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The nematode Caenorhabditis elegans protein CEH-37 belongs to the paired OTD/OTX family of homeo-
box-containing homeodomain proteins. CEH-37 shares sequence similarity with homeodomain proteins,
although it specifically binds to double-stranded C. elegans telomeric DNA, which is unusual to
homeodomain proteins. Here, we report the solution structure of CEH-37 homeodomain and molecular
interaction with double-stranded C. elegans telomeric DNA using nuclear magnetic resonance (NMR)
spectroscopy. NMR structure shows that CEH-37 homeodomain is composed of a flexible N-terminal
region and three a-helices with a helix-turn-helix (HTH) DNA binding motif. Data from size-exclusion
chromatography and fluorescence spectroscopy reveal that CEH-37 homeodomain interacts strongly
with double-stranded C. elegans telomeric DNA. NMR titration experiments identified residues responsi-
ble for specific binding to nematode double-stranded telomeric DNA. These results suggest that C. elegans
homeodomain protein, CEH-37 could play an important role in telomere function via DNA binding.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction [5–8]. Consistent with this, CEH-37 specifically binds double-
Members of the well-conserved OTD/OTX family of homeodo-
main (HD) proteins have been implicated in the development
and patterning of the central nervous system and sensory struc-
tures in multiple species [1–3]. The nematode Caenorhabditis
elegans CEH-37 protein belongs to the OTD/OTX family of homeo-
box proteins. CEH-37 is transiently expressed in AWB olfactory
neurons and it is required for their development. Functional stud-
ies suggest that embryonic expression of CEH-37 in AWB neurons
is sufficient to trigger the expression of lim-4, which maintains
its expression via auto-regulation [1]. Previous report suggests that
CEH-37 functions as a telomere-binding protein in C. elegans and it
is primarily co-localized at chromosome ends in vivo [4]. CEH-37 is
also required for chromosome stability in vivo together with mrt-2,
which is a checkpoint-protein gene. CEH-37 encodes a protein that
is 278 amino acids long and contains a homeodomain motif in the
N-terminal region. Typically, the HD consists of 60 highly con-
served residues and forms an N-terminal arm and a third helix,
which recognizes specific DNA sequences that bear a TAAT core
stranded C. elegans telomeric DNA with TTAGGC repeats, which is
different from that of other eukaryotic species [4].

It has been proposed that the CEH-37 HD could play an impor-
tant role as a Myb-like domain of telomere-binding protein
although CEH-37 has low sequence identity with that of other
OTX-related proteins. Therefore, it is of essence to know the struc-
ture and molecular interaction with telomeric DNA of CEH-37 in
understating the molecular mechanism, which underlies its biolog-
ical function as a transcriptional activator and telomere-binding
protein. Here, we present the high-resolution solution structure
of the CEH-37 HD by nuclear magnetic resonance (NMR) spectros-
copy. In addition, we determined the detailed molecular
interactions between CEH-37 HD and double-stranded C. elegans
telomeric DNA by data from NMR titration, steady state XNOE,
and fluorescence experiments. Our data provide strong evidence
that CEH-37 HD binds specifically to the C. elegans double-stranded
telomeric DNA although CEH-37 is a homeodomain protein [9–11].
2. Materials and methods

2.1. Cloning, protein purification, and sample preparation

The cDNA fragment encoding the C. elegans CEH-37 HD
comprising residue from Pro38 to Pro104 was amplified by PCR.
The amplified cDNA fragment was subcloned into the BamHI and
XhoI sites of the modified expression vector pET32a (Novagen)
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Table 1
NMR structural statistics.

