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Abstract

Sequences required for the expression of Cytc-2 (At4g10040), one of two cytochrome c genes from Arabidopsis
thaliana, were characterized using plants transformed with deleted and mutagenized promoter fragments fused to
gus. These studies indicated that a region containing a G-box and an ACGT motif is essential for expression.
Mutation of the ACGT motif causes a complete loss of expression, while mutation of the G-box causes decreased
expression in aerial parts and abolishes expression in roots and induction by environmental factors. Upstream
located site Il elements are required for maximal expression, mainly in reproductive tissues, and maximal induction
by different factors. One-hybrid screenings allowed the identification of transcription factors from the bZIP
and bHLH families that interact mainly with the G-box. Four of these factors were able to bind to the Cyic-2
promoter in vitro and in transactivation assays in Arabidopsis. Analysis of available microarray data indicated that
the bZIP transcription factors share expression characteristics with the Cytc-2 gene, suggesting that they act as
mediators of its response to tissue-specific, environmental, and metabolic conditions. Site Il elements interact with
a TCP family protein and may co-ordinate the expression of the Cytc-2 gene with that of other respiratory chain
components. A model is proposed for the evolution of the Cytc-2 gene through the incorporation of a segment
containing a G-box and an ACGT motif into an ancestral gene that contained site Il elements. This may have reduced
the importance of site Il elements for basal expression and conferred new responses to environmental factors.

Key words: Arabidopsis thaliana, cytochrome ¢, mitochondrion, promoter analysis.

Introduction

Mitochondrial biogenesis involves the expression of genes
present in two different compartments. In plants, about 2%
of mitochondrial components are encoded and synthesized
within the organelle, while the rest are encoded in the
nuclear genome (Mackenzie and MclIntosh, 1999; Adams
and Palmer, 2003). Based on this dual location, and on the
fact that many mitochondrial proteins participate in related

processes, it is generally assumed that the expression of the
respective genes must be co-ordinated. This assumption is
particularly valid for components of the oxidative phos-
phorylation machinery. Examples of co-ordination include
preferential expression in anthers and roots (Huang et al.,
1994; Zabaleta et al., 1998; Elorza et al, 2004; Welchen
et al., 2004; Welchen and Gonzalez, 2005; Gonzalez et al.,
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2007) and induction by carbohydrates (Felitti and Gonzalez,
1998; Welchen et al., 2002; Curi et al., 2003), that operate
for a majority of nuclear genes encoding components of the
five respiratory complexes (Gonzalez et al., 2007). In turn,
expression of the mitochondrial genome does not seem to
be co-ordinated with that of nuclear genes (Giegé et al.,
2005). Several authors have also described changes in the
expression of nuclear genes encoding mitochondrial pro-
teins brought about by signals originated in the organelle
(Yu et al., 2001; Sweetlove et al., 2002; Lister et al., 2004).
This retrograde regulation indicates the existence of cross-
talk between the mitochondrion and the nucleus to adjust
the expression of specific genes according to the conditions
prevailing in the organelle.

An additional source of complexity in the context of the
expression of mitochondrial components is the presence of
duplicated genes (Vision et al, 2000; Prince and Pickett,
2002). Gene duplication is common in flowering plants and
is usually followed by subfunctionalization or neofunction-
alization, most frequently related to the acquisition of new
expression characteristics (Prince and Pickett, 2002; Haberer
et al., 2004; Duarte et al., 2006). In the case of respiratory
chain components, a clear example of specialization is given
by the Arabidopsis SDH2-3 gene, encoding an isoform of the
iron—sulphur subunit of succinate dehydrogenase (Complex
II). This gene is expressed specifically during seed matura-
tion, at late stages of embryogenesis, while the other two
genes encoding the same subunit are expressed in vegetative
tissues (Elorza et al., 2004, 2006). In another example, both
Arabidopsis genes encoding cytochrome ¢ (Cytc-1 and Cytc-
2) show only partial divergence in expression patterns, with
overlapping mainly in anthers, and similar responses to
carbohydrates (Welchen and Gonzalez, 2005). Studies on the
promoter region of the Cytc-I gene have shown that its
expression is governed by site II elements (TGGGCC/T) and
a telo box (AAACCCTA). A survey of similar motifs in
other nuclear genes encoding respiratory chain components
revealed that many of them, including the Cyrc-2 gene,
contain site 11 elements in their upstream proximal regions,
suggesting that proteins that interact with them may
participate in the co-ordination of the expression of these
genes (Welchen and Gonzalez, 2006). An intriguing question
is, however, what is the basis for the different expression
patterns displayed by the Cytc-1 and Cytc-2 promoters.

In the present work, an extensive analysis of the Cytc-2
promoter region is described. It is demonstrated that the
main expression characteristics of the Cytc-2 gene are
dependent on a segment that contains a G-box and an
ACGT motif recognized by a group of basic leucine zipper
(bZIP) and bHLH proteins, while the role of site II
elements is less important, acting to enhance the expression
levels mainly in reproductive organs and to regulate the
magnitude of the response to environmental and metabolic
cues. The presence of a similar arrangement in promoters of
other respiratory chain component genes indicates that the
incorporation of the relevant elements may have occurred in
one step and suggests a model for the evolution of
functional diversity in the promoter regions of genes

encoding mitochondrial proteins. In addition, incorporation
of the G-box seems to have conferred to the Cyzc-2 gene the
capacity to respond to several environmental and metabolic
factors through the interaction with different sets of
transcription factors.

Materials and methods
Plant material and growth conditions

Arabidopsis thaliana Heyhn. ecotype Columbia (Col-0) was
purchased from Lehle Seeds (Tucson, AZ). Plants were
grown in soil in a growth chamber at 22-24 °C under long-
day photoperiods (16 h of illumination by a mixture of
cool-white and GroLux fluorescent lamps) at an intensity of
approximately 200 uE m 2 s~ '. Plants used for the different
treatments were grown in Petri dishes containing Murashige
and Skoog (MS) medium, 0.8% agar, and different addi-
tions, as indicated in the respective figure legends. For UV
treatment, 2-week-old plants were exposed for 1 h to a lamp
(Phillips TUV30W/G30T8) that emits light in the UV-B
spectrum (280-320 nm). Plants were processed 2 h after
treatment. To evaluate the effects of extreme temperatures,
2-week-old plants were either incubated at 4 °C for 24 h in
a growth chamber or incubated at 38.5 °C for 3 h. GUS
activities of plants incubated at high temperature were
measured 1 h after treatment.

