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In synergy with various cis-acting elements, plant insterstitial telomere
motifs regulate gene expression in Arabidopsis root meristems
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Abstract The telo-box, an interstitial telomere motif, was
shown to regulate gene expression in root meristems, in synergy
with a cis-acting element involved in the activation of expression
of plant ¢eEF1A genes, encoding the translation elongation factor
EF1A, and of several ribosomal protein genes. We demonstrate
here that the telo-box is also required for transcription activation
by two other cis elements present within the promoter of genes
encoding the acidic ribosomal protein rp40 and the proliferating
cell nuclear antigen respectively. The control of gene expression
by telo-boxes during cell cycle progression in Arabidopsis root
meristems is discussed. A parallel is drawn with the function of
telomeric sequences in Saccharomyces cerevisiae. © 2000 Fed-
eration of European Biochemical Societies. Published by Else-
vier Science B.V. All rights reserved.
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1. Introduction

In addition to telomere repeats found at the end of chro-
mosomes, more or less degenerated telomere sequences are
often observed at interstitial sites within the genome [1,2]. In
Arabidopsis, plant interstitial telomere motifs, or telo-boxes
(AAACCCTAA), found within the 5’ region of most plant
genes encoding components of the translational apparatus,
are involved in the activation of gene expression in root pri-
mordia [3]. This regulatory effect is observed when a telo-box
is inserted upstream or downstream of the transcription ini-
tiation site and occurs synergistically with regulation by the
tef-box, a cis-acting element involved in the activation of plant
eEFIA genes, encoding the translation elongation factor
EF1A, and of several ribosomal protein genes [4-6]. These
results suggest that the regulation of this process in plants is
similar to that achieved by Raplp in Saccharomyces cerevisi-
ae. In the yeast S. cerevisiae, the coordinated expression of
ribosomal protein is primarily exerted at the level of tran-
scription [7,8]. Raplp is a DNA binding protein that has
pleiotropic and context-dependent effects on chromosome
functions [9]. Raplp binds to a well-defined recognition se-
quence showing similarities with the yeast telomere repeat
[(Ci_3A),]. The pleiotropic functions reported for the Raplp
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protean regulator in yeast suggest that two of the major sys-
tems involved in growth and cellular division, namely ribo-
some formation and chromosome integrity during replication
by telomere maintenance, may be connected. The function
played by Raplp in S. cerevisiaze in telomere maintenance
may be fulfilled by related proteins in other eukaryotic cells
[10-12]. However, beside the role of these proteins in telomere
metabolism, only Raplp has been reported to participate in
the regulation of the expression by interacting with interstitial
telomere-like sequences in S. cerevisiae. A homology search
on plant DNA sequences available in databases (D. Tremou-
saygue, unpublished data) indicated that the association of
telo-boxes with promoter regions is not restricted to genes
encoding components of the translational apparatus. Interest-
ingly, a class of genes known to be overexpressed in cycling
cells (e.g. PCNA (proliferating cell nuclear antigen), ribonu-
cleotide reductase, etc.), a characteristic of genes encoding
ribosomal proteins, also contain a telo-box (D. Tremou-
saygue, unpublished data, and Fig. 1B,C). Here we have
used a set of characterized regulatory elements reported to
be involved in the activation of gene expression in meristems
in order to analyze whether these elements could act in syn-
ergy with a relo-box. Our results suggest that the relo-box is
indeed involved in the potentiation of transactivation achieved
by distinct transcriptional factors during the G1/S transition.

2. Materials and methods

2.1. Histochemical analysis of GUS activity

Histochemical GUS staining was performed essentially according to
[13]. Whole young seedlings were immersed in a 0.5 mg/ml 5-bromo-4-
chloro-indolyl-B-p-glucuronic acid solution and infiltrated under vac-
uum conditions for 2 h. After 16 h incubation at 37°C, the plant
material was cleared at high temperature in 70% (v/v) ethanol. For
each construct, 10 independent transformants (F0) were selected and
10 day old F2 plants were observed for histochemical GUS activity
using Nomarski optics.

