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1.INTRODUCTION 

 

1.1 Folates 

 

The synthesis of numerous compounds and the regulation of many methabolic processes 

require the addition or removal of one-carbon units (C1-methabolism). These one-carbon (C1) 

reactions play essential roles in major cellular processes including the synthesis of nucleic 

acids, methionine and pantothenate and the biogenesis of many products such as choline, 

lignine and chlorofill (Hanson and Roje, 2001; Sahr et al., 2005). Most of the transfers of C1-

units are mediated by tetrahydrofolate (H4F) derivatives and S-adenosylmethionine (that is a 

derivative of methionine that is the source of methyl units for the synthesis of choline, 

chlorophyll etc.). 

H4F is composed of three distinct parts: a pterin ring, a p-ABA (p-aminobenzoic acid) and a 

polyglutamate chain with a number of residues varying between 1 and 8 (Cossins, 1984).  

 

 

 
Fig 1.1:  Structure of H4Fshowing the different positions of substituted C1 units and major 

reactions of C1 metabolism 
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In biological systems, the C1-units exist under various oxidation states (methyl, methylene, 

methenyl or 10-formyl, from the most reduced to the most oxidized) and the different H4F 

derivatives constitute a family of related molecules named indistinctly under the generic term 

of folates or vitamin B9 (Jabrin et al., 2003).  

The biosynthesis of THF in plants and microorganisms requires the sequential operation of 

five reactions occurring in the mitochondria, as shown in figure 1.2 (Scott et al., 2000; 

Hanson and Gregory, 2002).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.2  Biosynthesis of THF: the sequential operation of five reactions in the mitochondria  
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The first steps of H4F synthesis are absent in animals; thus, folate supply in these organisms is 

ensured by the diet (Bailey and Gregory, 1999; Scott et al., 2000). Folate deficiency may have 

severe repercussions on human health, for example neural tube defects, heart coronary disease 

or increased risk of cancer. In contrast, microorganisms and plants are able to synthesize H4F 

de novo. 

 

1.2 H4F biosynthesis 

 

As shown in figure 1.3, three subcellular compartments participate in plant folate synthesis, 

these are: cytosol, plastids and mitochondria (Neuburger et al., 1996; Rebeillé et al., 1997; 

Ravanel et al., 2001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 1.3 The H4F biosynthetic pathway in plants and the enzymes involved in the synthesis of H4F-

Glu1  
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Cytosolic steps 

In the cytosol dihydropterin (or hydroxymethyldihydropterin) is synthesized from GTP in 

three steps. None of the enzymes required for this synthesis have predicted targeting peptides, 

suggesting that they are located in the cytosol. The first reaction is catalysed by GTPCHI 

(GTP-cyclohydrolase I) to form dihydroneopterin triphosphate. GTPCHI is present in 

organisms synthesizing H4F de novo and in mammalian cells where it is involved in the 

synthesis of pteridines such as tetrahydrobiopterin, a coenzyme participating in redox 

reactions (Werner-Felmayer et al., 2002). The triphosphate side chain of dihydroneopterin 

triphosphate is further removed to produce dihydroneopterin. Two steps are required for this 

process, in fact the pyrophosphate group is removed by a specific nudix hydrolase (Klaus et 

al., 2005), followed by the action of a non-specific phosphatase (Suzuki and Brown, 1974). 

Lastly, DHNA (dihydroneopterin aldolase) cleaves the lateral side chain of dihydroneopterin 

to release dihydropterin. 

 

Plastidic steps 

p-ABA is synthesized in plastids. There are evidences that p-ABA is a potential limiting step 

for folate accumulation in plants. The first enzyme responsible for this synthesis in plant, 

which is a protein fusion of the PabA and PabB domains, possesses an ADC 

(aminodeoxychorismate) synthase activity and exhibits a transit peptide that is typical of 

chloroplast targeting. The last step in the synthesis of p-ABA is catalysed by an ADC lyase, a 

protein also located in plastids (Basset et al., 2004). 

 

Mitochondrial steps 

The final steps of H4F synthesis occur in mitochondria. In fact, leaf mitochondria contain all 

the required enzymes and the first three steps are presumably exclusively localized in this 

compartment. Into mitochondria, dihydropterin and p-ABA are combined together with 

glutamate to produce H4F. Four reactions are required to produce H4F-Glu1 (the 

monoglutamate form of H4F). Dihydropterin is activated into its pyrophosphorilated form to 

be combined with p-ABA in a second step, resulting in dihydropteroate. These two reactions 

are catalysed in plants by a single bifunctional enzyme, HPPK (Hydroxymethyldihydropterin 

pyrophospho-kinase) and DHPS (Dihydropteroate synthase) that was only detected in 

mitochondria (Neuburger et al., 1996; Rebeillé, 1997). A detailed analysis of kinetic 

properties of the mitochondrial HPPK-DHPS isoform indicates that the DHPS reaction is 

feedback inhibited by dihydropteroate, H2F and H4F-Glu1. The third step is the ATP-
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dependent attachment of glutamate to the carboxyl moiety of p-ABA to form H2-Glu1. It is 

catalysed by DHFS (dihydrofolate synthetase). This enzyme , together with the preceding 

reaction catalysed by HPPK-DHPS is absent from animals, rendering these organisms 

autotrophic for folates. H2F is then reduced to H4F-Glu1  by DHFR (dihydrofolate reductase) 

using NADPH. 

Higher plants and protozoa possess a bifunctional enzyme bearing DHFR and TS (thimidilate 

synthase) activities. TS catalyses the methylation of deoxyuridine-monophosphate into 

deoxythimidine-monophosphate in the presence of CH2-H4F-Glun  (where H4F-Glun stands for 

tetrahydro-pteroylpolyglutamate or tetrahydrofolate) (Ivanetich, 1990; Cella and Parisi, 1993). 

In this reaction CH2-H4F-Glun  acts both as a C1-unit donor and a reducing agent, producing 

H2-Glun (dihydropteroyl-polyglutamate or dihydrofolate). Thus, the DHFR domain of the 

bifunctional enzyme is involved in the reduction of H2F originating from either the de novo 

synthesis pathway (monoglutamate form) or the oxidation of H4F-Glun by TS activity 

(polyglutamate form). 

In all organisms, the polyglutamate tail of H4F-Glun  is formed by the sequential addition of γ-

linked glutamate residues to H4F-Glu1, a reaction catalysed by FPGS (folyl-polyglutamate 

synthetase). Glutamylation is essential to retain folate in a given compartment of the cell by 

increasing the anionic nature of folate coenzymes, thus impairing their diffusion through 

hydrophobic barriers (Appling, 1991). H4F-Glu1, once synthesized in the mitochondria, is 

exported to the other cell compartments before the final glutamylation step. In plant cells, the 

cytosol, mitochondria and chloroplasts contain folates predominantly in the form of 

polyglutamylates derivatives (Cossins, 2000). 

 

1.3 C3 plants and folates 

 

Despite its low concentration in plant tissues (Cossins et al, 1984; Jabrin et al, 2005), folate is 

likely to be of major importance during seedling development due to the housekeeping 

functions mediated by folate coenzymes, for example the pool of folate in pea (Pisum 

sativum) cotyledons increased during germination and that the inhibition of de novo synthesis 

of THF using folate analogs blocked seedling development (Roos and Cossins, 1971; 

Gambonnet et al, 2002). 

In plants THF is also involved in the photorespiratory cycle, a specific pathway that occurs at 

very high rates in green leaves from C3 plants. Photorespiration relies on two THF-dependent 



  

Stefania Ghisaura, 

Titolo:  Studies on the cell cycle-dependent regulation of plant DHFR/TS genes 

Tesi di Dottorato in Biochimica, Biologia e Biotecnologie Molecolari, Ciclo XXI 

Università degli Studi di Sassari 

6 

enzymes present in the matrix space of leaf mitochondria, the Gly-decarboxylase complex 

(GDC) and Ser-hydroxymethyltransferase (SHMT). A continuous synthesis of THF is 

essential to maintain high rates of Ser synthesis through the mitochondrial activities of GDC 

and SHMT in Arabidopsis (Prabhu et al, 1996). 

Folate turnover could be a potential limiting factor in proliferating cells where there is a high 

request of nucleotide synthesis and also of THF synthesis. In addition to actively dividing 

tissues, folate synthesis and accumulation were found to be elevated in photosynthetic leaves. 

During leaf development in the light, the expression pattern of the mRNA for HPPK-DHPS 

follows the accumulation of the transcripts coding proteins involved in photosynthesis and 

photorespiration, for example the small subunit of Rubisco and the constituents of the Gly 

cleavage system (Vauclare et al, 1996). Upon light exposure, the HPPK-DHPS mRNA are 

inducted, suggesting that the observed accumulation is an indirect response to illumination 

and most probably is a consequence of the stimulation of photosynthesis and photorespiration 

by light (Oliver et al,  1994). These observation suggest that a huge demand for folate and 

thus for C1-transfer reactions is associated with leaf development in the light. 

 

1.4 DHFR-TS enzyme: role in the metabolism of nucleotides 

 

Thymidilate synthase (TS) and Dihydrofolate reductase (DHFR) are ubiquitous enzymes 

which play central roles in DNA precursor biosynthesis both in prokaryotic and eukaryotic 

cells. Thymidylate synthase is exclusively involved in de novo dTMP biosynthesis and is 

closely linked in function to DHFR. DHFR can have two different roles depending on the 

source of dihydrofolate: de novo synthesis of tetrahydrofolate or recycling of the 

dihydrofolate released as one of the end products of the TS catalysed reaction. Both functions 

are essential in maintaining the tetrahydrofolate level, a critical intermediate for thymidylate, 

purine biosynthesis and in various reactions of one carbon transfer metabolism because 

inhibition of DHFR or TS results in the depletion of tetrahydrofolate and dTMP pools and 

causes the subsequent cessation of DNA synthesis.  

