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ABSTRACT: RTBP1 is a rice telomeric protein that binds to the duplex array of TTTAGGG repeats at
chromosome ends. The DNA binding domain of RTBP1 contains a Myb-type DNA binding motif and a
highly conserved C-terminal Myb extension that is unique to plant telomeric proteins. Using an
electrophoretic mobility shift assay, we identified the C-terminal 110-amino acid region (RTBP15¢5—6;5)
as the minimal telomeric DNA binding domain, suggesting that the Myb extension is required for binding
plant telomeric DNA. Like other telomeric proteins such as human TRF1 and yeast Rapl, RTBP1 induced
a DNA bending in the telomeric repeat sequence, suggesting that RTBP1 may play a role in establishing
and/or maintaining an active telomere configuration in vivo. To elucidate the DNA binding mode of
RTBPI1, we determined the three-dimensional structure of RTBP1504—¢5 in solution by NMR spectroscopy.
The overall structure of RTBP15p6—615 is composed of four a-helices and stabilized by three hydrophobic
patches. The second and third helices in RTBP1 form a helix—turn—helix motif that interacts directly
with DNA. The fourth helix located in the Myb extension is essential for binding to telomeric DNA via
stabilization of the overall structure of the RTBP1 DNA binding domain. When DNA bound to
RTBPI1506—615, large chemical shift perturbations were induced in the N-terminal arm, helix 3, and the
loop between helices 3 and 4. These results suggest that helix 3 functions as a sequence-specific recognition
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helix while the N-terminal arm stabilizes the DNA binding.

Telomeres, the specialized nucleoprotein complexes that
physically cap and protect the chromosome ends, are essential
for genome stability in all eukaryotes (/). The telomeric
nucleoprotein complex allows cells to distinguish natural
chromosome ends from double-stranded DNA breaks (2).
Without functional telomeres, chromosome ends activate the
DNA damage response pathway that induces cell cycle arrest,
senescence, or apoptosis (3). Telomeres also protect the
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chromosome ends from degradation and end-to-end fusion.
Eukaryotic telomeric DNA is composed of long tandem
arrays of short sequence elements, such as TTAGGG in
vertebrates and TTTAGGG in higher plants, followed by a
single-stranded 3’-overhang (4). Due to the end replication
problem, most dividing cells show progressive loss of
telomeric DNA during successive rounds of DNA replication,
eventually leading to chromosomal instability and cell death
(5). Therefore, the extended proliferation of all eukaryotic
cells requires a mechanism for counteracting the loss of
telomeric DNA. In some immortalized cells, for example,
telomere shortening can be avoided by activation of telom-
erase, the ribonucleoprotein that carries out telomere elonga-
tion (6).

Telomere length homeostasis is regulated by telomerase
and a collection of associated proteins. Some proteins
specifically bind to the single-stranded 3’-overhang at the
extreme termini of chromosomes, including TEBPs from
ciliated protozoa (7), Cdc13 from the budding yeast (8), Potl
found in fungi, plants, and vertebrates (9, /0), and STEP1
and AtWHY1 from Arabidopsis thaliana (11, 12). These
proteins have been shown to play roles in chromosome end
protection and/or in telomere and telomerase regulation.
Members of the other group of proteins that specifically bind
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to double-stranded telomeric DNA were identified as having
a DNA binding domain that is closely related to the Myb-
type DNA binding motif. In humans, two homologous
proteins have been identified. TRF1' negatively regulates
telomere length by inhibiting the interaction between telom-
eres and telomerase (/3), whereas TRF2, a paralog of TRF1,
is required to protect chromosome ends (/4) and stabilizes
a terminal loop structure called the t-loop (/5). The budding
yeast Raplp and the fission yeast Tazlp are proposed to be
functional homologues of the human TRF proteins (16, 17).

Myb-containing proteins specific to double-stranded te-
lomeric repeats have been identified in several plant species.
From Arabidopsis, two proteins (AtTRP1 and AtTBP1) have
been shown to specifically bind duplex telomeric DNA (18, 19).
Knockouts of AtTBP]I resulted in a deregulation of telomere
length control, with elongated telomeres (20). In addition,
at least 12 TRF-like (TRFL) proteins were shown to contain
a single Myb domain (27). TRFL family 1 possesses a highly
conserved Myb extension at the C-terminus, but TRFL family
2 proteins lack this domain. DNA binding studies with the
isolated C-terminal fragments from TRFL family 1, but not
family 2, showed specific binding to double-stranded telo-
meric repeats. In tobacco, the expression of NgTRF1 is
tightly regulated in correlation with cell division and cell
cycle (22). NgTRFI1 functions as a negative regulator of
telomere length (23). In rice, knockout plants of RTBPI
exhibited markedly longer telomeres compared to those of
wild-type plants and displayed severe developmental abnor-
malities in both vegetative and reproductive organs (24).
Furthermore, inactivation of RTBP1 caused the defective
phenotype with an increased frequency of anaphase bridges
resulting from chromosomal fusions (24). These results
suggest that RTBP1 is involved in the control of telomere
length and telomere stability in rice plants.