2.2. Transgene construction and plant transformation

DNA constructions were performed according to [14] and verified
by sequence analysis. A —43 eEF1A gene promoter lacking the 5" IVS
sequence fused to a GUS reporter gene encoding the B-glucuronidase
at the ATG within the Ncol site was first introduced into pUC19. A
Pstl-HindIII fragment corresponding to the eEFIA gene 3’ end was
then introduced at the end of the GUS coding sequence. A PstI-Kpnl
synthetic oligonucleotide containing either a telo-box (in bold) (5'-
TGCAGAAACCCTAACTCG-3') or a mutated sequence (in bold)
(5'-TGCAGGAATTCGAGCTCG-3') was added in position —43 to
generate respectively the Telo and the ATelo (Fig. 2A) constructs. A
Xbal-Clal fragment containing a trap40-box (in bold) (5'-CTA-
GATTAAAATTTGGGTAACCGAGTTTGGGGGTAGAATAGACA-
TTTTGCAAT-3") from the Arabidopsis thaliana Ap40 gene promoter
[15] was introduced in the Telo and ATelo constructs, in position —77
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upstream of the transcription initiation site, to obtain the Trap-Telo
and the Trap-ATelo constructs (Fig. 2B). A Xbal-Clal fragment con-
taining the regulatory elements driving the cell cycle-dependent
expression of the Arabidopsis H4 histone gene (5'-CTAGACG-
ATTCTTAGTGGCTATCACTGCCATCACGCGGATCACTAAT-
ATGAACCGTCGATTAAAACAGATCGACGGTTTATACATCA-
TTTTATGGTACACACGGATCGATATCTCAGCCGTTAGATT-
TAATAT-3") [16] was introduced in the Telo and ATelo constructs to
obtain the H4-Telo and the H4-ATelo constructs (Fig. 2C). This frag-
ment was obtained by PCR using the oligonucleotides 5'-TCTAGAC-
GATTCTTAGTGGCT-3' and 5'-GAGTCGGCAATCTAAATTA-
TAGCTA-3' as primers and a plasmid containing the regulatory ele-
ments driving the cell cycle-dependent expression of the Arabidopsis
H4 histone gene provided by Nicole Chaubet-Gigot as a template. A
Xbal-Clal fragment containing a Ila-IIb-box (in bold) (5'-CTAGA-
CTGCCAGGTGGGCCCGTACTCCACCATGGTCCCACATGAT-
3") from the rice PCNA gene promoter [17] was introduced in the Telo
and ATelo constructs to obtain the Ila-IIb-Telo and the I1a-1Ib-ATelo
constructs (Fig. 2D). These constructs, shown in Fig. 2, were intro-
duced into the BamHI site of pDHB321.1 binary vector (obtained
from D. Bouchez, INRA, Versailles), and Agrobacterium strain
C58C1-pMP90 was transformed. In planta Agrobacterium-mediated
gene transfer, by immersion of Arabidopsis inflorescences (adapted
from [18]), was used to generate transgenic Arabidopsis from the Was-
silevskija ecotype (Ws).

3. Results

The trap40-box is a cis-acting element involved in the acti-
vation of the Arabidopsis Ap40 gene, encoding an acidic ribo-
somal protein [15]. This box presents similarities to the zef~box
found in the eEFI A gene promoter. The promoter of the Ap40
gene also contains two telo-boxes located upstream of the
transcription initiation site (Fig. 1A). Here, we analyze the
effect of the telo-box on the trap40-dependent expression of
a GUS reporter gene in root primordia of transgenic Arabi-
dopsis. A synthetic oligonucleotide containing the trap40
DNA sequence was inserted, with or without a relo-box
(Fig. 2B), upstream of a —43 Arabidopsis eEFIA minimal
promoter deleted of its 5" IVS located between the transcrip-

A : Arabidopsis thaliana Ap40 promoter (Acc. n°: Y10379)
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tion initiation site and the translation initiation codon [3].
These chimeric promoters were fused upstream of the GUS
reporter gene, inserted in a binary vector and used to obtain
transgenic Arabidopsis plants. For each construct, seven inde-
pendent transgenic plants were analyzed for the expression of
GUS in root primordia. We observe, as already shown [3],
that the construct with the telo-box alone is not able to direct
GUS expression in root primordia (Fig. 3B, A). Then we
show (Fig. 3A,B, B,C) that the trap40 element is required
for strong activation of GUS expression in root cycling cells
and that this activation occurs in a cooperative manner with
the telo-box.

In contrast to genes encoding components of the transla-
tional apparatus, none of the known plant histone genes con-
tains a telo-box within its 5’ region (B. Lescure, unpublished
data). These genes are specifically expressed during the S
phase of cycling cells and regulatory elements involved in their
expression have been characterized [16]. Using a similar ap-
proach we examined whether histone gene regulatory elements
could act in a synergistic manner with a telo-box. A 133 bp
DNA fragment containing the regulatory elements driving the
cell cycle-dependent expression of the Arabidopsis H4 histone
gene [16] was cloned instead of the trap40 sequences within
the —43 minimum promoter (Fig. 2C). The cloned sequence
was sufficient to activate the expression of GUS in root pri-
mordia of transgenic plants, in the presence or in the absence
of a telo-box (Fig. 3A,B, D,E). However, we observed a slight
positive effect of the relo-box on the activation of gene ex-
pression.