Reporter gene construct and plant transformation

A fragment spanning nucleotides —967 to +54 with respect
to the ATG initiation codon of the Cytc-2 gene (Atdg10040)
was obtained by PCR amplification of Arabidopsis genomic
DNA using primers CATP22 and CATP26 (see Supplemen-
tary Table S1 at JXB online). Upstream deletions were
constructed in a similar way with primers CATP22 and
either CATP23, CATP24, CATP29, CATP210, CATP25,
CATP211 or CATP212 (see Supplemenary Table S1 at JXB
online). The resulting fragments, containing HindIIl and
Bglll sites, were cloned in-frame in the HindIIl and BamHI
sites of pBI101.3. Complementary primers were used to
generate scanning mutations along the —188 to —139 pro-
moter region and to mutate specific putative regulatory
elements. These primers were used with CATP22 and
CATP29 or CATP210 to amplify hybridizing downstream
and upstream sequences. The resulting products were mixed
in buffer containing 50 mM TRIS-HCI (pH 7.2), 10 mM
MgSO,, and 0.1 mM DTT, incubated at 95 °C for 5 min,
and annealed by allowing the solution to cool to 24 °C in
approximately 1 h. After this, 0.5 mM of each dNTP and 5
units of the Klenow fragment of E. coli DNA polymerase I
were added, and incubation was followed for 1 h at 37 °C.
A portion of this reaction was directly used to amplify the
chimeric fragments using primers CATP22 and either
CATP29 or CATP210. The sequences of the oligonucleo-
tides used are shown in Supplementary Table S1 at JXB
online. All constructs were checked by DNA sequencing.
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The respective constructs were introduced into Agrobacte-
rium tumefaciens strain LB4404, and transformed bacteria
were used to obtain transgenic Arabidopsis plants by the
floral dip procedure (Clough and Bent, 1998). Transformed
plants were selected on the basis of kanamycin resistance
and positive PCR carried out on genomic DNA with gene-
specific primers and the gus primer 5-TTGGGGTTTCTA-
CAGGAC-3'. Thirty independent lines for each construct
were further reproduced and homozygous T3 and T4 plants
were used to analyse gus expression. Plants transformed with
pBI101.3 were obtained in a similar way.

Agroinfiltration of Arabidopsis thaliana leaves

The protocol used for transient Arabidopsis plant transforma-
tion was modified from http://www.plantsci.cam.ac.uk/
Baulcombe/protocols.html. The Agrobacterium strains used
were LBA4404 and the anti-silencing strain 19 K (Voinnet
et al., 2003). Agrobacteria from fresh plates were grown at 28 °C
in LB medium supplemented with 50 mg ml~' kanamycin and
5 mg ml™' tetracycline to stationary phase. Bacteria were
sedimented by centrifugation at 5000 g for 15 min at room
temperature and resuspended in 10 mM MgCl, and 150 mg
ml~! acetosyringone and the cells were left in this medium for
3 h at room temperature. Individual Agrobacterium cultures
carrying the Cytc-2::gus or the 35S:transcription factor
constructs were mixed together with those carrying the
35S::p19 construct and co-infiltrated into the abaxial air spaces
from 4-week-old wild-type (control) or transgenic Arabidopsis
leaves. After infiltration, Arabidopsis plants were grown under
normal conditions. Four days post-infiltration, leaf discs were
harvested and total soluble protein extracts were prepared and
used for GUS activity measurement.

Constructs expressing transcription factors under the
control of the 35S CaMV promoter were obtained by
cloning the complete coding region of the respective cDNAs
(amplified using primers described in Supplementary Table
S1 at JXB online) in the binary vector pBI121.

B-glucuronidase assays

B-glucuronidase (GUS) activity of transgenic plants was
analysed by histochemical staining using the chromogenic
substrate 5-bromo-4-chloro-3-indolyl-B-p-glucuronic acid
(X-gluc) as described by Hull and Devic (1995). Whole
plants or separated organs were immersed in a 1 mM X-
gluc solution in 100 mM sodium phosphate, pH 7.0, and
0.1% Triton X-100 and, after applying vacuum for 5 min,
they were incubated at 37 °C until satisfactory staining was
observed (see figure legends for details). For lines trans-
formed with constructs that produce no staining, incubation
was prolonged for 24 h, together with the respective
negative (plants transformed with pBI101.3 and non-trans-
formed plants) and positive controls (a reference positive
line according to the deletion or mutation analysed). Tissues
were cleared by immersing them in 70% ethanol.

Specific GUS activity in protein extracts was measured
using the fluorogenic substrate 4-methylumbelliferyl (-
D-glucuronide (MUG) essentially as described by Jefferson
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et al (1987). Total protein extracts were prepared by
grinding the tissues in extraction buffer (50 mM sodium
phosphate, pH 7.0, 10 mM EDTA, 10 mM B-mercaptoetha-
nol) containing 0.1% (w/v) SDS and 1% Triton X-100,
followed by centrifugation at 13 000 g for 10 min. GUS
activity in supernatants was measured in extraction buffer
containing 1 mM MUG and 20% methanol. Reactions were
stopped at different times with 0.2 M Na,CO; and the
amount of 4-methylumbelliferone was calculated by relating
relative fluorescence units with those of a standard of known
concentration. Controls were made to ensure that activity
measurements were within the linear range as a function of
time and protein concentration. The protein concentration of
extracts was determined as described by Sedmak and
Grossberg (1977).

DNA binding assays

The full-length coding sequence of bHLHO080 was amplified
from the respective clone in pDEST22 and inserted in frame
into the BamHI and EcoRI sites of the expression vector
pGEX-3X (Smith and Johnson, 1988). Amplifications were
performed using oligonucleotides HLH80-1 and HLH80-2 (see
Supplementary Table S1 at JXB online). In a similar way,
fragments encoding AREB2/ABF4 (amino acids 331 to 410),
GBF3 (amino acids 201 to 300) and the GBF-like protein
(amino acids 276 to 389) were amplified with specific primers
(see Supplementary Table S1 at JXB online) and cloned in the
same vector. All constructions were checked by DNA sequence
analysis. For expression, E. coli cells bearing the corresponding
plasmids were grown and induced as described previously
(Palena et al, 1998). Purifications of recombinant proteins
were performed as indicated by Smith and Johnson (1988),
with modifications described by Palena ez al (1998). Nuclear
extracts were prepared from cauliflower buds (obtained from
a local market) as described by Maliga et al. (1995).

For EMSAs, aliquots of extracts (10 ug) or purified
recombinant proteins (100 ng) were incubated with double
stranded DNA (10 000 cpm) obtained by amplification of
the corresponding fragments with primers CATP213 and
CATP214, followed by restriction enzyme cleavage and
labeling with [0-*P]JdATP by filling-in the 3'-ends using the
Klenow fragment of DNA polymerase. Binding reactions
(20 pl) contained, in addition to labelled DNA, 20 mM
HEPES (pH 7.5), 50 mM KCI, 2 mM MgCl,, 0.5 mM
EDTA, 1.0 mM dithiothreitol, 0.5% Triton X-100, 10%
glycerol, and 1.5 pg poly(dI-dC). Reactions were incubated
for 20 min on ice, supplemented with 2.5% Ficoll and
immediately loaded onto a running gel (5% acrylamide,
0.08% bis-acrylamide in 0.5 TBE plus 2.5% glycerol; 1x
TBE is 90 mM TRIS-borate, pH 8.3, 2 mM EDTA). The
gel was run in 0.5X TBE at 30 mA and 4 °C for 1.5 h and
dried prior to autoradiography.

