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ABSTRACT
In A. thaliana the translation elongation factor EF-1 a
is encoded by a small multigenic family of four
members (A1-A4). The Al gene promoter has been
dissected and examined in a transient expression
system using the GUS reporter gene. Deletion analysis
has shown that several elements are involved in the
activation process. One cis-acting domain, the TEF 1
box, has been accurately mapped 100 bp upstream of
the transcription initiation site. This domain is the target
for trans-acting factors identified in nuclear extracts
prepared from A. thaliana. Homologies are found
between the TEF 1 box and sequences present at the
same location within the A2, A3 and A4 promoters. This
observation, together with those obtained from gel
retardation assays performed using DNA fragments
from the A4 promoter, suggest that the activation
process mediated by the TEF 1 element is conserved
among the A. thaliana EF-1 a genes. Analysis of nearly
full length cDNA clones has shown that in addition to
a single intron located within the coding region, the Al
gene contains a second intron located within the 5' non
coding region. Such an intron is also present within the
A2, A3 and A4 genes. This 5' intervening sequence
appears to be essential to obtain a maximum GUS
activity driven by the Al gene promoter.

INTRODUCTION
With the aim of elucidating the molecular mechanisms underlying
the activation of plant housekeeping genes, we have recently
initiated studies using the genes of A. thaliana encoding the
translation elongation factor EF-la as a model system. The
regulation of EF-la expression is of interest for the following
reasons: (A) the constituents of the translational apparatus are
synthesized in a balanced way and therefore must depend on
common regulation processes at transcriptional or post-
transcriptional levels; thus, in yeast, EF-lIc gene transcription
depends on the cis-acting elements, the HOMOLI and RPG
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boxes, which are found in the promoter region of several genes
encoding ribosomal and housekeeping proteins (1,2); (B) recent
data obtained from Drosophila germ line transformation
experiments with the EF-lx gene have suggested a possible
important control on the aging of the cells exerted at the
transcriptional level by this gene (3); (C) Southern experiments
carried out using cDNA or genomic probes have revealed that
EF-lIx is encoded by small multigenic families of at least two
members (4-10); these genes have been shown to be
differentially and developmentally regulated in Mucor racemosus
(11) and in Drosophila melanogaster (9); (D) it has been
demonstrated that the Cauliflower mosaic virus 35S promoter
contains at least two cis-acting domains which can confer different
tissue-specific expression (12); it is possible that cellular
constitutive promoters are similarly organized and therefore could
provide interesting information on molecular elements in the
pathways that determine development; the EF-lc genes are an
appropriate system with which to examine such a possibility.

In Arabidopsis thaliana, EF-la is encoded by a multigenic
family of four members (A1-A4) which are all actively
transcribed in cell suspension cultures (13). Based upon both their
physical separation and a comparison of their sequences, we have
suggested that the A4 gene and the A1, A2 and A3 genes
constitute two distinct subfamilies within the genome (14). We
have also shown that a DNA fragment containing 2.3 Kb upsteam
the coding region of Al gene, is abble to direct a strong transient
expression in Arabidopsis transfected protoplasts (14).

In this paper, we report results of studies on the structure of
the four EF-lc mRNAs and on the characterization of cis and
traits-acting elements involved in the activation of the Al gene.

MATERIALS AND METHODS
Gene constructions and DNA manipulations
All DNA manipulations were carried out following the standard
protocols given by Sambrook et al (15). Deletions from the unique
XbaI site within the Al promoter (figurel) were achieved using
Bal31 exonuclease. Unidirectional deletions were created by
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removing the remaining Al sequences located upstream of the
XbaI site. Sequencing and mapping of the extent of Bal31
promoter deletions were achieved using the double-stranded
sequencing method (16).

Transient expression assays
Preparation of protoplasts from Arabidopsis cell suspension
cultures has already been described (14). Transfections were
performed according to the Ca(N03)2-PEG procedure (17) using
10 jug of CsCl purified plasmid DNA and 106 protoplasts. After
a 16 h expression period, GUS activity was assayed by
fluorimetry (18).