Despite the apparently conserved function, one of the most
striking differences between plant and mammal telomere
binding proteins is the presence of a highly conserved Myb
extension in plant proteins. The Myb domain of hTRFI is
sufficient for binding human telomeric DNA, but this is not
the case for the plant proteins. Thus, it is of immediate
interest to understand how the Myb extension contributes to
DNA binding of plant telomeric proteins. The structure of
the TRF1 DNA binding domain is composed of three
o-helices and forms a helix—loop—helix conformation (25).
In contrast, the structures of DNA binding domains of plant
telomeric proteins such as AtTRP1 and NgTRF1 were
reported to contain four a-helices (26, 27). Since the
sequence comparison revealed that the RTBP1 DNA binding
domain contains a highly homologous C-terminal Myb
extension (Figure 1), we determined the three-dimensional
structure of the RTBP1 DNA binding domain in solution
by NMR spectroscopy. The overall structure of the RTBP1
DNA binding domain is composed of four a-helices and

! Abbreviations: TRF1, telomeric repeat binding factor 1; RTBPI,
rice telomere binding protein 1; AtTRP1, Arabidopsis thaliana telomere
binding protein 1; AtTBP1, A. thaliana telomeric repeat binding protein
1; NgTRF1, Nicotiana glutinosa telomeric repeat binding factor 1;
TRFH, TRF homology domain; HTH, helix—turn—helix; GST, glu-
tathione S-transferase; NMR, nuclear magnetic resonance; ITC, iso-
thermal titration calorimetry; rmsd, root-mean-square deviation; NOE,
nuclear Overhauser effect; NOESY, nuclear Overhauser effect spec-
troscopy; TOCSY, total correlated spectroscopy; HSQC, heteronuclear
single-quantum coherence.
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stabilized by three hydrophobic patches. The architecture of
the first three helices in RTBP1 is similar to that in hTRFI.
The additional fourth helix is essential for binding to
telomeric DNA via stabilization of the overall structure of
the RTBP1 DNA binding domain through hydrophobic
interactions with other parts of the molecule. Thus, the Myb
extension defines a novel class of telomere binding proteins
in plants. In addition, we demonstrate that the RTBP1 DNA
binding domain induces a DNA bending in the two-telomere
repeat, suggesting a role in establishing and/or maintaining
an active telomere configuration in vivo.

EXPERIMENTAL PROCEDURES

Expression and Purification of the RTBP1 Fragments. The
full-length RTBP1 cDNA was amplified by polymerase chain
reaction (PCR) as described previously (28). To obtain the
deleted RTBP1 fragments, residues 506—615, 506—594,
528—615, and 528—594 of RTBP1 were PCR-amplified from
pBS-RTBPI. Primers compatible with cloning into the
BamHI and Sall restriction sites of pGEX-4T-1 (Amersham
Pharmacia Biotech) were used, and the sequence of the
resulting plasmids was confirmed by the dideoxy sequencing
method. The GST fusion proteins were expressed in Es-
cherichia coli BL21(DE3) cells via addition of 1 mM
isopropyl 1-thio-f3-D-galactopyranoside (IPTG), purified with
glutathione-Sepharose 4B (Amersham Pharmacia Biotech),
and then digested with 100 units/mL bovine thrombin
(Amersham Pharmacia Biotech) to remove GST.

To generate isotopically labeled proteins for the NMR
analysis, cells harboring the RTBP1506—6;5 construct were
grown in M9 minimal medium containing "NH4CI and/or
[3Cg]-D-glucose. The GST fusion proteins were purified with
glutathione-Sepharose 4B (Amersham Pharmacia Biotech)
and were then digested with 100 units/mL bovine thrombin
(Amersham Pharmacia Biotech). To remove bovine throm-
bin, the DNA binding domain was further purified with
benzamidine-Sepharose 6B (Amersham Pharmacia Biotech).
The samples were then dialyzed in NMR buffer [50 mM
potassium phosphate (pH 7.0), 100 mM NaCl, and 1 mM
NaN3], concentrated by the use of a centricon (Amicon) with
a 5 kDa cutoff membrane, and transferred to a 5 mm
symmetrical microcell (Shigemi).

Electrophoretic Mobility Shift Assay (EMSA). An electro-
phoretic mobility shift assay was performed with a DNA
probe containing the two-telomere repeats as described
previously (28). Briefly, the purified RTBP1 fragments
were preincubated with 0.5 ug of poly(dI-dC) and 0.5 ug of
nonspecific DNA oligonucleotide for 10 min on ice to reduce
the level of nonspecific DNA—protein binding. End-labeled
DNA probe (0.25 ng) was then added to the reaction
mixtures. After being incubated for 10 min on ice, the
mixtures were loaded on an 8% nondenaturing polyacryla-
mide gel. Binding activity was quantified with Image Gauge
version 2.53 (Fuji Photofilm).

DNA Bending Assay. To generate the DNA fragments
which are identical in size but differ in the location of the
protein binding site, the two-telomere repeat DNA (5'-
TTTAGGGTTTAGGG-3") was inserted into DNA bending
vector pBend4. To generate a series of the 139 bp permuted
DNA probes, the resulting plasmid was digested with
restriction enzymes (Mlul, BgIll, Spel, Xhol, EcoRV, Puull,
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FIGURE 1: Comparison of the RTBP1 DNA binding domain with the corresponding regions of other telomere binding proteins. (A) Sequence
alignment of the DNA binding domains of RTBP1 (rice), AtTBP1 (A. thaliana), AtTRP1 (A. thaliana), NgTRF1 (tobacco), and hTRF1
(human). Amino acid residues in RTBP1 that are identical to those of the other proteins are colored blue. The positions of the four helices
constituting the DNA binding domain are indicated below the sequence. (B) Comparison of the domain structures of RTBP1 with NgTRF1,
AtTRP1, and hTRF1. The percentage of amino acid identity is indicated. Myb, Myb domain; Ext, Myb extension domain; ND, N-terminal
domain; CD, central domain; TRFH, TRF homology domain; ID, amino acid identity.

Smal, Kpnl, and BamHI), and the products were end-labeled
with [y-*?P]ATP and T4 polynucleotide kinase. The EMSA
was carried out as described above, and the migration of
the complexes was analyzed as described previously (29).

