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Telomeres consist of nucleoprotein complexes that protect chromosome end structures. Here, we
describe three OsTRBF genes, encoding telomere repeat-binding factors of the single Myb histone family
in rice. The predicted proteins contain a Myb DNA-binding motif and a linker histone H1/H5 domain in

the N-terminal and central regions, respectively. The OsTRBF transcripts were constitutively detected in
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rice plants grown under greenhouse conditions. Gel retardation assays showed that these OSTRBF pro-
teins bind specifically to the plant double-stranded telomeric sequence, TTTAGGG, with markedly differ-
ent binding affinities as judged by their respective dissociation constants. Yeast two-hybrid and in vitro
pull-down assays indicated that both OsTRBF1 and OsTRBF2 interact with one another to form homo- and
hetero-complexes, while OSTRBF3 appeared to act as a monomer. Our results suggest that OsTRBFs play
combinatory roles in the function and structure of telomeres in rice.

© 2008 Elsevier Inc. All rights reserved.

Telomeres, the extreme ends of linear chromosomes, consist of
long stretches of G-rich, tandem DNA repeats [1,2]. Telomeres form
the specialized nuclear protein complexes in which diverse pro-
teins associate with the telomeric repeat sequences. The non-his-
tone double-stranded telomere-binding proteins (DS-TBPs), such
as human TRF1/PIN2 and TRF2 and yeast Rap1 and Tazl, are re-
quired for the structure and function of telomeres [3,4]. The human
telomere complex is composed of six proteins [5]: three subunits
(TRF1, TRF2, and POT1) directly interact with TTAGGG telomere re-
peats, and three additional subunits (TIN2, TPP1, and Rap1) associ-
ate with the complex. This human telomere-protein complex,
shelterin, contains DNA remodeling activity and functions to
change the telomeric DNA structure, thereby protecting the ends
of the chromosomes [5].

DS-TBPs can be divided into two classes according to their
structural properties [6,7]. Members of the first group are typified
by a single Myb-like DNA-binding domain in the C-terminal region,
displaying sequence identity to those proteins of human and yeast.
In Arabidopsis, there are at least 12 TRF-like proteins, six of which
have been shown to bind DS telomeres in vitro [8]. Possible in vivo
functions of DS-TBP NgTRF1 were demonstrated in tobacco BY-2
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suspension cells. Both 355:NgTRF1 and 35S:anti-NgTRF1 transgenic
BY-2 cells exhibited marked changes in telomere length and cell
viability, suggesting that NgTRF1 is involved in the control of telo-
mere length and stability in tobacco cultured cells [9]. In rice, sup-
pression of RTBP1 (RICE TELOMERE BINDING PROTEINT) resulted in
severe and gradual developmental defects accompanied by geno-
mic instability during four consecutive generations (G1-G4) [10].
These results also indicated that RTBP1 plays an important role
in the proper architecture of telomeres.

The second structural class comprises the single Myb histone
(SMH) proteins, which have two unique domains, a Myb domain
and a linker histone H1/H5 motif in their N-terminal and central
regions, respectively. In maize, five SMH genes were identified;
one of these genes, Smh1, encodes a protein that binds to DS telo-
meric repeats in vitro [11]. The Arabidopsis genome contains at
least six homologous SMH genes [12]. AtTRB2 and AtTRB3 both
bind to duplex telomeric DNA in vitro, forming homo- and hetero-
dimeric complexes with one another and with AtTRB1 [13,14].
Intriguingly, AtTRB1 interacted with AtPOT1, a single-stranded
TBP in Arabidopsis [14]. These results raise the possibility that
SMH DS-TBPs participate in regulating the proper structure and
function of telomeres.

As nothing is known about the in vivo functions of SMH DS-
TBPs, here we identified three OsTRBF (Oryza sativa TELOMERE RE-
PEAT BINDING FACTOR) genes that belong to the SMH-type DS-TBP
homolog in rice. RNA expression studies showed that all three
genes were expressed constitutively. Gel retardation assays re-
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vealed that these proteins bind specifically to the plant DS telomer-
ic repeat sequence, TTTAGGG, with markedly different affinities as
estimated by their respective dissociation constants. Both OsTRBF1
and OsTRBF2 interacted with one another to form homo- and het-
ero-complexes, while OsTRBF3 appeared to remain a monomer.
These results suggest that OsTRBFs play combinatory roles in the
function and structure of telomeres in rice.

