|i− j| ≥5) 1209 1753
ϕ/ψ dihedral angle restraints

from TALOS48
73/73 79/79

Restrained hydrogen bonds 21 9

Structure statistics
CYANA target function (Å2) 0.65 0.50
Residual NOE violations
Number N0.10 Å 1 1
Maximum (Å) 0.22 0.12
Residual dihedral angle violations
Number N2.5° 0 0
Maximum (°) 1.10 1.24
Energies (kcal/mol)
Mean constraint violation energy 13.62 24.46
Mean Amber energy −5196.82 −5597.79
Ramachandran plot statistics (%)49

Residues in most favored regions 81.9 87.3
Residues in additional allowed regions 16.0 11.1
Residues in generously allowed regions 1.6 1.5
Residues in disallowed regions 0.5 0.1
RMSD to mean coordinates (Å)
Backbone 0.50 0.25
Heavy atoms 1.04 0.70

Ramachandran plot statistics and RMSD values are for residues
106–265 of the Neur NHR1 domain and for residues 43–205 of the
KIAA1787 NHR1 domain.
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There are four short helices in the loop regions: helix
310-1 (Pro173–Thr175) and helix α2 (Asp187–Asn190)
in the L6 loop, helix 310-3 (Glu201–Tyr203) in the L7
loop, and helix α4 (Ser260–Tyr263) in the C-terminal
segment.
Each of the two β-sheets forms a central flat and

elongated hydrophobic patch on the outer surface of
the protein. The L6 loop (Ser170–Gly193) is com-
posed of 24 amino acid residues and adopts a
characteristic structure covering the concave surface
of the five-stranded β-sheet, to protect the hydro-
phobic patch and to increase the globular nature of
the molecule. Similarly, the C-terminal segment
containing the α4 helix is folded onto the convex
surface of the seven-stranded β-sheet, where it
covers the hydrophobic patch.
Furthermore, we also determined the tertiary

structure of the human KIAA1878 NHR1 domain.
This domain contains 14 β-strands (β1: Leu44–
Thr48; β2: Val52–Leu54; β3: Thr60–Arg63; β4:
Val75–Leu76; β5: Val86–Lys94; β6: Glu103–Thr107;
β7: Ser127–Val130; β7′: Ser134–Arg137; β7″:
Ser141–Glu144; β8: Arg158–Arg163; β9: Glu133–
Val173; β10: Asp177–Thr183; β11: Trp190–Asp194;
and β12: Cys199–Val204) and forms a two-layered
β-sandwich fold similar to that of the Neur NHR1
domain (Fig. 4c and d). However, the upper layer of
the concave β-sheet is a seven-stranded antiparallel
β-sheet with a β1–β4–β11–β6–β7–β7′–β7″ topology
(Figs. 4c and d and 5a and b). The peptide segment
corresponding to the L7 loop of the Neur NHR1
domain is longer in the KIAA1787 NHR1 domain,
and it forms an additional β-hairpin structure
(β7′–β7″) that associates with the β7 strand of the
upper β-sheet. There are three short helices in the
loop regions: helix 310-1 (Pro111–Val113) and helix
310-2 (Ala120–Gly122) in the L6 loop, and helix 310-3
(Leu150–Glu152) in the L7 loop (Fig. 4d).
Similar to the Neur NHR1 domain, the KIAA1787

NHR1 domain possesses a hydrophobic patch on
the upper β-sheet, and the L6 loop in the KIAA1878
NHR1 domain contains two helical structures that
cover this hydrophobic area. In the case of the
KIAA1787 NHR1 domain, relatively hydrophilic
amino acids are located at the central two β-strands
(β5 and β12) of the lower β-sheet, as compared to
the Neur NHR1 domain (Fig. 2b). Correspondingly,
the KIAA1787 NHR1 domain is soluble and stable,
even without the C-terminal short α-helix that
covers the hydrophobic patch on the lower β-sheet
surface in the Neur NHR1 domain (Fig. 4b and d).

