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Abstract. The activity of the Arabidopsis thalana A1 EF-
1a gene promoter was analyzed in transgenic Arabidopsis
plants. The 5 upstream sequence of the Al gene and
several promoter deletions were fused to the p-glu-
curonidase (GUS) coding region. Promoter activity was
monitored by quantitative and histochemical assays of
GUS activity. The results show that the Al promoter
exhibits a modular organization. Sequences both up-
stream and downstream relative to the transcription ini-
tiation site are involved in quantitative and tissue-specific
expression during vegetative growth. One upstream ele-
ment may be involved in the activation of expression in
meristematic tissues; the downstream region, corre-
sponding to an intron within the 5 non-coding region
(5’TVS), is important for expression in roots; both up-
stream and downstream sequences are required for ex-
pression in leaves, suggesting combinatorial properties of
EF-1a cis-regulatory elements. This notion of specific
combinatorial regulation is reinforced by the results of
transient expression experiments in transfected Ara-
bidopsis protoplasts. The deletion of the 5'TVS has much
more effect on expression when the promoter activity is
under the control of A1l EF-1a upstream sequences than
when these upstream sequences were replaced by the 35S
enhancer. Similarly, a synthetic oligonucleotide corre-
sponding to an Al EF-la upstream cis-acting element
(the TEFI box), is able to restore partially the original
activity when fused to a TEFI-less EF1-a promoter but
has no significant effect when fused to an enhancer-less
35S promoter.

Key words: Arabidopsis thaliana — Development — Meri-
stems — Plant promoter

Introduction

The eukaryotic elongation factor, EF-1a, plays a central
role in the translational process by promoting the bind-
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ing of aminoacyl-tRNA to 80S ribosomes. It has been
suggested that this factor might be involved in other
aspects of cellular regulation by interacting with the cy-
toskeleton and the mitotic apparatus and that it is prob-
ably responsible for the accumulation of aminoacyl-
tRNA present in high levels during early oocyte develop-
ment in Xenopus laevis (Riis et al. 1990 and references
therein). The expression level of EF-1« is a major limit-
ing step for protein synthesis and is correlated with cellu-
lar growth state and the ageing process (Riis et al. 1990).
In plants, recent studies have shown that, during devel-
opment. EF-1a is constitutively expressed, with in-
creased expression corresponding to regions of high pro-
tein synthesis, including meristems, rapidly growing tis-
sues and developing gametophytes (Ursin et al. 1991).
These data indicate that the analysis of promoter cle-
ments involved in the activation of EF-1a expression
is of value for studying interrelationships between pro-
tein synthesis and developmental control. In addition,
since the formation of new organs throughout plant life
results from cell divisions which are confined to special-
ized regions, the meristems, the characterization and
study of EF-la promoter cis-acting clements which
could specifically control gene expression in meristemat-
ic tissues is of particular interest.

In Arabidopsis thaliana, EF-1o is encoded by a small
multigene family of four members (A1-A4; Axelos et al.
1989) which are all actively transcribed (Liboz et al.
1990). The analysis of the A1 gene promoter by transient
expression experiments has shown that activation of ex-
pression in Arabidopsis protoplasts depends on several
distinct elements located both upstream and down-
stream of the transcription initiation site (Curie et al.
1991). Firstly, sequences located between —1620 and
—289 relative to the transcription initiation site (X in
Fig. 1) are required for maximum activity. Secondly, a
cis-acting element, the TEF! box, has been accurately
localized between positions —106 and —82. Thirdly,
DNA sequences in an intron located within the 5 non-
coding region of the Al gene (5'IVS in Fig. 1) are essen-
tial for expression in protoplasts.