Materials and methods

Identification of rice OSTRBF genes. A homolog of maize SMH gene
was searched in the rice genome (http://signal.salk.edu/cgi-bin/
RiceGE) using the BLASTN program with the E-value being lower
than 10~ 1% The OsTRBF1 was identified as a homolog of SMH gene,
while OsTRBF2 and OsTRBF3 were identified as homologs of
OsTRBF1.

¢DNA cloning and RT-PCR. Total RNA was extracted from the rice
callus as described previously [15]. To obtain full-length cDNAs for
OsTRBF1, OsTRBF2, and OsTRBF3, first-strand cDNA was synthesized
from 10 pg total RNA and amplified by PCR using high-fidelity Ex-
Taq polymerase (Takara) as previously described [16]. To examine
gene expression levels, total RNAs (5 pg) extracted from various
rice organs were reverse-transcribed, and the cDNAs were ampli-
fied using gene-specific primers, which are shown in Supplemen-
tary Table 1.

Plasmid construction for protein expression in Escherichia coli. For
recombinant protein expression, full-length cDNA fragments were
inserted into the protein expression vectors, pProEx-HTa (Invitro-
gen) and pMAL-c2x (New England Biolabs). Purification of bacteri-
ally expressed proteins was performed as described [17].

Gel retardation assay. DNA probes and competitors used in this
study are shown in Supplementary Table 1. Gel retardation assays
were performed as described [17]. To determine the dissociation
constants, gel retardation assays were repeated using a constant
amount of probe and various amounts of protein as indicated in
Fig. 3. After separation on a 9% non-denatured polyacrylamide
gel, both free and bound probes were quantified using a scintilla-
tion counter (Beckman). The dissociation constants (K4) were cal-
culated by the method previously established [18]. The Ky was
the x-intersect of a plot of log [complex]/[free DNA] versus log
[protein].

Yeast two-hybrid assay. Yeast transformations were performed
using the MATCHMAKER Two-Hybrid System 3 (Clontech) accord-
ing to the manufacturer’s instructions. The yeast strain AH109 was
used in these experiments. For plasmid construction, pGAD T7 was
used as the activation domain and pGBK T7 was used as the bind-
ing domain. After inoculation, the plates were incubated at 28 °C.

In vitro pull-down assay. Recombinant proteins expressed in
E. coli BL21 (DE3) cells were purified by affinity chromatography
using Ni-NTA agarose (Qiagen) for (His)s-tagged proteins and amy-
lose resin (New England Biolabs) for MBP-tagged proteins, respec-
tively, according to the manufacturers’ protocols. In vitro pull-
down and immunoblot analyses were performed as described pre-
viously [19]. Blots were visualized using the chemiluminescent,
horseradish-peroxidase substrate (Millipore) and then exposed to
Kodak BioMax ML film.

Results and discussion
Identification and characterization of three OsTRBF genes in rice plants

In vivo functions of C-terminal Myb DS-TBPs were recently de-
scribed in tobacco and rice [9,10]. In contrast, although SMH-type
DS-TBPs were identified in maize and Arabidopsis [11,13,14], their
cellular functions are yet to be determined. A database search re-

