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Abstract We have identified an Arabidopsis thaliana cDNA,
designated as AtTBPI1, encoding a protein with a predicted size
of 70.6 kDa that specifically binds to the plant telomeric repeat
sequence TTTAGGG. AtTBPI is present as a single-copy gene
in Arabidopsis genome and is expressed ubiquitously in various
organs. AtTBP1 has a single Myb telomeric DNA binding
domain at the C-terminus and an extensive homology with other
known telomere-binding proteins. The isolated C-terminus of
AtTBP1 is capable of sequence-specific DNA binding to plant
duplex telomeric DNA. These results suggest that AtTBP1 may
play important roles in plant telomere function in vivo. © 2001
Published by Elsevier Science B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction

In eukaryotic organisms, the telomere is a well-conserved
structure that consists of telomeric repeats and specifically
associated proteins. The telomere is essential for the mainte-
nance of chromosome integrity and for protection from end-
to-end fusion and exonucleolytic degradation [1,2].

Telomere structure in most plants is very similar to other
eukaryotes. The plant telomeric DNA  sequence
(TTTAGGG), was first characterized in Arabidopsis thaliana
[3] and was subsequently cloned in several different species [4—
6]. Telomeric DNA is usually maintained by telomerase [7].
Recently, the reverse transcriptase subunit of telomerase (Az-
TERT) gene was cloned and the telomerase-deficient lines by
T-DNA insertion into the single AzTERT gene were generated
in Arabidopsis [8]. Analysis of these mutants [9] indicated that
loss of AtTERT leads to telomere shortening, cytogenic dam-
age and cell cycle arrest. Similar phenotypes were observed in
telomerase-deficient animals [10-12].

Additional factors to understanding telomere-length regula-
tion are telomere-binding proteins (TBPs) and their interact-
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Abbreviations: AtTBP1, Arabidopsis thaliana telomeric DNA-binding
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associated sequences

ing proteins [13], including Raplp, Tazlp, hTRF1, hTRF2,
TIN2, tankyrase, and hRAP1 for regulation of telomere elon-
gation directly or indirectly [14-23].

Compared with the extensive research done in other eu-
karyotes, few studies of plant TBPs have been reported to
date. Protein binding to double-stranded telomeric DNA
has been found in maize and Arabidopsis extracts [24,25].
Recently, a rice gene encoding a double-stranded TBP, desig-
nated RTBPI, was cloned and characterized [26]. The pre-
dicted protein sequence of RTBP1 includes a single Myb telo-
meric DNA-binding domain (SMTBD) at the C-terminus.
The isolated SMTBD of RTBP1 was capable of sequence-
specific DNA binding and recognized a binding site centered
on the sequence GGGTTT [26].

We report here the molecular cloning and characterization
of an Arabidopsis gene encoding a double-strand telomeric
DNA-binding protein designated AtTBP1. We suggest the
structure and function of C-terminal SMTBD of AtTBPI1,
as the DNA-binding domain of TBP, be well conserved
among distant evolutionary species.

2. Materials and methods

2.1. Cloning of AtTBP1 ¢cDNA

In a NCBI BLASTP search for Arabidopsis homologs containing a
SMTBD of hTRFland RTBPI, five DNA sequences including one
c¢DNA clone and four hypothetical proteins were identified. A cDNA
clone (GenBank accession number AF072536) without characterized
function was chosen, in which the predicted protein sequence includes
a SMTBD at the C-terminus as shown in hTRF1 and RTBP1. Based
on this DNA sequence, a DNA fragment (333 bp) containing
SMTBD was amplified by polymerase chain reaction and was used
as a probe to screen an Arabidopsis cDNA library (provided by
ABRC). Gene-specific primers used were as follows: SMTBD forward
primer (5'-CAACGCAGAACCAGGAGACAATTC-3’) and SMTBD
reverse primer (5'-TTACATGGACGAACCTGCTTCAAC-3’). Six
independent cDNA clones were identified and nucleotide sequences
were determined. The largest cDNA clone, designated as A¢tTBPI,
was used in this study (GenBank accession number AY029195).

2.2. Expression of SMTBD of AtTBPI

To test telomeric DNA binding activity of AtTBPI1, a glutathione
S-transferase (GST)-fused protein AtTBPI1401-640 was expressed in
Escherichia coli BL21 (DE3)/RIL cells using pGEX-5X-2 expression
vector (Amersham Pharmacia Biotech, USA), and purified on a
GSTrap® column. The protein concentration was determined by
Bradford assay and stored in aliquots at —80°C.