In this paper, we present results of studies of the
role of these promoter elements in gene expression in
transgenic Arabidopsis plants. We also report data sug-
gesting a functional interaction between cis-elements lo-
cated upstream and downstream of the transcription ini-
tiation site. '

Materials and methods

Construction of expression vectors. The basis of all con-
structions used to transform Arabidopsis was the plant
transformation vector pBI101 (Jefferson et al. 1987).
Mutations of the A1 promoter fused to the GUS report-
er gene, previously described by Curie et al. (1991) were
introduced into the binary vector pBI101, replacing of
the original vector sequences located between the EcoRI
and the HindlII sites. The plasmids p35S, p-289, p-70
and p-28941VS, used for transient assays, have been al-
ready described (Axelos et al. 1989; Curie et al. 1991).
The plasmid p35S-90 was constructed by removing
CaMV 35S promoter sequences upstream of the EcoRV
site at position —90 relative to the transcription initia-
tion site. For the plasmids p-70.TEF, p-70.FET, p35S-
90.TEF and p35S-90.FET, a double-stranded synthetic
oligonucleotide, corresponding to the sequence overlap-
ping the TEF1 element of the Al gene (S'ATT-
CACGGCTAAACAGGGGATAATGGTAATTTAA-
AGAAT3"), was fused in both orientations (designated
TEF for direct or FET for inverted orientation) up-
stream of positions —70 and —90 in the plasmids p-70
and p35S-90, respectively. The chimeric p355-A1 and
p35S-A14IVS plasmids were obtained by ligation of
PCR amplification products corresponding to sequences
of the 35S promoter located upstream of position —17,
to PCR fragments corresponding to sequences of p-289
or p-28941VS located downstream of position —17 rela-
tive to the transcription initiation site. In all cases, the
chimeric constructs were verified by sequencing.

Transient gene expression assays. Transfection experi-
ments were carried out using Arabidopsis thaliana proto-
plasts isolated from cell suspension cultures (T87 cell
line), as previously described (Axelos et al. 1992).

Transformation and analysis of transgenic plants. Arabi-
dopsis thaliana, ecotype C24, was transformed with
Agrobacterium tumefaciens according to the root explant
method described by Valvekens et al. (1988). Seeds ob-
tained from self-fertilized primary transformants (T1)
were germinated on GM medium supplemented with 50
pg/ml kanamycin (Valvekens et al. 1988). After two
weeks, the kanamycin-resistant plants (T2) were trans-
ferred to kanamycin-free medium. For quantitative de-
terminations of GUS activity, organs were harvested
from 4 to 6-week-old plants. Leaves (6th leaf of the
basl rosette) were harvested at the 10 to 12-leaf stage
and roots were harvested after bolting of the floral stem.
Samples were frozen in liquid N, and kept at —70° C
until assay. The histochemical analysis of GUS activity
was performed either in organs harvested from T2 adult

429

plants or in young seedlings of the T3 progeny grown
on kanamycin-free medium.

Fluoromeiric and histochemical analysis of GUS activity.
GUS assays and histochemical staining were performed
essentially according to Jefferson (1987). For GUS activ-
ity measurements in transgenic plants, extracts were pre-
pared by grinding the tissues with sand in lysis buffer,
in the presence of Polyclar AT. The extracts were cleared
by centrifugation and filtration through glass wool.
GUS activity of plant extracts or protoplasts samples
was measured by fluorometry. Enzymatic activity was
expressed as nanomol 4-methylumbelliferone (MU) pro-
duced per minute per milligram of protein, at 37° C,
using 4-methylumbelliferyl-f-p-glucuronide as sub-
strate. Protein concentration in the cellular extracts was
determined by the method of Bradford (1976) with BSA
as a standard. For GUS staining, plant organs or whole
young seedlings were immersed in 0.5 mg/ml 5-bromo-4-
chloro-3-indolyl-f$-D-glucuronic acid solution and infil-
trated under vacuum during 15 min. After a 16 h incuba-
tion period at 37° C, the plant material was cleared in
hot 70% (v/v) ethanol or in 6% sodium hypochlorite,
then stored in 70% ethanol.