One-hybrid analysis in yeast

To obtain a yeast strain carrying the Cytc-2 promoter
region comprising nucleotides —189 to —139 in front of
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the HIS3 reporter gene, three tandem copies of the
fragment were cloned in the BamHI-EcoRI sites of vector
pHIS3NX (Meijer et al, 1998) that contains the HIS3
coding region preceded by its own minimal promoter. The
entire cassette was then transferred to the Notl-Xbal sites of
the integrative yeast plasmid pINT1, which confers re-
sistance to the antibiotic G418. An Ncol-Sacl fragment of
the clone in pINT1 was introduced into the PDC6 locus of
the yeast strain Y187 as described by Meijer et al. (1998).
The presence of the fragment of interest in the genome of
cells resistant to G418 was analysed by PCR with specific
oligonucleotides. Alternatively, the Cytc-2 promoter frag-
ment was placed in front of the JlacZ reporter gene
contained in plasmid pLacZi (Clontech). Plasmid linearized
in its Ncol site was introduced into the URA3 locus of the
yeast aW303 strain.

Proteins interacting with the Cytc-2 promoter were
identified using a DNA library carrying a 1050 Arabidop-
sis transcription factor (TF) ORFeome collection in the
prey vector pDEST22 (Invitrogen) (HJ Kim et al., un-
published data). The library contains 67 and 101 members
of the bZip and bHLH families, respectively. To construct
the Arabidopsis TF library, the predicted coding region of
each TF was PCR amplified using RNA from various
Arabidopsis tissues with gene-specific primer sets carrying
12 nucleotide attBl1 (5'-AAAAAGCAGGCTCA-3'; 5'-
specific primer) or 12 nucleotide attB2 (5'-AGAA-
AGCTGGGTA-3’; 3'-specific primer) sites in the gene-
specific primer sequence. The amplified fragments were
cloned into the entry vector pDONOR 201 using BP
clonase (Invitrogen). The identity of each TF was
confirmed by DNA sequencing. The plasmids carrying
TF coding regions in the entry vector were pooled and
mixed in equal ratios and the resulting TF ORFeome
library was transferred to pDEST22 using LR clonase
(Invitrogen) to make the yeast two-hybrid prey TF
library. Plasmid DNA from the library (10 pg) was
introduced into yeast using the standard lithium acetate
transformation method (Gietz et al., 1992). A total of
7.5x10° transformants were plated on SC-His-Trp me-
dium containing 0.1 mM 3-AT and the resulting putative
positive clones from the screen were streaked on fresh SC-
His-Trp +0.1 mM 3-AT medium to purify colonies. The
plasmid DNAs containing TF ORFs were rescued and
retransformed into yeast carrying the lacZ reporter for
further confirmation.

Analysis of publicly available microarray data

Expression data for the Cyfc-2 and transcription factor genes
in different tissues or after different treatments were obtained
from the BAR Expression Browser (http://www.bar.utoronto.
ca/; Toufighi et al, 2005). To analyse time-dependent ex-
pression changes after treatments, raw microarray data were
obtained from the NASC microarray database (http://affyme-
trix.arabidopsis.info/narrays/experimentbrowse.pl) and mean
expression values (£SD) for the different genes at each data
point were calculated.

Results
Deletion and mutagenic analysis of the Cytc-2 promoter

It has previously been shown that a 1 kbp region of the
Cytc-2 gene located upstream of the translation start site
directs expression of a gus reporter gene in vascular tissues
of roots, hypocotyls, cotyledons, leaves, and petals, in
developing anthers and pollen, and at the junction of
flowers and siliques with pedicels (Welchen and Gonzalez,
2005). To characterize the minimal promoter regions in-
volved in regulating expression of the Cytc-2 gene, pro-
gressive deletions from the upstream portion of the 1 kbp
fragment (Fig. 1A) have been performed and the activity of
the respective constructs have been analysed using plant—
Agrobacterium-mediated transformation followed by analy-
sis of GUS expression in several independent lines (Fig. 1B,
C). Fluorometric assays using total protein extracts from
2-week-old seedlings showed that deletion of fragments from
-967 to —605 and -315 to -259 produced a partial, but
significant, reduction in expression levels, suggesting that
positive regulatory elements are present in these regions
(Fig. 1B). In addition, deletion of a fragment located
between —189 and —139 completely abolished activity, pro-
ducing values similar to those observed with the promoterless
gus gene (Fig. 1B). Histochemical assays were in agreement
with this observation, since no staining was observed in
plants transformed with the —139 construct (Fig. 1C, panel
c), while plants containing larger promoter fragments
displayed GUS activity mainly in cotyledons (Fig. 1C, panels
a, b, h—j). In addition, for the —189 construct, a net reduction
of GUS staining could be observed (Fig. 1C, panel j).

The effect of promoter deletions on expression in
different organs of adult plants was also analysed. As
observed in seedlings, deletion of nucleotides down to —139
completely abolished GUS activity in all organs (siliques are
shown as an example in Fig. 1C, panels o, p), suggesting
that elements essential for expression are located in this
region.

To identify discrete elements responsible for Cytc-2 gene
expression, the region from —189 to —139 was analysed
further using a set of five 10 bp scanning mutations
arbitrarily named mutl to mut9 (odd numbers, upstream to
downstream; see Fig. 1A for details). Histochemical and
fluorometric analysis of GUS expression in plants trans-
formed with promoter fragments comprising nucleotides —
259 to +54 mutagenized as described indicated that sequen-
ces located in the two downstream 10 bp segments (—158 to —
139) are essential for expression of the Cyzc-2 gene, since no
activity was detected with constructs mut7 and mut9 (Fig.
1B, C, panels g, 1, n, r). Mutation of an additional fragment
located immediately upstream of —158 (mut5) produced
a noticeable decrease in the level of GUS activity in 2-week-
old Arabidopsis plants (Fig. 1B, C, panel f).

Informatic analysis of the mutagenized regions indicated
the presence of a G-box motif present around -169,
partially comprised the fragment that originated a decrease
in expression when modified (mut5). Since G-box motifs are
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GUS activity (pmol.min"'.mg™")

Fig. 1. Analysis of GUS activity driven by truncated and mutagenized forms of the Cytc-2 promoter. (A) Schematic representation of
different constructs used to transform Arabidopsis plants. The numbers indicate the upstream end of the promoter fragment present in
each construct with respect to the translation start site; the downstream end was at +54 for all constructs. The sequences of progressive
scanning mutations between positions —189 and —139 are shown in red. Blue and green letters indicate the positions of the G-box and
ACGT motif, respectively. (B) GUS expression levels measured in total protein extracts from 2-week-old Arabidopsis plants transformed
with constructs carrying progressive deletions or mutagenized forms of the Cytc-2 promoter. The significance of changes produced after
each deletion was assessed using Student’s t tests (*P <0.05, **P <0.01). Plants transformed with the promoterless gus gene (pBI101)
were also used. The results indicate the mean (£SD) of five independent lines. (C) Histochemical localization of GUS activity in
Arabidopsis plants transformed with wild-type or mutagenized promoter forms fused to the gus reporter gene: 1-d-old seedlings (a: —
967; b: —259; ¢: —139; d: mut7); 3-7-d-old seedlings (e: mut1; f: mut5; g: mut9; h: —386; i: —315; j: —189); flowers (k: —=967; I: mut7);
mature leaf sections (m: —=259; n: mut7); siliques (0: —259; p: —=139); primary and secondary roots (q: =315; r: mut7). The images are
representative of 30 lines analysed for each deletion or mutagenized promoter construct. Incubation time in the staining solution was 4 h
for plants of all stages and organs (except roots, that were incubated for 12 h).

known to modulate the expression of several genes (Block
et al., 1990; Donald and Cashmore, 1990; Salinas et al.,
1992; Kim et al., 1992; Menkens et al., 1995; Ishige et al.,
1999; Hudson and Quail, 2003), a 3 bp mutation
(CACGTG to CAATGG) was introduced in the central
part of this motif (Fig. 2A). As shown in Fig. 2, mutation of
the Cytc-2 G-box produced a significant decrease in
expression in seedlings (Fig. 2B, D, panels ¢, d, g) and

organs from adult plants (Fig. 2C, D, panels k, o).
Particularly in roots, mutation of the G-box completely
abolished activity, indicating that it is essential for expres-
sion in this organ.