Both enzymes are obvious targets for chemotherapy in malignant diseases, for example 5-

fluoruracyl is an inhibitor of TS and metotrexate, that is an analogue of DHFR, functions as a 

competitor of this enzyme.(Lazar et al, 1993). Thymidylate synthase (TS) is involved in the 

de novo synthesis of thymidine monophosphate (dTMP), a precursor of thymidine 

triphosphate (dTTP), in both eukaryotic and prokaryotic cells. Thymidylate synthase catalyzes 
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the transfer of a methyl group from 5,10-methylene tetrahydrofolate to dUMP resulting in the 

formation of dTMP and 7,8-dihydrofolate. (Cox et al, 1999). These reactions are summarized 

in a simple equation: 

 

 

 

 

 

In this reaction 5,10-methylenetetrahydrofolate acts both as donor of the methyl group and as 

a reducing agent, giving rise to DHF. (Luo et al, 1993). In a subsequent reaction, 

dihydrofolate reductase (DHFR) catalyzes the reduction of 7,8-dihydrofolate to 

tetrahydrofolate (Luo et al, 1993). TS is dependent on DHFR for regeneration of 

tetrahydrofolate, which is in turn necessary for the formation of 5,10-methylene-

tetrahydrofolate. These two enzymes, DHFR and TS, are functionally correlated, in fact in 

protozoa and in plants these two activities are restricted in a single polypeptide (Cella and 

Parisi, 1993; Luo et al, 1997). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.4: Biosynthetic pathway of dTMP 

dUMP + 5,10dUMP + 5,10--CHCH
22--THF              dTMP + DHFTHF              dTMP + DHFdUMP + 5,10dUMP + 5,10--CHCH
22--THF              dTMP + DHFTHF              dTMP + DHF
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1.5 DHFR-TS: A bifunctional enzyme 

 

In bacteriophages, viruses and most organisms (bacteria, fungi, vertebrates and mammals) 

DHFR and TS occur as distinct monofunctional polypeptides (Luo et al., 1997). In these 

organisms DHFR occurs as a protein of 18-22 KDa (Luo et al., 1993, Schweitzer, et al., 1990) 

whyle TS occurs as a dimer of 60-75 KDa . In contrast studies in protozoa revealed the 

presence of a bifunctional enzyme DHFR-TS with both activities on a single polypeptide 

(Ivanetich et al., 1990). For example, in Chritidia fasciculata (Ferone and Roland, 1980) and 

in Leishmania tropica (Meek et al., 1985), the enzyme is present as a dimer of 110-140 KDa 

and possesses both catalytic activities. The size of bifunctional polypeptide is close to the sum 

of monofunctional DHFR and TS and the gene encoding DHFR-TS may have resulted from 

the fusion of monofunctional genes. 

For plants, both monofunctional (Toth et al., 1987) and bifunctional forms have been 

described  (Cella and Parisi, 1988, 1993). In the case of the green algae Scenedesmus obliquus 

(Bachmann et al., 1987), the two enzymes co-migrate as a single protein band in 

polyacrylamide gel electrophoresis under non-denaturing conditions. The co-migration of the 

two enzymes in a single protein suggest a communication between the two domains by 

channelling DHF from TS to DHFR (Meek et al., 1985). There may be a selective advantage 

for the fusion of genes encoding enzymes in the same pathway (Kim et al., 1998). Although 

DHFR and TS both participate in dTMP formation, DHFR has other roles in metabolism that 

are independent of TS reactions (Cossins and Chen, 1997). 

In higher plants bifunctional DHFR-TS genes have been identified in Arabidopsis (Lazar et 

al., 1993), carrot (Luo et al., 1993, 1997), soybean (Wang et al., 1995) and also in maize (Cox 

et al., 1999). Sequence alignments suggest that the two known groups of bifunctional genes 

from protozoa and higher plants may have different evolutionary precursors. Nucleotide and 

amino-acid sequence comparisons indicate that DHFR and TS domains of the bifunctional 

genes evolved at different rates, following the evolutionary history of their monofunctional 

counterparts. Intron position comparisons support the hypothesis that the bifunctional plant 

genes and the monofunctional DHFR of vertebrates evolved from a common intron 

containing ancestor. Bifunctionality could have arisen independently during plant evolution or 

been derived from a common ancestor with the protozoa. 
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In eubacteria, animals and fungi both genes DHFR and TS are separately translated, often in 

one operon, TS preceding DHFR (Fig.1.5), presumably the original eukaryotic condition 

(Philippe et al., 2000).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.5: Phylogenetic relationships of the major eukaryote groups: asterisks mark all eight groups 

positive for the bifunctional DHFR-TS fusion gene. 
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Plants, alveolates, and Euglenozoa instead have a bifunctional fusion gene with both activities 

in one protein (Philippe et al 2000). It suggests that the eukaryote tree’s root must be below 

the common ancestor of plants, alveolates and Euglenozoa (Philippe et al., 2000). 

Stechmann et al amplified and sequenced DHFR-TS fusion genes from four groups: from 

heterokonts and from three protozoan phyla; plus, as positive controls, additional Euglenozoa 

and Ciliophora. Multiple allignment shows that all are authentic DHFR-TS fusion genes with 

one open reading frame. Only in one protist phylum (Amoebozoa) they detected no fusion 

gene. This phylogenetic distribution of DHFR-TS fusion genes is shown in fig1.5; their origin 

coincides with that of the biciliate condition. All  organisms above the apparent point of 

origin of the fusion protein in fig.1.5 are ancestrally biciliate and collectively called Bikonts 

(Stechmann and Cavalier-Smith, 2000). The separate Opisthokont DHFR and TS genes are 

distinctly more similar to the fusion genes than to the separate bacterial genes. A unique 

insertion in EF-1α of animals and fungi (Baldauf, et al., 1999) is a derived character 

indicating that the root cannot be within opisthokonts. So the root may be between 

Opisthokonts and Amoebozoa/Bikonts (Stechmann and Cavalier-Smith, 2000). 

 

1.6 dhfr-ts genes in higher plants 

 

Biochemical analyses have revealed that, like protozoa, higher plants contain bifunctional 

dihydrofolate reductase-thymidylate synthase proteins (Cella and Parisi, 1993). Genomic and 

cDNA sequences coding for bifunctional DHFR-TS  enzymes have been identified for the 

first time in Arabidopsis thaliana by Lazar et al. in 1993. These investigators amplified two 

genomic fragments encoding thymidylate synthase and isolated the corresponding genomic 

clones.  Upon characterization of these clones, DHFR-specific sequences were identified 

upstream of the region coding for TS. Cloning the cDNAs confirmed that the sequences of the 

DHFR and TS domains reside on single transcripts encoding bifunctional gene products. 

Following this report, bifunctional DHFR-TS cDNA sequences have been identified also in 

other higher plants such as Daucus carota (Luo et al., 1993), Glycine max (Wang et al., 1995) 

and Zea mays (Cox et al., 1999). This represents the first DHFR-TS gene cloned from a 

monocotyledonous plant. 

Comparison of the deduced amino acid sequences revealed over 75% similarity and the 

conservation of motifs typical of DHFR and TS proteins, for example the metotrexate, folate 
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and dUMP binding sites. Figure 1.6 represents a sequence alignment of these higher plants 

DHFR-TS sequences. 

 

 

DcDRTS    .....................................................................MASELLANPTN   11 

GmDRTS    ..................................................................MPSDSSVISNGHSN   14 

PsDRTS    ..................................................................MAADSSVMFNGNGN   14 

ZmDRTS    ...........................................................................MAAVL    5 

OsDRTS1   ...........................................................................MATTL    5 

OsDRTS2   MSLLALSKKKCPFWISIFEECCPFWILSHLLPSNIQATHFFRKSNILILRLQSLKYLEFRDKLNFSRFHKSQVIVMSTNV   80 

AtDRTS1   .......................................................................MATTTLNDS    9 

AtDRTS2   ...........................MRCLQNSAKTLPLAFKSALLPLSQRWFCKFSPKPSSLTNIFKVSISTMANTLN   53 

AtDRTS3   .....................................................................MASTGETICNN   11 

Consensus ................................................................................      