Structural comparison between the two
NHR domains

The NHR1 domains of Neur and KIAA1878 share
28% sequence identity. The superposition of the two
structures shows close agreement (RMSD 2.1 Å)
with the same β-sandwich fold, except for the
above-mentioned additional β-hairpin in the
KIAA1787 NHR1 domain (Fig. 5a and b). Further
examination of the locations of the hydrophobic
amino acids highlighted the common and distinct
features between the two NHR1 domains.
The hydrophobic amino acids that constitute the

area in between the two β-sheets in the NHR1
domains of Neur and KIAA1787 are well conserved,
even among the NHR domain family (Fig. S2).
Overall, the amino acids are particularly well
conserved in the region spanning the N-terminal
60 residues, after which the total amino acid
conservation becomes poor. Nevertheless, similari-
ties of the key hydrophobic amino acid residues that
are involved in forming the structure are observed
throughout the sequences (Fig. S2).
Both of the NHR1 domains possess a hydrophobic

patch on the upper β-sheet, and the long L6 regions
cover this hydrophobic area. Two helical structures
are conserved in the L6 regions, as described above
(Fig. 4b and d). Pro173, Leu180, Pro181, and Leu188
of the Neur NHR1 domain, which are located in the
region from the 310-1 helix to the α2 helix in the L6
loop, are well conserved, and an alkyl hydrophobic
amino acid occupies the position corresponding to
Leu176 of the Neur NHR1 domain in most of the
NHR domain family members (Fig. 2b and Fig. S2).
These hydrophobic amino acid residues in the L6
loop interact with those on the upper β-sheet by van
der Waals contacts in these two NHR domain
structures. Therefore, we consider the characteristic
L6 loop structure of the NHR1 domains of Neur and



Fig. 5. Comparison of the structural homologues among the NHR1 domains of Neur and KIAA1787, and B30.2/SPRY
of GUSTAVUS22 (PDB entry 2IHS). (a) The topology of the Neur NHR1 domain (left), KIAA1787 NHR1 domain (middle),
and the B30.2/SPRY domain of GUSTAVUS (right) are demonstrated, respectively. (b) Left: pairwise superposition of the
ribbon structures of the NHR1 domains of Neur (green) and KIAA1787 (blue). Middle: pairwise superposition of the
ribbon structures of the NHR1 domain of Neur (green) and the B30.2/SPRY domain of GUSTAVUS22 (yellow). Right:
pairwise superposition of the ribbon structures of the NHR1 domain of KIAA1787 (blue) and the B30.2/SPRY domain of
GUSTAVUS (yellow). In the superpositions, the additional β-hairpin structures in the NHR1 domain of KIAA1787 (left)
and the B30.2/SPRY domain of GUSTAVUS22 (middle) are colored red. (c) Left: surface representation of the Neur NHR1
domain with the conserved aromatic residues between the NHR1 domains of the Neur and KIAA1787 proteins. Middle:
the conserved aromatic residues between the NHR1 domains of the Neur and KIAA1787 proteins on the surface
representation of the KIAA1787 NHR1 domain. Right: surface representation of the B30.2/SPRY domain of GUSTAVUS
(right). In the surface representations, the aromatic residues, which are conserved at the corresponding positions in the
NHR1 domains of Neur and KIAA1787 protein based on the sequence alignment of Fig. 2b, are colored magenta. The
conserved and exposed aromatic amino acids are depicted on the surface model. The orientations of the ribbon structures
and the surface representations are the same as in the left diagram and after a −70° rotation on the y-axis from the left
diagram in Fig. 4b, respectively.
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KIAA1787 to be a common feature of the NHR
domain family. A previous report indicated that the
G167E mutation of the Neur NHR1 domain critical-
ly affected the Neur activity.26 The Gly167 residue,
which is the only absolutely conserved residue
among the NHR domains, is located at the center
of the β6 strand in the Neur HNR1 domain (Fig. 4b),
and the space above Gly167 is occupied by
hydrophobic amino acid residues from the L6
loop. Accordingly, Gly167 has a total of 24 NOEs
with the amino acid residues in the hydrophobic
core, including those from the L6 loop. Presumably,
any mutation of the Gly167 residue fills the space
and alters the arrangement of the other residues in
the hydrophobic core, thus destabilizing the β-
sandwich fold.