Preparation of nuclear extracts
Leaves or the whole plants (Columbia ecotype) were immersed
into ice-cold homogenization buffer (10 mM Tris-HCl pH 8.0,
5 mM MgCl2, 1.14 M sucrose) at a ratio of 5 ml of buffer per
1 g of tissue. After addition of Triton X-100 and 3-
mercaptoethanol to final concentrations of 0.15% and 7 mM
respectively, the tissue was homogenized with four 15 sec pulses
in a Waring blender at 4°C. The homogenate was filtered through
two layers of Miracloth and centrifuged for 10 min at 4500 x g,
at 4°C. The pellets were resuspended in 20 ml of cold
homogenization buffer containing Triton X-100 and j-
mercaptoethanol and centrifuged as described above. After a
second identical wash, this cellular fraction enriched in nuclei,
was resuspended in nuclear extraction buffer (10 mM Tris-HCl
pH 8.0, 140 mM NaCl, 1.5 mM MgCl2, 0.25 mM EDTA,
25% glycerol) at a ratio of 50 Itl buffer per I g of starting tissue.
Nuclear extraction was achieved by adding NaCl and spermidine
to final concentrations of 500 mM and 5 mM respectively. The
suspension was left on ice for 1 h with occasional shaking, then
centrifuged for 45 min in an Eppendorf centrifuge (12,000 g)
in the cold room. The supematant was dialysed for 4 h against
'binding' buffer (10 mM Tris-HCl pH 8.0, 50 mM NaCl, 7 mM
,B-mercaptoethanol, 10% glycerol). The nuclear extracts were
then stored at -80°C.

Binding assays and footprinting experiments
The binding assays were done in a volume of 30 /4A of binding
buffer containing 2-5 jzg of nuclear proteins, 2 ,ug poly(dI-dC),
1000-5000 cpm (0.1-0.5 ng) of 32p labelled probe. The
reaction was started by adding the nuclear proteins. After 20 min
at 25°C, the free and bound DNA were separated on 5%
polyacrylamide gels in 0.5 xTBE. The gels were then fixed, dried
and autoradiographed.

Footprinting of DNA-protein complexes assays using
1,10-phenanthroline-copper ion were achieved as described by
Kuwara and Sigman (19).

RESULTS
Characterization of an intron within the 5' non-coding region
The complete sequence of the Al gene and its flanking regions
has been reported (14). The transcription initiation site was
located 679 bp upsteam from the ATG initiation codon. We have
suggested that a location far upstream ofthe transcription initiation
site could be explained by the presence of one or several introns
within the 5' flanking region. In order to identify potential
maturation sites at the 5' ends of EF-la mRNAs, we have
screened a cDNA library prepared from mRNA of cell suspension
cultures of Arabidopsis and we have isolated nearly full length

cDNA clones. The sequences of such clones were compared to
the genomic sequence (14). An intervening sequence was thus
characterized within the 5' non-coding region. It was located
between the positions extending from +56 to +657 relative to
the transcription initiation site (-23 to -624 relative to the
translation initiation codon ATG). The location of this IVS within
the 5' flanking region of the Al gene is shown in figure 1. Such
an intron is also found at a similar position within the three other
Arabidopsis EF-lIa genes. For the A2, A3 and A4 genes, it is
located between the positions extending from -24 to -671, -23
to -619 and -2 to -501 respectively, relative to the translation
initiation codon ATG. In all the cases, these 5' IVS are flanked
by consensus splice donor and acceptor sequences.