 

 

DcDRTS    GSGITRPDPQRTYQVVVAATQNMGIGKDGKLPWRLPSDMKFFKDVTMTTSDPLKRNAVIMGRKTWESIPIQHRPLPGRLN   91 

GmDRTS    GSVNPLPNLQRTYQVVVAATQDWGIGKDGKLPWRLPTDLKFFKEITMKTSEPGKKNAIVMGRKTWESIPLEYRPLSGRLN   94 

PsDRTS    GSINPMPNLQRTYQVVVAATKDMGIGKDGKLPWRLPTDLKFFKELTTTTFETGKKNAIVMGRKTWESIPLQFRPLPGRLN   94 

ZmDRTS    ANGDSQGRPQRNYQVVVAGTRDMGIGKDGVLPWKLPGDLKFFKELTLTTSDPVKKNAVIMGRKTWESIPVKSRPLPGRLN   85 

OsDRTS1   SNGVSQNGPQRNYQVVVAATRDMGIGKDGVLPWKLLGDLKFFKELTVTTADPVKKNAVIMGRKTWESLPLKARPLPGRLN   85 

OsDRTS2   NNGNSESNLKRSYQVVVSATRDMGIGKDGTLPWKLPGDLKFFKDITVTTSDPSKKNAVVMGRKTWESIPLKFRPLPGRLN  160 

AtDRTS1   VTTTLASEPQRTYQVVVAATKEMGIGKDGKLPWNLPTDLKFFKDITLTTSDSSKKNAVVMGRKTWESIPIKYRPLSGRLN   89 

AtDRTS2   GNVIMTSKPQSTYQVVVAATKEMGIGKDGKLPWNLPTDLKFFKDLTLSTSDSAKKNAVVMGRKTWESIPKKYRPLSGRLN  133 

AtDRTS3   GQSAVSVTRRRSYQVVIAATRDMGLGMDMKLPWDLPSEYQFFQDVTTRTSDPTKRNATIMGRKSWESTPLEIRPLPGRLN   91 

Consensus ................................................................................    1 

 

 

DcDRTS    VVLTRSGSFDIATVENVVICGSMISALELLAGSPYCVSVEKVFVIGGGQIYREALNAPGCDAVHITEIEEHIECDTFIPL  171 

GmDRTS    VVLTRSGSFDIATAENVVICGSMSSALELLAASPYSLSIEKVFVIGGGQIFREALNVPGCEAIHLTEIQSSIECDTFMPP  174 

PsDRTS    VVLTRSGSFDAKAAENVVICGSMSSALELLAASPYCTSIEKIFVIGGGEIFRDALNVPECEAIHITEIHTSFECDTFMPP  174 

ZmDRTS    VILTRSGSFDFATVENVVICGSMESALELLASTPYCLSIEKVFVIGGGQVLREYLKGPACEAIHLTDIQSSIECDTFIPP  165 

OsDRTS1   IILTRSGSFEFATVENVVICGSMNSALELLSSTPYCLSIEKVFVIGGGQVLRESLNGPSCEAVHLTDIQSSIECDTFIPP  165 

OsDRTS2   VILTRSGSFDFATAENVVICGSLDSALQLLATTPYCLTVEKTFIIGGGEILRQSLNAPACEAIHLTDIESSIECDTFIPP  240 

AtDRTS1   VVLTRSGGFDIANTENVVTCSSVDSALDLLAAPPYCLSIERVFVIGGGDILREALNRPSCDAIHLTEIDTSVDCDTFIPA  169 

AtDRTS2   VVLSRSSGFDIANTENVVTCSSIDSALDLLAAPPFSLSIEKVFVIGGGDILREALNKPSCEAIHITEIDTSIDCDTFIPT  213 

AtDRTS3   IVLTKSSCHNIAIDENVLVSSSMESALELLATEPYSLSIEKVFVIGGGELLRNYMNASICDAIHLTEIDISVPCDAFAPR  171 

Consensus ................................................................................      

 

 

DcDRTS    LDESVFQPWYSSFPLVENKIRYCFTTYVRVRNSVAELTSQTNGCSSDSKSDSGNFEIQNFSFLPKTVFEKHEEYLYLGLV  251 

GmDRTS    VDFTIFRPWYSSFPKVENNIRYSFTTYVRVRSSAAESAGQNIDPLLDNNSESMKFEVKDFSFLPKMISERHEEYLYLKLV  254 

PsDRTS    IDFTTFRPWYSSFPKVENNIRYSFTTYVRVRSSVAESLNQSTVSPLDNKPASKKFEVQNFSFLPKMIFERHEEYMYLNLV  254 

ZmDRTS    VDFSVFQPWYSSFPVIESNIRHSFVSFVRVRKSVAETHESNGKESTEVDTKNDKFETENFSFLPKMVYDRHEEYQYLNLV  245 

OsDRTS1   IDLSVFQPWYSSLPVVESNIRHSFVTYVRVRKTMAETHDSNGKESANDGIKSDKFETENFSFLPKLIFDRHEEYHYLNLV  245 

OsDRTS2   IDLSMFHPWYSSFPVVENGIKHSFISFVRVTKSIAEANDSSGKELTGNDSKKVKFEIENFSFLPKMIFERHEEYQYLNLV  320 

AtDRTS1   IDTSVYQPWSSSFPVTENGLRFCFTTFVRVKSS.ADESSDESNGSQSLQFDGKKF....L.FLPKMVFDQHEEFLYLNMV  243 

AtDRTS2   VDTSAYQPWCSSFPICENGLRFSFTTHVRVKSSSAGEASDESDGSKVLQVDWKKF....SSVLPKMIFDRHEEYLYLNLV  289 

AtDRTS3   VDTSLYRPWYSSFPVVENGIRYSFNTYVRRKDAIVGSGEKKSVAESDLKE.........YSFLPKMVFERHEEFGYLNLV  242 

Consensus ................................................................................      

 

 

DcDRTS    ENIISNGVTKNDRTRTGTVSIFGCQMRFNLRKSFPLLTTKKVFWRGVVEELLWFISGSTNAKILKEKGVNIWEGNGSREY  331 

GmDRTS    QDIIAEGTTKGDRTGTGTLSKFGCQMRFNLRGNFPLLTTKKVFWRGVVEELLWFISGSTNAKVLQEKGIHIWDGNASREY  334 

PsDRTS    QEIISQGTSKGDRTGTGTLSKFGCQMRFNLRRGFPLLTTKRVFWRGVVEELLWFISGSTNAKVLQEKGIHIWDDNASREF  334 

ZmDRTS    EDIIRSGAQKNDRTGTGTLSKFGCQMRFNLRKNFPLLTTKRVFWRGVVEELLWFISGSTNAKVLQEKGIHIWDGNASREY  325 

OsDRTS1   EDIIRSGAQKNDRTGTGTLSKFGCQMRFNLRNSFPLLTTKKVFWRGVVEELLWFISGSTSAKVLQEKGIHIWDGNASREY  325 

OsDRTS2   QDIIRNGAKKNDRTGTGTVSKFGCQMRFNLRRNFPLLTTKRVFWRGVLEELLWFISGSTNAKVLQEKGIHIWDGNASRQY  400 

AtDRTS1   EDIISNGNVKNDRTGTGTLSKFGCQMKFNLRRSFPLLTTKRVFWRGVVEELLWFISGSTNAKVLQEKGIHIWDGNASREY  323 

AtDRTS2   KEIISNGNLKDDRTGTGTLSKFGCQMKFNLRRNFPLLTTKRVFWRGVVEELLWFISGSTNAKVLQEKGIRIWDGNASRAY  369 

AtDRTS3   QNIISSG....DMNDNSTLSKFGCQMRFNLRKTFPLLTTKKIFWLGVVEEILQLISGSNNPK...ENGSHIWDTDEAKEY  315 

Consensus ................................................................................      

 

 

DcDRTS    LDSIGLTDREE.GDLGPIYGFQWRHFGARYTDMHADYSGQGFDQLLDVISKIKNNPDDRRIIQSAWNPSDLRLMALPPCH  410 

GmDRTS    LDGVGLTEREE.GDLGPVYGFQWRHFGARYTDMHHDYSGQGFDQLLDVINKIKRNPDDRRIILSAWNPVDLKLMALPPCH  413 

PsDRTS    LDSIGLSEREE.GDLGPVYGFQWRHFGARYTNMHNDYAGQGVDQLLDVINKVKHNPDDRRIILSAWNPADLKLMALPPCH  413 

ZmDRTS    LNSVGLAHREE.GDLGPIYGFQWRHFGAEYTDMHADYTGKGFDQLMDVIDKIKNDPEDRRIILSAWNPSDLKKMALPPCH  404 

OsDRTS1   LDSVGLAHREE.GDLGPVYGFQWRHFGAEYTDMHADYTGKGFDQLMDVIDKIKNNPDDRRIILSAWNPSDLKKMALPPCH  404 

OsDRTS2   LDSIGLTQREE.GDLGPVYGFQWRHFGAEYTDMHADYVGKGFDQLMDVIDKIKNNPDDRRIILSAWNPTDLKKMALPPCH  479 

AtDRTS1   LDGIGLTEREE.GDLGPVYGFQWRHFGAKYTDMHADYTGQGFDQLVDVIDKIKNNPDDRRIIMSAWNPSDLKLMALPPCH  402 

AtDRTS2   LDGIGLTEREE.GDLGPVYGFQWRHFGAKYTDMHADYTGQGFDQLLDVINKIKNNPDDRRIIMSAWNPSDLKLMALPPCH  448 

AtDRTS3   LDSFGVNATEEDGDNPFLHGLHWKHCDARFVI.......QEFSQLSDVINKIKNNPHDQRIMLAACNPLDFKL.SVSPCH  387 

Consensus ................................................................................      