vealed three putative SMH-type DS-TBP genes in rice, and we des-
ignated them as OsTRBFs (Oryza sativa TELOMERE REPEAT BINDING
FACTORs). To gain insight into the function of OsTRBFs, we first pro-
ceeded to isolate their cDNAs. Total RNA was extracted from rice
callus, and full-length ¢cDNAs for OsTRBF1, OsTRBF2, and OsTRBF3
were obtained by RT-PCR. The coding regions of OsTRBF1 (GenBank
Accession No. NP_001043442), OsTRBF2 (GenBank Accession No.
NP_001067263), and OsTRBF3 (GenBank Accession No.
NP_001044023) are 900 bp encoding 300 amino acids (32.7 kDa),
891 bp encoding 297 amino acids (32.1 kDa), and 912 bp encoding
304 amino acids (33.0 kDa), respectively (Fig. 1A). OsTRBF1 and
OsTRBF2 are 51% identical to each other, while they are 26-29%
identical to OsTRBF3. Thus, OSTRBF1 and OsTRBF2 share a higher
homology with one another, and OsTRBF3 is a more divergent
member of the family. OSTRBF1 and OsTRBF2 are 50-72% identical
to the SMH protein from monocot maize (ZmSMH1) [11] and 41-
51% identical to those from dicot Arabidopsis (AtTRBs) [13,14]. On
the other hand, OsTRBF3 is only 28% homologous to ZmSMH1
and AtTRBs. All three OsTRBFs share a relatively low degree of se-
quence identity (26-30%) with the parsley protein (P)cMYB1) [20],
consistent with the notion that SMH genes comprise a divergent
gene family (Fig. 1B and C). As is the case for other SMH proteins,
each OsTRBF contains a Myb domain and a linker histone motif in
the N-terminal and central regions, respectively. The Myb and lin-
ker histone domains are significantly conserved with the corre-
sponding regions in the maize, Arabidopsis, and parsley proteins
mentioned above (65-90% and 26-79%, respectively). Collectively,
this structural conservation suggests that OsTRBFs are SMH-type
DS-TBP homologs in rice.

To examine the spatial and temporal expression patterns of
OsTRBFs, we monitored the corresponding mRNA levels in different
vegetative and reproductive tissues of rice by RT-PCR using gene-
specific primers. As shown in Fig. 1D, substantial levels of OSTRBF
transcripts were detected at every developmental stage and in
every tissue examined in rice plants grown under greenhouse con-
ditions. However, the relative expression patterns of the three
mRNAs significantly varied in these tissues, with the OsTRBF1 tran-
script exhibiting the lowest expression level. The amounts of the
OsTRBF2 and OsTRBF3 mRNAs were somewhat similar.

OsTRBFs bind specifically to plant DS telomeric sequences in vitro

To explore whether OsTRBFs can bind telomeric DNA, OsTRBFs
were expressed in E. coli, and the purified proteins were used in
a gel shift assay with 32P-labeled plant telomeric repeat-4 (PTR-
4) that included four plant duplex telomeric DNA repeats,
(TTTAGGG)4. All three OsTRBFs gave rise to a single, discrete
DNA-protein complex that migrated slower than the free probe,
and one additional minor band (Fig. 2A, lanes 10-12). The intensi-
ties of these shifted bands increased proportionally upon the addi-
tion of increasing amounts (0.5-1 nug) of OsTRBFs. To examine the
minimum number of telomeric repeats that are required for
OsTRBF binding, we repeated the gel retardation assay using
probes (PTR-1, PTR-2, PTR-3, and PTR-4) with different numbers
(1-4) of telomeric DNA repeats. Fig. 2A shows that OsTRBFs can
only form complexes with probes containing three or more contig-
uous TTTAGGG repeats. Thus, under these experimental condi-
tions, the minimum length of telomeric DNA bound by OsTRBFs
in vitro spans at least three repeats, suggesting that OsTRBFs re-
quire three TTTAGGG repeats for efficient complex formation.

The DNA-binding capacity of OsTRBFs was next assessed by
competition assays, which showed that a 50-fold excess of cold
DS PTR-4 was sufficient to displace the labeled probe (Fig. 2B, lane
3). The results revealed that, in the presence of a 100-fold molar
excess of human DS telomeric repeats (HTR-4), binding capacities
of OsTRBF1, OsTRBF2 and OsTRBF3 to PTR-4 were reduced to
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Fig. 1. Sequence analysis of OSTRBFs. (A) Schematic structures of OsTRBF1, OSTRBF2, and OsTRBF3 proteins. The N-terminal Myb DNA-binding domain and the central linker
histone domain are indicated. (B) Comparison of the derived amino acid sequences of OsTRBFs with the SMH proteins from maize (ZmSMH1), Arabidopsis (AtTRBs), and
parsley (PcMYB1). Amino acid residues that are conserved in at least five of the eight sequences are shown in green, while amino acids identical in all eight proteins are shown
in blue. (C) Phylogenetic relationship of plant SMH family members from rice, maize, Arabidopsis, and parsley. (D) Expression profile of OsTRBF transcripts. Total RNAs were
extracted from various tissues as indicated and analyzed by RT-PCR using gene-specific primers as described in ‘Materials and methods’. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)

approximately 50%, 10%, and 30% of the original levels, respectively
(lanes 5 and 6). This was probably due to the similar sequences of
plant (TTTAGGG) and human (TTAGGG) telomeres, implying that
the association between OsTRBF1 and PTR-4 was the strongest
and most specific. In contrast, Caenorhabditis elegans DS telomere
sequence (CTR-4), as well as non-specific DNA (NS), failed to com-
pete with PTR-4 (lanes 7-10). Furthermore, single-stranded telo-
meric repeats did not exert any detectable effects on the DNA-
binding capacity of OsTRBFs (Fig. 2B, lanes 11 and 12).