Isothermal Titration Calorimetry. ITC experiments were
performed using a VP-ITC system (MicroCal) at 25 °C in
NMR buffer. In each titration, 70 uM RTBP15¢s—¢;5 in the
cell was titrated with 40 injections of 400 uM DNA. The
volume of each injection was 6 uL, and injections were
continued beyond saturation levels to allow for the deter-
mination of the heat of DNA dilution. The resulting data
were fit to a two-site binding isotherm after subtraction of
the heat of dilution, using Microcal Origin for the ITC data
analysis.

Size Exclusion Chromatography. Size exclusion chroma-
tography was performed using Superdex 75 (GE Health care)
in an ACTA prime system (Amersham Biotech). RT-
BP15067615 and the RTBP150676|5_DNA complex in NMR
buffer were loaded on a column at 25 °C. The elution profile
was monitored by absorbance of 280 nm. On the basis of
the saturation point which was determined by ITC experi-
ments, the saturated complex sample was prepared and
loaded on the column. Molecular mass markers (Sigma)
containing albumin (66 kDa), carbonic anhydrase (29 kDa),
cytochrome ¢ (12.4 kDa), and aprotinin (6.5 kDa) were used
to obtain a standard curve.

NMR Spectroscopy. NMR experiments were performed in
a solvent mixture of 90% 'H,O and 10% 2H,O or 99.9%
2H,0 in NMR buffer using a Bruker DRX 500 MHz or 900
MHz instrument equipped with a Cryo-probe system at 303
K. 'H chemical shifts were referenced directly to internal
4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) in solvent.
5N and "*C chemical shifts were referenced indirectly. All
spectra were processed using XWIN-NMR (Bruker Biospin
Corp.) and NMRPipe/NMRDraw and analyzed using Sparky
3.60. The two-dimensional (2D) 'H—'"N HSQC (30),
constant time '"H—"3C HSQC (31/), three-dimensional (3D)
HNCA,HN(CO)CA,HNCO,HNCACB,andCBCA(CO)NH (32, 33)
experiments were performed for the backbone assignments.
Highly overlapped peaks were resolved using 3D HNCO.
Proton assignments were executed using 3D HNHA (34),
HBHANH (35), '*N-edited TOCSY-HSQC (36), and HCCH-
TOCSY (37). Carbon chemical shifts were obtained by
HNCA, HNCACB, CBCA(CO)NH, and HNCO and CC(CO)-
NH (35).

To obtain the NOEs, *N-edited NOESY and '*C-edited
NOESY experiments (38) were performed in a mixture of
90% H,0 and 10% *H,O with a mixing time of 100—150
ms at 303 K. 3C-edited NOESY experiments were also
conducted in 99.9% 2H,0 in NMR buffer. The sequential
assignments were determined by NOEs [dnngi+1) and
dynii+1) from N-edited NOESY. The side chain assign-
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ments were completed by HCCH-TOCSY and '*C-edited
NOESY experiments conducted in a 99.9% *H,O solution.
The angle constraints were obtained from 3D HNHA
experiments and TALOS. The hydrogen bond constraints
were collected from H—D exchange experiments. To identify
slowly exchanging amide protons, the purified proteins were
lyophilized and dissolved in 99% 2H,O in NMR buffer. Two-
dimensional (2D) 'H—'N HSQC spectra were recorded
immediately or in a day.

For analysis of the RTBP1—DNA complex, 2D 'H—!*N
TROSY-HSQC (39) and proton one-dimensional (1D) NMR
experiments were performed using a Bruker DMX 500 MHz
instrument at 303 K. The hydrogen bond signals of DNA
(12—14 ppm) and backbone 'H—""N correlation signals of
RTBP1 were obtained by a 1D '"H NMR experiment and a
2D 'H—""N TROSY-HSQC experiment, respectively. The
titration experiments were conducted at various molar ratios
of RTBP1 with respect to DNA concentration.

Structure Calculation. Structure calculations were per-
formed using CYANA version 2.1 (40). Distance restraints
were derived from '“N-edited NOESY and !*C-edited
NOESY with mixing times of 100 and 150 ms, respectively.
Chemical shift tolerances for automatic NOE assignments
were set at 0.030 or 0.035 ppm for protons, 0.25 ppm for
carbons, and 0.4 ppm for nitrogens. NMR-derived experi-
mental restraints contained 1379 unambiguous NOEs [836
short-range NOEs (li — jl = 1), 331 medium-range NOEs
(1 <1i —jl <5), and 212 long-range NOEs (5 = li — jl)],
94 torsion angle restraints, and 64 hydrogen bonding
restraints, which were used for the structure calculation. A
total of seven cycles of CYANA calculation were executed
in 16 nodes of a Linux cluster computer. Twenty structures
with the lowest energy were analyzed using PROCHECK
and displayed using PyMOL (DeLano Scientific LLC) with
APBS and MOLMOL.

RESULTS

Identification of the Minimal DNA Binding Domain of
RTBPI. A sequence alignment of the Myb-containing regions
of plant telomere binding proteins with the corresponding
region in hTRFI revealed a plant-specific Myb extension
region C-terminal to the Myb domain (Figure 1). Both the
Myb domain and the Myb extension domain have been
shown to be required for binding to plant telomeric
DNA (20, 26, 27). Closer inspection of the entire sequence
comparison showed that the DNA binding domain of RTBP1
displays a high degree of sequence identity with other plant
proteins (Figure 1B). Two additional regions, including the
N-terminal domain (ND) and the central domain (CD),
exhibit substantial sequence conservation among plant te-
lomere binding proteins. However, these regions exhibit no
sequence homology with the TRFH domain in hTRFI and
are absent in vertebrate TRF proteins (Figure 1B).