Results

Expression of EF-1o promoter-GUS gene fusions
in transgenic Arabidopsis

Mutations of the A1 promoter involving elements identi-
fied in transient assays (Curie et al. 1991) were fused
to the GUS reporter gene and introduced into a binary
vector derived from the plasmid pBI101 (Jefferson et al.
1987). A schematic representation of these constructs
is shown in Fig. 1. The —1620 construct corresponds

GUS
EFla A1 S
— 7/ S
A l » SIS 358 3
7474 ATG
TEF7
1620 w=--
-289

=111

~ 87 ———
289 AlVS m—p

-289 ATelo

A

Fig. 1. Constructs used for Arabidopsis transformation. In the up-
per part of the figure the characteristic elements of the Al gene
promoter are indicated (see text for details). Deletions of the Al
promoter, illustrated in the lower part of the figure, were fused
to the GUS reporter gene and introduced into a binary vector
derived from the plasmid pBI101 (Jefferson et al. 1987). The &
end point of each construct is given relative to the transcription
start site of the A1 gene
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to the full-length promoter. In the —289 and the —111
constructs, the X element has been deleted. The —87
construct, in which the X element and the TEF{ box
have been deleted, only retains the functional element(s)
located within the 5 intron. In the —289 AIVS con-
struct, the TEF1 box is conserved, but the X and the
5'TVS elements have been deleted. In the —289 ATelo
construct, we have removed a sequence corresponding
to the Telo box (Axelos et al. 1989), a conserved motif
homologous to the repeats of Arabidopsis telomeres (Ri-
chards and Ausubel 1988). This motif is observed at
the same location within all the plant EF-1a promoters
characterized up to now: the four Arabidopsis promoters
(Axelos et al. 1989; Liboz et al. 1990) and a tomato pro-
moter (Shewmaker et al. 1990).

Transgenic Arabidopsis plants were generated by us-
ing an Agrobacterium-mediated transformation system
(Valvekens et al. 1988). For each construct, 7 to 9 inde-
pendent T2 transgenic plants were analysed for GUS
activity. The quantitative data obtained in roots, or in
leaves harvested from adult plants are reported in Fig. 2.
Depending on the construct, a 5 to 50-fold range in
GUS specific activity was observed. For the full-length
promoter (construct —1620), the GUS activities ob-
tained in roots varied from approximately 450 nmol to
3000 nmol of 4-methylumbelliferone/min/mg protein. In
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Fig. 2. Effect of Al promoter deletion on GUS expression levels
in leaves and roots of transgenic Arabidopsis plants. Upper panels.
GUS activity (plotted on a log scale, in nmol MU/min/mg protein)
measured in rosette leaves and roots from T2 adult plants contain-
ing the full-length promoter construct (—1620) or the promoter
deletion constructs illustrated in Fig. 1. Each bar corresponds to
the mean value obtained from two independent plants of the same
transformant. The average GUS activity from plants containing
the same construct is indicated in the panels. Lower panel. GUS
activity ratios obtained with the various constructs, calculated for
leaves and roots of transgenic plants and for transient expression
experiments.

leaves the specific activities observed were from 65 to
480 nmol/min/mg protein.

When the X element was deleted (—289 and —111
constructs), on average a two-fold decrease in GUS ac-
tivity was obtained in roots and leaves. As observed
for transient assays (Curie et al. 1991), no variation in
GUS was observed between the —289 and — 111 con-
structs. Taking into account the variation in GUS activi-
ty for a given construct between independent trans-
formed plants, the significance of the decrease of activity
between the full-length promoter and the —289 or — 111
constructs remains uncertain.

The deletion of both X element and TEF! box (con-
struct —87) had a more marked effect causing a 20-
and 300-fold decrease of the GUS activity relative to
the —111 construct, in roots and leaves, respectively.
However, these activities remained much higher than the
background observed in untransformed tissue, suggest-
ing that one or several cis-acting elements may be located
downstream of the TEF{ box, which are sufficient by
themselves to promote this level of activity. Moreover,
the role of this(these) putative downstream element(s)
seems to be more important in roots than in leaves,
since the effect of the deletion of the TEF! box appeared
to be approximately fifteen-fold less in roots than in
leaves.

The deletion of the 5" intron (—289 AIVS construct)
had a dramatic effect on the expression both in roots
and leaves: a 2500- and 8500-fold decrease in the activi-
ty, respectively, was observed relative to the — 289 con-
struct. The residual activity of the deleted promoter was
only slightly higher than the experimental background
level.

