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Abstract. AtTRP1 isan Arabidopsis protein that binds duplex telomeric DNA in vitro. Here we showed that knock-
out of AtTRP1 did not change significantly the telomere length in plant. This implies that either AtTRP1 does not
participate in the regulation of telomere length or the Arabidopsis genome contains other genes functionally redun-
dant to AtTRP1. Sequence analysis of Arabidopsis genome together with molecular cloning enabled us to identify
two additional genes AtTRP3 and AtTRP4 and the corresponding cDNA clones encoding AtTRP1-like proteins. The
C-terminal regions of both AtTRP3 and AtTRP4 proteins bind specifically duplex telomeric DNA in vitro. The
amino acid sequence of AtTRP4 is identical to that of another Arabidopsis protein TRFL1 except with an internal
deletion of six amino acids, suggesting that AtTRP4 and TRFL1 may be derived from the same gene by alternative
splicing. This speculation was further confirmed by DNA sequence analysis of RT-PCR products specific for AtTTRP4
and TRFL1 transcripts. Our data together with reports from other researchers revealed that Arabidopsis contains at
least seven different duplex telomeric DNA-hinding proteins encoded by a six-member gene family, named AtTRP.
We proposed that some members of the AtTRP family may be functionally redundant in the regulation of telomere
length in Arabidopsis.
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Telomeric DNA-binding protein.

I ntroduction

Telomeres are unique structures that are found at the
ends of chromosomes in most eukaryotes and essential for
the maintenance of the integrity of those chromosomes and
for genome stability (Blackburn, 2001). Telomeric DNA
consists of short DNA repeats, which are tandem arrayed
and terminated with a single-stranded 3" G-rich overhang.
The synthesis of telomeric DNA at the chromosome end
is primarily catalyzed by the telomerase. However, the ac-
cess to telomerase is regulated by various factors, includ-
ing the duplex telomeric DNA-binding proteins such as
Raplp in budding yeast, Tazlp in fission yeast, and TRF1
and TRF2 in human cells (Smogorzewska and de Lange,
2004; Vegaet d., 2003).

The protein Raplp negatively regulates telomere length
(Marcand et al., 1997) in addition to controlling the tran-
scription of multiple genesin budding yeast (Shore, 1994).
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The C-terminal protein-interaction domain of Raplpisre-
quired for the regulation of telomere length (Kyrion et al.,
1992; Marcand et al., 1997) and for telomere clustering
(Levy and Blackburn, 2004). It has been proposed that
the recruitment of other proteins to telomere by the C-ter-
minal domain of Regplp can prompt the telomere to form a
high-order structure inaccessible to telomerase (Levy and
Blackburn, 2004).

Tazlp contains a Myb DNA-binding domain at its C-
terminus and deletion of this C-terminus results in telom-
ere lengthening (Cooper et a., 1997), indicating that Tazlp
plays a negative role in the maintenance of telomere length
in fission yeast. Although Tazlp was predicted to have a
dimerization domain at N-terminus (Fairdl et al., 2001), gel
filtration analysis of purified Tazlp revealed that the na-
tive form of Tazlp can be as big as hexamers (Tomaska et
a., 2004). Incubation of artificia telomeres with purified
Tazlp prompted telomeric DNA to form at-loop structure
on which the associated Taz1lp particles were also esti-
mated to be hexamers (Tomaska et al., 2004). This obser-
vation implied that binding of Tazlp to telomeric DNA as
oligomers may be important for t-loop formation and the
regulation of telomere length in fission yeast.
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Humean telomeric proteins TRF1 and TRF2 also contain
aMyb DNA-binding domain at the C-terminus and a pro-
tein-dimerization domain in the central region of each pro-
tein (Chong et a., 1995; Bilaud et al., 1997; Broccoli et dl.,
1997; Fairall et al., 2001). TRF1 negatively regulates te-
lomere length in human cells (van Steensel and de Lange,
1997). Binding of TRF1 inducesthe conformational change
of telomeric DNA which may become inaccessible to
telomerase (Bianchi et al., 1997; Griffith et a., 1998). Hu-
man TRF2 promotes telomeres to form a t-loop structure
which is thought to protect telomeres from end-to-end fu-
sions (van Steensel et d., 1998; Griffith et a., 1999).