2.3. Southern and Northern blot analyses

A. thaliana genomic DNA was prepared from 7-day-old seedlings as
described by Murray and Thompson [27], and total RNA was pre-
pared from various tissues of young seedlings and mature plants were
isolated with TRIZOL® reagent (Life Technologies, Inc.). The blot
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(15 pg total RNA per lane) was successively hybridized with 32P-
labeled DNA probes corresponding to AtTBPI and AtEF-l1oAl
genes. Hybridization and washing were done according to Sambrook
et al. [28].

2.4. Electrophoresis mobility shift assay (EMSA)

Telomeric DNA probes and competitors used are described in Ta-
ble 1. To reduce non-specific DNA-protein binding, purified
AtTBP140'-%0 was preincubated with 1.0 pug of poly (dI-dC) in 20
ul of a EMSA buffer (10 mM Tris—HC], pH 8.0, | mM EDTA, | mM
dithiothreitol, 50 mM NacCl, and 5% glycerol) for 20 min on ice. End-
labeled DNA probe (100 fmol) was added to the reaction mixture.
After incubation for 30 min on ice, the mixture was loaded on an 8%
non-denaturing polyacrylamide gel. Before loading, gels were pre-run
at 13 mA for 30 min, and electrophoresis was performed in 1 X TBE
for 2.5 h. For competition experiments, varying amounts of cold
competitors were preincubated with reaction samples before the addi-
tion of radiolabeled probe. Binding activity was quantified with a Fuji
phosphorimager Image Gauge version 2.53.

3. Results and discussion

3.1. Cloning of the A. thaliana AtTBP1 ¢DNA

Among six positive cDNA clones (see Section 2), the largest
clone, AtTBP1 was used in this study (GenBank accession
number AY029195). 4tTBPI cDNA (2474 bp) contains an
open reading frame of 1923 bp, encoding a protein with a
predicted size of 70.6 kDa (640 amino acids) and theoretical
isoelectric point of 7.13.

Deduced amino acid sequence of AtTBPI displays key
structural features of previously characterized double-
stranded TBPs, such as C-terminal SMTBD, putative nuclear
localization signals and N-terminal basic domains as shown in
Fig. 1A. The SMTBD of AtTBP1 has 80% identity and 87%
similarity in amino acids sequence with that of RTBPI1, and
22% to 35% identity and 37-50% similarity with other
SMTBDs containing double-stranded TBPs. Among those
SMTBDs, putative telomere repeat recognition sites [29,30]
are very well conserved (as indicated by arrowheads in Fig.
1B). Among other double-stranded TBPs, the DNA-binding

Table 1
Telomeric DNA probe and competitors
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domains of hTRF1, hTRF2, Tazlp and Tbflp contain only
one SMTBD at the C-terminus. The isolated SMTBDs of
these proteins were capable of sequence-specific DNA binding
[16,17,31].

3.2. AtTBPI is homologous to a single-copy gene and is
ubiquitously expressed

Southern blot analysis of Arabidopsis genomic DNA was
performed to determine the number of genomic DNA frag-
ments with homology to the 4tTBPI cDNA. Genomic DNA
digested with various restriction enzymes produced only one
strongly hybridized band in each digest (Fig. 2A). No addi-
tional fragment was visible in any of the digests, even with
low-stringency hybridization (data not shown). These results
suggest that a single-copy gene encoding AtTBP1 cDNA is
present in the Arabidopsis genome. A restriction map was
constructed based on Southern blot analysis and sequence
analysis of KAOS sequencing center (Fig. 2B). The AtTBPI
gene is located at chromosome V and BAC clone (MAC
12.11). The genomic structure of AtTBPI gene is composed
of 10 exons and nine introns, as shown in Fig. 2B. Transcripts
that hybridized to 4tTBP1 cDNA were detected on Northern
blots of total RNA from various organs of young and mature
plants (Fig. 2C). A band of ~2.5 kb hybridized to AtTBPI
cDNA. The mRNA expression profile of AtEF-1aAl, a gene
known for housekeeping function, was very similar to
AtTBPI, indicating that AtTBPI is ubiquitously expressed.
Yu et al. has shown that RTBPI is also present as a single-
copy in rice genome and is ubiquitously expressed [26]. Taken
together, these results suggest that AtTBP1 has important
functions in various tissues and the duplex telomeric DNA
binding activity is very well conserved in the plant kingdom.