In the construct —289 ATelo, the Telo box
AAACCCTAA (Axelos et al. 1989), located at positions
—62/— 53 bp relative to the transcription start, was de-
leted. This deletion led to a two-fold increase in the
GUS activity relative to the —289 construct. These re-
sults suggest that this conserved structural clement is
not essential for expression, at least under the experi-
mental conditions used to examine its putative functions.

Figure 3 shows the histochemical GUS activity in re-
presentative plants transformed using the constructs re-
ported in Fig. 1. Young seedlings containing the full-
length promoter (—1620 construct) appeared to have
constitutive GUS activity (Fig. 3A). Close inspection of
several independent transgenic plants revealed a less in-
tense GUS staining in the region of the hypocotyl. In
older plants, constitutive expression was observed using
the —1620, —289 and — 111 constructs (data not shown
and Figs. 3B-3D). In all cases, the staining was more
pronounced in the root meristematic region and in the
vascular tissues.

In adult plants, the deletion of both the X element
and the TEF! box in the —87 construct led to a strong
decrease of GUS staining in leaves (Figs. 3E, F). How-
ever, in rosette leaves, GUS activity was detected within
the vascular tissues and in the hydathodes at the ends
of veins along the leaf margins (Fig. 3F). In agreement
with the quantitative data reported in Fig. 2, transgenic
plants containing the —87 construct had strongly stain-



Fig. 3a—j. Histochemical localization of GUS activity in transgenic
Arabidopsis plants. a Four-day-old seedling containing the — 1620
construct; b cauline leaf, ¢ rosette leaf and d roots from adult
plants containing the — 111 construct; e cauline leaf, f rosette leaf

ing roots (Fig. 3G). Like the constructs containing the
upstream domains, this staining appeared to be more
pronounced in the root meristematic regions (Fig. 3G).
In young seedlings, GUS activity was also observed in
cotyledons and hypocotyls but not in young leaves and
shoot meristems (data not shown).

The deletion of the X element and 5'IVS in the —289
AIVS construct had a dramatic effect on GUS expres-
sion. Interestingly, in young seedlings and in older
plants, the location of the staining was restricted to the
apical and the lateral root meristems (Figs. 3H, I and
data not shown). Figure 3J shows that this activity is
induced early during the formation of a lateral root mer-
istem. Thesc data show that TEF{ box and 5TVS se-
quences are both required for maximal activity, especial-
ly in leaves.

N
and g roots from adult plants containing the —87 construct;
h young seedling at the two-leaf stage, i roots from adult plant

and j root from young seedling showing a lateral root primordia,
all containing the —2894IVS construct

Transient assays indicate functional interaction between
the promoter elements

We have analyzed the effect of the 5TVS deletion on
expression in protoplasts, when the TEF1 box is re-
placed by the CaMV 35S enhancer. The results obtained
are shown in Fig. 4. A 5’ deletion of the Al promoter
up to the position —289 (—289 construct), mediated
a GUS activity of the same magnitude as that obtained
using the 35S promoter (35S construct). As already re-
ported (Curie et al. 1991), using the —289 construct
lacking the 5'TVS (—289 AIVS construct), the GUS ac-
tivity was 15 to 20-fold lower than that obtained with
the —289 construct. In the plasmids 35S-A1 and 35S-A1
AIVS, the intron plus and -minus constructs were made
such that each mRNA p{oduced was identical to that
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Fig. 4A, B. Influence of upstream cis-acting elements on the activa-
tion of the expression mediated by the 5 intron of Al gene in
transfected Arabidopsis protoplasts. A schematic representation of
plasmids used in transient assays is shown in A. Details of the
construction of chimeric genes are indicated in Materials and meth-
ods. The Al sequences are represented by open boxes (promoter)
or striped boxes (5'TVS). The 35S promoter sequences are repre-
sented by filled boxes. The indicated positions are relative to the
transcription initiation site. The relative GUS activities shown in
B are normalized to p-289 (72 nmol/min/mg protein) and are the
mean of data obtained from at least three independent transfections