Regarding the effect of mutations in the region located
downstream of the G-box (mut7), a search for known motifs
present in this region using the PLACE database (Higo et al,
1999) yielded the sequence ACGT (-153 to —150), containing
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the central core of a G-box. Mutation of the ACGT motif
completely abolished expression in seedlings and originated
very low expression levels in adult plants (Fig. 2B, C, D,
panels d, h, I, p). This residual activity was completely absent
in a double-mutant of the G-box and ACGT motifs (Fig. 2B,
C). The ACGT motif present around —152 has then a very
important role in the expression of the Cytc-2 gene in all
organs and developmental stages.

A mutagenic analysis was also performed to investigate
the role of the site II motifs present in the Cytc-2 promoter,
since similar elements were described as essential for
expression of the Cytc-1 gene and other genes involved in
respiration (Welchen and Gonzalez, 2005, 2006). Two
copies of the site II element are located within the Cytc-2
promoter region from -315 to -259 (Fig. 2A) whose
deletion produces a moderate decrease in expression.
Mutation of site II elements within the context of the —315
promoter region produced a significant decrease in expres-
sion in seedlings and organs from adult plants, except for
roots, where no changes were observed (Fig. 2B, C, D,
panels b, f, j, n). The decrease in expression was similar to
or even greater than the one observed upon deletion of the
fragment from —315 to -259 (Fig. 2B, C), indicating that site
II elements are the main regulatory motifs present in this
region. Careful examination of expression values in differ-
ent organs suggests that site II elements act as regulators of
the magnitude of expression mainly in reproductive organs
(Fig. 2C). According to these results, site II elements seem
to have a less important role in expression of the Cytc-2
gene as compared with Cytc-1, where mutation of site 11
elements completely abolishes expression.

The Cytc-2 promoter responds to several factors

It was previously reported that incubation of plants with
metabolizable carbohydrates produces an increase in Cytc-2
transcript levels (Welchen et al., 2002). Accordingly, reporter
gene expression levels in plants transformed with Cytc-2
promoter/gus fusions were analysed after incubation in the
presence of sucrose. As shown in Fig. 3A, seedlings of plants
transformed with the —315 construct grown in MS medium
with 200 mM sucrose for 1 week have GUS activity levels
that are three times higher than those grown in its absence
or in the presence of a similar concentration of mannitol as
a control of the effect of osmotic potential. Similar results
were obtained with the largest (-967) construct in seedlings
and in isolated leaves incubated in solutions containing
sucrose (not shown). Analysis of the response of plants
carrying further deletions or mutagenized fragments in-
dicated that mutation of site II elements originates a signifi-
cantly lower response to sucrose that is completely lost upon
mutation of the G-box (Figs 2E, 3A). Growth of plants in
the presence of the cytokinin 6-benzylaminopurine (BAP)
also produced c¢. 4-fold induction of Cytc-2 promoter-
dependent expression (Figs 2E, 3B). As observed in the case
of sucrose, the effect of cytokinin was considerably reduced
upon mutation of site I elements or deletion of the fragment
that contains these elements and abolished after mutation of

the G-box (Fig. 3B). Site II elements within the context of
the Cytc-2 promoter participate in the induction by sucrose
and cytokinin and are required for a maximal response. The
G-box seems to play an additional role in establishing basal
induction levels. It is interesting to note that the Cytc-1
promoter, that contains site II elements, is also induced by
sucrose and cytokinin (Welchen and Gonzalez, 2005).

It has also been observed that GUS activity driven by the
Cytc-2 promoter is lower in seedlings grown in darkness for
1 week with respect to controls grown in the light (Figs 2E,
3C). This effect is reversed after several hours of illumina-
tion of dark-grown seedlings (Fig. 3C). Incubation of light-
grown seedlings for more than 24 h in the dark also
produced a decrease in expression levels (Fig. 2E). The
effect of light conditions on expression was conserved after
elimination or mutation of site II elements, but was
completely abolished by mutation of the G-box (Fig. 3C),
indicating that this motif is responsible for the observed
behaviour.

Analysis of data from public microarray experiments
indicates that the Cytc-2 gene is induced under several stress
conditions, among them cold, heat, UV-B and pathogens.
The response of constructs containing different fragments
of the Cytc-2 promoter to some of these conditions was
then examined. Figure 3D shows that GUS expression
under the control of the Cytc-2 promoter is induced after
incubation of plants at either 4 °C or 38.5 °C and by
treatment with UV light. Similar responses were observed
for most of the constructs analysed, except for those
carrying mutations in the G-box or the ACGT motif. This
suggests that the G-box located at —169 participates in the
induction by these treatments. Regarding the ACGT motif,
the lack of induction may be caused by the fact that
mutation of this element almost completely abolishes
expression of the gene. GUS expression data indicate, then,
that the G-box present in the Cytc-2 promoter is responsible
for the response of this gene to several environmental and
metabolic factors, while site II elements participate in
maximal induction by most of these factors.

Nuclear proteins bind to the Cytc-2 promoter region
required for expression

The presence of proteins able to recognize the Cytc-2
promoter regions required for expression was analysed
using nuclear extracts prepared from cauliflower inflores-
cences, as a source of proteins from a species closely
related to Arabidopsis. Electrophoretic mobility shift
assays (EMSAs) using a labelled fragment comprising
nucleotides —189 to —-139 showed the presence of two
retarded bands, indicating the existence of complexes with
different mobility (Fig. 4). The band with lowest mobility
represents a complex formed by protein(s) bound to the G-
box, as indicated by the fact that this band disappeared
when fragments with a mutagenized G-box were used
(Fig. 4A, lanes 4 and 8). Mutations in either the ACGT
motif or the 10 bp segment from —158 to —149 (mut7, that
comprises the ACGT motif) did not produce any
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Fig. 2. Analysis of reporter gene expression in Arabidopsis plants transformed with mutagenized promoters fused to the gus gene. (A)
Schematic representation and sequence of elements that were mutagenized within the context of the —315 and —259 Cytc-2 promoter
(see Fig. 1). On the right, the name used for each construct as cited in the Figures and the text is shown (red: site Il element, blue: G-
box, green: ACGT moaitif). (B) GUS expression levels measured in total protein extracts from 2-week-old plants. Numbers below the bars
indicate the respective wild-type or mutagenized fragment analysed by the fluorometric assay. (C) Specific GUS activity in protein
extracts from different organs of plants transformed with either wild-type or mutagenized promoter/gus fusions. Activity was also
measured in extracts from plants transformed with a promoterless gus gene (pBI101). In (B) and (C), bars indicate the mean activity
values (£SD) obtained with organs from five independent transformants for each construct. (D) Histochemical analysis of GUS activity.
One- and 2-d-old seedlings with either wild-type (a: —-315) or mutagenized forms of the Cytc-2 promoter (b: mut sitell, c: mut G-box,