487Solution Structure of the NHR1 Domain of Neur
The hydrophobic amino acid residues that sustain
the structure of the NHR domains are well
conserved, as described above. On the other hand,
when we highlighted all of the conserved aromatic
amino acids among these NHR domains, we could
identify those (Phe132, Trp160, and Tyr249) residing
on the molecular surface. They are located at the
bottom area of the β-sandwich, and could access the
solvent (Fig. 5c). Arg128, which is proximal to these
aromatic amino acid residues, is also conserved in
the NHR domain family. On the contrary, Tyr183, at
the tip of the L6 loop, is a unique hydrophobic
residue in the Neur NHR1 domain, among the NHR
domain family members (Fig. 2b and Fig. S2). These
amino acid residues could participate in specific
target binding, and will be discussed below.

The NHR domain subfamilies

As introduced above, the NHR-domain-containing
proteins can be classified into the RING finger,
SOCS box, and NHR-only subfamilies (Fig. S2). The
proteins from these three subfamilies are exempli-
fied by Neur or LINCR,35 Ozz,37,38 and the human
KIAA1787 protein, respectively. A phylogenetic tree
analysis of the NHR domains, on the basis of the
domain boundaries with around 160 amino acid
residues, is consistent with the subfamilies classified
according to the domain organization of the NHR-
domain-containing proteins (Fig. 6).
The regions corresponding to the L6 and L7 loops

vary in length and amino acid composition among
Fig. 6. An unrooted phylogenetic tree of the NHR domain
per site. Note that the NHR domains are classified into three
subfamilies, shown in red, green, and blue, respectively. Th
followed by the corresponding species names and the domain
the NHR subfamilies. The hydrophobic amino acids
that are conserved in the L6 loop in the NHR1
domains of Neur and KIAA1878 are also present in
the SOCS box subfamily. Thus, it is probable that the
L6 loops for all of the NHR subfamilies adopt similar
structures. A sequence alignment of the NHR
domains of the SOCS box subfamily indicates that
a seven-residue segment preceding the α2 helix,
which could be located at the tip of the L6 loop, is
highly conserved within the subfamily. In the case of
the Neur NHR1 domain, this region plays an
important role in the recognition of the specific
target, as described below. Thus, the sequence
conservation observed in the SOCS box subfamily
seems to be important for the specific target
recognition by the subfamily members.
The L7 loop of the RING finger subfamily is

shorter than those in the SOCS box and NHR-only
subfamilies (Fig. S2). From the sequence alignment
and the present solution structures, the NHR
domains of the RING finger subfamily are expected
to have a five-stranded upper β-sheet, whereas the
NHR domains of the NHR-only subfamily have a
seven-stranded upper β-sheet. Like the NHR-only
subfamily, the SOCS box subfamily also has the long
L7 loop. However, for the KIAA1878 NHR1 domain
of the NHR-only subfamily, the characteristic
hydrophobic amino acids, Val135 on the β7′ strand,
Val142 on the β7″ strand, and Tyr146 in the loop
region just after the β7″ strand, are well conserved
and seem to be necessary for the formation of the
additional β-hairpin structure. Instead, in the SOCS
family. The scale bar indicates the number of substitutions
subfamilies: the RING finger, SOCS box, and NHR-only
e domains are labeled with the protein accession codes,
position numbers.
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box subfamily, such hydrophobic amino acids are
missing, and relatively hydrophilic amino acids are
located in the region corresponding to the β7′
strand. Thus, it is probable that the region corres-
ponding to the β7′–β7″ hairpin in the NHR-only
subfamily adopts a unique structure in the SOCS box
subfamily, although no structure for the NHR
domain of this subfamily has been reported yet.

Tertiary structure comparison with the
B30.2/SPRY domain

A structural similarity search was performed with
the program Dali,50 using the solution structure of
the Neur NHR1 domain as the query structure. The
NHR1 domain structure of the human KIAA1787
protein [Protein Data Bank (PDB) entry 2E63] was
retrieved with the highest Z-score (16.9) and
smallest RMSD value (2.1 Å), although it contains
two additional antiparallel β-strands (β7′–β7″)
within the β-sandwich fold, as described above
(Figs. 4c and d and 5a and b).
The other candidates from the Dali50 search with

high Z-scores (N10) are B30.2/SPRY domain struc-
tures, such as GUSTAVUS (PDB entries 2FNJ,51

2IHS22), the B30.2/SPRY-domain-containing SOCS
box proteins 1, 2, 3, and 4 (PDB entries 2JK9, 3EK9,52