We have previously identified the C-terminal 110-amino
acid region (residues 506—615) as the structured telomere
binding domain in RTBP1 (28). To determine the minimal
domain of RTBPI for specific binding to plant telomeric
DNA, the purified GST fusion proteins (RTBP1506—¢5,
RTBP1506_594, RTBP1528_615, and RTBP1523_594) were di-
gested with thrombin to remove GST (Figure 2A,B) and used
in the electrophoretic mobility shift assay with the two-
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FIGURE 2: Identification of the minimal DNA binding domain of
RTBPI1. (A) Schematic representation of the four RTBP1 fragments
(RTBP15O67615, RTBP]5067594, RTBP]5287615, and RTBP]5237594) that
differ in size. The RTBP1 fragments were fused to GST and used
in the electrophoretic mobility shift assay. (B) Recombinant GST
fusion proteins were purified on glutathione-Sepharose 4B, separated
via SDS—PAGE, and stained with Coomassie Blue. (C) Electro-
phoretic mobility shift assay performed with the labeled probe
containing the two-telomere repeat sequence and recombinant
proteins at concentrations of 0.25, 0.5, and 1 uM as indicated. The
complexes were resolved on an 8% nondenaturing polyacrylamide
gel, and the positions of the complex and free probe are shown.
(D) Two different length proteins were mixed in different molar
ratios before the addition of DNA probe as indicated.

telomere repeat sequence. RTBPls5p6—6;5 gave rise to a
discrete DNA—protein complex that migrated more slowly
than the free probe (Figure 2C). However, deletion of 21
residues from the C-terminus of RTBP15ps—6;5 completely
abolished the telomere binding activity, indicating that Myb
extension spanning residues 595—615 is required for binding
to plant telomeric DNA. Notably, deletion of 22 residues
from the N-terminus of RTBPI15ps—¢;5 also abolished the
binding activity, although fragment RTBP1s;5_4;5 contains
both the Myb domain and the Myb extension. These results
indicate that RTBP1, unlike AtTRP1, requires in addition
residues 506—527 at the N-terminus of the Myb domain for
telomere binding. No shifting complex was detected in the
assay with RTBP15,5_504 that includes only the Myb domain.

Although full-length hTRF1 binds to telomeric DNA as a
preformed homodimer in vivo, the isolated Myb domain of
hTRF1 is capable of sequence-specific binding as a monomer
in vitro (41). We have previously demonstrated that two
molecules of RTBP1s5p6-¢15 can bind to the two-telomere
repeat sequence (28). To examine whether two RTBPI
proteins bind telomeric repeat separately or as a dimer, we
performed the electrophoretic mobility shift assay using the
mixtures of RTBP1sg6-¢15 and the truncated fragments. As
shown in Figure 2D, the intensity of shifting bands detected
in RTBPlsp—¢15 did not decrease upon the addition of
increasing amounts of RTBP506_594 or RTBP1528_594. In
contrast, the signal was slightly diminished in the presence
of the same molar excess of RTBP1sy5_¢15 and significantly
reduced with a 5-fold excess, indicating that addition of
RTBP15,3-615, which itself cannot bind DNA, attenuates the
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FIGURE 3: DNA bending induced by RTBPlsyp—¢15 binding to
telomeric DNA. (A) Schematic representation of nine permuted
mobility shift probes carrying the two-telomere repeats. (B)
Electrophoretic mobility shift assay performed with RTBP1506-615
and the permuted probes. The positions of the complex and free
probe are shown. (C) Relative mobility (mobility of complex/
mobility of free probe) of the protein—DNA complex plotted against
the flexure displacement in each probe. The data points represent
probes 1—9 from right to left. The values on the x-axis indicate
the distance from the middle of the telomeric repeat site to the
5’-end of the probe divided by the length of the probe.

binding of RTBP1546—¢15 to DNA. Furthermore, the mixture
of RTBP150676]5 and RTBP15237615 was found to form a
single complex that comigrated with the RTBPlsp5—¢5
complex. These results suggest that the protein—protein
interactions through the Myb extension (residues 594—615)
may be involved in binding of RTBP1 to telomeric DNA.

RTBPI Bends Telomeric DNA. Some Myb-containing
proteins such as hTRF1, yeast Rapl, and AtTBPs have been
shown to induce a bend in the telomeric repeat sequences
(42). To determine whether RTBP1 displays this feature, we
employed the circular permutation assay. The telomeric DNA
was inserted into pBend4 and digested with various restric-
tion enzymes to produce nine DNA fragments of equal
length, each harboring a RTBP1 binding site at a different
position relative to the ends of the molecules (Figure 3A).
Because the isolated RTBP1 DNA binding domain formed
a single complex with two copies of the TTTAGGG repeat
(28), the permuted probes, which carried the two-telomere
repeats, were generated. DNA probes were incubated with
purified RTBP1s06—615, and the mobility of the resulting
protein—DNA complexes was analyzed on nondenaturing
polyacrylamide gels. The position of the RTBP1 binding site
in permuted DNA probes had an effect on migration of the
complexes. As the binding site for RTBP1 was located more
centrally in the probes, the complexes migrated more slowly,
indicating that DNA bending was induced on the two-
telomere repeats upon RTBP1 binding (Figure 3B). We
observed a slight difference in the mobility of the free probes,
suggesting an intrinsic curvature of the two-telomere repeat.