d: mut acgt). Five-day-old plants (e: =315, f: mut sitell, g: mut G-box, h: mut acgt) and flowers (i: =315, j: mut sitell, k: mut G-box, I: mut
acgt). Primary and secondary roots from mature plants (m: =315, n: mut sitell, o: mut G-box, p: mut acgt). Incubation time in the staining
solution was 4 h for plants of all stages and organs (except roots, that were incubated for 12 h). The images are representative of 30
different lines from each construct. (E) Histochemical analysis of transgenic 7-d-old plants that were grown in the presence of 50 uM
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noticeable effect (Fig. 4A, lanes 6 and 10). Interestingly,
mutation of the 10 bp segment located immediately
downstream (mut9, —148 to —139), that originated a strong
decrease in expression of the gus reporter gene, also
produced a significant decrease in the amount of the
complex with lowest mobility (Fig. 4A, lane 12). This
result indicates that either the integrity of this region is
required for efficient binding of proteins to the G-box
motif, or that the binding of a factor to this region is
dependent on the integrity of the G-box, suggesting the
existence of co-operative interactions between these two
regions. The low mobility complex reflects, then, the
presence of nuclear proteins that bind to regions of the
Cytc-2 promoter required for expression. However, there is
not a complete correlation between the complexes ob-
served in EMSAs and the expression characteristics of the
different constructs. For example, mutations in the G-box

* %
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completely abolish binding and only partially affect gene
expression, while the inverse effect is observed upon
mutation of the 3’ element (mut9). Most notably, mutation
of the essential ACGT motif does not produce significant
changes in the formation of protein—-DNA complexes.

The interaction of nuclear proteins with the Cytc-2
promoter was also studied using competition for the
binding to the non-mutagenized labelled fragment by
unlabelled DNA with different mutations (Fig. 4B). A 10-
fold molar excess of the non-mutagenized fragment com-
peted efficiently with the formation of the low mobility
complex. This competition was not observed with fragments
that contain a mutagenized G-box or mutations in the 3’
region (mut9), in agreement with the results described
above. In turn, the non-mutagenized fragment competed
only slightly with the formation of the less retarded band
(Fig. 4B). This suggests that this band is largely originated
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Fig. 3. Regulation of gus reporter gene expression by the Cytc-2 promoter in the presence of sucrose, cytokinin (BAP), and by changes
in environmental conditions. GUS activity was measured using the fluorogenic substrate MUG and protein extracts prepared from plants
carrying different wild-type or mutagenized Cytc-2 promoter fragments (see Fig. 2A for details). The results indicate the mean (=SD)
values of five independent lines measured in three different experiments. (A, B) Plants were grown for 7 d in MS medium alone or
supplemented with either 200 mM mannitol or 200 mM sucrose (A) or 50 uM BAP (B). (C) Plants were grown for 7 d under a normal
photoperiod (16 h light/8 h dark; control) or in the dark. In addition, dark-grown seedlings were then exposed to continuous light for
different times (6 h, 24 h, 48 h). (D) After growth in MS medium under normal photoperiod (16 h light/8 h dark) and temperature

(21-24 °C; control) for 2 weeks, plants were incubated either at 4 °C for 24 h, at 38.5 °C for 3 h, or under UV-B light for 1 h.

BAP, 200 mM sucrose or under different illumination conditions. Incubation time in the staining solution was 1 h for plants incubated with
sucrose or BAP (and the respective controls), and 4 h and 8 h for light-grown and dark-grown seedlings, respectively, when the effect of
illumination was analysed. See Fig. 3 and discussion in the text for details.
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Fig. 4. Nuclear proteins from cauliflower buds specifically bind to the Cytc-2 promoter. (A) Nuclear extracts (10 pg) from cauliflower
inflorescences were analysed by an EMSA for the presence of proteins that bind to labelled DNA spanning nucleotides —189 to —139.
The binding was analysed using either a labelled wild-type fragment or different mutagenized forms. (B) The binding of nuclear proteins
to a labelled —189 to —139 wild-type fragment was analysed with or without the addition of a 50-fold molar excess of unlabelled wild-type
or mutated forms of the same fragment as competitor. (C) Details of the wild-type and mutagenized sequences used in the EMSA

experiments.

by unspecific binding of abundant proteins. However, this
slight competition was abolished when the sequence ACGT
was mutated, probably indicating that a low abundance
complex formed by proteins that bind to the ACGT motif
and a complex established by unspecific interactions with
DNA co-migrate in this region. It was then speculated that
at least two different complexes of nuclear proteins interact
with the region of the Cytc-2 promoter required for
expression. One of the complexes requires the integrity of
the G-box motif and sequences located in the downstream
portion of the fragment, while the other one is formed with
the region containing the ACGT motif.

Identification of transcription factors that interact with
the Cytc-2 promoter

A yeast one-hybrid screen was performed to identify
Arabidopsis transcription factors that interact with the
Cytc-2 promoter region relevant for expression. For this
purpose, three tandem copies of the segment comprising
nucleotides —189 to —139 were cloned in front of the
HIS3 reporter gene containing a minimal promoter and
introduced into the yeast genome. The resulting strain was
transformed with a full-length cDNA library of Arabidopsis
transcription factors fused to the GAL4 activation domain
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(HJ Kim et al., unpublished). Twenty-four colonies able to
grow in the absence of histidine were identified and
analysed further by retransformation of yeast and DNA
sequencing. Twenty-three of the recovered clones, represent-
ing six different transcription factors from the bZIP and
bHLH families (Fig. 5A), were able to transactivate the
HIS3 gene when reintroduced into the yeast strain used for
the screening.

The efficiency of individual clones to recover growth in
the absence of histidine was analysed using serial dilutions
of the corresponding yeast cultures. Figure 5B shows that
yeasts containing clones encoding each of the transcription
factors were able to grow in the absence of histidine at
higher dilutions than the control expressing only the GAL4
activation domain. Clones encoding AREB2/ABF4, GBFI,
and the GBF-like protein were the most effective since the
respective yeast strains were able to grow at higher
dilutions, suggesting that they produce a more efficient
activation of the reporter gene. For GBF3 and bHLHO080,
slower growth in the absence of histidine was observed.

A quantitative measurement of activation was obtained
by introducing the different clones expressing the GAL4
activation domain fusions into a yeast strain that contained
the Cytc-2 promoter fragment in front of the lacZ reporter
gene (Fig. 5C). B-galactosidase activity measurements in-
dicated that AREB2/ABF4 produces c. 10-fold activation
respective to the control strain, while GBF1 and the GBF-
like protein produce 3-4-fold activation. For GBF3 and
bHLHO080, the increase in activity was not enough to be
significant with respect to the control strain with this
system. The results obtained with both reporter genes are
in agreement, showing that AREB2/ABF4, GBF1, and the
GBF-like protein are more efficient transactivators in the
yeast one-hybrid assay, while GBF3 and bHLHO080 display
rather poor activation. Since these two proteins are able to
confer better growth capacity in the absence of histidine, it
was decided to analyse their role as candidate activators of
the Cytc-2 promoter in other systems further.