3.3. AtTBPI specifically binds plant telomeric sequences

To test whether AtTBP1 binds to telomeric DNA the ex-
pressed C-terminal region of AtTBPI1, comprising the
SMTBD between positions 461 and 640 as a fusion protein

Probe name® Oligonucleotide sequence

AtTR-1 5'-ACGTCATATGTTTAGGG
3’-TGCTGTATACAAATCCC

AtTR-2 5'-ACGTCATATGTTTAGGGTTTAGGG
3'-TGCTGTATACAAATCCCAAATCCC

AtTR-3 5'-ACGTCATATGTTTAGGGTTTAGGGTTTAGGG
3’-TGCTGTATACAAATCCCAAATCCCAAATCCC

AtTR-4 5'-ACGTCATATGTTTAGGGTTTAGGGTTTAGGGTTTAGGG
3'-TGCTGTATACAAATCCCAAATCCCAAATCCCAAATCCC

HuTR-4 5'-ACGTCATATGTTAGGGTTAGGGTTAGGGTTAGGG
3’-TGCTGTATACAATCCCAATCCCAATCCCAATCCC

CeTR-4 5'-ACGTCATATGTTAGGCTTAGGCTTAGGCTTAGGC
3’-TGCTGTATACAATCCGAATCCGAATCCGAATCCG

PaTR-4 5'-ACGTCATATGTTTGGGTTTGGGTTTGGGTTTGGG
3’-TGCTGTATACAAACCCAAACCCAAACCCAAACCC

EuTR-4 5'-ACGTCATATGTTTTGGGGTTTTGGGGTTTTGGGGTTTTGGGG
3’-TGCTGTATACAAAACCCCAAAACCCCAAAACCCCAAAACCCC

TAS-A 5'-ACGTCATATGTTAAGGGTTAAGGGTTAAGGGTTAAGGG

3’-TGCTGTATACAATTCCCAATTCCCAATTCCCAATTCCC
TAS-c 5’-ACGTCATATGTTCAGGGTTCAGGGTTCAGGGTTCAGGG
3’-TGCTGTATACAACTCCCAAGTCCCAAGTCCCAAGTCCC

TAS-G 5'-ACGTCATATGTTGAGGGTTGAGGGTTGAGGGTTGAGGG
3’-TGCTGTATACAACTCCCAACTCCCAACTCCCAACTCCC
NC 1 kb DNA ladder marker (commercial product)

2AtTR, A. thaliana telomeric repeat; HuTR, human telomeric repeat; CeTR, C. elegans telomeric repeat; PaTR, Paramecium telomeric repeat;
EuTR, Euplotes telomeric repeat; NC, non-specific DNA competitor. Telomeric repeats are in boldface type.
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Fig. 1. AtTBPI ¢cDNA and deduced amino acid sequences (A) and
multiple-sequence alignment of the conserved SMTBDs of AtTBPI
(B). SMTBD is marked with a black box, and putative nuclear lo-
calization signals (NLS) are marked with gray boxes. Specific N-ter-
minal basic region (p/=11.85) and acidic region are marked with
underlined bold and underlined italic characters, respectively. Multi-
ple sequence alignment of conserved SMTBDs was produced by us-
ing Clustal W software (version 1.7). AtTBP1 [A. thaliana putative
telomere-binding protein 1]; RTBPI [rice telomere-binding protein
(AF2422980)]; human TRF-1 [human telomere repeat binding factor
1 (U40705)]; Tbflp [Saccharomyces cerevisiee TTAGGG repeat
binding factor 1 (Q02457)]; mouse TRF-1 [mouse telomeric repeat
binding factor 1(U65586)]; human TRF-2 [human telomeric repeat
binding factor 2 (U95970)]; Tazlp [Schizosaccharomyces pombe telo-
meric-length regulator (P79005)]. Identical and conserved amino
acids are marked by black and gray boxes, respectively. Arrowheads
indicate the putative telomere repeat recognition sites [29,30]. 1 and
S: mean identity and similarity, respectively. The likely positions of
the three helices are indicated with box and line below.

with GST, was used in a gel retardation assay with labeled
AtTR-4 (see Table 1) containing four plant telomeric DNA
repeats. GST-AtTBP1401-%40 gave rise to a discrete DNA—pro-
tein complex that migrated more slowly than the free probe
(Fig. 3A, lanes 2-4). Intensities of shifting bands increased
upon the addition of increasing amounts of expressed GST-
AtTBP1461-%40  Competition binding experiments showed that
a 15-fold excess of cold AtTR-4 is enough to displace the
labeled probe (lane 5), whereas the same or higher molar
amounts of unrelated non-specific cold competitor did not
compete (lanes 8-10), indicating that AtTBP1 is a specific
telomeric DNA-binding protein. GST-AtTBP1401-640 was di-
gested with Factor Xa to isolate the C-terminal region con-
taining the entire SMTBD, and its DNA binding property was
examined. This fragment of AtTBP1 was found to produce
three specific complexes, and intensities of slower migrating
complexes increased upon the addition of increasing amounts

37

of AtTBP1%!-%40 (Fig. 3B, lanes 2-4). These complexes were
displaced with cold AtTR-4 (lanes 5-7), but not with unre-
lated non-specific cold competitor (NC lanes 8-10), suggesting
that AtTBP1461-%40 binds as a homomultimer to the four-te-
lomere repeat site.