To estimate the extent of DNA bending induced by
RTBP1506—615 binding, the relative mobility of each complex
was plotted against the flexure displacement, and the data
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points were interpolated with a quadratic function to deduce
a value of the deviation from linearity (Figure 3C). The
degree of DNA bending was calculated to range from 38°
to 41° in three independent experiments, indicating that
RTBP1505—615 induced a shallow DNA distortion in which
the DNA deviates from linearity by ~40°. A similar angle
of DNA bend was found in accordance with the equation
derived by Thompson and Landy (29).

Three-Dimensional Structure of RTBP15ps5—¢;5 in Solution.
To investigate the molecular interactions between the RTBP1
DNA binding domain and telomeric DNA at atomic-level
resolution, we determined the three-dimensional structure of
RTBP1506-¢15 in solution by NMR spectroscopy. Complete
NMR resonance assignments were executed using conven-
tional backbone experiments and side chain experiments in
a Bruker DRX 500 MHz or 900 MHz instrument equipped
with a Cryo-probe system (43). As shown in Figure 4, the
NOE bar diagram clearly indicates that the DNA binding
domain of RTBP1 contains four helical regions and three
connecting loops as found in other plant telomere binding
proteins (26, 27). These results were confirmed by TALOS
analysis and a H—D exchange experiment. Structural sta-
tistics for the DNA binding domain of RTBPI are sum-
marized in Table 1. An ensemble of 20 energy-minimized
structures and a ribbon diagram are shown in panels A and
B of Figure 5, respectively. The N-terminal region was not
able to converge due to intrinsic flexibility. Solution struc-
tures of RTBP15p5—¢15 were well defined with a root-mean-
square deviation (rmsd) of 0.75 + 0.14 A for the backbone
atoms except the N-terminal region (residues 506—535).
When secondary structural regions were superimposed, the
rmsd was 0.35 + 0.15 A for the backbone atoms. Although
the helix regions were well-defined, the loop regions showed
some variations. Loop 1 (residues 554—559) exhibited
flexible structure due to a lack of NOEs that were commonly
observed in solution structures of other telomere binding
proteins (25—27), and loop 2 (residues 565—572) also
exhibited its flexibility. Helix 1 (residues 538—553), helix 2
(residues 560—564), and helix 3 (residues 573—586) are
located in the Myb domain of RTBPI. Loop 3 (residues
587—600) and helix 4 (residues 601—614) comprised the
C-terminal Myb extension domain which is a unique feature
of plant double-stranded telomere binding proteins.

The overall structure of RTBP1506—6;5 is mostly stabilized
by three hydrophobic patches composed of interactions
among residues in the helices (Figure 5C). The residues
involved in the formation of the hydrophobic patches are
highly conserved in other Myb-containing proteins (Table
2). Leu576 in helix 3 interacts with Ala548 in helix 1 and
Val560 in helix 2 to form hydrophobic patch 1 (Figure 5D).
These hydrophobic interactions play a major role in stabiliz-
ing the overall topology of the three helices located in the
Myb domain. In the three-helix bundle of the Myb domain,
the second and third helices exhibited a typical helix—turn—helix
(HTH) motif for binding telomeric DNA. This mode of DNA
interaction is similar to those found in other telomere binding
proteins (25). Trp580, Leu583, and Val584 at the end of helix
3 interacted with Leu545, Val546, and Val549 from helix 1
and Val607 form helix 4 to form hydrophobic patch 2 (Figure
SE). This hydrophobic patch contributes to the proper
packing of helices 1, 3, and 4. In addition, hydrophobic patch
3 was formed by hydrophobic interactions between Val539
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Table 1: Structural Statistics for the DNA Binding Domain of RTBP1

no. of distance restraints

all 1379
intraresidue 406
sequential (Ii —jl =1) 430
medium-range 2 < li — jl = 5) 331
long-range (li — jl > 5) 212

no. of hydrogen bond restraints” 64
no. of dihedral angle restraints

all 94
D 47
y 47

mean CYANA target function Ay 2.37 £ 1.01

rmsd from the average coordinate (A)
backbone atoms 0.75 £ 0.14
residues 536—615, helix region only 0.35 £ 0.15

heavy atoms of residues 536—615 1.55 £ 0.16

Ramachandran analysis (%)

residues in most favored regions 77.0

residues in additional allowed regions 22.3

residues in generously allowed regions 0.6

residues in disallowed allowed regions 0

“Two restraints for each hydrogen bond. ”No distance and angle
restraint violations are observed during structure refinement.

and Val542 in helix 1 and Leu603 in helix 4 (Figure 5F).
These interactions stabilize the architecture of helices 1 and
4. In the overall shape of RTBP1s06—615, helix 3 is perpen-
dicular to the axes of helices 1, 2, and 4, and helix 4 orients
nearly parallel to helix 1.

Structural Comparison of RTBPIsps—s;5 with the DNA
Binding Domains of Other Telomeric Proteins. A structural
comparison showed that the backbone architecture of the first
three helices of RTBP15p6—¢5 is close to that of the hTRF1
DNA binding domain (Figure 6A). The rms difference of
the backbone atoms between RTBP15ps—6;5 and the TRF1
DNA binding domain is 2.517 A, suggesting that two
proteins may bind DNA in a similar way. This structural
similarity is consistent with conservation of the hydrophobic

residues in the Myb domain involved in the formation of
the hydrophobic core (Table 2). However, helix 3 of the
RTBPI DNA binding domain is slightly longer than the
corresponding helix of hTRFI1. The hydrophobic residues
(Trp580, Leu583, and Val584) at the C-terminal end of the
longer helix 3 interact with helices 1 and 4 to support the
overall architecture of the RTBP1 DNA binding domain.