We have previously described an Arabidopsis protein
AtTRP1 which binds duplex telomeric DNA in vitro (Chen
et al., 2001). Thisprotein containsasingle Myb-like DNA-
binding domain at the C-terminus. Proteins highly homolo-
gous to AtTRP1 have been identified in other plants such
as maize (Lugert and Werr, 1994), pardey (daCostae Silva
etal., 1993), rice (Yu et a., 2000) and tobacco (Yang et d.,
2003), indicating that AtTRP1-like proteins are widely dis-
tributed in both monocotyledonous and dicotyledonous
plants. Moreover, recent papers reported that the
Arabidopsis genome contains six genes which encode a
family of duplex telomeric DNA-binding proteins includ-
ing AtTBP1, AtTRP1, TRFL1 and TRFL9 (Hwang et al.,
2001; Karamyshevaet d., 2004). Here we show that knock-
out of AtTRP1 did not cause a significant change in te-
lomere length in Arabidopsis. Analysis of genome
seguence along with molecular cloning enabled us to iso-
|ate two additional genes, AtTRP3 and AtTRP4, which en-
code proteins not only highly homologous to AtTRP1 but
that also bind telomeric DNA in vitro. The protein AtTRP3
isidentical to TRFL9, while AtTRP4 and TRFL 1 are derived
from the same gene by alternative splicing. Our results
together with another report (Karamyshevaet al., 2004) re-
veal that the Arabidopsis genome contains six genes en-
coding at least seven duplex telomeric DNA-binding
proteins. Some of these proteins may be functionally re-
dundant with each other.

Materials and M ethods

Plant Growth

Arabidopsis thaliana plants were grown in an environ-
mental growth chamber at 22°C with a 16-h photoperiod.
To identify and characterize the knockout mutants, seeds
were surface-sterilized and germinated on solid medium
containing half-strength MS salt (Murashige and Skoog,
1962) with or without 50 pug/ml kenamycin.

Oligonucleotides

The primers described in this paper are listed in Table
L

|solation of AtTRP1 Knockout Mutant

The pooled DNA samples from T-DNA insertion lines
of the Ws ecotype, generated by the Arabidopsis Knock-
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out Fecility at The University of Wisconsin (Krysan et al.,
1999), were screened by the PCR-based method (M cKinney
et al., 1995) to identify mutants with T-DNA insertion in
AtTRP1. The PCR products were subjected to Southern
blot analysis using an AtTRP1-specific probe, and the DNA
fragments detected by the probe were purified and se-
guenced to define the site in AtTRP1 where the T-DNA
wasinserted. PCR conditionswere 3 min at 94°C, followed
by 40 cycles (94°C, 45 s; 65°C, 1 min; 72°C, 2 min) and a
final extension at 72°C for 7 min. One plant heterozygous
for amutation in the AtTRPL1 locus, named attrpl-1, was
identified and self-pollinated to produce homozygous
plants, which were maintained by self-pollination for sub-
sequent experiments.

Characterization of attrpl-1 Knockout Mutant

Analysis of the AtTRP1 transcript in both wild-type
plants and mutant plants homozygous for attrpl-1 was per-
formed by reverse transcriptase-mediated PCR (RT-PCR).
To measure telomere length, terminal restriction fragment
(TRF) analysis was performed (Allshire et al., 1989). Ge-
nomic DNA was extracted from pooled 16-day-old seed-
lings using the DNeasy Plant Kits (Qiagen, Nalencia, CA).
The DNA was digested with Msel, fractionated by elec-
trophoresisin a 0.5% agarose gel, Southern transferred to
anylon membrane and probed with (TTTAGGG), end-la-
beled with digoxigenin (DIG)-11-ddUTP (Roche Applied
Sci., Germany). Hybridization and detection conditions
were described previously (Chen et al., 1997).