Binding of some of the proteins identified in the one-hybrid
screening to the Cytc-2 promoter in vitro was also analysed.
For this purpose, regions comprising the bZIP domains of
AREB2/ABF4, GBF3, and the GBF-like protein, as well as
the entire bHLHO80, were expressed as recombinant proteins
in E. coli. EMSAs of binding of the purified proteins to wild-
type and mutated variants of the Cytc-2 promoter fragment
spanning nucleotides —189 to —139 indicated that the four
proteins recognize the G-box, since binding was abolished or
considerably reduced upon mutation of this element (Fig. 6A,
lanes 2 and 4). With GBF3 and bHLHO080, overexposure of
the gel indicated the presence of a small amount of binding to
the fragment with a mutated G-box (Fig. 6A, lane 2). The fact
that this binding disappeared when the ACGT motif was also
mutated (Fig. 6A, lane 4), may indicate that these proteins
also recognize the ACGT motif, although much less effi-
ciently.

It has previously been proposed that site II elements
present in other promoters, including the Cytc-1 promoter,
are recognized by proteins from the TCP family (Kosugi

A AGIl code Name Family Reference
At1g35460 bHLH80 bHLH Heim et al. (2003)
Toledo-Ortiz et al. (2003)
At4g09180 bHLHB81 bHLH Heim et al. (2003)
Toledo-Ortiz et al. (2003)
At4g36730 GBF1 bZip Schindler et al. (1992)
At2g46270 GBF3 bZip Schindler et al. (1992)
At1g32150 GBF-like bZip
At3g19290 AREB2/ABF4 bZip Uno et al. (2000)
Kang et al. (2002)
B ,
S ||
cytell
SD/-Trp-His; 3-AT 0.2 mM
AD
GBF like-AD
GBF1-AD
GBF3-AD
ABF4-AD
bHLHO080-AD
C ¢ g
lll TATA | LacZ
cytell
AD
GBF like-AD [T
GBF1-AD
GBF3-AD [
ABF4-AD | .
bHLH080-AD [

bHLH081-AD [+
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Fig. 5. Isolation and identification of Arabidopsis transcription
factors that interact with the Cytc-2 promoter. (A) List of the
Arabidopsis transcription factors identified during the one-hybrid
screening. (B) Activation of the HIS3 gene by the selected clones.
A construct comprising three tandem copies of the —189 to —139
Cytc-2 promoter fragment fused with a minimal promoter and
the HIS3 reporter gene was introduced into yeast cells. The
identified clones, expressing different transcription factors fused
to the GAL4 activation domain (AD), were tested for their ability to
recover growth in the absence of histidine (minimal medium
without histidine and with 0.2 mM 3-amino-1,2,4-triazole) using
serial 10-fold dilutions of the corresponding yeast cultures, at an
initial ODgp=0.8. (C) B-galactosidase activity measurements in
yeasts containing the lacZ reporter gene fused to the Cytc-2
promoter fragment used for the screening and transformed with
the clones shown in (A). The bars represent mean B-galactosidase
specific activity (=SD). In (B) and (C), AD represents a yeast strain
transformed with a construct expressing only the GAL4 activation
domain.
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and Ohashi, 2002; Trémousaygue et al., 2003; Welchen and
Gonzalez, 2005). Recombinant protein AtTCP20 were then
used to analyse binding in vitro to the site II eclements
present in the Cytc-2 promoter. In Fig. 6B, the formation of
specific retarded bands was observed only when a Cytc-2
promoter fragment with site II elements was used. In
a previous work, it was determined that site II elements
present in the Cytc-I promoter also interact with AtTCP20
(Welchen and Gonzalez, 2005). This indicates that this
protein or other members of the TCP family probably exert
a concerted regulation of both genes.

Activation of the Cytc-2 gene expression by the native
forms of the identified transcription factors was studied in
planta. For this purpose, a transient agroinfiltration pro-
cedure of Arabidopsis leaves, based on the one commonly
used with tobacco leaves (see Materials and methods), was
set up. Validity and reproducibility of the method were
verified by infiltrating non-transformed plants with the
construct expressing the —319 Cytc-2 promoter/gus fusion.
As shown in Fig. 7B, a 10-fold increase in specific GUS
activity was observed in leaves after agroinfiltration. This

Characterization of the Cytc-2 gene promoter | 839

value was similar to that obtained when using tobacco
leaves (not shown). To analyse the effect of transcription
factors on Cytc-2 gene expression, Arabidopsis lines stably
transformed with different Cytc-2 promoter/gus constructs
(=315, -259, and mutants in the G-box and ACGT motif)
were infiltrated with constructs expressing the respective
factors under the control of the 35S CaMV promoter. Figure
7A shows that agroinfiltration of constructs expressing
AREB2/ABF4, GBF3, bHLHO080, and the GBF-like protein
produced an increase in GUS expression levels with respect
to controls infiltrated with 10 mM MgCl, when plants
containing either the —315 or the —259 fragment were used.
By contrast, agroinfiltration with a construct expressing the
sunflower HD-Zip transcription factor Hahb-4 (Dezar et al.,
2005), that has no putative binding sites within the Cytc-2
promoter, does not produce changes in expression levels.
Activation by the different transcription factors was not
observed when agroinfiltration was performed in plants
carrying Cytc-2 promoter/gus fusions with mutations in
either the G-box or the ACGT motif (Fig. 7). Based on the
results, it was assumed that the different transcription factors

A1 2 3 4 5 6 1 2 3 4 5 6 B
Br | . - . <B
= -315 -259
1 2 3 4
*
o @
F> «F
bZIP ABF4 bZIP GBF3
1 2 3 4
B @ W
- + - +
Fr AtTCP20
bZIP GBFlike bHLH 080
1F9 -139
1- wild-type ACCACTATTTAGACGCcacgtgTACCCAGAACAAA acgtATGGCCTGTGTA
2- mut G-box
3- mut acgt
4- mut Gbox/acgt - —-
5- mut7
6- mut9

Fig. 6. DNA-binding properties of recombinant transcription factors to the Cytc-2 promoter. (A) Binding of AREB2/ABF4, GBFS3,
GBF-like and bHLHO80 was analysed by an EMSA. One-hundred nanograms of the different recombinant proteins were incubated with
different forms (wild-type or mutagenized) of the Cytc-2 fragment comprising nucleotides —189 to —139. Lanes 1 to 6 correspond to
different labelled Cytc-2 promoter fragments used as probes. Free and bound DNA are indicated with F and B, respectively. Bands
labelled with an asterisk correspond to minor species already present in the free probes as deduced from lanes in which no protein was
added. The sequences of the fragments are shown at the bottom. (B) Binding of recombinant protein AtTCP20 to a Cytc-2 promoter
fragment containing two copies of site Il elements. Two different fragments of the Cytc-2 promoter were analysed for binding by an
EMSA. Fragment =315 (from -315 to —139; lanes 1 and 2) contains the site Il elements, while these elements are not present in fragment
—259 (-259 to —139; lanes 3 and 4). In lanes labelled (-), no protein was added; in lanes labeled (+), 200 ng of recombinant protein was

included.
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Fig. 7. Activation of the Cytc-2 promoter by the identified transcription factors in planta. (A) Individual Agrobacterium cultures carrying