When the human (HuTR-4), Caenorhabditis elegans (CeTR-
4), Paramecium (PaTR-4), and Euplotes (EuTR-4) telomeric
repeats were substituted for plant telomeric repeats as com-
petitors, none of these telomeric repeats competed as effec-
tively as their plant counterpart for the activity that binds
the labeled AtTR-4 (Fig. 3C, lanes 5-12). It is noteworthy
that EuTR-4 at very high molar amounts competed for bind-
ing activity by showing decreased intensities of slower migrat-
ing complex and increased amount of free probe (lanes 11,12).
G-rich and C-rich single-stranded DNA did not compete for
the interaction of GST-AtTBP140!-%40 with AtTR-4 (data not
shown). Recently, Yu et al. have shown that the internal
GGGTTT sequence in the two-telomere repeats is critical
for binding of the SMTBD of rice TBP, RTBPI [26]. The
internal sequences of PaTR-4 and EuTR-4 are GGGTTT
and GGGGTTTT, respectively. Even though the GGGTTT
sequence is common in these two competitors, the isolated
GST-AtTBP14!-%4 has binding activity to EuTR-4 only at
high molar amounts (compare lanes 9,10 to lanes 11,12).
These results suggest that the DNA—protein complex forma-
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Fig. 2. Genomic organization and expression of AtTBPI in A. thali-
ana. A: Southern blot analysis of AtTBPI. Genomic DNA digested
with EcoRI, HindIll, and Xhol were hybridized with radiolabeled
DNA corresponding to the AtTBPI coding region as indicated in
(B). B: Restriction map and chromosomal location of A:TBPI.
Bold line indicates the region used for probe. C: Steady-state level
of AtTBPI mRNA in various tissues. S, 7-day-old seedling; R,
root; RL, rosette leaf; CL, cauline leaf; F, flower; FS, flowering
stem from mature plant. 15 pug of total RNA was loaded in each
lane. The blot was successively hybridized with radiolabeled DNA
probes corresponding to AtTBP1 (upper row) and AtEF-laAl
genes (middle row). The lower row shows an ethidium bromide
staining of ribosomal RNA to verify that similar amounts of RNA
had been loaded in each lane.
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Fig. 3. Sequence-specific binding of AtTBP140!-%40 to A. thaliana telomeric DNA. A: EMSA showing GST-AtTBP14!-%40 fysion protein bind-
ing to the end-labeled plant four-repeat telomeric DNA (AtTR-4) in the absence and presence of specific or non-specific competitor DNAs.
Lane 1, probe alone; lanes 2-4, indicated amounts of purified GST-AtTBP141-%40 proteins; lanes 5-7, titration with unlabeled AtTR-4; lanes
8-10, titration with unlabeled non-specific DNA. B: Multiple complex formation of AtTBPI14!-%0 without GST fused. GST-AtTBP146!-640
was digested with Factor Xa and EMSA was performed as in (A). C: Competition assay for GST-AtTBP146!-%40 binding to labeled AtTR-4
with unlabeled AtTR-4 (lanes 3,4), HuTR-4 (lanes 5,6), CeTR-4 (lanes 7,8), PaTR-4 (lanes 9,10), or EuTR-4 (lanes 11,12). Schematic represen-

tation of the DNA—protein complex is shown to the right of the figure.

tion required both sequence and spatial information, at least
in this experimental condition. In conclusion, the SMTBD of
AtTBP1 is sufficient to confer specific interactions with plant
double-stranded telomeric DNA.