Isolation and Characterization of cDNA Clones
Encoding AtTRP1 Homologs

An NCBI BLASTP search of the A. thaliana genome
identified five putative genes, At1g07540, At3g12560,
At3g46590, At3g53790 and At5913820, which encode
AtTRP1 homologs. The cDNASs corresponding to
At1g07540, At3g53790 and At5g13820 have been cloned
and shown to encode a duplex telomeric DNA-binding pro-
tein (Hwang et al., 2001; Karamysheva et al., 2004). To
clone the cDNA corresponding to At3g12560, fragments a
and b were amplified from the CD4-15 library provided by
the Arabidopsis Biological Resource Center (ABRC) us-
ing primer pair AtTRP3F and T7, and primer pair AtTRP3R
and T3, respectively. Fragment a was cut with Xbal plus
Hindlll, and fragment b was cut with BamHI plus Xbal.
The largest fragments recovered from both digestions
were ligated to pUC18 cut with BamHI plus Hindl 1 to ob-
tain a 2.3 kb cDNA clone, named AtTRP3 (GenBank ac-
cession number AY 181997).

To clone the cDNA corresponding to At3g46590, frag-
ments ¢ and d were amplified from a Clontech library (Chen
et al., 2001) using primer pair AtTRP4F and GADP2, and
primer pair AtTRP4R and GADPL, respectively. Both PCR
products were digested with EcoRI, and the largest frag-
ments recovered from both digestions were ligated to
pUC18 cut with EcoRI to obtain a 2.2 kb cDNA clone,
named AtTRP4 (GenBank accession number AY 395985).
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Table 1. The sequences of the primers described in this paper.
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Primers Sequences (5 —3) Use
AtTRP1F AATAAGCCATTGATCAACAATCTTCTTTT Isolation of mutants
AtTRP1R GACCTCCAAGGCTGCAGCAGATTCATTTA Isolation of mutants
JL202 CATTTTATAATAACGCTGCGGACATCTAC Isolation of mutants
XR2 TGGGAAAACCTGGCGTTACCCAACTTAAT Isolation of mutants
€2/3F ATCCGCCCGGAAGAGGCGCAGTA Analysis of mutants
e7/8R CAACGGGTGACTAGTTAACAGTTGA Analysis of mutants
€8/9R AACATCTCTCCACCTTCCAGTACCGA Analysis of mutants
€9/10R CCATTTATCCTTGAGATCTACGTAAGT Analysis of mutants
AtTRP3F TGTGATGAAAATCTAGACAACCTT cDNA cloning
AtTRP3R AAGGTTGTCTAGATTTTCATCACA cDNA cloning
AtTRP4F GGCCTCCTAACCGTAAGTTT cDNA cloning
AtTRP4R ATACACAAAGGTTCTTTAGACCAAGAACCT cDNA cloning
T7 TAATACGACTCACTATAGGG cDNA cloning
T3 AATTAACCCTCACTAAAGGG cDNA cloning
GADP1 CTATTCGATGATGAAGATACCCCACCAAACCC cDNA cloning
GADP2 GTGAACTTGCGGGGTTTTTCAGTATCTACGAT cDNA cloning
AtTRP3cF2 TAAGCGTACTCGAGCTAGCCCA cDNA subcloning
AtTRP3cR1 GTCATTTACGGATCCCAAAGCAAGG cDNA subcloning
AtTRPACF2 TAAAAGGACTCGAGCAGCAGCT cDNA subcloning
AtTRP4cR1 ATACACAAAGGATCCTTAGACCAAGAACCT cDNA subcloning
€3/4f1 CTAGACATTGGAAAGGAGATGCAAAG RT-PCR
€3/4f2 GTTCGAAGAACAACACAGATGCAAAG RT-PCR
TRP4e4/5R TTCTGCTTCCTTTATGAGTCTTTCC RT-PCR
AtTBP1el/2F TGGCTTGTTAGGTTGTTGTTT RT-PCR
AtTBP1e8/9R TTCCATTTGTCCTTCAAGTCCA RT-PCR
TRP1el/2F CAGATTTAAAGGTTGGGAATTACATT RT-PCR
TRP3el/2F GTGGCTGATAGTGATATGCATA RT-PCR
TRP3e8/9R TTCCATTTGTCCTTCAAGTCCA RT-PCR
TRP4el/2F TTCATCGAAAGATTGGTGAGTT RT-PCR
TRP4e9/10R TTCCACTTATCCTTGAGATCAA RT-PCR
TUA4F ATGGCATTCAGCCTGATGGCCAGAT RT-PCR
TUA4R AGAGTGAGTGGAGAGGACACTGTT RT-PCR