Among the Arabidopsis genes harboring a telo-box within
their 5’ regions, the PCNA gene is of particular interest. First,
in animals as in plants, PCNA is overexpressed in cycling cells
during the G1/S phase transition, prior to DNA synthesis.
Second, we observed that all known plant sequences (genomic
or cDNA sequences) corresponding to a PCNA gene contain
a telo-box found at approximately the same location between

TTAGGGTT/140bp/GGGGGTAGAATAGACA/ 9bp/TTAGGGTTT/41bp. | . 87bp/ATG

telo trap40
B : Oryza sativa PCNA promoter (Acc. n°: X54046)

TGGGCCCGT/ 9bp/TGGTCCCACA/169bp. [ .15bp/TAGGGTTT/45bp/ATG

lla
C : PCNA cDNA sequences

Arabidopsis thaliana (Acc. n°: AC004561)
Oryza sativa (Acc. n°: X54046)

Nicotiana tabacum (Acc. n°: AF104412)
Nicotiana tabacum (Acc. n°: AB025029)
Zea mays (Acc. n°: U87949)

Zea mays (Acc. n°: X79065)

telo

5’'end/15bp/TAGGGTTT/45bp/ATG
5’end/ 9bp/TAGGGTTT/45bp/ATG
5’end/28bp/AACCCTAACCCTAA/38bp/ATG

5’end/29bp/AAACCCTAACCCTAA/38bp/ATG

5'end/29bp/TAGGGTTT/53bp/ATG

5’end/41bp/TAGGGTTT/52bp/ATG
telo

Fig. 1. Telo-boxes present in different promoters. A: Promoter fragment of the A. thaliana Ap40 gene encoding an acidic ribosomal protein. B:
Promoter fragment of the Oryza sativa PCNA gene encoding the proliferating cell nuclear antigen. C: cDNA fragments corresponding to the

PCNA gene from various species. Acc. n°.: GenBank accession number.
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Fig. 2. Diagram of promoter fragments fused to the GUS reporter
gene. A: Chimeric promoters with or without a felo-box (vertically
striped box) used to obtain the different constructs. Lines represents
synthetic sequences. Filled black boxes represent fragments of the
wild-type promoter in which the deleted intron (A5’ IVS) is posi-
tioned. Hatched boxes represent the GUS gene encoding the B-glu-
curonidase. B-D: Synthetic sequences containing the trap40 element,
the regulatory elements driving the cell cycle-dependent expression
of the Arabidopsis H4 histone gene or the Ila-IIb element (white
box) were inserted in the Telo and ATelo constructs at position —77
upstream of the transcription start site.

the transcription initiation site and the translation initiation
codon (Fig. 1C). Third, among the plant genes that are ex-
pressed during the G1/S transition, the rice PCNA gene is one
of the best characterized in studies of transcriptional control
[17,19,20]. The redundant /la and IIb cis-acting elements iden-
tified in the rice PCNA promoter are essential for meriste-
matic tissue-specific expression and functional in transgenic
tobacco, suggesting conservation of the /la-IIb-dependent reg-
ulation process in monocots and dicots. These promoter ele-
ments are specifically recognized by bHLH transcriptional
factors (PCF factors) [20] and are clearly distinct from the
tef cis-acting element [3-6]. Using the same experimental ap-
proach as described above for the trap40 and H4 regulatory
elements, we introduced the rice Ila-IIb element within the
—43 minimum promoter with or without a telo-box. The
Ila-IIb sequence is able to activate the expression in root
primordia only in the presence of a telo-box (Fig. 3A,B,
F,G), as observed in the case of tef- and trap40-dependent
expression [3].