 

DcDRTS    MFAQFYVANGELSCQMYQRSADMGLGVPFNIAAYALLTCMIAHVCDLVPGDFVHSIGDAHVYSNHLSDLFETSFRMLPKT  490 

GmDRTS    MFAQFYVAHGELSCQMYQRSADMGLGIPFNIASYALLTCMIAHVCDLIPGDFIHVIGDAHIYRNHVRPLQE.QLHNQPKP  492 

PsDRTS    MSAQFYVANGELSCQMNQRSADMGLGVPFNIASYALLTCMIAHICELVPGDFIHVLGDAHVYQTHVRPLQE.QLHNLPKP  492 

ZmDRTS    MFAQFYVENGELSCQMYQRSADMGLGVPFNIASYSLLTYMIAQVCDLSPGDFVHVIGDAHVYRNHVRALEE.QIQKMPKP  483 

OsDRTS1   MFAQFYVESGELSCQMYQRSADMGLGVPFNIASYSLLTYMIAHVCGLSPGEFVHVIGDAHVYRTHVRALEE.QIQKLPKP  483 

OsDRTS2   MFAQFYVENGELSCQMYQRSADMGLGVPFNIASYSLLTCMIAQVCDLSPGDFVHVIGDAHVYRTHVEALEE.QMRKQPKP  558 

AtDRTS1   MFAQFYVAEGELSCQMYQRSADMGLGVPFNIASYSLLTCMLAHVCDLVPGDFIHVLGDAHVYKTHVRPLQE.QLLNLPKP  481 

AtDRTS2   MFAQFYVANGELSCQMYQRSADMGLGVPFNIASYSLLTCILAHVCDLVPGDFIHVIGDAHVYKNHVRPLQE.QLENPPKP  527 

AtDRTS3   TFTQFYVANGEVSCQIYQSSTEASIGIPFSIATYSLLTCIIAHVCDLGAGDFIHVIGQAYINKAHVKAIQK.QLQISPKP  466 

Consensus ................................................................................      

 

 

DcDRTS    FPVLKINSGEKDIDSFEAADFKLIGYDPHQKIEMKMAV  528 

GmDRTS    FPTLKINPKKKDIDSFVAADFKLIGYDPHQKIDMKLSV  530 

PsDRTS    FPTLKINSKKKDIDSFVATDFKLIDYDPHQKIEMKMAV  530 

ZmDRTS    FPILKINPSKKDIDSFMASDFKLVGYDPHQKIEMKMAV  521 

OsDRTS1   FPVLKINPLKKDIDSFVASDFKLVGYDPHQKIEMKMAI  521 

OsDRTS2   FPILKINPVKKDIDSFVTSDFKLVRYDPHHKIEMKMAV  596 

AtDRTS1   FPVMKINPEKKQIDSFVASDFDLTGYDPHKKIEMKMAV  519 

AtDRTS2   FPVLKINPEKKDIDSFVADDFELIGYDPHKKIDMKMAV  565 

AtDRTS3   FPILKINPEKKKMDNFEASDLELMRI............  492 

Consensus .....................................H      

 

 

 

 

 

Fig 1.6: Comparison of DHFR-TS amino acid sequenze from plants; amino acids underlined in 

green are identical while amino-acids in grey are similar; Dc Daucus carota, Gm Glycine max, Ps 

Pisum sativum, Zm Zea mays, Os Oriza sativa 

 

In 1997 Luo et al. mapped the 5’ end of the carrot dhfr-ts gene by primer extension and by 

rapid amplification of 5’ cDNA ends (RACE). This work revealed the production of two 

major classes of transcripts derived from alternative promoters (Luo et al., 1997). Moreover, 
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sequencing of the 5’ flanking genomic region confirmed the presence of two well defined 

TATA box sequences located to 25 to 27 bp upstream of the most proximal transcription start 

points (Luo and Cella, 1998). 

 

1.7 DHFR-TS expression models in higher plants 

 

Biochemical studies on TS and DHFR in plants demonstrated enzyme activity to be high in 

proliferating cells and virtually undectable in quiescent cells (Vandiver and Fites, 1979). 

These findings imply that the enzymes are present in tissues where DNA synthesis is active.  

To determine if maize has more than one form of the genes, Cox et al. analyzed transcripts by 

RNA gel blot hybridization. Because TS gene expression in mammals and yeast is confined to 

S-phase of the cell cycle (Storms et al., 1984; Jenh et al., 1985; Ayusawa et al., 1986), high 

levels of ZmDHFR-TS expression were expected in meristematic tissues and in tissues 

undergoing endoreduplication, both of which require abundant pools of nucleotides. In this 

study, ZmDHFR-TS expression was also analysed in the endosperm tissue of maize kernels 

that exhibits developmentally controlled endoreduplication (Kowles et al., 1988, 1997). DNA 

synthesis in developing kernels is reported to be highest between 10 and 16 DAP (days after 

pollination), but is still detectable at 28 DAP (Kowles et al., 1988, 1997; Grafi and Larkins, 

1995). Thus, ZmDHFR-TS gene expression was investigated in kernels at different stages of 

development from 8 to 35 DAP. RNA gel blot hybridizations of total RNA from each set of 

kernels in the time course showed high levels of ZmDHFR-TS expression from 8 to 20 DAP, 

followed by a decrease at 24 DAP. ZmDHFR-TS expression was maintained in both embryo 

and endosperm tissue  at 35 DAP. Although the relative amount of ZmDHFR-TS mRNAs 

appeared to be similar in both 35 DAP endosperm and embryo tissues, in these samples 

ZmDHFR-TS mRNA levels were lower than in the 12 and 18 DAP kernels. At 35 DAP the 

embryo is still developing (Abbe and Stein, 1954) and requires DNA synthesis whereas cell 

division and endoreduplication are generally completed in the endosperm tissue by this stage 

(Kowles and Phillips, 1988). The persistence of ZmDHFR-TS mRNA in endosperm at 35 

DAP may be due to a requirement of nucleotides by mitochondria or to the onset of 

desiccation in the endosperm. 

To compare the expression of ZmDHFR-TS in maize meristematic tissues and differentiated 

tissues, RNA was extracted from root tips, root elongation zones, and from mature leaf 

tissues. The root tips provided a good source of proliferating cells while the root elongation 
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zones and mature leaf tissue provided two different sources where cell division was expected 

to be low or absent. ZmDHFR-TS RNA levels were low in the root elongation zone and in 

mature leaf tissues. 

Also studies from Daucus carota confirmed that the major quantity of DHFR-TS transcripts is 

located in highly dividing meristematic tissues. Albani et al. (2005), with in situ hybridization 

analyses, saw a strong expression in pro-embryogenic masses as well as in shoot and root 

meristems of somatic embryos, and a well defined expression in meristems and in expanding 

cotyledons at the torpedo/plantlet stage. Moreover, northern hybridization experiments have 

confirmed a higher accumulation of DHFR-TS transcripts in proliferating suspension cells 

compared to cells in stationary phase or cells blocked with propyzamide and also revealed a 

low expression of the DHFR-TS gene in carrot leaves. The expression analyses performed in 

both carrot and maize contrast with the data reported by Neuburger et al (1996) which 

described strong accumulation of DHFR-TS in the mitochondria of mature pea leaves. This 

discrepancy could derive from the presence of paralog genes that might be differentially 

expressed during development in different tissues. 

 

1.8 Organization of the DHFR-TS genes in Arabidopsis thaliana 

 

The genome of Arabidopsis thaliana has been fully sequenced and contains three DHFR-TS 

genes called AtDRTS1, AtDRTS2 and ATDRTS3. These genes have been also named THY1, 

THY2 and THY3.  

AtDRTS1, annotated with the sequential number At2g16370 and contained in clone 

BACF16F14, is located in chromosome 2 and extends 2654 bp in length, from position 

7088985 to 7091639. The gene contains 9 introns and the resulting cDNA is 1660 bp long. 

The ATG start codon is located in the second exon at position 225. The coding region 

translates into a protein of 519 aa with a MW of 58KDa. 

AtDRTS2, annotated with the sequential number of At4g34570 and identified in clone 

BACT4L20, is located in chromosome 4 extending 3303 bp in length from position 16511012 

to 16514316. This gene contains 11 introns and the resulting cDNA is 1683 bps long. The 

ATG start codon is located in the second exon at position 201 and the coding region translates 

into a 565 aa protein with MW of 63 KDa. 

AtDRTS3, with the sequential number At2g21550 and identified in clone BACF2G1, is 

located in chromosome 2. It extends 2980 bp from position 9234289 to 9237269 and contains 
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9 introns. The resulting cDNA is 1469 bp long starting from the ATG codon. The coding 

region translates into a 492 aa protein with a MW of 54 KDa. 

These data are reported in the TAIR (The Arabidopsis Information Resource) database at the 

site www.arabidopsis.org, while the gene structures shown in Fig 1.7 were extracted from the 

Arabidopsis Massively Parallel Signature Sequencing database at the site 

http://mpss.udel.edu/at/GeneQuery.php. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.7: Structure of dhfr-ts genes of Arabidopsis thaliana; from up to down AtDRTS1, ATDRTS2 

andATDRTS3 

 

 

The reported structures of the AtDRTS1 and AtDRTS2 genes derive from the analysis of 

cDNA sequences, whereas the genomic organization of AtDRTS3 is a putative gene model 

based on sequence homology. 

Concerning the AtDRTS1 gene, unpublished 5’RACE analyses performed in our laboratory 

have revealed the occurrence of events of alternative splicing that gives rise to transcripts 

lacking the second exon. Because this exon contains the first ATG codon of the gene, 

assuming this start codon is functional, its absence in the alternative transcripts would result 

in the translation of a smaller isoform of the AtDRTS1 protein, starting from the ATG 

sequence located in the fourth exon. Thus, this alternative start codon, which is the same ATG 

described by Lazar et al. in 1993, could give rise to a isoform of the AtDRTS1 protein 

potentially lacking or possessing different signal peptides allowing organellar targeting of the 

enzyme. 