To find out whether proteins AtTRP3 and AtTRP4 bind
plant telomeric DNA, the cDNA regions encoding the po-
tential DNA-binding domains of both proteins were am-
plified from the corresponding full-length cDNA clones by
PCR and subcloned into the Xhol and BamHI sites of plas-
mid pET15b (Novagen, Madison, WI). Plasmids were
transformed into Escherichia coli BL21 (DE3) to
overexpress the corresponding proteins (Chen et al., 2001).
Crude bacterial extracts were prepared and 1 Wl of each ex-
tract containing 5-10 pg protein was examined for telomeric
DNA-binding activity by gel-shift assay. Primer pairs
AtTRP3cF2 and AtTRP3cR1, and AtTRP4cF2 and
AtTRPA4cR1 were used, respectively, for subcloning and
expression of AtTRP3 and AtTRP4,_, . peptidesin
bacteria.

502-619

Reverse Transcription-Polymerase Chain Reac-
tion (RT-PCR)

RNA was isolated either from various tissues or from
whole seedlings of Ws ecotype using the RNeasy Mini
Kit (Qiagen). Total RNA (1 pg) from each sample was used
for the synthesis of cDNA using the Titan One Tube RT-
PCR Kit (Roche). All of the primers except TUA4R used

for RT-PCR were annealed to sequences in exons on both
sides of an intron. The primer TUA4R was annealed to
exon 2 of the tubulin 4o (TUA4) gene of Arabidopsis
(Kopczak et al., 1992). RT-PCR conditionswere 30 min at
50°C to synthesize theinitial cDNA, followed by 2 min at
94°C, 40 cycles (94°C, 30 s; 60°C, 30 s; 68°C, 2 min) and a
final extension at 68°C for 7 min.

Results

Identification of attrpl-1 Allele

To understand the biological function of AtTRP1, aplant
heterozygous for attrpl-1 was identified from a collection
of 60,480 T-DNA insertion lines using a PCR-based
procedure. The heterozygous mutant was allowed to self-
pollinate, and the progeny were tested for kanamycin re-
sistance carried by the inserted T-DNA and analyzed by
PCR for the isolation of mutants homozygous for attrpl-
1. The T-DNA insert in the heterozygous mutant was in-
herited in a Mendelian manner, and one-fourth of the
progeny were found to be homozygous for attrpl-1 (26/
106). PCR analysis using the T-DNA left border primer
JL202 along with AtTRP1F or AtTRP1R generated frag-
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ments of 1.6-kb or 0.9-kb, respectively, from the genomic
DNA of plants carrying attrpl-1 (Figure 1A). A 2.5-kb
fragment was amplified by PCR from the genomic DNA of
wild-type plants and heterozygous mutants but not from
the genomic DNA of mutants homozygous for attrpl-1
using the oligonucleotides AtTRP1F and AtTRP1R as prim-
ers (Figure 1A). Sequence analysis of the 1.6-kb and 0.9-
kb mentioned above revealed that attrpl-1 contained an
inverted T-DNA repeat at the junction of exon 7 and in-
tron 7 of AtTRP1 (Figure 1A).