4. Discussion

Our initial studies on the frequency of appearance of telo-
boxes, together with their mode of distribution within the
Arabidopsis genome and the characterization of a plant
DNA binding activity specifically interacting with these motifs
[2], suggested a biological function for these elements. We
recently reported that the felo-box indeed acts synergistically
with zef-dependent activation in cycling cells of Arabidopsis
root primordia [3]. In the present work we show that this
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synergistic effect can be extended to other genes whose ex-
pression is under the control of a related (¢rap40-box) or a
distinct cis-acting element (/la-1Ih-box) [15,17]. As for riboso-
mal genes, the expression of PCNA genes is correlated with
the proliferative state of cells and is induced by earlier events
at the G1/S boundary of the cell cycle [21]. The expression of
histone H4 genes is also correlated with the proliferative state
but their activation occurs later, at the beginning of the S
phase [16]. Since, in contrast to what is observed for regula-
tory elements of r-protein and PCNA genes, the activation of
a minimum promoter by Arabidopsis H4 cis-acting element is
not dependent on a telo-box (Fig. 3A,B, D,E), it is tempting
to speculate that the role of felo-boxes in the activation of
expression during the cell cycle specifically concerns a subset
of genes activated during the G1/S transition. This assump-
tion is reinforced by the observation that the association of
one or several telo-boxes with the 5’ region of plant genes
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Fig. 3. A: Relative GUS activity of transformants. Seven independ-
ent transformants of each construct were observed. + denotes GUS
activity (the number of pluses reflects the intensity of activity), —
denotes the absence of GUS activity. B: Histochemical GUS activ-
ity in transgenic Arabidopsis secondary root primordia. A develop-
ing primordium is presented for each construct. A: A Telo con-
struct (Fig. 2A) transformant is shown as negative control. B:
Trap-ATelo transformant. C: Trap-Telo transformant. D: H4-ATelo
transformant. E: H4-Telo transformant. F: Ila-IIb-ATelo transform-
ant. G: Ila-IIb-Telo transformant.
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encoding components of the translational apparatus is the rule
rather than the exception [3] and that all known plant genes
encoding PCNA contain a telo-box (Fig. 1B,C). In contrast,
none of the plant genes encoding histones contains this ele-
ment (B. Lescure, unpublished data). As PCNA genes should
be induced at each successive cell cycle in cycling cells whereas
ribosomal genes are certainly induced at the G1/S transition
when quiescent cells re-enter the cell cycle, one point could be
raised concerning the implication of the zelo-box in both types
of transition. The observation of older root meristems (data
not shown) that express the gus gene in constructs also having
the Ila-IIb/telo promoter or the trap40/telo promoter made us
think that in the promoter configurations we used the relo-box
acts as a regulator at each cycle of the cell. The molecular
process involved in the synergistic activation of expression by
the telo-box remains to be elucidated. One way to progress in
the understanding of this process is by the characterization of
trans-acting elements interacting with a telo-box. Plant cellular
extracts contain a DNA binding component which specifically
interacts with the motif AAACCCTAA [2] and the screening
of an Arabidopsis expression cDNA library with this multi-
merized sequence has allowed a ¢cDNA encoding a protein
related to the animal Puro protein (AtPura) to be isolated
[3]. Recent studies have implicated animal Purc in the control
of promoter activity of different cellular and viral genes. In
several cases this control occurs in cooperation with transcrip-
tional factors ([22] and references therein), a process similar to
that reported for Raplp in yeast [9]. The Raplp binding sites
are not themselves sufficient for a high level of transcription of
ribosomal protein or glycolytic genes; additional cis-acting
elements appear to be required. Raplp participates in the
activation of expression by recruiting transcriptional activa-
tors at promoters by a direct protein—protein interaction [23]
or by opening chromatin [24]. It is noteworthy that several
reports suggest that animal Pura is involved in the control of
the cell cycle progression by interacting with pRb [25] and
E2F-1 [26]. The hypophosphorylated form of the retinoblas-
toma protein, Rb, associates with the human Pura protein
and negatively regulates the binding to its DNA recognition
element [25]. The Rb family of proteins play an important role
in the mammalian cell cycle by controlling transit of Gl
[27,28]. The presence of a Rb homologue in plants [29] leads
us to imagine that the AtPura interaction with Rb could
modulate the functionality of Pura in late G1. Comparison
of the regulatory system we are studying here with animal
systems reveals interesting avenues for further work. Another
interesting question is whether AtPuro interacts with plant
telomeres. Studies are in progress to examine such possibil-
ities. Whatever the answer, the data reported in the present
work confirm and extend the observation that plant intersti-
tial telomere motifs are involved in the regulation of plant
gene expression in cycling cells. This leads to the possibility
that, like Raplp in yeast, common molecular elements could
participate in both regulation of gene expression and telomere
metabolism in plants. Could this observation be extended to
animal organisms? Searches for telomere motifs associated
with genes encoding components of the translational appara-
tus in Homo sapiens and Caenorhabditis elegans (B. Lescure,
data not shown) do not reveal a significant statistical associ-
ation of corresponding telomere motifs with this class of

A. Manevski et al.IFEBS Letters 483 (2000) 43-46

genes. However, the results of this analysis do not exclude the
possibility of a similar functional relationship between control
of gene expression and telomere functions in animals. In this
respect, it must be noted that the consensus sequence of
Raplp binding sites can significantly diverge from the yeast
telomere repeat [30].
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