expected from the —289 or the —289 AIVS construct.
The GUS activity mediated by the 355-A1 AIVS con-
struct was slightly lower than those driven by the 35S
or the -289 promoter and eleven-fold higher than that
obtained using — 289 AIVS construct. This clearly dem-
onstrates that the effect of the 5'IVS cannot be explained
by an increase of the pre-mRNA stability alone or by
more efficient export of RNA to cytoplasm. The addi-
tion of the A1 5'IVS in the chimaeric construct 35S-A1
led to a two-fold increase in the GUS activity relative
to 35S-Al, in contrast to the 15 to 20-fold increase seen
when expression was under the control of the upstream
A1l promoter sequences. This moderate activation was
also observed when the 5TVS was replaced by the intron
which interrupts the coding region of the Al gene (C.
Curie, unpublished observation).

In a second series of experiments, we analyzed wheth-
er the activation of expression due to the upstream TEF!
element, located between positions — 106 and —82 (Cur-
ie et al. 1991), depended on downstream sequences of
the A1 promoter. A 40 bp synthetic double-stranded
oligonucleotide, overlapping the TEF1 box, was fused
in both orientations to an A1 deleted for the TEF! box,
or to a 35S promoter deleted for the 35S enhancer
(Fig. 5). These constructs were tested for the ability of
the TEF{ box to restore the promoter activity. Both

A TATA
=3 51vs
-289 | 7 ZZ IS
o[l P Y 16US
-70.TEF |7 1 6US
~70.FET [FET]] Z A16US

358

GUS
GUS
GUS
GUS

358 -90

358 -90.TEF
35S -90.FET

B 100
100 ~ -
>
S Al promoter 35S promoter
gl
©
;3’ 48
o S0+ B
e
s
g
8.
> 55 4 2
0 i s R A
-289 -70 -70 =70 358 358 358 35§
TEF  FET -90 -90 -90
TEF  FET

Fig. 5A, B. Transient assays of the activation of deleted A1 and
35S promoters by a synthetic TEF! box. A Schematic representa-
tion of plasmids used for transient assays. TEF represents a syn-
thetic oligonucleotide corresponding to a sequence overlapping the
TEF1 box (see Materials and methods). FET is the same oligonuc-
leotide in the opposite orientation. B GUS activities. The relative
GUS activities are normalized to p-289 (A1 promoter) or to p35S
(35S promoter). Other abbrevations and details are as in Fig. 4

deleted promoters gave very low levels of expression.
The fusion of the TEF! oligonucleotide to the — 70 dele-
tion increased expression by 6- and 4-fold in the correct
and inverse orientations respectively. This represents
half (in the original orientation) and one-third (in the
reverse orientation) of the activity of the —289 or — 111
constructs. In contrast, the fusion of the TEF1 oligonuc-
leotide to the enhancer-less 35S had a negligable effect.
A slight increase in GUS activity was observed in one
orientation and a decrease in the opposite one.

Discussion

The overall strength of a given promoter, as well as
its particular developmental and tissue-specific regulato-
ry program, is determined by the combination and spa-
tial orientation of cis-acting clements, and by the pres-
ence and regulatory state of the nuclear factors that in-
teract with them (reviewed by Dynan 1989). In plants,
the viral CaMV 35S promoter offers a good example
of such a modular organization (Benfey and Chua 1990).
The data reported in this work show that the promoter
of the constitutive plant gene A1 EF-1a is similarly orga-
nized. The activation of the A1 EF-1a gene expression
depends on several cis-acting domains which can individ-
ual confer distinct patterns of expression during develop-
ment. In addition, we have shown that these domains



can combine their effects in a specific, cooperative man-
ner.