The nature of attrpl-1 was studied further by RT-PCR.
AtTRP1 mRNA-specific primers (Table 1, Figure 1A) were
used in various combinations to amplify the AtTRP1 tran-
script from the wild-type Ws plants and the attrpl-1 ho-
mozygous mutants (Figure 1B). Coupling the forward
primer e2/3F with any one of the reverse primers can am-
plify DNA fragments with expected sizesfrom the total RNA
of wild-type plants (Figure 1B, lanes 1-3). A DNA frag-
ment was amplified from the total RNA of the attrpl1-1 mu-
tant in the reaction containing primers e2/3F and €7/8R
(Figure 1B, lane 5) but not in those containing primers €2/
3F and e8/9R or €9/10R (Figure 1B, lanes 4 and 6), sug-
gesting that the transcript of attrpl-1 is deficient in ex-
ons 8 to 10 of AtTRP1. Based on PCR and RT-PCR
analysis, the structure of the peptide encoded by attrpl-
1 was predicted and shown schematically in Figure 1C.

No Significant Change in Telomere Length in
Plants Carrying attrpl-1

Plants homozygous for attrpl-1 did not exhibit obvi-
ous morphological changes even after they were main-
tained for nine generations by self-pollination. TRF
anaysis of DNA from a pool of mutant seedlings from each
generation revealed that telomeres generally became
shorter, but with occasional |engthening, during the first
five generations. From the sixth generation (T6) on, the
telomeres gradually became stable, but were only slightly
shorter than those of wild-type plants (Figure 1D). Since
avariation in telomere length was also observed among
individual plants of wild-type Arabidopsis (Shakirav and
Shippen, 2004), a slight shortening in telomere length can
not be regarded as the result of a single mutation in
ATRPL.

Multiple Genes in the Arabidopsis Genome En-
coding Duplex telomeric DNA-Binding Proteins

Mutants homozygous for attrpl-1 displayed only a
slight decrease in telomere length after long-term mainte-
nance (Figure 1D), raising the possibility that the
Arabidopsis genome may contain other AtTRP1 homologs
which can maintain telomere length in the absence of
AtTRP1. Searching the Arabidopsis genome sequence fol-
lowed by molecular cloning enabled us to identify two
cDNA clones, AtTRP3 and AtTRP4, which encode proteins
highly homologous to AtTRP1 (Figure 2). We consider
these proteins, therefore, to be members of the AtTRP
family. At least five regions along these protein sequences
were predicted or confirmed to have biological functions
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(Figures 1 and 2). The sequencesin regions |, Il and 11l
arerich in basic residues and have been predicted previ-
oudly to contain nuclear localization signals (NLS) (Chen
et a., 2001). TheN-terminal region of the tobacco telomeric
DNA-binding protein NgTRF1 also contains sequences
similar to those in regions |-111 of the AtTRP family (Yang
et al., 2003). Fusion of thisN-terminal peptide of NgTRF1
to a green fluorescent protein (GFP) enabled the GFP to
be transported into plant nuclei (Yang et al., 2003). The
sequence in region 1V is homologous to ubiquitin
(Buchberger, 2002) and is defined as the ubiquitin domain.
Region V in AtTRP1 has been confirmed to be essential
for specific telomeric DNA-binding activity (Chen et al.,
2001). In addition, several short sequencesin all of these
proteins were found to be the consensus binding motif of
the smadll ubiquitin-like modifier (SUMO), ¢KXE(D), where
¢ isalarge hydrophobic amino acid, K islysine to which
SUMO is conjugated, X is any amino acid, and E and D
are glutamic acid and aspartic acid, respectively (Melchior,
2000).