Distant restraints in the structure calculation

All 1172
Short range {|i � j| = 1} 675
Medium range f2 6 ji� jj 6 5g 310
Long range {|i � j| > 5} 187

Hydrogen bond restraintsa 22

Dihedral angle restraints
All 66
U 33
W 33

Residual violations
CYANA target functions, Å 4.21 ± 0.11

NOE upper distance constrain violation
Ave, Å (<0.1 A) 0.0191 ± 0.0005

Dihedral angle constrain violations
Ave,� (<5�) 2.56 ± 0.05

Vander Waals violations
Ave, Å (<0.2 A) 10.1 ± 0.4

RMS deviations from the average coordinateb, Å
Backbone atoms 0.31 ± 0.11
All heavy atoms 1.13 ± 0.12

Ramachandran statistics, % of all residues
Residues in most favored regions 72.3%
Residues in additional allowed regions 26.5%
Residues in generously allowed regions 1.1%
Residues in disallowed allowed regions 0.1%

a Two restraints per one hydrogen bond.
b RMSD values for residues 51–102 a.a.
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fused with N-terminal hexahistidine affinity tags and TEV cleavage
sites. The resultant plasmids were transformed into Escherichia coli
strain BL21 (DE3). All plasmid DNAs were grown in both LB and M9
minimal media at 37 �C to an OD600 � 0:6. Cells were harvested by
centrifugation and stored at �70 �C.

For NMR experiments, CEH-37 HD proteins were labeled with
15N or 13C/15N by cultivating in M9 minimal medium containing
15NH4Cl (Cambridge Isotope Laboratories Inc.) and/or U-13C6-glu-
cose (Cambridge Isotope Laboratories Inc.). The labeled proteins
were extracted, isolated, and subjected to affinity chromatography.
After affinity chromatography, we removed the TRX-His tag
(pET32a) by incubation with tobacco etch virus protease for 12 h
at 25 �C. The purified proteins were then subjected to size-exclu-
sion chromatography on Superdex 75 (Amersham Biosciences) at
the final buffer (10 mM HEPES, pH 7.5, 500 mM NaCl, 2 mM DTT,
0.01% NaN3).

2.2. NMR experiments and structure determination of CEH-37 HD

All NMR experiments were recorded on Bruker 500 MHz and
800 MHz spectrometers equipped with a z-shielded gradient tri-
ple-resonance cryoprobe. Three-dimensional NMR data have been
served for sequential assignments, which are HNCO, HNCACB,
CBCA(CO)NH, HNCA, and HCCH-TOCSY experiments [12–17]. To
determine the three-dimensional structure, 15N-edited NOESY
(sm = 150 ms) and 13C-edited NOESY-HSQC (sm = 150 ms) experi-
ments were performed [18–21]. Backbone dihedral angle restraints
were derived from Ha, 13Ca, 13Cb, and 13CO chemical shifts with
the program TALOS. All NMR data were processed using the
XWINNMR program and NMRpipe/NMRDraw software. Structure
calculations for CEH-37 HD were carried out using CYANA 2.2.5.
A total of 100 structures were calculated, and 20 structures with
the lowest target-function values were chosen for detailed analy-
sis. A summary of NMR-derived restraints and structural statistics
of CEH-37 HD is shown in Table 1. The final structures were re-
tained and validated by the program PROCHECK [22]. Analysis with
PROCHECK-NMR shows that more than 99% of residues have back-
bone dihedral angles in allowed regions of the Ramachandran plot,
with 0.1% of residues in disallowed regions. The residues in the
generously allowed and the disallowed regions are Asn41 and
Arg42, which are located in the N-terminal tail region. Final struc-
tures were analyzed and visualized using the programs PyMOL and
MOLMOL [23]. The electrostatic surface potential was calculated
with the program APBS. NMR chemical shifts were deposited in
the Biological Magnetic Resonance Bank (BMRB) under accession
code 19600. The atomic coordinates of the final 20 structures
and the energy-minimized average structure of CEH-37 HD were
deposited in the Protein Data Bank (PDB) under accession code
2mgq. The following servers were used for sequence and structural
analyses: BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi), DALI
(http://ekhidna.biocenter.helsink.fi/dali-server), and SCOP (http://
scop.mrc-lmb.cam.ac.uk/scop).