Superimposition of the solution structures of RTBP1506—¢15
and NgTRF156,_¢s; revealed that the two structures adopt a
similar fold with a rmsd of 2.027 A for the backbone atoms
(Figure 6B). In contrast, despite a tremendous sequence
identity, the structure of the DNA binding domain of RTBP1
is different from that of AtTRPI1 reported previously (26)
(Figure 6C). The rms difference between the backbone atoms
of the RTBP1 DNA binding domain and the corresponding
atoms of AtTRP1 is 7.271 A. Even when the structural
comparison was restricted to the first three helices, the rms
difference was 4.832 A for the backbone atoms. While
helices 1 and 2 in AtTRP1 orient roughly parallel with each
other, helix 1 in RTBPI orients nearly parallel to helix 4.

Binding of RTBP15p6—¢;5 to Telomeric DNA. To examine
the telomeric DNA binding mode of RTBPl1s5yc—¢15, we
performed the titration experiments using 1D NMR spec-
troscopy with the two-telomere repeat sequence. The analysis
was carried out by NMR after a change in the chemical shifts
of the imino proton signals on double-stranded telomeric
DNA. The original free-form resonances of the imino protons
of DNA are gradually changed as increasing concentrations
of protein are added (Figure 7A). After a molar ratio of 2:1
RTBPI to DNA was reached, the imino proton chemical
shifts remained unchanged.

We next performed a series of isothermal titration calo-
rimetry (ITC) experiments to assess the binding of RT-
BP1506—615 to telomeric DNA under the same conditions in
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superposition of 20 energy-minimized structures of the RTBP1
DNA binding domain. The Myb-type domain consists of the first
three helices, and the C-terminal Myb extension domain contains
the fourth helix. The helices are numbered in sequence from the
N- to C-terminus. (B) Overall structure of RTBP153,_¢;5 in ribbon
representation. (C) Three hydrophobic patches that contribute to
stabilizing the overall architecture of the protein. (D) Patch 1
(colored blue) stabilizes the overall folding of the first three helices.
(E) Patch 2 (colored yellow) maintains the proper orientation of
helices 1, 3, and 4. (F) Patch 3 (colored gray) stabilizes the
architecture of helices 1 and 4.

which the NMR experiments were carried out. The integrated
binding isotherms were fitted to a two-site binding model.
This binding model implies that the two-telomere repeat
sequence presents two binding sites for RTBP1506-¢15. The
ITC isotherm shown in Figure 7B provides evidence for
protein—protein interactions which appear as weak positive
cooperativity. The qualitative evidence for this is the slight
increase in the enthalpy of binding for the initial injections.
For completely independent sites, this portion of the isotherm
would be flat. Thus, the ITC analysis indicates that two
molecules of RTBP1sgs—¢5 interact with telomeric DNA
cooperatively at a molar ratio of 2:1 (protein:DNA). These
results are consistent with the data in Figure 2D showing
the weak protein—protein interactions between RTBP1505—615
and the non-DNA blndlng RTBP1528_615.

To further confirm that two molecules of the RTBP1 DNA
binding domain bind to the two-telomere repeat sequence,
we performed size exclusion chromatography (Figure 7C).
RTBP1506—¢15 elutes on a Superdex 75 column as a single
peak with an apparent molecular mass of 14.1 kDa that is
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close to the predicted mass of monomeric RTBP1505—¢;5 (12.1
kDa). Longer incubation of RTBP1505—6;5 shows no change
in the elution pattern (data not shown). On the basis of the
saturation point which was determined by ITC experiments,
RTBP1506—¢15 and the two-telomere repeat were mixed and
loaded on the column. RTBP1505—¢15 complexed with DNA
exists as a single peak with an apparent molecular mass of
33.4 kDa. On the basis of the molecular masses of 12.1 kDa
for RTBP1s5p6—¢;5 and 8.5 kDa for telomeric DNA, it is
estimated that two molecules of RTBP15ys—6;5 are present
in a single protein—DNA complex. SDS—PAGE and agarose
gel electrophoresis were used to show contents of the peaks
(Figure 7D).

Specific Residues in RTBP 15955 Interact with Telomeric
DNA. To identify specific residues that interact with telomeric
DNA, we analyzed the chemical shift changes in the 2D
HSQC spectra upon interaction of RTBP15¢6—¢;5 with telo-
meric DNA. Since two molecules of RTBP15y5—6;5 can bind
to telomeric DNA, the characteristic resonances observed
in the DNA-free RTBP1 were completely shifted to the
DNA-bound positions at an RTBP1:DNA molar ratio of 2.5:
1. The majority of residues that exhibited large chemical shift
perturbations (A6 > 0.3 ppm) are located in the N-terminal
arm, helix 3, and the loop between helices 3 and 4 (Figure
8A,B). The residues that did not show large chemical shift
changes upon DNA binding are primarily located on the
a-helix regions except helix 3, suggesting that the chemical
shift changes may not result from global structural changes
but are due to the DNA binding interaction. Notably, the
resonance peaks of three residues (marked with a brown
asterisk in Figure 8A) in the N-terminal region (Ser523,
Lys524, and Phe528) disappeared due to extensive line
broadening upon addition of two repeats of telomeric DNA.
This observation is consistent with the electrophoretic
mobility shift data showing that the 22 N-terminal residues
are required for telomeric DNA binding.