Deletion analysis of the Al promoter
As a first step towards the identification of DNA sequences
required for expression, a series of promoter deletion mutants
was created. Each construct was cloned in front of the GUS
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Figure 1. Transient expression analysis ofGUS fusions of Al promoter deletion
mutants. In the upper part of the figure, a schematic representation of the full
length promoter is shown. The position of the relevant restriction sites is indicated
relative to the transcription initiation site. The location of the intron (IVS 1) within
the 5' non coding region is shown. The transfection experiments were carried
out with GUS fusions of the indicated constructs (a-f). The relative GUS activities,
normalized to the full-length construct (construct a: 150 nmol MU/minlmg protein),
are the average of at least three independent transfection experiments.
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reporter gene in a plasmid derived from pCCPI GUS (14) and
used to transfect protoplasts prepared from cell suspension
cultures of Arabidopsis thaliana. Nomenclature for the mutants
with an indication of the extent of the deletion is given in figure 1.
As already reported (14), a XhoI-NcoI fragment containing

2.3 Kbp upstream of the coding region (construct a, figure 1)

-1820 GAATTCGAATGATTTCTTTAATAGGTTCATGCAAATCAGGGTTTAAATCAGATGTGAAAC
-1760 GTTTTGAATCTCTGCCAAAGTACACATATTTGGAATGTTTTTGAGTCTACCAAACATTCA
-1700 CTCATGATTCTCCAAAATCTAATTTTTACTGTTGTTTCAAAACTGGGTTGTTTTGTTAGC
-1640 TTATGTCCTCATTGTGTTTGTTGAATGATTTCTTTTAGGCATATGGATTAGGGAAGTTAC
-1580 ATAGGCCACTCAAGTGTTGTTGAAAGATTTCTTATGAGTCTCTGGAGTGTTGTTAACTTA
-1520 CTTCCTCACCAATGGTGGCAGGTTCAAGCAGCTGATTCTCTTTTGAAACTCGTATCAGAA
-1460 CTTAAGCAAACAGCGATATTTTCAGGATTTGCATCACTAAACGATCATGTAGAACAAAGA
-1400 ATGAAGAGTTTGATCAAGAGGCCGAGAAGACAAATCGATTGTTGGCTAGAATTGCTGATG
-1340 ATGCATCTGCCAATCTTAAAGAGCTCGAGTCTCACTATTACTCTTCTGCTCAGAGATTGA
-1280 CTCTAGACATCTGATATTAGAATGCCTGGAGACACCAGAGGAAACAGATAAAACAATTGG
-1220 TTCATAAACCAGAGGAAACGGCCATCGAAGGATATGCAGTTTGAAGTCATGGACAACGTT
-1160 TTGGACTATCCTTTCCCACATTGATCATATTTTCTCTCTCAATTCGCATATTACTTAGCA
-1100 ATCTTAAATGTTCCAGTCTGATGAACAAGCGTTTGATGTTTTCATCAATCATTAGTGATT
-1040 TTTTTGCTGTTATCCTCTGTATGTTTGATAATTACGTGAAATTACATTCTCTTAACCTGC
-980 AAAGTGTATATCGTCCAAGTAAAACCTTCTTGATTTAATTCGCGTTGAACCAAATTTAAT
-920 ATATTCCACTTTTGGATTGAACTATCAAATTCAAATTAGCTTGACTTATGAAACAAGAGC
-860 GACCCCTCGAGGTTAGTGGACTTTTATGAAACGCGACCGACTCTTCAAGGCCCAAAGAAA
-800 AAGAGAATATTCGGCGGGATAGGGGTACGTTTGTAATTTGGCAAACGATGTTATGTIAM
-740 CC AACTTATTATTTCTTTCGATTCACCACIATAAIMAACTCGAATCCCAAACATAGC
-680 TTTATTCCTTGCTTCATTTTTCGTCACCCTAGCCGCTTTACTCTCTTGCGATATCTCTGA
-620 GGTAAGCTTTTTCGTCACCATCTTCGATCTGCTTCTTTCTCTTCTGTTGATCTGTGTTGA
-560 ATCTGTTTCGATCCTTCTCGTTTGTTTGTTGTAATCTCTTGGATTCGATTCTCTTTGTTT
-500 ATAGATCGTTTGGAATTTCTGATCTGTGGTGTAAAGTTTT...