2.3. NMR titration with telomeric DNA and XNOE experiments

NMR titration experiments were performed by recording a series
of two-dimensional (2D) 15N-1H HSQC spectra on uniformly 15N-la-
beled CEH-37 HD (0.5 mM) in the presence of different amounts of
double stranded C. elegans telomeric DNA ((TTAGGC)2). Samples were
prepared in 10 mM HEPES at pH 7.5 containing 100 mM NaCl, 2 mM
DTT, and 0.01% NaN3. Chemical-shift perturbations were calculated
using the equation DdAV ¼ ½ðDd1HÞ2 þ ðDd15N=5Þ2�

1=2
, where DdAV,

Dd1H, and Dd15N are the average, proton, and 15N chemical-shift
changes, respectively. To investigate the dynamic properties of both
free and DNA bound form of CEH-37 HD, the steady-state heteronu-
clear 1H,15N-NOE (XNOE) was measured [24,25]. The XNOE data were
collected for 2048(t2) � 128(t1) dimensions with a 3-s recycle delay.
Both unsaturated and saturated XNOE spectra were acquired by
interleaving pulse sequences, and they were separately processed
for analysis. The heteronuclear XNOE values were determined by
the ratio of the peak heights produced by the unsaturated versus
saturated XNOE spectra, and error values were calculated using the
equation rNOE=NOE ¼ ½ðrIsat=IsatÞ2 þ ðrIunsat=IunsatÞ2�

1=2
, where Isat

and Iunsat represent the cross-peak intensities, and rIsat and rIunsat

represent the root-mean-square noise value of the background in
proton-saturated and proton-unsaturated spectra, respectively.

2.4. Fluorescence experiments

Double-stranded oligonucleotides (50-TTAGGCTTAGGC-30 and 50-
GCCTAAGCCTAA-30) were synthesized and purified using polyacryl-
amide gel electrophoresis (PAGE) (Operon). Binding affinity between
C. elegans telomeric DNA and CEH-37 HD were measured on a model
RF-5301PC spectro-fluorophotometer (Shimadzu, Kyoto, Japan).
CEH-37 HD in NMR buffer (10 mM HEPES,100 mM NaCl, 2 mM DTT,
and 0.01% NaN3 at pH 7.5) was titrated to a molar ratio of 1:1
(CEH-37 HD: C. elegans telomeric DNA) using a 2 ml thermostat
cuvette. Samples were excited at 280 nm, and emission spectra were
recorded for light scattering effects from 270 to 500 nm [26]. We
calculated the Kd value using the equation log ðF0 � F=FÞ
¼ log ð1=KdÞ þ n log ½ligand�, where F0 and F represent fluorescence
intensity of the protein at 344 nm in the absence and presence of
DNA, respectively. The number n represents the ligand binding site of
the protein.

3. Results and discussion

3.1. Solution structure of CEH-37 homeodomain

All backbone and side-chain resonances were completely as-
signed using data from HNCA, CBCACONH, HNCACB, HCCH-TOCSY,
and 15N-edited NOESY experiments. The 2D [1H-15N] HSQC

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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spectrum of CEH-37 HD with assignment showed that most of the
backbone NH resonances are spread uniformly over the spectrum,
indicative of well-folded protein (Fig. 1A). The summary of sequen-
tial and nuclear Overhauser effect (NOE) connectivity is shown in
Fig. 1B. The NOE patterns clearly indicate that CEH-37 HD contains
three a-helical regions and two connecting loops, similar to those
Fig. 1. Two-dimensional HSQC spectrum and secondary structural elements of CEH-37
spectrum was collected at pH 7.5 using a Bruker 800 MHz spectrometer. (B) Summary of
by NOE intensity. NOEs were extracted from 15N-edited NOESY and 13C-edited NOESY sp
correspond with TALOS and chemical shift index values. Phi (U) and psi (W) values indica
Secondary structure (SS) values from TALOS + suggest a-helices. Predicted secondary str