In both hTRF1 and NgTRF]1, helix 3 functions as a DNA
recognition helix to interact with the major groove of the
DNA whereas the short N-terminal arm interacts with the
minor groove of the DNA (25, 27). Consistent with these
previous reports, the residues of the RTBP1 DNA binding
domain that are involved in DNA recognition are conserved
in hTRF1 and NgTRF1 (Table 3). These results suggest that
RTBP1 could bind DNA in a similar architecture with hTRF1
and NgTRF1. Importantly, the perturbed residues in helix 3
(Lys577, Lys581, and His585) upon DNA binding are
located on one side of the o-helix, enabling DNA binding.
The residues of the loop between helices 3 and 4 in RTBP1
(Ser588, Ala590, GIn592, and Gly596) exhibited significant
chemical shift perturbations, indicating that the Myb exten-
sion could be involved in DNA recognition.

The RTBP1 DNA binding domain has a characteristic
electrostatic surface that contributes to specific interaction
with telomeric DNA (Figure 8C). The majority of the
residues that showed significant chemical shift perturbations
are distributed on the positively charged surface around the
HTH motif and at the N-terminal arm. In contrast, most of
the hydrophobic residues that did not interact with DNA are
distributed on the reverse side against the HTH motif. The
chemical shift perturbation data match well the surface charge
distribution plot, suggesting that positive surface of the
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Table 2: Structural Comparison of RTBP15ys—¢15 and the DNA Binding Domains of Other Telomere Binding Proteins

RTBP1506-615 NgTRF1561 681

AtTRP1464—560 hTRF1378-430 secondary structure”

rmsd” - 2027 A
hydrophobic patch 1 Ala548 Ala591
Val560 Val603
Leu576 -
hydrophobic patch 2 Leu545 Leu588
Val546 Val589
Val549 Val592
Trp580 Trp623
Leu583 Leu626
Val584 Val627
Val607 Val650
hydrophobic patch 3 Val539 Val589
Val542 Val592
Leu603 Leu646

7271 A 2517 A

- - helix1
Vald94 1le406 helix2
Leu510 Leud20 helix3
Leud79 Leu391 helix1
Val480 - helix 1
Val483 Val395 helix 1
Trp514 Trp424 helix3
Leu517 Met427 helix3
Val518 - helix3
Val541 - helix4
- - helix1
- - helix1
Leu537 - helix4
Aal544 - helix4
Trp548 - helix4

“Secondary structure denotes the a-helix containing the indicated residues.  rmsd is the structural difference for the backbone atoms between

RTBP1506-615 and the DNA binding domains of other telomeric proteins.

A B
az
7™\ -
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RTBP1/hTRF1 RTBP1/NgTRF1

C

RTBP1/AtTRP1

FIGURE 6: Structural comparison of RTBP1s05—6;5 With the DNA
binding domains of other telomere binding proteins. (A) Superposi-
tion of RTBP15¢5—¢5 (colored gray) and the hTRF1 DNA binding
domain (colored yellow). (B) Superposition of RTBP1505-615 and
the NgTRF1 DNA binding domain (colored blue). (C) Superposition
of RTBP1506—¢15 and the AtTRP1 DNA binding domain (colored
violet).

RTBP1 DNA binding domain could be involved in sequence-
specific DNA recognition.

DISCUSSION

Plant proteins that specifically bind to double-stranded
telomeric DNA are similar in structure to vertebrate TRFs
as they carry a Myb-related DNA binding domain. A
sequence alignment of the Myb-containing region of plant
telomere-binding proteins with the corresponding region in
hTRF1 revealed a plant-specific Myb extension domain at
the C-terminal end. Although the Myb-type DNA binding
domain is common in all telomere-binding proteins, the
C-terminal Myb extension is absent in hTRF1 which
terminates immediately adjacent to the Myb domain. In

addition to the three helical regions found in the Myb domain,
the fourth helix has been shown to be essential for DNA
recognition in plant telomere binding proteins (26, 27). Thus,
the Myb extension is a unique feature found in plant telomere
binding proteins.

Two juxtaposed Myb domains are required for the
sequence-specific recognition of telomere binding proteins
(25, 44). The DNA binding domain of c-Myb consists of
three imperfect tandem repeats (45). For the sequence-
specific DNA binding of c-Myb, the second and third repeats
are closely packed in the major groove of DNA. Although
the isolated Myb domain of hTRF1 binds specifically and
with a significant affinity to telomeric DNA as a monomer
(41), hTRF1 forms a stable homodimer with its central TRFH
domain and binds to telomeric repeats through its C-terminal
Myb domain (42). Full-length dimeric hTRF1 binds to
telomeric DNA by engaging two Myb domains on DNA.
Like h'TRF1, plant telomere binding proteins contain only a
single Myb domain in their C-terminus, but there is no known
dimerization domain in RTBP1. Our data from 1D NMR
titration and size exclusion chromatography support the
conclusion that two molecules of the RTBP1 DNA binding
domain can bind to the two-telomere repeat sequence.
However, it is not clear whether two RTBP1 proteins bind
telomeric DNA separately or as a dimer. NgTRF156,_¢g; also
has been shown to bind two repeats of telomeric DNA at a
molar ratio of 2:1 (protein:DNA) with high affinity (27).
However, as manifested in the crystal structure of
NgTRFl1s6—6s; and the telomeric DNA complex, each
molecule can bind telomeric DNA as a monomer. On the
basis of amino acid sequence and structural similarities of
RTBP]5067615 and NgTRF156|76g], two RTBPI proteins
appear to bind telomeric DNA separately. Moreover, we
found that RTBP15p6-6;5 exists as a monomer under the
conditions for the NMR experiments. This was further
confirmed by size exclusion chromatography.