The TEF1 element. In higher plants, new organs arise
from the activity of meristems throughout the life cycle.
Therefore, understanding the mechanisms regulating
meristem activity is one of the prerequisites for the un-
derstanding of plant development (Sussex 1989). Surpr-
isingly, little is known about the control of gene expres-
sion in these specialized regions. Few plant genes have
been characterized whose expression is associated with
meristems or rapidly growing tissues (Dobres and
Thompson 1989; Koning etal. 1991; Medford et al.
1991; Ursin et al. 1991; Atanassova et al. 1992; Hemerly
et al. 1992; Pri-Hadash et al. 1992). For histone genes,
the restricted expression in meristems is consistent with
that expected for cycling cells (Koning et al. 1991, Atan-
assova et al. 1992, Lepetit et al. 1992). The more com-
plex pattern of expression observed for the tomato
dUTPase (Pri-Hadash et al. 1992) or EF-1a genes (Ursin
et al. 1991) is probably due to developmental programs
superimposed on an activation process associated with
cell multiplication. In this work, we have shown that
a DNA domain of the A1 EF-1a gene promoter, located
between positions —289 and + 55 relative to the tran-
scription initiation site is involved in the activation of
expression in meristematic tissues (Fig. 3). Several lines
of evidence suggest that the TEF! box (located between
positions —106 and —82) is involved in this meristemat-
ic expression. Firstly, deletion of sequences located up-
stream of the TEF{ box, from position —289 down to
—111, does not significantly affect the level of expres-
sion in either transient assays (Curie et al. 1991) or in
transgenic plants (Fig. 2) and has no effect on the distri-
bution of GUS staining during vegetative growth (Fig. 3
and data not shown). Second, by gel retardation experi-
ments, we have previously shown (Curie et al. 1991) that
between positions —289 and +46, the TEFf box is the
only sequence able to specifically interact in vitro with
nuclear proteins. Third, sequence homologies found be-
tween the four A4. thaliana and a single Lycopersion escu-
lentum EF-1a promoters, together with functional data,
suggest that the sequence AGGGGCANNNNNGTAA-
NT is a basic motif required for the function of the
TEF! box (Curie et al. 1992); this motif is also found
at the same location within a tobacco thio 2 gene pro-
moter (Fig. 6), a gene which is specifically expressed in
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rapidly growing plant tissues (Brujidou et al. 1993). As
discussed below, we cannot exclude the possibility that
downstream elements, being between positions — 82 and
+ 55, may also participate independently or cooperative-
ly in the activation in meristematic tissues. Nevertheless,
it will be interesting to characterize the genes encoding
transcriptional factors interacting with the TEF1 box
and to study their roles in controlling gene expression
during the plant cell cycle.

The 5" intron activation. In most functional studies of
promoter activity, major attention has been focused on
elements located upstream of the transcriptional start
site. However, it has become evident that a large number
of genes utilize elements that are located downstream
of the start site. In many cases, regulatory sequences
have been found within intervening sequences that inter-
rupt 5 untranslated regions (for examples, see Evans
and Scrapulla 1988; Chung and Perry 1989; Ripe et al.
1989; Bruhat et al. 1990). It is noteworthy that 5 introns
are observed in all the higher eukaryotic EF-1o genes
characterized up to now (Lendstra et al. 1986; Hove-
mann et al. 1988; Uetsuki et al. 1989; Axelos et al. 1989;
Liboz et al. 1990; Shewmaker et al. 1990). The conserva-
tion of this structural organization during the evolution
potentially reflects an important role played by these
S'IVS in the control of expression of these genes. How-
ever, functional studies on the role of these EF-1a 5IVS
in controlling expression have been conducted only in
Arabidopsis. The results reported in Figs. 2 and 3 clearly
indicate that this element is essential for the high level
of activity of the Al gene and strongly suggest that the
effect of the 5'IVS deletion is mainly due to the loss
of one or several internal cis-acting elements rather than
a post-transcriptional effect as suggested for the intron
1 of Zea mays Adh! or Shrunkeni genes (Luehrson and
Walbot 1991 ; Maas et al. 1991). This assumption is rein-
forced by the observation that, in transient expression
experiments, the 5TVS deletion has only a moderate ef-
fect on the GUS activity directed by the CaMV 35S
enhancer (Fig. 4), presumably because the downstream
elements interact specifically with upstream elements in
the A1 promoter. The analysis of DNA sequences corre-
sponding to the Al 5'TVS reveals two motifs (Fig. 7),
which are absent from the otherwise conserved 5’ non-
coding sequences of the genes A2, A3 and A4 (Axelos
et al. 1989). The first one, located at the position +40