2YYO, and 2V24, respectively), the similar to ret
finger-protein-like 1 (PDB entry 2FBE53), and mu-
rine Trim21 (PDB entries 2VOL,54 2VOK,54 and
2IWG). The B30.2/SPRY domains are known to
mediate protein–protein interactions. Interestingly,
the B30.2/SPRY domain is also found associated
with the SOCS box in negative regulators of
cytokine signaling,55 and this domain has been
shown to mediate the interactions between the
hepatocyte growth factor receptor, MET, and
adaptor proteins.56,57

We chose the B30.2/SPRY domain of GUSTAVUS22

(PDB entry 2IHS) as an example for a comparison
with the structures of the two NHR domains
obtained in this study. Pairwise superpositions of
the Neur NHR1 domain, the KIAA1787 NHR1
domain, and the B30.2/SPRY domain of GUSTA-
VUS are shown in Fig. 5b. The KIAA1878 NHR1
domain and the B30.2/SPRY domain of GUSTAVUS
share the same topology and very similar 3D
structures (RMSD 3.0 Å), in spite of the low level of
sequence identity of about 10% (Fig. 5a and b). The
positions of the key hydrophobic amino acids that
play important roles in the formation of the β-
sandwich structure are occupied by similar or
identical hydrophobic amino acids between the
NHR domains and the B30.2/SPRY domain (Fig.
2b). On the other hand, when we highlighted the
conserved aromatic amino acids between the Neur
NHR1 domain and the B30.2/SPRY domain, it
revealed that the region containing the exposed,
but well conserved, aromatic amino acids among the
NHR domains was absent in the B30.2/SPRY
domain (Fig. 5c). This region is involved in the
target-binding site, and the structural differences will
be discussed below.
Interactions between the NHR1 domains and the
Tom peptide

The members of the Bearded protein family
have been reported to interact with Neur through
the NHR1 domain.31 The interactions between the
Neur NHR1 domain and a 20-residue peptide
derived from motif 2 of Tom, a Bearded protein
family member, were investigated by NMR
spectroscopy. We performed titration experiments
with the peptide and the uniformly 15N/13C-
labeled Neur NHR1 domain, in which the binding
was monitored by tracing the backbone amide
signals.
The backbone amide peaks did not change

continuously, but new resonances appeared when
the peptide–protein ratio was increased from 0.2:1 to
0.5:1. The distinct signals for the free and bound
states indicated that the dynamics of the binding
between the Neur NHR1 domain and the Tom
peptide is in the slow exchange regime, and that the
binding affinity is relatively strong (the overlaid
spectra of the free and bound (1:1) states are shown in
Fig. 7). The interactionwith amicromolar dissociation
constant (Kd=2.53±0.024 μM) was confirmed by the
ITC experiments (Fig. 3b). The backbone amide
chemical shift perturbations (Fig. 8a) were mapped
on the solution structure of the Neur NHR1 domain
(Fig. 8b and c). The region affected by the peptide
binding is concentrated at the bottom area of the β-
sandwich and is composed of the L3, L5, and L11
loops as well as the tip of the L6 loop (Fig. 8b and c).
Therefore, this region is directly involved in the
interaction with the Tom peptide and/or the
structural changes are induced within this region
upon binding to the Tom peptide.
On the contrary, the addition of the 20-residue

peptide to the KIAA1878 NHR1 domain did not
cause significant chemical shift changes in the 2D
1H–15N HSQC spectra (data not shown). A com-
parison of the two NHR1 domains revealed that the
Tyr183 residue on the L6 loop of the Neur NHR1
domain is replaced by an amino acid with a small
side chain (Ser119) in the KIAA1878 NHR1 domain
(Fig. 2b), whereas the aromatic amino acids
(corresponding to Phe132, Trp160, and Tyr249 in
the Neur NHR1 domain) that are located on the L3,
L5, and L11 loops are conserved between these two
NHR domains (Fig. 2b). Due to this change, the
putative binding pocket that was observed in the
Neur NHR1 domain could not be found on the
surface of the KIAA1878 NHR1 domain (Fig. 9a and
b). In fact, a detailed comparison of the binding
interfaces between the two NHR domains revealed
that many other chemical properties (charge, hy-
drophobicity, etc.) also differ between them. The
formation of the binding pocket due to the L6 loop
thus appears to be an important factor to distinguish
the binding activities of the NHR1 domains of Neur
and KIAA1787.
Moreover, the Neur NHR2 domain (the second