Fig. 2. Solution structure of CEH-37 HD. (A) Superposition of the backbone traces from th
superimposing residues 38–104 (in red). (B) Ribbon representation of the lowest energy
overall folding of the three helices. (D–F) Close-upviews of the hydrophobic core formed b
3, and between helix 1 and helix 3. (For interpretation of the references to color in this
found in other HD proteins. Secondary structures were also
confirmed by data from the chemical shift indices (CSI) and 3JHNa
coupling constants (Fig. 1B). A total of 1172 unambiguous NOEs
(675 short-range (|i � j| = 1), 310 medium-range (1 < |i � j| < 5),
187 long-range (|i � j| P 5) NOE constraints), 22 backbone hydro-
gen bonds, and 66 dihedral angle restraints from NMR experiments
HD. (A) 1H-15N HSQC spectrum of CEH-37 HD with resonance assignments. The
NMR data. The NOE connectivities were summarized by the line thickness classified
ectra. The amino acid sequence for of CEH-37 HD is shown, and the helical regions

te backbone dihedral angles of the CEH-37 HD, which were calculated using TALOS+.
uctures of CEH-37 HD are drawn on the bottom with the sequence.

e final ensemble of 20 solution structures of CEH-37 HD. The structures are shown by
conformer of CEH-37 HD. (C) Hydrophobic core that contributes to stabilizing the
y the side-chains of residues between helix 1 and helix 2, between helix 2 and helix
figure legend, the reader is referred to the web version of this article.)
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were derived for structure calculation. The statistics of the
experimental constraints and structural quality of CEH-37 HD are
summarized in Table 1. The 20 lowest target-function structures
have an average root-mean-square deviation (RMSD) of
0.31 ± 0.11 Å for backbone atoms and a RMSD value of
1.13 ± 0.12 Å for all heavy atoms in the structural region (Fig. 2A).

The overall structure of CEH-37 HD forms a globular structure
very similar to that of other HDs, which contains an extended
N-terminal arm (residues 38–50) and three a-helices (a-helix 1
(residues 51–62), a-helix 2 (residues 67–78), and a-helix 3 (resi-
dues 85–102)) connected by loops (Fig. 2B). Two helices, a1 and
a2 have similar lengths and a3 is longer than others. Helices a1
and a2 pack against each other in an antiparallel arrangement.
Helix a3 is approximately perpendicular to the two helices, and
the hydrophobic patch of the three a-helices stabilizes the struc-
ture of CEH-37 HD (Fig. 2C).

The hydrophobic interaction is a major driving force for
three helices (hydrophobic patch 1 between helices a1 and
a2 (Fig. 2D), hydrophobic patch 2 between helices a2 and a3
(Fig. 2E), and hydrophobic patch 3 between helices a1 and a3
(Fig. 2F)). The hydrophobic residues involved for helix packing
are Ile55, Leu56, Thr58, Leu59, Ala70, Val74, Ala75, Qln77, Ile85,
and Phe89. The solution structure of CEH-37 HD consists of a
Fig. 3. Characterization of CEH-37 HD binding to double-stranded C. elegans telomeric DN
size-exclusion assay. The molecular weight marker proteins used were ovalbumin (44 kD
The estimated elution positions for the CEH-37 HD/double-stranded C. elegans telomeric
(blue arrow, CEH-37 HD/double-stranded C. elegans telomeric DNA complex; red arrow,
and double-stranded C. elegans telomeric DNA contents of the peaks, respectively. The mo
following equation: log Y ¼ �1:2177X þ 6:263, where R2 = 0.9942, and X = Ve/Vo (Vo = 45.8
CEH-37 HD in the presence of difference mixing ratios of double-stranded DNA [1:0 (bla
Chemical-shift difference (CSD) analysis for interaction-site mapping of the CEH-37 HD/d
CEH-37 HD was titrated with double-stranded C. elegans telomeric DNA in a 1:1 molar rat
Ddtotal ¼ ½ðDdHNÞ2 þ ðDdNHÞ2�

1=2
. The residues that displayed chemical shifts greater than 0

Yellow, 0.78 <4d < 2; brown, 2 <4d < 3; red, 3 <4d. (D) Ribbon presentation of the D
chemical shift changes. Yellow, 0.78 <4d < 2; brown, 2 <4d < 3; red, 3 <4d. (For interp
web version of this article.)
flexible N-terminal arm and three a-helices with helix-turn-helix
motif, which is a typical HD fold of homeodomain proteins [9].

3.2. Telomeric DNA binding of CEH-37 HD by NMR titration

Although most homeodomains recognize similar DNA sequence
with TAAT motif, it has been shown that CEH-37 HD specifically
binds double-stranded C. elegans telomeric DNA with TTAGGC
sequence [4]. Data from size-exclusion chromatography shows
that CEH-37 HD forms a binary complex with double-stranded C.
elegans telomeric DNA (Fig. 3A). The molecular weight of CEH-37
HD (8.4 kDa) and telomeric DNA (7.9 kDa) complex was deter-
mined as 16 kDa, showing that two molecules form a 1:1 complex.
Data from SDS–PAGE and agarose gel electrophoresis confirmed
formation of the binary complex of CEH-37 HD and telomeric
DNA. Fluorescence experiment shows that CEH-37 HD interacts
strongly with telomeric DNA and dissociation constant (Kd) was
determined to be 0.74 ± 0.02 lM (Fig. 3B).

To identify the residues important for interaction with C. ele-
gans telomeric DNA, we analyzed the chemical-shift perturbation
upon DNA binding by 2D-HSQC titration experiments (Fig. 3C).
When telomeric DNA was added into CEH-37 HD, large chemical-
shift changes were observed for residues in the both N-terminal
A. (A) Interaction of CEH-37 HD with double-stranded C. elegans telomeric DNA in a
a), carbonic anhydrase (29 kDa), ribonuclease A (12.4 kDa), and a protinin (6.5 kDa).
DNA complex and for CEH-37 HD are indicated by blue and red arrows, respectively
CEH-37 HD). SDS–PAGE and agarose gel electrophoresis were used to show protein
lecular weights of free protein and protein–DNA complex were calculated using the
5 ml, Ve = elution volume, Y = logMW). (B) Fluorescence spectra with a fitting plot of
ck), 1:0.2 (blue), 1:0.4 (red), 1:0.6 (cyan), 1:0.8(orange), 1:1 (green)] at pH 7.5. (C)
ouble-stranded C. elegans telomeric DNA complex using NMR titration. 15N-labeled
io. The average chemical-shift changes were calculated using the following formula:
.78 were labeled and classified with respect to the chemical shift change (4d value).
NA-binding site of CEH-37 HD indicating the DNA-binding residues that exhibit

retation of the references to color in this figure legend, the reader is referred to the
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region (R43, T46, T47 and Y48), a a2–a3 loop (I78, Q81 and R84)
and a3 (Q86, E100, K101 and Q102) (Fig. 3D). The residues that
did not show noticeable chemical shift changes upon DNA binding
are mainly located on the a-helix regions except helix 3,
suggesting that the chemical shift perturbations are due to DNA
interaction. This implies that both N-terminal region and HTH
motif of CEH-37 HD play an important role in binding of C. elegans
telomeric DNA.