3.4. Two-telomere repeats are minimum length for binding the
SMTBD of AtTBP1
To determine the minimum length of telomeric repeats re-

quired for binding to the SMTBD of AtTBP1, competition
binding experiments using AtTR-1, AtTR-2, AtTR-3, and
AtTR-4 were performed (Fig. 4). EMSAs revealed that nucle-
oprotein complexes formed between GST-AtTBP141-640 and
radioactive AtTR-4 decreased when excess amounts of cold
AtTR-4 and AtTR-3 were used as competitors (Fig. 4, lanes
3-6). However, excess amounts of cold one-repeat competitor
(AtTR-1) resulted in increased nucleoprotein complexes as
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shown in lane 2 without competitor (lanes 7-10). It is impor-
tant to note that excess amounts of cold two-repeat compet-
itor resulted in decreased nucleoprotein complexes and in-
creased free probe compared to the non-competitor control
(lane 2). Similar results were shown with RTBP1, in which
the isolated SMTBD of RTBP1 formed shifted complexes
with at least two-repeat sequences, whereas a single-telomere
repeat did not exhibit any DNA binding activity, suggesting
that the binding site of the isolated SMTBD of RTBPI1 is
contained within the two-telomere repeat sequence
TTTAGGGTTTAGGG [26]. These results suggest that two-
repeats of telomeric sequences are the minimum length re-
quired for binding to GST-AtTBP146!-%40 to form nucleopro-
tein complexes.

3.5. A. thaliana telomere-associated sequences (TAS) are

not able to compete with telomeric repeats in binding

to AtTBPI

DNA sequences, which lie adjacent to telomeric arrays, are

termed TAS. These telomere-associated regions generally con-
tain moderately reiterated DNA sequences which are fre-
quently found at more than one telomere, and occasionally,
at non-telomeric sites [32]. To determine whether A. thaliana
TAS can compete with Arabidopsis telomeric repeats in bind-
ing to GST-AtTBP146!-640 excess molar amounts of four-re-
peats of TTAAGGG (TAS-A), TTCAGGG (TAS-C), and
TTGAGGG (TAS-G) were used as cold competitors (Fig.
5). When 50- and 100-fold excess molar amounts of TAS-A
(lanes 5,6), TAS-C (lanes 7.,8), and TAS-G (lanes 9,10) were
substituted for plant telomeric repeats as competitors, none of
the TASs competed as effectively as AtTR-4 (lanes 3,4). These
results suggest that the SMTBD of AtTBPI1 can bind to telo-
meric DNA with very high specificity.

P GST-AtTBP #1-64

AtTR-4 AtTR-3 AtTR-2 AtTR-1

- - 50X 100X 50X 100X 50X 100X 50X 100X

: Competitor
- 03 03 03 03 03 03 03 03 03 : Protein (pg)

1 2 3 4 5 6 7 8 9 10 : Lane

[ 111 —

Fig. 4. Competition assay for GST-AtTBP14!-%40 binding to radio-
labeled AtTR4 with unlabeled one-, two-, three- and four-telomere
repeats. EMSA showing isolated GST-AtTBP1461-640 protein bind-
ing to the radiolabeled plant four-repeat telomeric DNA in the pres-
ence of unlabeled AtTR-4 (lanes 3,4), AtTR-3 (lanes 5,6), AtTR-2
(lanes 7,8), and AtTR-1 (lanes 9,10).

4 Probe
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P GST-AtTBP #1-640
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1 2 3 4 5 6 7 8 9 10 : Lane

L e

Fig. 5. Competition assay for GST-AtTBP14!1-%40 with A. thaliana
TAS. EMSA was performed with GST-AtTBP1%!-640 protein and
A. thaliana TAS as competitors. Lane 1, probe alone; lane 2, no
competitor; lanes 3.4, titration with unlabeled AtTR-4; lanes 5,6,
TAS-A; lanes 7,8, TAS-C; lanes 9,10, TAS-G. DNA sequences of
TAS-A, TAS-C, TAS-G are shown in Table 1.

In this report, we describe the molecular cloning and
characterization of a gene (A¢tTBPI) encoding an A. thaliana
protein that binds the telomeric repeat sequence found in
plants. A sequence of ~60 amino acids located in the
C-terminus appears to be critical for DNA binding and ex-
hibits extensive homologies with the SMTBD of other well-
known TBPs.

The critical question that remains to be answered is whether
AtTBP1 binds plant telomeres in vivo. The homology dis-
played by AtTBP1 to the SMTBD of other telomeric proteins
suggests that these proteins are functionally associated. Given
the evolutionary conservation of the telomere sequences and
functions, telomeric proteins would also be conserved. Simi-
larly, the ability of AtTBPI to bind specifically the double-
stranded plant telomeric repeat sequences in vitro suggests
that it may play a role in telomere functions in vivo. Further
studies will be required to determine the actual function and
physiological relevance of AtTBP1 in plant cells.
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