Figure 2. Nucleotide sequence of the 5' flanking region of the A3 gene. The
sequence shown corresponds to the region located upstream of that previously
sequenced (13). The telo box and the TATA box and the putative cap site are
underlined. The positions indicated are relative to the ATG translation initiation
codon (13).
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Figure 3. Accurate mapping of a cis-acting element of the Al gene. The extent
of 5' Bal31 deletions is shown on the DNA sequence. The indicated positions
are relative to the transcription initiation site. The telo box and the TATA box
are boxed. The GUS activities are normalized to the -289 deletion (construct
b in figure 1).

is able to direct a strong transient expression, two-fold higher
than that obtained using the CaMV 35S promoter. A deletion
down to position -289 (XbaI site) relative to the transcription
initiation site (construct b), retained 35-45% of the expression
from the full length construct.
As expected, deletion of the EcoRV-EcoRV fragment,

extending from positions -303 to +46 (construct c) and
containing the TATA box and the cap site (see figure 3), reduced
the GUS activity to a very low level (about 200-fold). When the
same EcoRV-EcoRV fragment was fused in front of the GUS
reporter gene (construct d), the transient expression observed was
only slightly higher than the experimental background. These
results suggested the presence of a cis-acting element located
downstream of the transcription initiation site. However, in this
latter construct, the efficiency of GUS expression could be
affected by the modified translational initiation context. In
construct e, the genomic DNA fragment of construct b, extending
from the EcoRV site (+46) to the NcoI site (+678), was replaced
by the corresponding EcoRV-NcoI fragment prepared from a
cDNA clone. This chimaeric promoter lacking the 5' IVS,
mediated a GUS activity 10-20-fold lower than that obtained
using construct b, demonstrating the requirement of the 5' IVS
for a maximum GUS activity.
We have recently focussed attention on a strikingly conserved

sequence, the telo box AAACCCTAA. This element,
homologous to the repeat motif of Arabidopsis telomeres (20),
was found at approximately the same location within the Al, A2
and A4 promoters (14). Now, we have isolated genomic clones
containing sufficient DNA sequences upstream of the A3 gene,
to show that this telo box element is also present at the same
location within the A3 promoter (figure 2). The telo box sequence
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Figure 4. Identification by gel retardation assays of trans-acting factors interacting
with the TEF 1 element. The extent of deleted fragments used as probes is
indicated. A schematic representation of probes used is shown under the
autoradiographs: 5' deletions from the XbaI site of the Al promoter (position
-289, see figure 1 and 3) have been subcloned in pUC18; characterized
recombinant DNA plasmids (x indicates the extent of the 5' deletion) were cleaved
by EcoRI, within the pUC18 polylinker, and by EcoRV (position +46 within
the Al promoter, see figure 1); the resulting EcoRI-EcoRV DNA fragments were
3' end labeled and used as probes in gel retardation experiments. On the right
panel is shown an over-exposure of the gel from an experiment driven using the
-111 and -100 deletions. The indicated positions are relative to the transcription
initiation site.
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Figure 5. Characterization of the TEF 1 sequence involved in the formation of
Cl and C2 complexes. On the left part of the figure is presented the results of
an OP-Cu footprinting experiment. The protected region is shown by a square
bracket. (C2): C2 complex; (Cl): Cl complex; (FP): free probe; (G) Maxam
and Gilbert G channel. The protected sequence is presented under the
autoradiographs; the positions are indicated relative to the transcription initiation
site. On the right part of the figure, is shown the results of a gel retardation
experiment conducted using as probe the synthetic double-stranded oligonucleotide
of the TEF 1 sequence 5'AATTCACGGCTAAACAGGGGCATAATGGTA-
ATTTAAAGAATT3'. (1): gel retardation of the TEF 1 oligonucleotide; (2) as

in (1) supplemented with 10 ng of unlabelled double stranded oligonucleotide;
(3) as in (1) supplemented with 10 ng of unlabelled unrelated double stranded
oligonucleotide corresponding to the sequence 5'TCGAATTCTATGTTAAA-
CCCTAACATTGATATCGA3'.