3.3. Heteronuclear NOE and DNA binding

The 15N-1H heteronuclear NOEs for structural regions were
observed as 0.7–1.0 and XNOE values show that the secondary
structural regions of CEH-37 HD are relatively rigid (Fig. 4A).
N-terminal region of CEH-37 HD becomes more rigid upon DNA
binding than that of the free protein, implying that the N-terminal
region involves in binding of double-stranded C. elegans telomeric
DNA. Interestingly, a1 region of CEH-37 HD/DNA complex exhibits
bigger steady-state heteronuclear NOEs than those of the free
form, suggesting that a1 also becomes rigid upon DNA binding.
The CEH-37 HD/telomeric DNA complex structure generated by
HADDOCK modeling revealed that the overall conformation and
the helix orientations of CEH-37 HD upon DNA binding were very
similar to that of known TBP/DNA complexes (Fig. 4B). CEH-37 HD
interacts with the major groove indouble-stranded C. elegans
telomeric DNA through helix 2 and helix3 composed of the posi-
tively charged surfaces. Highly conserved residues R43, T46, T47
and Y48 in the N-terminal region interact most closely with the
nucleotides in telomeric DNA.

3.4. Structural comparison of CEH-37 HD with other homeodomain
proteins

Homeodomain proteins are a superfamily of transcription
factors that were first identified in a number of Drosophila
Fig. 4. Heteronuclear NOE plot and multiple sequence alignment of homeodomain prot
Heteronuclear NOEs (XNOEs) were plotted for each residue and the corresponding seco
(blue, positively charged; red, negatively charged; white, neutral residues) of CEH-37 H
complex based on data from NMR data. Spherical presentation is used for resides
homeodomain family proteins from other species. Sequence alignment was performed us
of the references to color in this figure legend, the reader is referred to the web version
homeotic and segmentation proteins. The homeobox genes can
be subdivided into classes, including LIM, POU, HNF, CUT, OTX,
and TALE [2,5,6]. CEH-37 is predicted to encode a member of the
OTX family of HD proteins [3,4]. Data from multiple-sequence
alignment show that the primary sequence of CEH-37 HD is well
conserved among known HD proteins, such as that from human
(PDB: 2DMU, 2L7M, 3CMY), mouse (PDB: 2DMS), and Drosophila
(PDB: 3A02, 1FJL) (Fig. 4C). Sequence homology is approximately
66–69% and backbone RMSDs among homeodomains are
calculated as 2.7–2.9 Å. The mouse OTX2 HD has the highest
Z-score with 69% sequence identity and backbone RMSD of 2.7 Å
compared with those of CEH-37 HD.
3.5. Functional implication of CEH-37 HD

In nematode cells, CEH-37 was identified as a homeobox family
member and it encodes a 278-amino acid protein containing a HD
(67 amino acids) in the N-terminal region. Previous reports sug-
gested that CEH-37 could function as a telomere-binding protein
although it is a homeodomain protein [1,4]. In this study, we pres-
ent the solution structure and DNA binding mode of CEH-37 HD,
which is the first three-dimensional structure and telomeric DNA
interaction of the C. elegans HD-containing protein. Although
CEH-37 HD has low sequence similarity with that of the Myb-like
domain proteins, the global fold and DNA interaction mode of CEH-
37 HD is similar to that of the Myb-like domain of telomere-bind-
ing proteins [4–6,10]. These results could be explainable by the
hypothesis of distinct evolution of homeodomain proteins as tran-
scription factors and as well as telomere-binding proteins, such as
TBPs with Myb-like domains. In fact, the Myb-like motif has been
recruited frequently from ancestral forms of the transcription
factors [27–29]. NMR structure and DNA binding of CEH-37 HD
as a C. elegans telomere-binding protein suggest that TBPs might
be evolutionarily conserved in terms of structural homology rather
than sequence homology.
eins. (A) Backbone dynamics profile of both free CEH-37 HD and DNA bound form.
ndary structure (depicted above the panel). (B) The electrostatic potential surface

D calculated with the APBS program and a structure model of the CEH-37 HD/DNA
involved in DNA-binding. (C) Multiple-sequence alignment of CEH-37 HD with
ing T-Coffee software and rendered further using Esprit software. (For interpretation
of this article.)
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