Chr 2 

Chr 2 

Chr 4 
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Concerning AtDRTS3, as mentioned before, this gene has not yet been described in scientific 

publications and its genomic organization corresponds to the genic model reported in the 

TAIR databases. However, it is unlikely that this putative gene model represents the real 

AtDRTS3 transcripts because the unique cDNA sequence reported in the databases appears to 

retain the fourth intron of the gene model and terminates in its center. Moreover, the fact that 

the fourth putative intron cannot be spliced out could be linked to the insertion of a 

transposon-like element, which also explains its large size. The retained intron introduces a 

TAG stop codon in the reading frame of the gene and causes a premature termination of the 

transcripts. Thus, unless the gene model can be confirmed, it is likely that the AtDRTS3 gene 

can only code for a partial DHFR-TS protein truncated in the TS domain at the C-terminus. 

However, it is not known whether the transcripts corresponding to the AtDRTS3 cDNA are 

actually translated into a product and whether the resulting protein possesses only DHFR 

activity or is having also partial TS activity. 

Interestingly, the analysis of the genomic organization of the AtDRTS loci has revealed the 

presence of three members of the sec14-like SFH gene family upstream of all three DHFR-TS 

genes, oriented in opposite direction with respect to the AtDRTS coding sequences, as shown 

in figure 1.8. In chromosome 2, AtSFH7 (At2g16380) is upstream of AtDRTS1 (At2g16370) 

and AtSFH3 (At2g21540) is upstream of AtDRTS3 (At2g21550) whereas AtSFH1 

(At4g34580) is located upstream of AtDRTS2 (At4g34570) in chromosome 4. 

SFHs (Sec Fourteen Homologues) are a diverse group of proteins with distinct subcellular 

localizations and varied physiological functions related to lipid metabolism, phosphoinositide 

mediated signalling and membrane trafficking. 
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Fig 1.8: Organization of the AtDRTS and AtSFH genes and cDNAs. From up to down AtDRTS1-

AtSFH7; AtDRTS2-AtSFH1 and AtDRTS3-AtSFH3  

 

 

1.9 The E2F transcription factors 

 

In plants, like in other eukaryotes, cell division and differentiation are coordinated by the 

activity of numerous cell cycle genes (den Boer and Murray,2000; Stals and Inzé, 2001). A 

pivotal role in the control of cell cycle progression is played by members of the E2F family of 

transcription factors. The E2F transcription factors are key components of the cyclin 

D/retinoblastoma/E2F pathway. Retinoblastoma (pRB) acts as repressor of E2F activity and 

its deregulation causes tumor formation in mammals (Harbour and Dean, 2000; Trimarchi. 

and Lees, 2002). The first E2F protein has been discovered as a cellular factor required for 

transcriptional activation of the adenovirus E2 promoter (Kovesdi et al, 1987). 

E2F factors control the transcription of a wide range of genes involved in cell cycle 

progression but also in DNA synthesis, replication and repair (Menges et al, 2002). The 

accumulation and the activity of the E2Fs are regulated through different mechanisms such as 
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transcriptional and post-transcriptional control, proteolysis, phosphorylation, subcellular 

localization and the binding to different RB-related pocket proteins.  

E2Fs are known to regulate G1 to S-phase transition of the cell cycle. In growth arrested cells 

(G0) and during the early G1 phase E2F activity is repressed by pRB. Upon growth 

stimulation and/or cell cycle progression, pRB is phosphorylated in the late G1 phase by 

cyclin-dependent kinases (CDKs) and, consequently, loses its affinity for E2F. The release of 

pRB triggers the activation of target genes by E2F, which irreversibly commits cells to 

undergoing DNA replication (S phase). 

 

 

 

 

 

 

 

 

 

 

Fig. 1.9:  General mechanisms that control the repressive activity of E2F. 

 

 

1.9.1 Animal E2F factors 

 

In mammals the E2F family comprises eight different factors (E2F1-8), most of which (E2F1-

6) heterodimerize with a DP partner in order to bind DNA (DP1 or DP2) (de Bruin et al, 

2003;  Attwooll et al, 2004; Dimova and Dyson, 2005;  Maiti et al, 2005;  Christensen et al, 

2005). In fact, E2F1-6 are considered typical E2Fs because possess highly conserved domains 

for sequence specific DNA binding and dimerization with DP proteins. Moreover, distinctive 

features of the various E2F factors allow a subdivision of this family into subgroups on the 

basis of their primary structure, their need to form complex with members of the DP family, 

their affinity for distinct members of the pRB family, their expression pattern and their 

capacity to either activate or repress E2F-responsive genes (Christensen et al, 2005). The first 

three factors, E2F1-3, are considered transcriptional activators which induce the expression of 

E2F responsive genes at G1/S transition and, when overexpressed, can drive quiescent cells to 
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re-enter into cell cycle (Attwooll et al, 2004). E2F4-6 act differently and are able to repress 

transcription of specific target genes by interacting with the p107 and p130 pocket proteins, 

related to pRB, which can tether chromatin remodelling co-repressors to the E2F-regulated 

promoters. E2F7 and 8, instead, are considered atypical E2Fs which have been identified 

more recently (deBruin et al, 2003; Di Stefano et al, 2003; Christensen et al, 2005), following 

the initial discovery of atypical E2Fs in plant cells (Mariconti et al., 2002). These E2Fs 

possess duplicated DNA binding domains that allow recognition of E2F cis elements 

independently of DP proteins. Moreover, they lack the conserved regions necessary for 

dimerization and transactivation as well as the marked box domains. These factors can 

compete with the typical E2Fs for the binding to DNA and are believed to inhibit the 

transcription of E2F responsive genes. 

 

 

 
Fig 1.10: Schematic comparison of the conserved domains of the mammalian E2F family members. 

 

 

 

 

1.9.2 Plant E2F factors 

 

Following the initial discovery of pRB-related proteins, typical E2F factors were identified 

also in plants. Plant E2Fs were initially isolated from wheat (TmE2F), tobacco (NtE2F) and 

carrot (DcE2F) (Ramirez-Parra, 1999; Sekine et al, 1999; Albani et al, 2000). DNA binding 
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assays have revealed that, like the animal counterparts, also the typical plant E2Fs need to 

interact with DP partners in order to bind E2F consensus sites (Albani et al, 2000). 

Shortly after these reports, studies in Arabidopsis thaliana allowed the identification of three 

typical E2Fs (AtE2Fa-c) and, for the first time, the discovery of three atypical E2Fs (AtE2Fd-

f) in this plant (Mariconti et al, 2002). Further studies have revealed that the AtE2F factors 

can be divided in three groups on the ground of their structural and functional characteristics. 

AtE2Fa and AtE2Fb are considered activators of S-phase genes and stimulate cell division 

(Rossignol et al, 2002; De Veylder et al, 2002; Magyar et al, 2005; Sozzani et al, 2006). 

Different is the role of AtE2Fc, which features a truncated transactivation domain but 

possesses a conserved pRBR binding region in the C-terminus. By interacting with pRBR, 

AtE2Fc appears to be able to act as a negative regulator of cell division (del Pozo et al, 2002). 

The atypical AtE2Fd-f, due to the lack of transactivation domains, are believed to inhibit 

and/or repress the expression of specific target genes. 

AtE2Fa plays an important role in cell cycle progression and is maximally expressed in G1 

and early S-phase (Mariconti et al, 2002). It is a physiological activator of E2F responsive 

genes and transient expression of AtE2Fa induces quiescent leaf cells to enter S-phase 

(Rossignol et al, 2002). Using transgenic Arabidopsis plants it was shown that ectopic 

overexpression of a cDNA encoding AtE2Fa induces cell proliferation, as shown by the 

increased number of smaller epidermal cells, and increases also the level of endoreduplication 

(De Veylder e al, 2002). Moreover plants overexpressing ectopically AtE2Fa together with 

AtDPa show up-regulation of S-phase specific genes such as AtDNApolα,  AtCDC6 and 

AtMCM. Partly similar results were obtained when AtE2Fa and AtDPa cDNAs were 

overexpressed in tobacco transgenic plants (Kosugi and Ohashi, 2003). 

Also AtE2Fb transcripts accumulate maximally at G1/S transition. In tobacco BY-2 cells, 

AtE2Fb overexpression shortens cell cycle, reduces cell size and promotes cell division in the 

absence of auxin (Magyar et al, 2005). AtE2Fb seems to be a strong activator of G2/M genes 

(Vandepoele et al, 2005). Additional studies in transgenic plants have also shown that AtE2Fb 

overexpression promotes cell division but, contrary to AtE2Fa, does not affect ploidy levels 

(Sozzani et al, 2006). These studies have revealed that AtE2Fa upregulates AtE2Fb which is 

likely to be main activator of cell proliferation (Magyar et al, 2005; Sozzani et al, 2006). 

Moreover, accumulation of AtE2Fb causes a diminuition of AtE2Fa protein suggesting an 

autoregulation mechanism. 

Contrary to AtE2Fa and AtE2Fb, AtE2Fc acts as a negative regulator of cell division (del 

Pozo et al, 2002). Pulldown experiments revealed a strong interaction between AtE2Fc and 
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ZmRBR. Plants overexpressing AtE2Fc produced larger ad irregular cells confirming a cell 

division inhibitory role for this factor. Moreover AtE2Fc is able to downregulate the early S-

phase gene AtCDC6 suggesting that this factor might act as a repressor of genes required for 

cell cycle progression (del Pozo et al, 2002). Accumulation of AtE2Fc depends on the 

degradation by the ubiquitin-proteasome proteolytic pathway in response to light. 