NHR domain of Neur) reportedly did not bind to
the Tom peptide,31 although it shares 27% sequence



Fig. 7. 2D 1H–15N HSQC spectra at a 1H frequency of 800 MHz of the Neur NHR1 domain, with and without the
20-residue peptide (AASCDNMANEELEQRLYTDL) corresponding tomotif 2 of Tom (residues 72–91). The superposition
of two 1H–15N HSQC spectra at relative molar ratios of the 20-residue Tom peptide to the Neur NHR1 domain of 0:1 (red)
and 1:1 (green) is shown. The resonances with significant chemical shift changes upon binding to the 20-residue Tom
peptide are labeled by their residue numbers, and the changes in those resonances are marked by arrows.
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identity with the adjacent NHR1 domain. Except
for the residue corresponding to Tyr183, at the tip
of L6 in the Neur NHR1 domain, the other residues
in the binding interface are well conserved in the
Neur NHR2 domain. Similar to the KIAA1787
NHR1 domain, the Neur NHR2 domain has a
hydrophilic amino acid residue (Asn446) at the
position corresponding to Tyr183 in the Neur
NHR1 domain (Fig. 2b). This comparison again
suggests that Tyr183 of the Neur NHR1 domain is
the key residue to distinguish the target peptide.
To test this hypothesis, we performed an ITC

experiment for the mutant Neur NHR1 domain
(Y183S) with the 20-residue Tom peptide. The
result revealed only a small change in the heat, in
contrast to that of the wild-type Neur NHR1
domain (Fig. 3b and c). This indicated that the
mutant Neur NHR1 domain (Y183S) had very little
binding activity to the 20-residue Tom peptide.
This experiment demonstrated that the Tyr183
residue in the Neur NHR1 domain played a quite
critical role for the binding activity and specificity
to its target, Tom.
Interaction between the NHR1 domains and the
VASA peptide

The B30.2/SPRY domain from GUSTAVUS forms
a complex with the peptide from the VASA
protein22 (PDB entry 2IHS). Two other complex
structures of B30.2/SPRY domains with their ligand
peptides are also available in the PDB database: The
SPRY domain and SOCS-box-containing protein 1
(SPSB1) in complex with a Par-4 peptide (PDB entry
2JK9) and the human SPRY domain and SOCS-box
containing protein 2 (SPSB2) in complex with a 20-
residue VASA peptide (PDB entry 3EMW). All of
these B30.2/SPRY domains recognize the target
peptides with the consensus sequence DINNNN.
Actually, Woo et al. reported that the six-residue
peptide is sufficient for high affinity binding to the
B30.2/SPRY domains.22 The binding site on the
B30.2/SPRY domain, located at the bottom area of
the β-sandwich fold, that is, the L3, L5, and L13
loops, and the tip of the L6 loop are responsible for
the interactions (PDB entries 2IHS,22 2JK9, and
3EMW). The Neur NHR1 domain binds the Tom



Fig. 8. Results of the NMR titration experiments for the Neur NHR1 domain with the 20-residue Tom peptide. (a)
Chemical shift changes obtained from NMR titration experiments, plotted as a function of the residue number. The
weighted backbone amide chemical shift changes, Δδ, were calculated according to the equation Δδ=[(ΔHN)2+
(ΔN/6.5)2]1/2.58 The residue (G250) missing during the titration is marked with a filled circle below the x-axis. The
originally unassigned residues and the proline residues are marked with asterisks and open circles below the x-axis,
respectively. The secondary-structure elements are shown at the top. The data of the weighted chemical shift changes are
mapped onto a ribbon diagram (b) and the surface (c) of the Neur NHR1 domain. Resonances with weighted backbone
amide chemical shift changes above the mean value [continuous red line in (a)] are colored orange, and those with
chemical shift changes above the mean value plus one standard deviation [dashed red line in (a)] are colored red.
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peptide in a similar location, as described above
(Fig. 8b and c). Therefore, we tested whether the
NHR1 domains of Neur and KIAA1787 bind to the
consensus peptide of the ligand for these B30.2/
SPRY domains. However, NMR titration experi-
ments demonstrated that the NHR1 domains of
Neur and KIAA1787 did not bind to the eight-
residue peptide (DDINNNNN) derived from the
VASA protein (data not shown).
In the case of the B30.2/SPRY domain of