AAACCCTAA, extending from positions -62 to -53 in the
Al promoter has been deleted from construct b to create construct
f. The resulting deleted promoter mediated a GUS activity two-
fold lower than that obtained using the construct b (figure 1).
This moderate effect is reproducible and has been estimated from
16 independent transfection experiments.

Accurate mappig of a cis-actin element and characterization
of related trans-acting factors
The experiments reported in the previous section have shown
that a deletion down to position -289 (construct b) retained
35-45% of the expression from the full length promoter. In order
to identify cis-elements involved in this expression, upstream the
TATA box, a series of promoter deletions was generated from
the XbaI site (-289) using Bal3l exonuclease. The data presented
in figure 3 show the activity ofeach construct relative to the -289
construct (construct b in figure 1). Expression of the deleted
constructs was not significantly affected down to position -111.
Deletion of the next 11 bp (to position -100) produced a severe

drop in GUS activity. All subsequent deletions gave the same

low level of expression. These deletion experiments have
therefore accurately mapped a cis-acting element about 100 bp
upstream of the transcription initiation site that we have called
the TEF 1 box (Transcription Elongation Factor 1 box).
We then undertook a search for specific protein-DNA

interactions in the region of the TEFI box. The gel retardation
assay (21), modified for the search of eucaryotic regulatory

AL'.

Figure 6. Conservation of the TEF 1 element among Arabidopsis EF-la genes.
(A) comparison of sequences surrounding the TEF 1 box of the Al promoter
with the corresponding regions within the promoters of the A2, A3 and A4 genes.
The positions indicated are relative to the transcription initiation site for the Al,
A2 and A4 genes and to the putative transcription initiation site for the A3 gene.
Nucleotide identities are indicated by asterisks between the sequences. (B)
Comparative gel retardation experiments using probes from the Al and A4
promoter. The radioactive probes extend from positions - 119 to +46 and -158
to -14 for the Al and A4 genes respectively. SC and NSC: specific and non-

specific competitors respectively, as described in the legend to figure 5.

proteins (22), was used for this approach. Previous experiments
(data not shown) carried out with Arabidopsis nuclear extracts
prepared from cellular suspensions or leaves, have shown that
retarded complexes were formed using the ScaI-EcoRV fragment
(-160 to +46, figure 1). No binding activity could be detected
using the fragment EcoRV-ScaI (-303 to -160). To delimit
more accurately the DNA elements responsible for the interaction
of nuclear factors with the ScaI-EcoRV fragment, the Bal31
promoter deletions used in the transient expression experiments
(figure 3), were tested for their ability to form retarded
complexes. The results reported in figure 4 show that up to
position -111, two major complexes (Cl and C2) were observed
which then disappeared with subsequent deletions. Thus a perfect
correlation was observed between the protein binding properties
and the functional data obtained from transfected protoplasts.
However, an overexposure of the gel (figure 4, right panel) shows
that a complex with migration properties corresponding to C2
remained detectable using the -100 deletion, then disappeared
with subsequent deletions (not shown). This point will be further
discussed.
The precise location of the Al promoter sequences recognized

by the nuclear factors were determined by OP-Cu footprinting
experiments of complexes Cl and C2 (19). Protection from OP-
Cu cleavage was observed from positions -106 to -82 and was

very similar for both complexes (figure 5). In order to confirm
these data a double stranded synthetic oligonucleotide
corresponding to the sequences extending from positions - 117
to -78 was used in gel retardation assays. The results reported
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in figure 5 show that this oligonucleotide is sufficient to form
the Cl and C2 complexes.
Comparison of sequences surrounding the TEF 1 box with the

corresponding regions within the promoter of A2, A3 and A4
genes have been undertaken. Figure 6A shows that at
approximately the same location relative to the transcription
initiation site, homology could be detected with the A2, A3 and
A4 genes. A DNA fragment of the A4 promoter, extending from
positions -158 to -14 upstream to the transcription initiation
site of A4 gene and containing a putative TEF 1 box, is able
to form complexes which are specifically competed by a synthetic
oligonucleotide corresponding to the TEF 1 box (figure 6B).
Experiments performed with a DNA fragment of the A2 promoter
gave the same results (not shown). These data strongly suggest
that the TEF 1 element is conserved among the Arabidopsis
EF-la genes.