TEF1 box Telo box TATA box
Al AAACAGGGGCATAATGGTAATTTARAA. .. 18bp..TAAACCCTAA. . .20bp..CTATAAA
hkkhkkkkx kkkk k% * kkkkkkkk kkkkkxk
Le TGTAAGGGGCATTTACGTAAATAGAT. .. 21bp. .TGAACCCTAA. .. 15bp. .CTATAAA
hkkk kk  x  Akkkkk * *  kkkkikk hkkkk *
Thio h2 GAGTAGGGACAAATCTGTAAATGTGT. . . l4bp..TCCACCCTAA. .. 1llbp..CTATATA

m.1 m.2

Fig. 6. Conservation of the relative organization of TEF{, Telo
and TATA boxes between the Arabidopsis and tomato EF-1o gene
promoters (Axelos et al. 1989; Shewmaker et al. 1990) and the to-
bacco thio2 gene promoter (Marty 1992). Identical bases are indi-
cated by asterisks between the sequences. The overlined A1 TEF{

sequence represents the region protected against OP-Cu cleavage
by nuclear factors (Curie et al. 1991). m.1 and m.2 indicate the
locations of mutations that affect the interaction of the TEF! box
with the corresponding transcriptional factors (Curie et al. 1992);
m.1, AAA instead of GGG; m.2, AGC instead of GTA
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A asl

3558 -109 GCAAGTGGATTGATGTGATATCTCCACTGACGTAAGGGATGACGCACAATCCCACTATC
kdkkk kxkkk *k Kk kkk kk %

* * kk kkkkkkk

Fig. TA, B. Putative downstream cis-
acting elements within the 5’ iniron of
the A1 gene. A Sequence similarities
between the CaMV 35S promoter and

Al +27 CTACACACTTTTCTGCGATATCT CTGAGGTAAGCGTTAACGTACCCTTAGATCGTT .
/ the exonl/intronl A1l gene sequences.
EXON 1 INTRON 1 The location in the 35S promoter of the
as! (or OCS) element (Bouchez et al.
B 1989; Benfey et al. 1989) is indicated.
The indicated positions are relative to
TEF1 .. .GCTARACAGGGGCATAATGGTAA. . . the transcription initiation site. B
* % XkkkKKKKK X Sequence similarities between the 5TVS

Al +564...ATGATTGTTTT GTGTTAAAGATGATITTCATAATGGTTATATGTCTACTG...

kKkkkhkkkkkkx  hkkkk

A2 .. .ATGATTGTTTTTTGTGTTC
KkKKKKKRKAKK KK AK KKK

A3 .. .ATGATTGTTTTTTGTGTTC

relative to the transcription initiation site and overlap-
ping the junction between the exonl and the introni
(Fig. 7A), is highly homologous to a region of CaMV
35S enhancer containing the ocs (or asf) element (Ellis
et al. 1987). The ocs or asf elements are promoter com-
ponents of several TDNA and plant viral genes (Bou-
chez et al. 1989). This element directs tissue-specific ex-
pression patterns with higher activities in roots, princi-
pally in the root meristematic region (Benfey et al. 1989)
and interacts with transcription factors (OCSTF, ASF-1
and HBP-1a) that have been characterized from both
dicots and monocots (Lam et al. 1989; Fromm et al.
1989; Tokuhisa et al. 1990). The putative ocs sequence
found at the junction between exonl and intronl could
be the downstream element responsible for the GUS ac-
tivity observed in roots when the X and the TEF! up-
stream elements were deleted (construct —87 in Figs. 2
and 3). Studies are in progress to test this hypothesis.
Within the 5'TVS, a second DNA sequence (Fig. 7B)
located 592 bp downstream the transcription initiation
site, is homologous for 9 consecutive bp to the TEF!
core motif. Curiously, this sequence corresponds to an
insert which disrupts the strong conservation observed
within the 5TVS between the genes Al, A2 and A3
(Fig. 7B and Axelos et al. 1989). However, it is unlikely
that this sequence is a TEF! box, since we have recently
shown that the block of G residues in the TEF7 box,
found just upstream of the conserved motif (Fig. 7B),
is essential for the interaction with the trans-acting fac-
tors that recognize the TEF1 element (Curie et al. 1992
and unpublished data). It will be interesting to examine
whether this sequence, and also the putative ocs se-
quence, are targets for Arabidopsis nuclear factors.