GUSTAVUS,22 Trp221, located on the L13 loop,
and Tyr133, on the L6 loop, constitute the binding



Fig. 9. Representations of the binding interfaces of the NHR1 domains of Neur and KIAA1787, and the B30.2/SPRY
domain. (a) Left: a cartoon representation of the loops with crucial residues (R128, F132, W160, Y183, and Y249) at the
bottom area of the β-sandwich fold of the Neur NHR1 domain. Electrostatic (middle) and hydrophobic (right) surfaces of
the Neur NHR1 domain are shown. (b) Left: a cartoon representation of the loops with crucial residues (R63, F70, W98,
Y196, and S119) at the bottom area of the β-sandwich fold of the KIAA1787 NHR1 domain. Electrostatic (middle) and
hydrophobic (right) surfaces of the KIAA1787 NHR1 domain are shown. (c) Left: a cartoon representation of the loops
with crucial residues (R81, Y133, and W221) at the bottom area of the β-sandwich fold of the B30.2/SPRY domain of
GUSTAVUS. Electrostatic (middle) and hydrophobic (right) surfaces of the B30.2/SPRY domain of GUSTAVUS
complexed with a VASA peptide22 are shown. The orientations of the molecules represent a −90° rotation on the y-axis
from the left diagram in Fig. 5b. On all of the hydrophobic surfaces, the aromatic and aliphatic residues are shown in
magenta and green, respectively.
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site for the target peptide (Fig. 9c). In this B30.2/
SPRY domain, the segment corresponding to the
long L6 loop in the Neur NHR1 domain forms the β-
strand that associates with the β4-strand and is
involved in the formation of the upper concave β-
sheet. Thus, the Tyr133 residue on the L6 loop is
proximal to the β13 strand and can form the proper
binding pocket with Trp221 on the L13 loop (Fig.
9c). In the case of the Neur NHR1 domain (Fig. 9a),
Tyr133 and Trp221 in the B30.2/SPRY domain are
not conserved. Instead, the Trp160 residue on the L5
loop in the Neur NHR1 domain is located between
the L3 and L11 loops, where it occupies the space
corresponding to Trp221 in the B30.2/SPRY do-
main. Furthermore, in the Neur NHR1 domain, the
Tyr249 residue in the β11 strand occupies the space
corresponding to Tyr133 on the L6 loop in the
B30.2/SPRY domain. The Neur NHR1 domain also
has a Tyr183 residue residing at the tip of the L6
loop, as in the B30.2/SPRY domain. However, it is
located above the five-stranded concave β-sheet.
Another characteristic point of the Neur NHR1
domain, as compared to the B30.2/SPRY domain, is
the presence of the Phe132 residue on the L3 loop,
which narrows the space formed between Trp160
and Tyr183 (Fig. 9).
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The present NMR study has indicated that the
NHR domains and the B30.2/SPRY domains belong
to related protein families, and the target binding
sites of the Neur NHR1 domain and the B30.2/SPRY
domains are situated in comparable regions on the
surfaces of the similar tertiary structures. However,
the characteristic surface structures, composed of
the L3, L5, and L11 (L13) loops, as well as the tip of
the L6 loop, provide the individual target specificity
for each member of these domain families.
Conclusion

The solution structures of the twoNHRdomains of
Neur and KIAA1787 were determined by NMR
spectroscopy in this study. The interactions between
the Neur NHR1 domain and a Tom peptide were
confirmed by NMR titration and ITC experiments,
and the binding site was mapped on the solution
structure. The Neur NHR1 domain shares a similar
3D structure and binding interface location with the
B30.2/SPRY domains. Nevertheless, these domains
show high specificity for their respective targets in
protein–protein interactions. The Tom peptide inhi-
bits the binding between Neur and the Notch ligand,
Delta. However, the determination of whether the
Neur NHR1 domain uses the same binding site for
both Delta and Tomwill await future experiments to
elucidate the control mechanism of the Notch
signaling system.
Materials and Methods