During the preparation of this manuscript, several du-
plex telomeric DNA-binding proteins, including TRFL 1 and
TRFL9 in Arabidopsis were reported (Karamyshevaet al.,
2004). Sequence comparison revealed that the amino acid
sequence of AtTRP3 was identical to that of TRFL9
(Karamyshevaet a., 2004), demonstrating that they are the
same clone (data not shown). The amino acid sequence
of AtTRP4 was also identical to that of TRFL 1 except that
an internal deletion of six amino acids was observed in
AtTRP4 (Figure 3A), implying that they may be derived
from the same gene by aternative splicing. To verify this
speculation, the forward primers e3/4f1 and e3/4f2, specific
for AtTRP4 and TRFL1, respectively, were coupled sepa-
rately with a common reverse primer e4/5R for RT-PCR
analysis of the total RNA from leaves (Table 1 and Figure
3B). A DNA fragment with an expected size of around 150
bp was amplified from each reaction (Figure 3C). Sequence
analysis of each DNA fragment revealed that they were
derived from different parts of At3g46590 that shared a
common sequence (Figure 3B and D), confirming that both
cDNA clones originated from At3g46590 by alternative
splicing. The amount of RT-PCR product for AtTRP4
(Figure 3C, lane 1) was less than that for TRFL1 (Figure
3C, lane 2), implying that the mRNA of AtTRP4 is quanti-
tatively different from that of TRFL1 in Arabidopsis |eaves.

The C-terminal regions of AtTRP3 and AtTRP4, which
correspond to the DNA-binding domain of AtTRP1 (Chen
et al., 2001), were produced in E. coli and assayed for
telomeric DNA-binding activity (Figure 4A and B). As
expected, the bacterial extract containing each peptide
formed complexes with the double-stranded DNA probes
containing plant telomeric repeats. This complex forma-
tion can be prevented effectively by the duplex oligonucle-
otides containing the Arabidopsis telomeric sequence
(G,T,AG), but not by duplex oligonucleotides containing
the human telomeric sequence (T,AG,),, indicating that
both proteins bind specifically to plant telomeric DNA in
vitro.
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Figure 1. ldentification and TRF analysis of a mutant homozygous for attrpl-1. A, Schematic representation of AtTRP1 and
attrpl-1. The T-DNA from the plasmid pD991 was integrated as an inverted repeat after the nucleotide 2626 of AtTRP1 to create
attrpl-1. Nucleotides 2627 to 2637 of AtTRP1 were deleted in attrpl-1. The positions of the primers, used in the PCR reactions
for the identification of the mutant, or in RT-PCR reactions for the characterization of the gene transcript, are shown on the map.
Open boxes represent the exons and solid boxes stand for exons encoding the DNA-binding domain; B, RT-PCR analysis of the
transcripts of AtTRP1 and attrpl-1. Total RNA isolated from the seedlings of wild-type plants (Ilanes 1-3) or mutant plants homozy-
gous for attrpl-1 (lanes 4-6) was RT-PCR amplified using mRNA-specific oligonucleotides as primers (shown above each lane). M,
the molecular weight markers; C, Schematic description of the structural relationship between AtTRP1 and attrp1-1 proteins. Open
boxes represent predicted or confirmed domains. Domains | to |11 are potential nuclear localization signals (NLS) (Chen et al.,
2001). Domain IV is homologous to ubiquitin (Buchberger, 2002), and domain V is required for telomeric DNA-binding activity
(Chen et al., 2001); D, TRF analysis of DNA from wild-type plants and mutant plants homozygous for attrpl-1. Genomic DNA

from a pool of seedlings from each generation of the mutant or from wild-type seedlings (Ws) was subjected to TRF analysis. T1-
T9 indicates different generations.
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AtTRP1 : C NRVLN 1 548
AtTRP3 ; ELGA GRWR S RAY 589
AtTRP4 : RWRDVKVR KAHAYW 527
AtTRP1 TOQOMQOLOQ NVNKLEQETQ SQTTEGLLLL 578

AtTRP3 SOHOGKHQAR GASKDPDMNR GGAFESGVSV 619

AtTRP4 HLMHQLOT o0 osnis PP STQVEAL... 547

Figure 2. Alignment among the AtTRP1, AtTRP3, and AtTRP4. Residues in proteinsidentical or similar to those in AtTRP1 are
in blue. Residuesin proteinsidentical or similar to AtTRP4 arein red. SUMO binding sites are underlined. Homologous regions
with potential or confirmed function are labeled with Roman numbers | to V.