Determination of the dissociation constants of OsTRBFs to PTR-4

Since the binding of OsTRBF1 to telomeric repeats appeared to
be stronger and more specific than those of OsTRBF2 and OsTRBF3
(Fig. 2), we estimated the in vitro DNA-binding affinities of these
proteins. The dissociation constant for the binding of each full-
length OSTRBF to PTR-4 was calculated from a quantitative gel
mobility shift assay as described in ‘Materials and methods’
(Fig. 3A). The plots in Fig. 3B depict the log of the concentration
of the DNA-protein complex divided by the concentration of free
DNA probe versus the log of the protein concentration; the dissoci-
ation constant was the x-intersect on the plot. As shown in Fig. 3C,
the dissociation constant of OsTRBF1 to PTR-4 was determined to
be 3.0 £ 0.4 x 1077 M, while those of OsTRBF2 and OsTRBF3 were
8.3+0.1 x 1077 M and 5.7 +0.8 x 10”7 M, respectively. These re-
sults indicate that OsTRBF1 binds to PTR-4 most strongly and that
OsTRBF2 binds most weakly. Thus, these results are also in agree-
ment with those of Fig. 2B, which show that HTR-4 interferes more
with the interaction between OsTRBF2 and PTR-4 compared to that
of OsTRBF1 and PTR-4. Overall, the gel retardation experiments
suggest that bacterially expressed full-length OsTRBFs bind specif-

ically to the plant DS telomeric sequence, but the binding affinities
of individual proteins are markedly different.

Yeast two-hybrid assays suggest homo- and heterodimer formation of
OsTRBF1 and OsTRBF2

The mode of TBP binding to telomeric repeats appears to be
dependent on the structure of individual TBPs. For example,
Rap1, a DS-TBP in budding yeast, contains two Myb repeats and
interacts with telomeric DNA as a monomer [21]. Yeast Taz1 and
human TRF1 and TRF2 differ from Rap1 in both amino acid se-
quence and overall architecture; each binds to DNA as a homodi-
mer via a single Myb DNA-binding domain located at the C-
terminus [22-24]. Similarly, Arabidopsis TRF-like proteins and to-
bacco NgTRF1 form dimers to interact with telomeric sequences
[8,25,26]. A recent study showed that Arabidopsis AtTRB2 and AtT-
RB3, which belong to the SMH-type DS-TBPs, bind to one another
to form homo- and heterodimeric complexes [13,14]. Since
OsTRBFs also harbor a single N-terminal Myb-like domain and a
single linker histone motif, we considered the possibility that they
also bind to telomeric DNA as dimers. To test this possibility, we
decided to employ yeast two-hybrid (Y2H) analysis. OsSTRBFs were
individually fused to the GAL4-binding domain (BD) and co-ex-
pressed in yeast with OsTRBFs fused to the GAL4-activation do-
main (AD) as described in ‘Materials and methods’. The results
showed that both BD-OsTRBF1 and BD-OsTRBF2 interacted with
either AD-OsTRBF1 or AD-OsTRBF2 as evidenced by the selective
growth of yeast cells on medium lacking His (Fig. 4B). These results
indicate that OsSTRBF1 and OsTRBF2 form homo- and hetero-com-
plexes in yeast cells. In contrast, under our experimental condi-
tions, OSTRBF3 did not bind itself. Additionally, neither OsTRBF1
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Fig. 2. Gel retardation assays showing full-length OsTRBFs binding to plant double-stranded telomeric DNA. (A) Gel retardation assays were performed with radiolabeled
PTR-1 (lanes 1-3), PTR-2 (lanes 4-6), PTR-3 (lanes 7-9), or PTR-4 (lanes 10-12). Each set of lanes contained 0, 0.5, or 1.0 pg of bacterially expressed, full-length OsTRBFs,
respectively. (B) Sequence-specific binding activity of OsTRBFs to plant double-stranded telomeric DNA. Full-length OsTRBFs (0 or 0.5 pg) were added to each reaction
mixture. Lanes 1 and 2, radiolabeled PTR-4 probe; lanes 3 and 4, titration with cold PTR-4 as a competitor; lanes 5-10, titration with cold human (HTR-4), C. elegans (CTR-4),
and non-specific DNA (NS) as competitors; lanes 11 and 12, titration with cold G-rich (TTTAGGG) and C-rich (AAATCCC) single-stranded DNA as competitors.