Screening of folded protein

Firstly, we evaluated the protein expression for different
Neur constructs with around 60, 120, and 160 amino acid
residues, using GFP as a C-terminal fusion,40,41 in a batch
mode with our cell-free protein synthesis system.42,43 As
for the core constructs with 60, 120. and 160 amino acids,
the regions spanning residues 106–166, 106–226, and 106–
266 were defined, respectively. On the basis of these core
regions, the constructs with 10 additional or fewer amino
acid residues at the N- and/or C-termini were also
designed for screening (Fig. S1 shows the example for
the constructs with 160 amino acids). When the translated
products of these constructs were properly folded, it is
highly possible that the C-terminally fused GFP was also
properly folded, and thus the GFP-related fluorescence
was measured in the reaction mixtures.
Along with the above-mentioned GFP screening, we

identified the domain boundaries by checking the
solubility of the translated products for the targeted
constructs. Namely, the selected constructs with different
N-terminal His-tags (NHis-tag or N11-tag) were tested.
The total and soluble fractions were subjected to SDS-
PAGE, and the solubility of the proteins was confirmed.
Finally, uniformly 15N-labeled protein samples with a His-
tag were synthesized by the middle-scale dialysis mode of
the cell-free reaction. The proteins were partially purified
by chromatography on nickel–Sepharose resin (GE
Healthcare). The folding of the proteins was examined
by measuring their 2D 1H–15N HSQC spectra.
Preparation of protein samples

The 15N/13C-labeled NHR1 domain samples of Neur
and KIAA1787 were synthesized using an Escherichia coli
cell-free protein synthesis system42,43 and were treated
and purified as described previously.59 The engineered
NHR1 domains of Neur and the human KIAA1787 protein
comprised 161 amino acid residues, Pro106–Gln266, and
163 amino acid residues, Glu43–Leu205, respectively,
including seven N-terminal, nonnative residues
(GSSGSSG). For the structure determination, uniformly
15N/13C-labeled samples were concentrated to 1.05 mM
for Neur NHR1 and 1.10 mM for KIAA1787 NHR1, in
20 mM Tris–HCl buffer (pH 7.0), containing 100 mM
NaCl, 1 mM dithiothreitol, and 0.02% NaN3 with the
addition of 2H2O to 10% (v/v).

NMR spectroscopy

All NMR data were acquired at 25 °C on Bruker
AVANCE 600 and AVANCE 800-MHz spectrometers
equipped with pulsed field gradient triple-resonance
probes. The raw NMR data were processed using the
NMRPipe software package.60 Linear prediction was used
in the 15N and 13C dimensions to improve the digital
resolution. Backbone and side-chain 1H, 15N, and 13C
resonances of the NHRdomainswere assigned by standard
double- and triple-resonance NMR experiments.61

Sequence-specific backbone assignments were achieved
with 2D 1H–15N HSQC and 3D HNCO, HN(CA)CO,
HNCA, HN(CO)CA, CBCA(CO)NH, and HNCACB
spectra. Assignments of side-chain resonances were
obtained from 2D 1H–13C HSQC and 3D HBHA(CO)
NH,HC(CCO)NH,C(CCO)NH,H(C)CH-COSY (correlated
spectroscopy), H(C)CH-TOCSY (total COSY), and (H)CCH-
TOCSY. The chemical shifts were confirmed by 3D 15N- and
13C-edited NOESY–HSQC spectra with a mixing time of
80ms. TheNMR spectrawere analyzed using the programs
NMRView62 and Kujira.63

Structure calculation

The 3D structures of the NHR1 domains of Neur and
KIAA1787 were determined with the program CYANA,
which implements automated NOE assignments and
structure calculations with torsion angle dynamics.46,64