Co-expression of AtTRP Members in Different
Tissues

RT-PCR was gpplied to analyze the expression patterns
of AtTRP members among different tissues (Figure 5).
While the amount of the transcript of the control gene
TUA4 was the same in different tissues, the amount of the
transcript of each AtTRP member varied during plant
development. For instance, the amount of the AtTRP3 tran-
script in rosette leaves and floral buds was much higher
than in roots and stems while the amount of the AITRP1
transcript was low in rosette leaves, stems and floral buds
and undetectable in roots. Similarly, the AtTBP1 transcript
was detected in roots, stems, and floral buds but not in

rosette leaves, and the AtTRP4 transcript was lower in
roots than in rosette leaves, stems and floral buds. In
addition, RT-PCR analysis also indicated that both AtTTRP4
and TRFL1 transcripts coexisted in rosette leaves, stems,
and floral buds (data not shown). Generally speaking, this
result indicates that at least three AtTRP members are tran-
scribed in each tissue examined.

Discussion

Although AtTRP1 was shown to bind duplex telomeric
DNA invitro (Chen et d., 2001), the mutent plant of attrpl-
1 did not display a significant change in telomere length
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Figure 3. Sequence analysis of RT-PCR products specific for AtTRP4 and TRFL1. A, Schematic representation of the domain
structure of AtTRP4 and TRFL1 proteins and sequence of the six amino acid insert in TRFL1; B, Partial sequence of At3g46590
encompassing the region encoding the six amino acid insert in TRFL1. The nucleotide sequence encompassing the junction of exon 3
and intron 3 and that of intron 3 and exon 4 of both AtTRP4 and TRFL1 is presented. The positions for the RT-PCR primers e3/4f1
and €3/4f2 are indicated as long and broken arrows interrupted with dotted lines. The conserved dinucleotides GT for the 5" and AG
for the 3" boundaries of the introns are in bold and underlined; C, Fractionation of RT-PCR products specific for AtTRP4 (lane 1)
and TRFL1 (lane 2) by electrophoresis on a 2% agarose gel; D, Sequence analysis of RT-PCR products using the oligonucl eotide e4/
5R as the sequencing primer. The sequence of the noncoding strand around the junction of exons 3 or 3" and 4 of AtTRP4/TRFL1 is
decoded. The sequences for the complementary coding strand and for the corresponding peptides are deduced from the sequence of
noncoding strand and shown above each sequence profile. The boundary between two neighboring exons is indicated underneath
each sequence profile.
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Figure 4. Gel-shift assay of the DNA-binding domains of AtTRP3 and AtTRP4. Bacterial extracts containing the polypeptides of

(A) AtTRP3,_, . . and (B) AtTRP4, .

were incubated with 1 pmol of duplex oligonucleotide probe DIG-(G,T,AG), (plant telomeric

sequence) in the absence or presence of double-stranded (ds) competitors at various concentrations, and then analyzed on a 6%
native polyacrylamide gel as described (Chen et al., 2001). C and F stend for, respectively, the DNA-protein complexes and the free

probe.

(Figure 1). This suggests that either AtTRP1 is not in-
volved in the regulation of telomere length or the
Arabidopsis genome contains other genes functionally re-
dundant to AtTRP1. However, the identification of mul-
tiple AtTRP members in Arabidopsis genome (Figure 2;
Karamysheva et al., 2004) suggests that these genes may
more likely be functionally redundant in the regulation of
telomere length. Perhaps, Arabidopsis plants with
mutation(s) in one or some of these genes may not dis-
play an obviously aberrant telomere phenotype. This
speculation needs to be clarified by studying plants with
mutations in multiple members of this gene family.