Interestingly, AtE2Fc appears to be part of an autoregulation mechanism in which AtE2Fa 

activate the expression of AtE2Fc which together with AtRBR act as repressors of cellular 

proliferation. Moreover, it has been shown that the inactivation of pRBR or the 

downregulation of AtE2Fc (Desvoyes et al, 2006; Del Pozo et al, 2006) can increase AtE2Fa 

expression suggesting that the AtE2Fc/pRBR complex is also a negative regulator of the 

expression of AtE2Fa. 

Like mammals E2F7 and 8, the atypical AtE2Fd- f factors contain duplicated DNA binding 

domains which allow these proteins to recognize and bind a consensus E2F site without the 

need to heterodimerize with a DP partner. The atypical AtE2Fs, which are also known as 

DEL1, DEL2, DEL3 (de Jager et al, 2001; Vandepoele et al, 2002) or E2L1, E2L2, E2L3 

(Kosugi and Ohashi, 2002), are able to inhibiting the transactivation of a E2F-responsive gene 

by AtE2Fa and AtE2Fb (Mariconti et al 2002; Kosugi and Ohashi, 2002). These atypical 

E2Fs cannot activate gene expression; they are targeted towards the nucleus and interfere with 

the activity of the activating AtE2Fs competing for the same DNA target sites. AtE2Fe/DEL1 

controls the endocycle. Its overexpression decreases endoreduplication while, conversely, a 

del1 insertional mutant is characterized by increased ploidy levels (Vlieghe et al, 2005). 

Conversely, AtE2Ff is not involved in cell cycle progression but rather controls cell 

elongation of root and hypocotyl cells. This factor binds E2F consensus sites present in the 

promoters of genes involved in cell wall biosynthesis thus inhibiting their transcription. 

AtE2Fe and f recognize only a subset of E2F-responsive genes confirming the selectivity of 

recognition of E2F cis elements by plant E2Fs (Egelkrout et al, 2002). 
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Fig 1.11: Structural features of the AtE2F proteins. 

 

 

 

1.10 E2F-dependent regulation of gene expression 

 

The E2F transcription factors are known to regulate genes that are implicated in DNA 

replication, cell-cycle regulation, defense response and signalling (Ramirez and Parra, 2003). 

Example of E2F responsive genes are PCNA, CDC6, RNR, and a few other such as CDKB1 

(Chaboutè et al, 2000-2002; de Jager et al, 2001; Egelkrout et al, 2001-2002; Kosugi and 

Ohashi, 2002; Stevens et al, 2002; Boudolf et al, 2004). 

The E2Fs are believed to recognize a canonical E2F cis element of sequence TTTSSCGS (S 

correspond to C or G) found in one or more copies (usually two) in the promoter region or in 

the 5’-UTR of E2F responsive genes. Conserved E2F binding sites are found in the promoters 

of a large number of potential E2F target genes. These E2F sites have been shown to mediate 

transcription activation or repression depending on the stage of development (Egelkrout et al, 

2002). 
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Fig. 1.12: Matrix of the E2F consensus site. 

 

 

Most of the information concerning the function and binding site preference of E2F factors 

derives from studies on animal E2Fs whereas considerably less is known about how E2F 

factors regulate gene expression in plant. Plant promoters containing E2F consensus sites 

which have been investigated are the RNR1, RNR2 and PCNA promoters of tobacco and the 

CDC6 and MCM3 promoters of Arabidopsis thaliana. 

The promoter of the RNR2 gene of tobacco was the first plant promoter shown to be regulated 

by E2F cis elements (Chaboutè et al, 2000). This promoter contains two E2F consensus sites 

involved in activation of expression at the G1/S transition. Both sites are necessary for up-

regulation of the promoter but one of them behaved also like a repressor outside S phase 

(Chaboutè, et al 2000). Also the promoter of Nicotiana benthamiana PCNA gene has two E2F 

binding sites. Egelkrout et al. (2002) demonstrated that one these E2F elements activates the 

transcription in proliferating cells but the other is a repressor in differentiated tissues. E2F 

consensus sequences in the rice and tobacco PCNA promoters are involved in the activation 

of a reporter gene in both cultured cells and in whole plants (Kosugi and Ohashi, 2002). Also 

the CDC6 promoter of Arabidopsis thaliana contains an E2F consensus site to which E2F 

factors have been shown to bind (de Jager et al, 2001). 

By sequence analysis, Lincker et al. (2004) identified two E2F sites on the promoter of the 

RNR1 gene of tobacco. The two elements interact with purified tobacco E2F factors as well as 

with specific nuclear complexes and functional analyses have revealed that both are important 
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for RNR1 promoter induction at the G1/S transition in synchronized tobacco BY-2 cells as 

well as in response to UV irradiation in dividing non-synchronized cells and S-phase cells. 

Mutation of both elements decreased RNR1 promoter activity in growing cells but other cis-

elements present on the RNR1 promoter might act as positive regulators. Indeed, a telo-box is 

found next to E2F sites in promoters of tobacco and Arabidopsis genes, such as PCNA, 

DHFR and RNR (Tremousaygue et al, 2003), that are similarly induced at the G1/S transition. 

This raises the possibility that the telo-box might be involved in a common regulation 

pathway in synergy with E2F for genes involved in DNA synthesis. The diversity of the E2F 

family in plants could reflect the complexity of the regulation of expression of various E2F-

dependent genes. The six E2F proteins found in Arabidopsis can be classified as activators or 

repressors of gene expression (Mariconti et al, 2002, Kosugi and Ohashi 2002). Analysis of 

the specific E2F complexes associated with the E2F elements of RNR1 and of other promoters 

could explain the mode of action of the various plant E2F factors in concert with specific co-

regulators. 

Other genes known to be under the control of E2F factors are those coding for the mini-

chromosome maintenance (MCM) proteins which play important roles in the initiation of 

replication (Ohtani 1999). The promoter of the Arabidopsis MCM3 gene is transcriptionally 

regulated at S-phase. The 5’ region of this gene contains several E2F consensus binding sites 

two of which (D1 and D2) match the human consensus binding site. The D1 site is 

responsible for the G2-specific repression of promoter activity in synchronized cell 

suspensions, while the second site (D2) is crucial for the meristematic expression of the 

MCM3 gene because deletion of this site eliminates the activity of the promoter in root and 

shoot meristems (Stevens et al., 2002). Also in mammalian cells, two highly similar E2F 

binding sites in the promoter of the MCM3 gene are responsible for different cell cycle-

regulated or developmental expression patterns depending on the cellular environment 

(Stevens and Farnham, 1999). 
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2.AIMS OF RESEARCH 

 
 
The aim of this research is to study the patterns of expression of the three DHFR-TS genes of  

Arabidopsis thaliana, called AtDRTS1, AtDRTS2 and AtDRTS3, and to analyse regulatory 

regions of these promoters. These genes are expected to play central roles in DNA precursor 

biosynthesis and are expected to be expressed in the G1/S phase of the cell cycle. Studies 

from Daucus carota indicate that the DHFR-TS transcripts accumulate in highly dividing 

meristematic tissues (Albani et al, 2005) and also northern hybridization experiments have 

confirmed a higher accumulation of DHFR-TS transcripts in proliferating suspension cells 

compared to cells in stationary phase. Thus, this thesis will focus mainly on the study of the 

meristematic expression of the DHFR-TS genes but will investigate also their expression 

during plant development. In particular, studies on the DNA cis-elements that could be 

involved in the cell cycle dependent regulation of expression of these genes will be carried out 

in order to identify regulatory regions responsible for the meristematic expression of plant 

genes. 
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3. MATERIAL AND METHODS 
 

 

3.1 Plant material  

Wild type or transgenic Arabidopsis thaliana ecotype Columbia seeds were surface sterilized 

for 8/12 hours in 2% v/v PPM® (Plant Preservative Mixture, Plant Cell Thnology) 

supplemented with 50 mg/L magnesium salts (magnesium sulphate). Seeds were imbibed 

over-night in 0,1 % agarose at 4°C in the dark and then germinated in a growth cabinet at 

22°C under long day conditions of 16 h of light and 8 h of dark on petri plates with MS salts 

(Duchefa Biochemie) and Phyto Agar (8g/l), supplemented with Sucrose (10g/l). The 

transgenic Arabidopsis lines used in this study were generated by the floral dip method 

(Clough and Bent, 1998) using Agrobacterium tumefaciens GV3101/pMP90 and EHA105 

strains (Koncz, C. and Schell, J., 1986). Progeny plants were selected on MS plates 

containing the resistence antibiotic (Hygromicin, 30mg/l) and PPM®. After two weeks on 

selection, the transformed plants were transferred to recovery plates without the selection 

agent and at four weeks of age transferred to soil and grown to maturity in growth cabinets set 

at long day conditions of 16 h of light (22±3°C) and 8 h of dark (22±3°C) with 70% relative 

humidity.  