NOE peaks from 15N- and 13C-edited 3D NOESY spectra
with an 80-ms mixing time were converted to distance
restraints for the structure calculations. Restraints for the
backbone torsion angles ϕ and φ were determined by a
chemical shift database analysis with the program
TALOS.48 A total of 2984 and 4011 NOE-derived distance
restraints, as well as 146 and 158 dihedral angle restraints,
were used for the structure calculations of the Neur NHR1
domain and the KIAA1787 NHR1 domain, respectively.
Restraints for backbone–backbone hydrogen bonds in
secondary structures were introduced in the final stage of
refinement. Furthermore, stereospecific assignments for
the isopropyl methyl and methylene groups were deter-
mined with CYANA.46,47 Starting from 100 extended
conformers, final ensembles of 20 conformers were
selected on the basis of the lowest final CYANA target
function values. The 20 structures from the CYANA
calculation were further refined by minimization with
AMBER9∥, using the generalized Born mode to obtain the
final structures. During the AMBER calculations, the
distances and the dihedral angles were subjected to force
constants of 32 kcal mol−1 Å−1 and 60 kcal mol−1 rad−2,
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respectively. The quality of the structures was analyzed
using the programs CYANA, PROCHECK-NMR,49 and
MOLMOL,65 and the latter program was also used to
prepare drawings of the structures.
NMR titration of the NHR1 domains with a 20-residue
Tom peptide and an 8-residue VASA peptide

For the titration experiments, we selected the 20-residue
peptide (AASCDNMANEELEQRLYTDL) from motif 2 of
the Tom protein (residues 72–91) and the eight-residue
peptide (DDINNNNN) derived from the VASA protein
(residues 183–190). NMR titration experiments were
performed by adding the unlabeled peptide solutions to
the uniformly 15N/13C-labeled NHR1 domains. The molar
protein–peptide ratios were 1:0.1, 0.2, 0.5, 0.7, 1.0, 1.2, 1.5,
and 2.0. The 2D 1H–15N HSQC and 1H–13C HSQC spectra
were measured at each titration step, and the chemical shift
changes of the signals were monitored. These 2D spectra
were processed with the NMRPipe software60 and were
analyzed with the program Sparky (T. D. Goddard and
D. G. Kneller, SPARKY 3, University of California, San
Francisco). The weighted change of the backbone amide
proton (HN)andnitrogen (N) chemical shiftswas calculated
according to the equation: Δδ=[(ΔHN)2+(ΔN/6.5)2]1/2.58
ITC Measurements

ITC measurements were performed with a MicroCal
VP-ITC isothermal titration calorimeter (Micro-Cal, Inc.).
The same buffer as for the NMR samples, but without
DTT, was used for the ITC measurements. Since the
reducing agent (DTT) generated an erratic baseline during
the ITC measurements and the duration of the ITC
measurements was relatively short, as compared to that
of the NMR measurements, DTT was not used in the ITC
experiments. The concentrations of the Neur NHR1
domain and the 20-residue Tom peptide were 0.0346
and 0.624 mM, respectively, as determined by UV
spectroscopy at 280 nm. A degassed sample of NHR1
was maintained at 25 °C and stirred at 307 rpm in a 1.4-ml
reaction cell. For each titration, 5-μl aliquots of the Tom
peptide were added to the NHR1 solution at 240-s
intervals to allow complete equilibration. Heat transfer
was measured as a function of elapsed time. The heat of
dilution, obtained by titrating the identical peptide
solution into the reaction cell containing only the buffer,
was subtracted prior to analysis. The corrected titration
curve was fitted with a one-site model, and the thermo-
dynamic parameters were calculated using the Origin
software (version 7.0) provided by MicroCal. The samples
of the mutant Neur NHR1 domain (Y183S) and the 20-
residue Tom peptide were prepared in the same manner,
and the concentrations of the two samples were 0.0377 and
0.667 mM, respectively. The ITC experiment for the
mutant was performed in the same manner as that for
the wild-type Neur NHR1 domain.
¶ http://iubio.bio.indiana.edu/soft/
Phylogenetic analysis

The amino acid sequences of the NHR domains were
defined on the basis of the domain boundaries from the
present structural analysis. We then selected the amino
acid sequences of typical NHR-containing proteins in the
Pfam database and aligned them using the Clustal X
program66 (Fig. S2). The phylogenetic tree was con-
structed by the neighbor-joining method, using the
Phylodendron program¶.

PDB accession codes

The atomic coordinates for the ensembles of 20 NMR
conformers that represent the solution structures of the
NHR1 domains of Neur and KIAA1878 have been
deposited in the PDB with the accession codes 2YUE
and 2E63, respectively.
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