full-length cDNAs of the transcription factors identified in the one-hybrid screen cloned in the pBI121 binary vector were mixed with cells
carrying the 35S::p19 construct (Voinnet et al., 2003) and infiltrated into 4-week-old Arabidopsis transgenic leaves. The lines used for the
transient activation analysis were the stable Arabidopsis plants previously transformed with promoter constructs spanning nucleotides —
315 to +54 (-315), —259 to +54 (-259) and mutagenized forms of the last fragment, either in the G-box (mutGbox) or in the ACGT motif
(mutacgt; see Fig. 2A for details). GUS activity was measured in total protein extracts from leaves 4 d post-infiltration. Transgenic plants

infiltrated with 10 mM MgCl, and with a 35S::Hahb4 construct, expressing an HD-Zip transcription factor, were used to evaluate
possible unspecific activation effects. The bars indicate the mean activity of 10 individually infiltrated plants. The figure shows

a representative experiment of three repetitions performed with different lines of the same constructs that produced similar results.
Activation values for the —=315 and —259 constructs with respect to plants infiltrated with MgCl, varied from 1.1 to 1.3 for Hahb-4, 1.8 to
2.4 for AREB2/ABF4, 2.9 to 6.2 for GBF3, 2.2 to 2.8 for GBF-like, and 2.0 to 2.9 for bHLHO80 along these experiments. (B) Control of
the transformation procedure. Wild-type Arabidopsis leaves were infiltrated with either 10 mM MgCl, or with an Agrobacterium culture

carrying the —315/gus construct.

activate the Cytc-2 gene mainly through interaction with the
G-box. The lack of activation observed upon mutation of
the ACGT motif may be due to the fact that this mutation
almost completely abolishes gene expression.

Expression analysis of genes encoding the different
transcription factors identified by one-hybrid screening
using available microarray data showed that some of them
share expression characteristics with the Cytc-2 gene. For
example, GBF3 is preferentially expressed in stamens at the
Fi, stage and in mature pollen, in a similar way as the Cyrc-
2 gene, as observed in microarray experiments (http://
www.bar.utoronto.ca/) and histochemical assays (this
work). GBF3 is also induced by carbohydrates, heat, cold,
osmotic shock, UV-B, and pathogens, treatments that
produce an increase in Cytc-2 gene expression. Moreover,
the time-dependent responses observed for induction of the
GBF3 and Cytc-2 genes by UV-B, cold and heat are very
similar (see Supplementary Fig. S1 at JXB online). Similar
observations can be made for AREB2/ABF4 after cold and
heat treatments (see Supplementary Fig. S1B, C at JXB
online) and for GBF1 after heat treatment (see Supplemen-
tary Fig. S1C at JXB online). Induction by cycloheximide is
observed for Cytc-2 and the gene encoding the GBF-like
protein. Considering that mutation of the G-box abolishes
most of the responses, it can be speculated that induction of
the Cytc-2 gene may be the consequence of changes in the
amount of defined bZIP transcription factors under the
conditions described above.

Discussion

Arabidopsis thaliana contains two genes encoding cyto-
chrome ¢. Phylogenetic analysis suggests that duplication of
these genes is relatively recent, but occurred before the
separation of Arabidopsis and Brassica, since both gene
forms can be recognized in B. oleracea and corresponding
ESTs were reported for B. rapa and B. napus (see
Supplementary Fig. S2 at JXB online). Duplication of genes
is a common feature in angiosperms and may lead to either
neo- or subfunctionalization (i.e. the acquisition of new
functions or the partitioning of previous functions between
the pair of duplicated genes; Force et al, 1999; Hughes,
2002; Prince and Pickett, 2002). Most often, changes are
related to the expression characteristics of the respective
genes rather than to the functional properties of the
encoded proteins, so that neo- or subfunctionalization are
thought to occur through the incorporation of new
transcriptionally active elements in promoter regions (Gu
et al., 2002; Haberer et al., 2004). Studies using promoter-
gus fusions showed that the upstream regions of the Cytc-1
and Cytc-2 genes produce partially different expression
patterns (Welchen and Gonzalez, 2005), suggesting that
these promoters have acquired novel regulatory elements
after duplication. A detailed analysis of the Cytc-1 pro-
moter performed previously indicated that expression of
this gene depends on site II motifs and a telo box (Welchen
and Gonzalez, 2005). Notably, two site II motifs are also
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present in the Cytc-2 upstream region, raising the question
of what were the changes that originated the differences in
expression patterns.

Studies on the Cytc-2 gene upstream region described in
this work revealed that site II motifs do not have an
essential role in expression, as in the Cytc-1 gene, since only
a partial decrease in GUS activity levels, mainly in
reproductive organs, was observed when these motifs were
mutated. In addition, mutation of site II elements produced
a general decrease in the magnitude of the response to
sucrose and cytokinin, two factors that also regulate Cyrc-1
gene expression (Welchen and Gonzalez, 2005). As in the
Cytc-1 promoter, the site IT elements present around —266
of the Cytc-2 gene were specifically recognized by the
Arabidopsis TCP20 recombinant protein, a member of the
TCP family of transcription factors (Cubas et al., 1999;
Kosugi and Ohashi, 2002; Trémousaygue et al, 2003;
Navaud et al., 2007; Yao et al., 2007). TCP transcription
factors seem to have a central role in regulating growth and
cell division control pathways (Li et al, 2005; Koyama
et al., 2007; Tatematsu et al., 2008). In this sense, although
not essential for gene expression, the site II elements present
in the Cytc-2 promoter may establish a link between the
biogenesis of the mitochondrial machinery involved in
energy production and cell proliferation and growth
(Fig. 8A). Site II elements may also be used to co-ordinate
some aspects of Cytc-2 gene expression with the expression
of other nuclear-encoded respiratory genes (Welchen and
Gonzalez, 2006; Gonzalez et al., 2007).

The most relevant elements for Cyzc-2 gene expression were
mapped to a fragment of about 50 bp located more proximal
to the transcription start site and include a G-box, an ACGT
motif, and a 10 bp DNA segment located downstream of the
ACGT motif. The importance of these elements seems to
correlate with their position in the promoter, since mutation
of elements located more proximal to the transcription start
site produces larger effects on expression. One possibility is
that the proteins that bind upstream (to the G-box, for
example) exert their effect on transcription through protein—
protein interactions with components bound to downstream
regions, so that their influence is lost when these components
are not able to interact with the promoter. In this sense,
protein—DNA interaction studies showed that binding of
nuclear proteins to the G-box is dependent on the integrity
of a fragment located downstream, the same fragment that
abolishes expression when mutated.

The Cytc-2 promoter does not contain a TATA-box and
has an initiator element (PyTCANTPyPy; Nakamura ez al.,
2002) around the putative transcription start site, located at
-85 from the translation start codon according to mRNA
sequence data. It is unlikely that the mutations that abolish
Cytc-2 gene expression have disrupted core promoter
elements, usually located downstream of —50 (Molina and
Grotewold, 2005), since the elements important for Cytc-2
expression described here are located in the region from
—189 to —53 from the transcription start site. Therefore, it
can be concluded that the Cyfc-2 gene contains a rather
compact promoter, even if deletion of upstream portions
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produce moderate changes in expression levels. This com-
pactness is clearly not the consequence of the presence of
a nearby gene, since the nearest gene (At4g10030) is present
at 4 kbp from the Cytc-2 start site. Similar observations
were made when analysing promoters of other nuclear genes
encoding respiratory chain components (Zabaleta er al.,
1998; Elorza et al, 2004, 2006; Welchen et al, 2004;
Dojcinovic et al.,, 2005; Welchen and Gonzalez, 2005),
suggesting that this may be a general property of this type
of promoter. The compactness of the Cytc-2 promoter is
also reflected by the fact that mutation of individual
elements produces large effects on expression.