Sequence analysis of AtTRP1, AtTRP3, AtTRP4 (Figure
2), and the remaining members of AtTRP family (data not
shown) revealed that each contains a ubiquitin-like domain
(domain 1V) and at least 1-2 SUMO binding sites. In hu-
man cells, free TRF1 is ubiquitinated and degraded by the
proteasomes (Chang et al., 2003). In both budding and fis-
sion yeast (Tanakaet a., 1999; Zho and Blobel, 2005), dis-
ruption of a SUMO gene resulted in a slight increase of
telomere length. Whether the protein sumoylation or
ubiquitination is involved in the metabolism of AtTRP pro-
teins and the regulation of telomere length needs to be
investigated further.

Some discrepancy in the expression patterns of mem-
bers of the AtTRP family was observed between the data
presented here (Figure 5) and those from other investiga-
tors (Hwang et al., 2001; Karamysheva et a., 2004). For
instance, the transcript of AtTBP1 was detected in rosette
leaves by Northern blotting (Hwang et al., 2001), but it was
not detectable in the same tissue by RT-PCR in this study
(Figure 5). Since the 3" end of each gene encoding the

tissues

3 . R
genes FoS 1

AtTRP1

AtTBP1

AtTRP3

AtTRP4

TUA4

{4350

Figure 5. RT-PCR analysis of the expression patterns of the
ALTRP members among plant tissues. Total RNA was isolated
from various tissues and analyzed by RT-PCR using primer pairs
specific for the transcript of each gene. The primer pairs,
TRP1el/2F with e9/10R, AtTBP1el/2F with AtTBP1e8/9R,
TRP3el/2F with TRP3e8/9R, and TRP4el/2F with TRP4e9/
10R, were used, respectively, for the amplification of the tran-
script of AtTRP1, AtTBP1, AtTRP3 and AtTRP4. The primer
pair for the amplification of the control gene tubulin 4o (TUA4)
was TUA4F and TUA4R. ThelettersR, L, S and F represent,
respectively, root, rosette leaf, stem and floral bud.

DNA-binding domain is highly homologous among the
members of AtTRP family, detection of AtTBP1 transcript
in leaves by Northern blotting may be the result of a cross-
hybridization between AtTBP1 probe and mRNA from other
members of the AtTRP family. Karamyshevaet al. (2004)
reported that each member of the AtTRP family expressed
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at asimilar level in al of the tissues tested. However, our
datarevealed that a variation at the RNA level existed, not
only for the same gene among different tissues, but also
for different members of the AtTRP family in the sametis-
sue (Figure 5). It isdifficult to make a comment on the
result presented by Karamysheva et al. (2004) since no
control genewas included in their RT-PCR experiment.

In human cells, the duplex telomeric DNA-binding pro-
teins TRF1 and Pin2 are derived from the same gene by
alternative splicing, and the amino acid sequence of Pin2
isidentical to that of TRF1, apart from an internal deletion
of 20 amino acids (Shien et a., 1997). Both TRF1 and Pin2
can form homodimer and heterodimer (Shien et al., 1997;
Fairal et al., 2001) and areinvolved in the cellular response
to double strand DNA breaks and telomere metabolism
(Kishi et al., 2001; van Steensel and de Lange, 1997). Here,
we showed that Arabidopsis also uses the mechanism of
alternative gene splicing to generate duplex telomeric DNA-
binding proteins AtTRP4 and TRFL 1 from the same gene.
Since different members of AtTRP family were shown to
interact each other in vitro (Karamysheva et a., 2004), it
islikely that AtTRP4 and TRFL 1, which differs from each
other by only six amino acids, can interact to form both
homodimer and heterodimer. On the other hand, whether
the six additional residuesin TRFL1 can make it different
from AtTRP4 both in high-order structure and in function
is another issue to be investigated. In conclusion, our re-
sultsreveal that the Arabidopsis cells contain multiple dis-
tinct duplex telomeric DNA-binding proteins, some of
which are probably redundant in function.
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