Functional interaction between the promoter elements.
Our results show that during vegetative growth, the acti-
vation of the A1 EF-1x gene is determined by several
elements which can be individually responsible for a giv-
en tissue-specific pattern of expression. Thus, as dis-
cussed above, the sequences downstream to the tran-
scription initiation site contain element(s) which by
themselves are sufficient to direct expression in roots.
The TEF! box could be required for the activity in mer-
istems. However, it is clear that the combinatorial prop-
erties of both upstream and downstream cis-regulatory
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sequences of the A1, A2 and A3 genes
and between the TEF! sequence and the
SIVS of the Al gene. The position
indicated for the A1 sequence is relative
to the transcription initiation site

elements are required for the overall tissue-specific regu-
latory program. More direct evidence for such a combin-
atorial control of gene activation comes from the analy-
sis of expression in leaves (Figs. 2 and 3). A 5 deletion,
which disrupts the TEF! box, led to a 300-fold decrease
in GUS activity in rosette leaves and a dramatic decrease
in GUS staining both in rosette and cauline leaves, sug-
gesting that the TEF! box is the major cis-acting element
responsible for the activation of the expression in leaves.
However, our results demonstrate that sequences of the
5'TVS are also absolutely required for the expression in
leaves. We conclude that the combination of the TEF{
box with the downstream sequences is necessary for the
activation of gene expression in leaves. The interaction
between the cis-acting elements of the A1 EF-1a gene
promoter is demonstrated by transient expression exper-
iments (Figs. 4 and 5), which show that the activation
of gene expression by the TEF1 box or the 5'TVS requires
specific downstream or upstream sequences, respective-
ly. A similar situation has recently been reported for
the human PDGF-B gene (Franklin et al. 1991). This
gene is regulated by both positively and negatively acting
cell type-specific regulatory elements located within the
first intron and specifically requiring the PDGF-B pro-
moter upstream sequences for transcriptional activity.

The Telo box. The conservation of a Telo box (Axelos
et al. 1989) located at the same position between the
TATA box and TEF! elements within the four Arabidop-
sis EF-1a genes (Liboz et al. 1990), a tomato EF-1a gene
(Shewmaker et al. 1990) and a tobacco gene encoding
for thioredoxin (Marty 1992, and Fig. 6), strongly sug-
gests that these sequences play a functional role. This
element, homologous to the repeat motif of plant telo-
meres (Richards and Ausubel 1988), is reminiscent of
the yeast RPG box (Leer et al. 1985) involved in the
activation of several yeast ribosomal and housekeeping
genes (Huet et al. 1985). The RPG box also shows struc-
tural homologies with the telomeric repeat of yeast
(Buchman et al. 1988). Despite conservation of the Telo
box at the same [ocation within several plant promoters
and its similarities with the yeast regulatory sequences
we have shown that deletion of this box does not signifi-
cantly affect the expression of the GUS reporter gene
either in transient assays (Curie et al. 1991) or in trans-



genic plants (Fig. 2). One possibility is that the Telo box
could be involved in the interaction with the nuclear
scaffold and that a redundant but less conserved Telo
box found within the A1 promoter (unpublished obser-
vations) could fulfill this function. In this context, it
must be noted than more than 90% of RAP-1, the yeast
protein interacting with the RPG box, is associated with
the nuclear scaffold (Hofmann et al. 1989) and that hu-
man telomeres are attached to the nuclear matrix via
their CCCTAA repeats (De Lange 1992).
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