However, the electrophoretic mobility shift data in Figure
2D show that addition of RTBP1s,3-¢;5, which itself cannot
bind DNA, attenuates the binding of RTBP1505—615 to DNA.
This suggests that protein—protein interactions between two
RTBPI1 molecules may play a role in its binding to telomeric
DNA. Furthermore, The ITC analysis provides evidence for
protein—protein interactions which appear as weak positive
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FIGURE 7: Charaterization of RTBP154¢5 binding to telomeric DNA. (A) Titration experiments of RTBP15s-615 with the two-telomere
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(B) Representative isothermal titration of telomeric DNA with RTBP1506-615. Telomeric DNA (400 xM) was injected into the sample cell
containing 70 uM RTBP15¢6-415. The top panel shows the observed heats of binding for the 2nd through 40th injections of 6 uL. of DNA
solution into protein after baseline subtraction. The bottom panel shows a nonlinear least-squares fit of the data varying the stoichiometry
(n), the enthalpy of the reaction (AH), and the association constant (K,). (C) Size exclusion chromatography of the RTBP1 DNA binding
domain and the RTBP1—DNA complex. The elution profiles of RTBP15¢—¢15 and the RTBP1505—615—DNA complex are shown as gray and
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cooperativity. Telomeres are composed of a tandem array
of simple repeat sequences containing a number of closely
spaced binding sites. The two molecules can interact with
the closely spaced telomeric repeats with no steric hindrance,
since adjacent domains are bound on opposite faces of the
DNA double helix (27, 41). Recognition of telomeric DNA
by two molecules may provide a means increasing DNA
binding affinity and specificity. Thus, it is reasonable to
propose that protein—protein interactions through the Myb
extension may facilitate the cooperative binding by RTBP1.
By itself, monomeric RTBP1 may have a low affinity for a
single binding site on telomeric repeats. Protein—protein
interactions between two RTBP1 molecules may add to the
overall stability of the protein—DNA complex, so that the
two domains bind to telomeric repeat sequences coopera-

tively. Consistent with this hypothesis, TRFL family 1
proteins form Arabidopsis have been shown to form both
homodimers and heterodimers via the Myb extension do-
mains in vitro (21).

One of the most striking differences between RTBP1 and
hTRF1 is the presence of a plant-specific Myb extension at
the C-terminus. Deletion of helix 4 completely abolished the
DNA binding capacity of RTBP1505—615. The presence of the
unique fourth helix appears to be essential for maintaining
the structural integrity and for aiding in the DNA binding
affinity and specificity. Recently, we have reported that the
loop between helix 3 and helix 4 in NgTRF]1 interacts with
the minor groove of DNA, while the HTH motif binds to
the major groove of DNA (27). On the basis of the structural
similarity between RTBP1 and NgTRF1, the Myb extension
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Table 3: DNA Interaction Comparison of RTBP1506—6;5 and the DNA Binding Domains of Other Telomere Binding Proteins

RTBP1506-615 NgTRF1s61-6s1 AtTRP1464-560
6.22 x 10 M 41 x 108 M

hTRF1378-439
20x 107 M

binding affinity

structural motif

N-terminal arm S523, K524, F528, R535, F537, K567, S572, R575, R577, R578, F580 Q464, R465, R469
T538

L1 x 108%M

R380, Q381, W383

helix 1/helix 2 L544, G533, W557, R558, E556 R601, R614 G489
helix 3 K577, K581, T582, H585

W403, S404, R415
Y616, K620, D621, K622, K624, T629 RS505, T506, K511, D512, K513, K515, T516, K421, D422, R423,
L517, H519, T520, A521, K522, 1523 R425

loop 3/helix 4 S588, A590, Q592, G596, W614 R638 R528, R529, G530, E531, V533

in RTBP1 could be involved in DNA binding as well as
stabilizing the structure through hydrophobic interactions
with other parts of the molecule. As in other Myb motifs,
helix 3 in RTBP1 functions as a sequence-specific recogni-
tion helix and the short N-terminal arm also interacts with
the telomeric DNA.

A careful structural comparison of RTBP1 with other plant
telomeric proteins revealed that RTBP1 more closely re-
sembles NgTRF1 than AtTRP1, based on the orientation of
helices (26, 27). The structural comparison between RT-
BP1506—615 and NgTRF1s¢ 651 showed a high degree of

homology in solution. However, it is not clear why the
solution structures of RTBP15p5—¢;5 and AtTRP1464—560 are
different in the absence of telomeric DNA. This structural
deviation could be due to different experimental conditions
and data analysis. Thus, further study will be required to
examine whether the DNA binding domains of plant telomere
binding proteins share similar backbone architecture in
solution.

DNA bending by telomeric proteins such as hTRF1 and
yeast Rapl could induce the proper telomere structure
which is required for their function (42). It is possible
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that RTBP1 plays an architectural role in the plant
telomere function, causing DNA bending and thus estab-
lishing and/or maintaining an active telomere configura-
tion. Although a single RTBP1 binding to telomeric DNA
introduces a minor distortion on DNA, clustered RTBP1
binding along the telomeric repeats could result in the
folding back of the telomere itself. Recently, telomeric
DNA in the plant Pisum sativum (garden pea) has been
found arranged into telomere loops, proposed to sequester
the telomere from unwanted DNA repair events (46). It
is also possible that plants have evolved other mechanisms
for capping their telomeres because approximately half
of telomeres in Arabidopsis lack the single-stranded 3’-
overhangs (47). The ability of RTBP1 to bend DNA could
contribute to the overall configuration of the telomeric
DNA.

In summary, in this study, we clarified the biochemical
and structural features of the DNA binding domain of
RTBPI, providing a molecular basis for DNA recognition
by the telomere binding proteins, which are widespread
in higher plants. We propose that RTBP1 plays an
important role in telomere function by binding to and
bending the DNA. The fourth helix of the Myb extension,
a unique feature of plant telomere binding proteins,
appears to be important for stabilizing the overall structure.
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