G-boxes (CACGTG) have been described in several plant
promoters, where they regulate expression in response to
different factors, such as light, hormones, and environmen-
tal conditions, in addition to conferring tissue-specific
expression (Giuliano et al, 1988; Schulze-Lefert et al.,
1989; Donald and Cashmore, 1990; Kim er al, 1992;
Menkens et al., 1995; Ishige et al., 1999; Hudson and Qualil,
2003). G-boxes are usually recognized by a group of bZIP
proteins termed GBF (G-box binding factors; Schindler
et al., 1992; Menkens et al., 1995; Sibéril et al., 2001) and
also by proteins from the bHLH group (Heim et al., 2003;
Toledo-Ortiz et al., 2003). One-hybrid screenings using the
Cytc-2 promoter region required for expression identified
three GBF and two bHLH proteins able to interact with
this fragment, namely GBF1, GBF3, bHLH080, bHLHO0S81,
and a GBF-like protein encoded by At1g32150. The bZIP
protein AREB2/ABF4, described as a binding factor of the
ABRE (abscisic acid responsive element), was also identified
(Choi et al., 2000; Uno et al., 2000; Kang et al., 2002). In
this sense, it must be noted that the sequence surrounding
the Cytc-2 G-box also conforms to the consensus of the
ABRE (C/TACGTGGQC). All of the identified proteins were
able to transactivate the HIS3 reporter gene in yeast, while
GBF3 and bHLHO080 did not produce significant activation
with respect to the controls when the B-galactosidase gene
was used as a reporter. This apparent discrepancy may arise
from differences in the characteristics of the reporter genes
or in the assays used to analyse their expression (i.e. while
the differential accumulation of B-galactosidase during
growth in liquid culture was not enough to reach signif-
icance with respect to the control strain, the increased
amount of the HIS3 gene product may have been enough to
allow better growth in medium lacking histidine). bHLHO080
and GBF3, however, efficiently bound the Cyfc-2 promoter
in vitro and produced a significant activation of a Cytc-2
promoter/gus construct in planta. It is assumed, therefore,
that these proteins are true regulators of Cyzc-2 gene
expression. bHLHO081 was not tested further, but its close
similarity with bHLHO080 suggests similar behaviour.

It is noteworthy that the four bZIP proteins identified
share some expression characteristics with the Cytc-2 gene.
This is an indication that the bZIP proteins may be
mediators of the response of the Cytc-2 gene to several
factors. This is supported by the fact that mutation of the
G-box abolishes most responses. The responses observed
for the Cytc-2 gene are then the consequence of the
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A SIGNALS
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Cell proliferation 'v ;
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of nuclear
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Responses to environmental and
metabolic factors
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& duplication
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Cytc-2 L? D]:I
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H Telo box

I G-box and acgt

ATP2 AGARTCGGARARTCACACGTGT CGCAGTCAGARCAARACACGT TACGEAGAAGARGTGE

Cyl‘c-2 CCACTATTTAGACGCCACGTGTACC---CAGAACAAR——ACGTATGGCCTGTGTATCTC

Fig. 8. The expression characteristics of the Cytc-2 gene are governed by different elements present in its promoter region. (A) Scheme
of the Cytc-2 promoter region showing the presence and location of functional elements described here and the proteins that interact
with them. Site Il elements interact with TCP domain proteins and are responsible for increased expression in reproductive tissues and
responses to sucrose and cytokinin. These elements may co-ordinate the expression of the Cytc-2 gene with other respiratory chain
component genes. The G-box confers induction by several environmental factors and the essential ACGT motif may be involved in basal
transcription. (B) Proposed evolutionary scheme for diversification of Arabidopsis Cytc genes. After duplication of an ancestral Cytc gene
that contained site Il elements in its promoter, new elements were incorporated, thus producing changes in the expression
characteristics of the resulting genes. In Cytc-2, incorporation of a fragment containing a G-box and an ACGT motif may have reduced
the importance of site Il elements for basal expression and conferred responses to several factors. Below, the sequence of the upstream
region of the Cytc-2 gene containing the G-box and the ACGT motif (-188 to —135) is compared with the region from =181 to —123 of the

At5g08680 gene, encoding the B subunit of the mitochondrial H*-ATPase. Identical nucleotides are boxed. Gaps were introduced to

optimize the alignment.

interaction of different proteins from the bZIP family with
the G-box element located around —169 from the trans-
lation start site (Fig. 8A). The G-box may then be viewed as
a transducer of tissue-specific, metabolic, and environmen-
tal conditions into Cytc-2 gene expression changes. bHLH
proteins, in turn, may be involved in determining the basal
transcription levels of the Cyzc-2 gene.

From an evolutionary point of view, it can be speculated
that the Cyzc-2 gene incorporated specific elements involved
in transcription after duplication, leading to specialized
expression patterns (Fig. 8B). The presence of site II motifs
in both Cytc genes suggests that these motifs were probably
present in the ancestral form of the gene. This is also

supported by the fact that site IT motifs are present in many
genes that encode components of the oxidative phosphoryla-
tion machinery from both Arabidopsis and rice (Welchen and
Gonzalez, 2006). Site II motifs are also present in the
putative promoters of Cytc-1 genes from B. rapa and B.
oleracea (no information is available for Cytc-2 genes).
Changes in Arabidopsis Cytc-2 gene possibly included the
incorporation of the G-box and the ACGT motif down-
stream of the site II elements. Incorporation of the new
motifs may have occurred by accumulation of mutations or
in a single step, by the introduction of a fragment carrying
these elements. Regarding this possibility, it was noticed that
other genes encoding isoforms of NDUFAI12 (At1g04630),
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SDH2 (SDH2-3; At5g65165), Cox5b (Cox5b-1; At3gl5640),
and ATP2 (At5g08680), components of Complexes I, II, IV,
and V, respectively, have a similar arrangement of motifs.
Particularly, the corresponding region of the ATP2 gene
shows homology with the Cytc-2 gene segment located
around the G-box and ACGT motifs (Fig. 8B). A model for
the evolution of Cytc genes in Arabidopsis includes a duplica-
tion event and the incorporation in the Cytc-2 gene upstream
region, possibly in one step, of a segment carrying new
elements active in transcription. This reduced the importance
of site II motifs for expression, either because the new
elements act independently or because site II motifs were
moved farther away from the transcription start site. In-
corporation of new elements has then possibly led to neo-
functionalization of the Cytc-2 gene through the acquisition
of novel expression patterns and responses which may confer
specific advantages under certain conditions or developmen-
tal stages.

Supplementary data

Supplementary data are available at JXB online.

Table S1. List of primers used.

Fig. S1. Response of the Cytc-2 gene and genes encoding
bZIP transcription factors that interact with the Cytc-2
promoter to stress treatments.

Fig. S2. Alignment of Arabidopsis and Brassica cyto-
chrome ¢ protein sequences.
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