 

3.2 Isolation of the promoter regions and creation of the bidirectional 

AtDRTSs::GFPGUS/AtFSH::eqFP611 constructs 

The promoter regions upstream of AtDRTS1 (reported in BAC clone F16F14), AtDRTS2 

(found in BAC clone T4L20) and AtDRTS3 (found in BAC clone F2G1) were amplified from 

Arabidopsis genomic DNA using primers designed to amplify the entire intergenic region 

comprised between the putative ATG codons of the AtDRTS and AtSFH genes. For the 

AtDRTS2 promoter construct the second ATG codon, which is located in the fourth exon of 

the gene, was chosen. The sequence of the primers is reported below. To amplify the 

AtDRTS1/AtSFH7 intergenic region the primer F16F1, which pairs next to the SFH1 gene, 

contains an HindIII site (underlined) whereas the primer F16F2, pairing next to the DRTS1 

gene, contains a BamHI site (underlined). For the AtDRTS2/AtSFH1 promoter fragment, the 

primer T4L1, pairing next to the SFH gene, contains an XbaI site (underlined) overlapping a 

BglII site (shown in red), which will allow the insertion of a reporter gene, whereas the primer 

T4L2, which pairs next to the DRTS gene, contains a NcoI site. Finally, to amplify the 
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AtDRTS3/AtSFH3 intergenic region, the primer F2G1 pairs next to the SFH gene and contains 

a PstI site (underlined) whereas the primer F2G2, pairing next to the DRTS gene, contains a 

NcoI site overlapping a MscI site (shown in red). 

 

AtDRTS1/AtSFH7 promoter primers 

F16F1:   5’ –ACAAAGCTTGATTGGTTTACATTAACATTTTAG-3’ 

F16F2:   5’ –GTTGGATCCATTGTGGAAATCAAAACCTTG- 3’ 

 

AtDRTS2/AtSFH1 promoter primers 

T4L1:  5’ –TTTTCTAGATCTGGTTAGATGAGTTTTAAGCAC -3’ 

T4L2:  5’ -TGTTTGCCATGGTTGAAATTGAAACCTTGA - 3’ 

 

AtDRTS3/AtSFH3 promoter primers 

F2G1:   5’- ATCCTGCAGGGTTAAAGTCTGGATTTAAGATTT-3’ 

F2G2:   5’ –CAGCCATGGCCATATTCTGAAACTTAA AAA TC-3’ 

 

 

Following PCR amplification, performed using annealing temperatures between 62°C and 

64°C and using a high fidelity Taq (Pfx Polymerase, Invitrogen), the resulting PCR fragments 

were cloned into the pBS-KS and pGEM-T Easy vectors. The AtDRTS1/AtSFH7 promoters 

fragment was cloned in pBS-KS as a HindIII-BamHI fragment, to yield the pBS-F16F14 

plasmid (based on the name of the corresponding BAC clone). The AtDRTS2/AtSFH1 

promoters were cloned in pGEM-T Easy as an XbaI-NcoI fragment (into the SpeI and NcoI 

sites of the polylinker), to yield the pGEM-T4L20 plasmid, whereas the AtDRTS3/AtSFH3 

promoters were cloned in pGEM-T Easy as a PstI-NcoI fragment, to yield the pGEM-F2G1 

plasmid. All the clones were then sequenced to verify the fidelity of the PCR reactions. These 

intergenic DNA fragments were used to produce bidirectional constructs in which a chimeric 

GFP/GUS reporter gene was placed downstream of the AtDRTS promoters whereas the 

reporter gene coding for the red fluorescent protein eqFP611 was placed downstream of the 

AtSFH promoters.  

As a first step, the AtDRTS promoters were placed upstream of the GFP/GUS reporter gene 

contained in the binary vector pCAMBIA 1304. The pBS-F16F14 plasmid was digested with 
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HindIII-BamHI and the resulting AtDRTS1/AtSFH7 fragment was inserted into the HindIII-

BglII sites of pCAMBIA 1304 giving rise to the pCAMBIA-F16F14 plasmid. The 

AtDRTS2/AtSFH1 and AtDRTS3/AtSFH3 fragments were isolated from the pGEM-T4L20 and 

pGEM-F2G1 plasmids digested with PstI-NcoI and the resulting fragments were inserted into 

the corresponding sites of pCAMBIA 1304 to give rise to pCAMBIA-T4L20 and pCAMBIA-

F2G1, respectively. 

As a second step, the reporter gene coding for the red fluorescent protein eqFP611 was placed 

downstream of the AtSFH1 and AtSFH7 promoters. To obtain suitable fragments containing 

the eqFP611 sequence, the corresponding cDNA inserted in the original pQ32 vector 

(Wiedenmann et al, 2000) was amplified using different sets of primers which create new 

restriction sites at the ends of the fragment (shown underlined in the table below).  

 

eqFP611 primers 

eqFP1:   5’-CCAGTCGACATGAACTCACTGATCAAGGAAAA-3’ 

eqFP2:   5’-CCAGGTACCTCAAAGACGTCCCAGTTTGG-3’ 

eqFP3:   5’-GAAGATCTAGAATGAACTCACTGATCAAGGAAA-3’ 

eqFP4:   5’-CCAGTCGACTCAAAGACGTCCCAGTTTGG-3’ 

 

 

The primer eqFP1 creates a SalI site at the 5’end of eqFP611 whereas the primer eqFP2 

introduces a KpnI site at the 3’end of the sequence. Conversely, the primer eqFP3 introduces a 

BglII site overlapping an XbaI site (shown in red) at the 5’ end whereas eqFP4 creates a SalI 

site at the 3’end. The fragment amplified using the eqFP1 and eqFP2 primers was digested 

with SalI and KpnI and inserted into the corresponding sites of pBS-F16F14 in order to obtain 

pBS-F16F14eq whereas the PCR fragment obtained with the eqFP3 and eqFP4 primers was 

inserted into the BglII and SalI sites of the pGEM-T4L20 plasmid to yield pGEM-T4L20eq. 

To place a terminator cassette dowstream of the eqFP611 sequences, the promoter fragments 

with the linked eqFP611 gene were transferred into the pFF19 vector (Timmermans et 

al.,1990), which contains a 35S terminator sequence. The AtDRTS1/AtSFH7::eqFP611 

promoter fusion was cloned as an XbaI/blunt-KpnI fragment into the HindIII/blunt-KpnI sites 

of pFF19, obtaining the pFF-F16F14eq-Ter plasmid, whereas the 
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AtDRTS2/AtSFH1::eqFP611 promoter fusion was cloned as an ApaI/blunt-SalI fragment into 

the HindIII/blunt-SalI sites of pFF19 to give rise to the pFF-T4L20eq-Ter plasmid. 

Finally, the bidirectional constructs, containing the GFP/GUS reporter gene downstream of 

the AtDRTS promoters and the eqFP611 reporter gene downstream of the AtSFH promoters, 

were assembled. The BglII/EcoRI fragment isolated from the pFF-F16F14eq-Ter plasmid was 

inserted into the corresponding sites of pCAMBIA-F16F14 to give rise to the pSFH7/DRTS1-

GGEQ vector which contains the AtDRTS1::GFPGUS/AtSFH7::eqFP611 construct. 

Similarly, the BamHI/EcoRI fragment isolated from the pFF-T4L20eq-Ter plasmid was 

inserted into the corresponding sites of pCAMBIA-T4L20 to give rise to the pSFH1/DRTS2-

GGEQ vector containing the AtDRTS2::GFPGUS/AtSFH1::eqFP611 construct. Finally, the 

pSFH3/DRTS3-GGEQ vector carrying the AtDRTS3::GFPGUS/AtSFH3::eqFP611 construct, 

was obtained inserting the BglII/EcoRI fragment from the pFF-T4L20eq-Ter plasmid, 

carrying the eqFP611 sequence linked to the 35S terminator, into the BamHI/EcoRI sites of 

the polylinker found downstream of the AtSFH promoter in the pCAMBIA-F2G1 vector. The 

final binary vectors were then transferred to Agrobacterium tumefaciens and used for the 

stable transformation of Arabidopsis plants. 

 

3.3 Chromatin Immunoprecipitation 

Chromatin Immunoprecipitation (ChIP) assays were performed using nuclei extracted from 

suspension-cultured Arabidopsis T87 cells. Nuclei, extracted as previously described (Albani 

et al., 2000), were treated with 1% formaldehyde at 22°C for 10 min and the cross-linking 

was stopped by the addition of 0.125 M glycine. Fixed nuclei were resuspended in SDS buffer 

(50 mM Tris-HCl, pH 8.0, 10 mM EDTA, and 1% SDS) and sonicated to shear DNA in order 

to obtain DNA fragments of 600-1000 bp. To reduce false positives, sonicated chromatin 

samples were pre-incubated with 20 µL of preimmune serum for 1 h at 4°C with gentle 

mixing, transferred to a new tube with 20 µL of Protein A-Sepharose (50% slurry in 15 mM 

Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, triton X-100 1%,) and incubated with gentle 

mixing for 1 h at 4°C. Samples were centrifuged at 13000 rpm for 2 min at 4°C. The resulting 

supernatant was specifically immunoprecipitated with 20 µL of anti-DcE2F serum and further 

incubated for 2 h at 4°C with gentle mixing. Immunocomplexes were recovered using 20 µL 

protein A Sepharose (50% slurry) for 2 h at room temperature with gentle mixing, extensively 

washed and eluted from beads. The immunoprecipitated chromatin was incubated for 5 h at 

65°C, added with two volumes of ethanol and centrifuged: the resulting pellet was incubated 
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with proteinase K (18.5 mg/mL) for 2 h at 42°C and extracted with phenol/chloroform. Upon 

ethanol precipitation, DNA was resuspended in 10 µL of water and 1 µL was used for PCR 

analysis using the following primers adjacent to the E2F cis-elements. 