DISCUSSION
The data reported here support the notion that the expression of
the Al EF-la gene depends on several elements. Sequences
located between -1620 and -289 bp relative to the transcription
initiation site are required for a maximum activity. Cis-acting
element(s) could be present within this region acting upon the
expression of the designated transcription initiation site. However,
at the moment, we cannot exclude the possibility that the effect
mediated by these sequences could result from the presence of
an alternative upstream transcription initiation site.
A cis-acting element, the TEF 1 box, has been accurately

located between -106 and -82 bp from the transcription
initiation site of the Al gene. Homologous sequences occur in
approximately the same location in the other three genes
indicating that the functional role of this element may be
conserved among the four EF-lIa genes. Studies are however
needed to confirm this point.
We have shown that nuclear factors interacted with the TEF

1 box. Figures 4, 5 and 6 show that two major protein-DNA
complexes are invariably observed on retardation gels. These two
complexes could be due to the interaction oftwo distinct nuclear
proteins with TEF 1. Upsteam activating sequences are often
composed of multiple adjacent or overlapping elements which
can combine their effects in a synergistic or exclusive manner
(for examples see 23-26). Alternatively, the Cl and C2
complexes could result from the interaction of TEF 1 with the
DNA binding domain of the same protein, partially proteolysed
during the preparation of nuclear extracts. While this possibility
cannot be excluded, the presence of a unique complex in the
experiments conducted using the -100 deletion (figure 4) is in
favour of the interaction of TEF 1 with several distinct trans-
acting elements.
The presence of a telo box AAACCCTA located at the same

position within the four Arabidopsis EF-la genes strongly
suggests a role for these sequences. This element, homologous
to the repeat motif of Arabidopsis telomeres (20), is reminiscent
of the structure of the yeast RPG box (1) involved in the activation
of several yeast ribosomal and housekeeping genes (2). The RPG
box also shows structural similarities with the telomeric repeat
of yeast (27). A two-fold decrease in GUS expression was
observed when this element was deleted from the Al promoter
(figure 1). This moderate effect obtained using transient
expression experiments, could not reveal a more fundamental
role played by this element. It has recently been reported that
an element from the chicken lysozyme gene, involved in the

attachment of chromatin to the nuclear scaffold, mediates an
elevated and position independent gene activity in stably
transformed cells, while it has no significant effect in transient
expression systems (28). In this context, it must be noted that
more than 90% of TUF 1 (or RAP-1), the yeast protein
interacting with the RPG box, is associated with the nuclear
scaffold (29). Studies are in progress to test the effect of the
deletion of the telo box in transgenic plants.
We have shown that the DNA sequences of the 5' IVS were

essential for good expression of GUS activity driven by the Al
promoter. Many reports have described the critical role played
by introns in the expression of eucaryotic genes (see for examples
30-33). It is interesting to note that introns are very often found
within the 5' non coding region or near the 5' end of genes
encoding constituents of the translational apparatus. Thus, in
yeast, it is remarkable in view of the paucity of intron containing
genes, that most of the ribosomal genes are split by an intron
near the 5' end (34). In Drosophila the ribosomal protein S 31
gene and the two genes encoding EF-la all contain an IVS within
the 5' non-coding region (8,35). At present we do not know
whether the 5' IVS of the Al gene is involved in the stabilization
of Al mRNA, as suggested for the maize alcohol dehydrogenase
gene (36) or whether cis-acting elements are present within the
DNA sequences of this 5' IVS as reported for the regulatory
elements of the (33 tubulin gene in Drosophila (37). Studies are
in progress to clarify this point.
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