nor OsTRBF2 were able to associate with OsTRBF3 (Fig. 4B). As a
control for specificity, we repeated the Y2H experiment using
two versions of a deletion mutant of OsTRBF1, OsTRBF1'~128 (AC
mutant) and OsTRBF1'29-3% (AN mutant). As shown in Fig. 4B,
OsTRBF1'29-3%0 effectively interacted with OsTRBF1 and OsTRBF2,
while OsTRBF1'~'28 which primarily consists of the N-terminal
Myb domain, failed to bind OsTRBF1 and OsTRBF2, indicating that
the ability to interact resides in the C-terminal region.

In vitro pull-down assays indicate physical interaction of OSTRBF1 and
OsTRBF2

To further substantiate the interactions of OsTRBF1 and
OsTRBF2, we carried out in vitro pull-down assays. OsTRBF1 and
OsTRBF2 were expressed as MBP- or (His)s-fusion proteins in
E. coli. Purified fusion proteins were co-incubated in the presence
of an amylose-affinity matrix. Bound protein was then eluted from
the resin by the addition of 10 mM maltose and immunoblotted
with anti-MBP or anti-His antibody. Fig. 4C shows that (His)s-
OsTRBF1 and (His)s-OsTRBF2 were effectively pulled down from
the amylose resin by either MBP-OsTRBF1 or MBP-OsTRBF2. These

results imply that both OsTRBF1 and OsTRBF2 physically interact
with one another in vitro. As found in the Y2H analysis,
OsTRBF1'2973% wwhich lacks the N-terminal Myb domain, was able
to bind both OsTRBF1 and OsTRBF2 (Supplementary Fig. 1A and B).
In contrast, OsTRBF3 did not bind any of the OsTRBFs (Supplemen-
tary Fig. 1C-E). A closer inspection of the immunoblots suggests
that the interaction between OsTRBF1 and OsTRBF2 was relatively
weaker than those of the homo-complexes (Fig. 4C-(c) and Supple-
mentary Fig. 1B). Overall, both the Y2H and in vitro pull-down
experiments are consistent with the theory that OsTRBF1 and
OsTRBF2, which belong to the closely related family, exist as
homo- and hetero-complexes, while OsTRBF3, a more divergent
member, is a monomer. These results raise the possibility that
OsTRBF1 and OsTRBF2 form homo- and hetero-dimers. However,
further experiments are required to obtain the exact stoichiometry
of interaction to ascertain whether they form dimers or higher
complexes.

Thus, the binding mode of OsTRBFs to telomeres correlates with
a conservation of their primary structures. In this regard, it should
be noted that each OsTRBF binds to PTR-4 with markedly different
affinity, with OSTRBF1 being the strongest (Figs. 2 and 3). With this
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in mind, we speculate that OsSTRBF1 is a major SMH-type DS-TBP,
while both OsTRBF2 and OsTRBF3 function as supplementary pro-
teins in telomeres. These combinatory roles of three different DS-
TBPs would permit the plant to fine-tune its cellular responses to
protect the structures of the extreme ends of chromosomes. How-
ever, we cannot rule out the possibility that the more divergent
OsTRBF3, which is a monomer and has a lower affinity for telo-
meres, may have additional roles, perhaps as a transcription factor.
This idea is consistent with the fact that the SMH families comprise
a large gene family with subsets of genes that have distinct cellular
functions [12]; the parsley SMH protein, PcMYB1, for example, acts
as a transcription factor [20]. Further experiments are now re-
quired to define more precisely the cellular and physiological func-
tions of individual OsTRBFs in rice plants.
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