 

 

AtDRTS2 ChIP primers 

FT5: ACATCACCACATGGTGAT 

FT3: TCAGAGTGAATCTACGCA 

 

AtDRTS3 ChIP primers 

F25: TTATGTGGTTGCTCCACT 

F23: TATTGCTGCCACTGGATT 

 

AtRNR1b ChIP primers 

RN5:  AATGGGCTTTAACTCTCTAA 

RN3:  AAGGGATTTGAAGATTTG 

 

    

3.4 Mutation of the E2F sites in the AtDRTS2 and AtDRTS3 promoters 

Mutations of the E2F binding sites in the AtDRTS2 and AtDRTS3 promoters were created by 

PCR. Portions of the cloned genomic fragments flanking both sides of the E2F site were 

amplified using primers pairing over the E2F site that introduce the EcoRI restriction site in 

place of the SSCGSS sequence, in combination with universal primers pairing next to the 

polylinker in the vector. Listed below are the universal and the promoter-specific primers with 

the underlined nucleotides indicating the EcoRI restriction site introduced at the E2F site.  

 

Universal primers 

M13FW: 5’-ACGTTGTAAAACGACGGC-3’ 

M13RV: 5’- GGAAACAGCTATGACCATG-3’ 
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AtDRTS2-∆E2F promoter primers 

T4L6:  5’- TCTGAATTCGTTTATACCCTCTCCGAAGC-3’ 

T4L7:  5’- AACGAATTCAGACGACGGCGACTGAGTCA-3’ 

 

AtDRTS3-∆E2F promoter primers 

E2F-EN:  5’- CGTGAATTCAACCCGTCCGTAAAAAACTAT-3’ 

E2F-PE:  5’-GTTGAATTCACGAGTTTGACAGGAAGTTAC-3’ 

 

Following amplification of the pGEM-T4L20 and pGEM-F2G1 templates, the PCR fragments 

were subcloned into the pBS-KS vector. For the AtDRTS2/AtSFH1 promoters, the portion 

toward the DRTS gene was cloned as an EcoRI-ApaI fragment whereas the portion toward the 

SFH gene was cloned as an EcoRI-BamHI fragment. For the AtDRTS3/AtSFH1 promoters, the 

portion toward the DRTS gene was cloned as an EcoRI-ApaI fragment whereas the portion 

toward the SFH gene was cloned as an EcoRI-SacI fragment. 

To reconstruct the mutated AtDRTS2/AtSFH1 and AtDRTS3/AtSFH3 intergenic regions, the 

EcoRI-ApaI fragments containing the portion flanking the DRTS genes were inserted into the 

same sites of the plasmids carrying the portion flanking the SFH genes, thus giving rise to the 

pBS-SFH1/DRTS2-∆E2F and pBS-SFH3/DRTS3-∆E2F plasmids. The mutated promoters 

were then  used to replace the wild type sequences in the pSFH1/DRTS2-GGEQ and 

pSFH3/DRTS3-GGEQ vectors as a BamHI-NcoI fragment for the DRTS2 promoter and as a 

KpnI-NcoI fragment for the DRTS3 promoter generating the pSFH1/DRTS2-∆E2F and 

pSFH3/DRTS3-∆E2F vectors. 

 

3.5 Mutation of the cis-acting elements Up1 and Up2 in the AtDRTS2 

promoter 

Mutations of the Up1 and Up2 cis-acting elements located in the 5’ flanking region and at the 

beginning of the first intron of AtDRTS2 were carried out by PCR following the same strategy 

used for the E2F site. In this case, the PCR reactions were performed using primers that 

introduce the ClaI restriction site in place of the Up1 site and the EcoRV restriction site in 

place of the Up2 site. The sequence of the primers, with the underlined nucleotides indicating 

the mutation introduced, is reported below. 
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Up1 site 

T4L10:  5’- TGAATCGATATATAATAATGGGTCGATGC-3’ 

T4L11:  5’- TATATCGATTCAACTGGACCGAAAATAGG-3’ 

 

Up2 site 

T4L14: 5’-GTTGATATCTTGGAATCTCAGTTTTTTTTTTG-3’ 

T4L15: 5’-CAAGATATCAACCTTGAGACGAAATCAAAC-3’ 

 

 

Following amplification of the pGEM-T4L20 template using these primers along with 

suitable universal primers pairing next to the polylinker in the vector, the PCR fragments were 

subcloned into the pBS-KS vector. For the mutation of Up1, the portion toward the DRTS 

gene was cloned as a ClaI-ApaI fragment whereas the portion toward the SFH gene was 

cloned as a ClaI-BamHI fragment. For the AtDRTS3/AtSFH1 promoters, the portion toward 

the DRTS gene was cloned as an EcoRV-ApaI fragment whereas the portion toward the SFH 

gene was cloned as an EcoRV-SacI fragment. To reconstruct the mutated AtDRTS2 

promoters, the ClaI-ApaI and EcoRV-ApaI fragments containing the portion at the 5’end of 

AtDRTS2 were inserted into the corresponding restriction sites of the plasmids carrying the 

promoter portion flanking the AtSFH1 gene, thus giving rise to the pBS-SFH1/DRTS2-∆UP1 

and pBS-SFH1/DRTS2-∆UP2 plasmids. The mutated promoters were then  used to replace 

the wild type sequences in the pSFH1/DRTS2-GGEQ vector as a BamHI-NcoI fragment 

generating the pSFH1/DRTS2-∆UP1 and pSFH1/DRTS2-∆UP2 vectors. 

 

3.6 Construction of the AtDRTS2::GFPGUS vectors 

To create AtDRTS2 promoter cassettes lacking the ATG codon of the gene and suitable for a 

meristematic expression of exogenous genes in transgenic plants, two promoter constructs 

containing only the AtDRTS promoter were prepared by PCR. The first construct lacks the 

intron with the Up2 site and was obtained amplifying a portion of the SFH1/DRTS2 

intergenic region with the distal primer T4L3, which anneals at position -830 relative to the 

transcription start of AtDRTS2, together with the downstream primer T4L8, which pairs at 

position +51, near the end of the first exon. Conversely, the second construct contains the first 
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intron of AtDRTS2 and was obtained amplifying the SFH1/DRTS2 intergenic region with the 

primer T4L3 together with the downstream primer T4L9, which pairs at position +175 in the 

second exon, just upstream of a spurious ATG triplet found in the 5’ UTR of AtDRTS2 which, 

if mantained, could decrease the translational efficiency of the construct. To facilitate the 

cloning of the fragments and the assembling of the constructs, the T4L3 primer contains a 

HindIII site at the 5’end whereas the T4L8 and T4L9 primers contain an EcoRV site. The 

sequence of the primers with the restriction sites underlined is reported below. 

 

AtDRTS2 promoter 

T4L3  5’-AACAAGCTTGAAGCAAGGTGAAAAACATGT-3’ 

T4L8  5’- GACGATATCAAACGTAGCGTCTTGGC-3’ 

T4L9 5’-TCCGATATCAGAGTGAATCTACGCATT-3’ 

 

 

The two promoter fragments were then cloned into the HindIII-EcoRV sites of the pBS-KS 

vector and sequenced to verify the fildelity of the PCR. The final constructs were assembled 

by inserting the AtDRTS2 promoter fragments into the HindIII-PstI sites of the polylinker 

upstream of the GUS reporter gene in the binary vector pCAMBIA-1391 to give rise to the 

pDRTS2(-830/+51)GUS and pDRTS2(-830/+175)GUS vectors. 

 

3.7 Linker scanning mutagenesis of the first AtDRTS2 intron 

To identify the regulatory region in the first intron of AtDRTS2 responsible for the 

meristematic expression of the gene, a linker scanning mutational analysis was carried out 

replacing the 8 internal nucleotides of ten serial segments of 10 bp which span from the Up2 

site, next to the splice donor site, to the 3’ end of the intron. These changes were created by 

PCR , as in the case of the E2F and Up sites, introducing specific restriction sites in each 

mutated region. The specific primers are listed below with the underlined nucleotides 

indicating the NsiI (ATGCAT), NruI (TCGCGA), NdeI (CATATG)and SphI (GCATGC) 

restriction sites introduced in the mutations.  
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Site I 

T4LinkI 5’-TTTAATGCATACAGTTTTTTTTTTGTAAAA-3’ 

T4LinkIb 5’-CTGTATGCATTAAACCCTAACCTTGAGACG-3’ 

 

Site II 

T4LinkII 5’- CTCTTCGCGAATTTTGTAAAAAAACAATAT-3’ 

T4LinkIIb 5’-AAATTCGCGAAGAGATTCCAAAACCCTAAC-3’ 

 

Site III 

T4LinkIII 5’ TTTAGATATCTAAAACAATATGAATGCTGA-3’ 

T4LinkIIIb 5’-TTTAGATATCTAAAAAAACTGAGATTCCAA-3’ 

 

Site IV 

T4LinkIV 5’- AAGCATGCGCTTGAATGCTGAATTTGTTTC-3’ 

T4LinkIVb 5’-TCAAGCGCATGCTTTACAAAAAAAAAACTG-3’ 

 

Site V 

T4LinkV 5’ AAAACAATATCCTGCAGCAATTTGTTTCTG-3’ 

T4LinkVb 5’-ATTGCTGCAGGATATTGTTTTTTTACAAAA-3’ 

 

Site VI 

T4LinkVI 5’- TGAATGCTGATGCATGCACTGTCGATTTTG-3’ 

T4LinkVIb 5’-CAGTGCATGCATCAGCATTCATATTGTTTT-3’ 

 

Site VII 

T4LinkVII 5’-AATTTGTTTCATCGCGAATTGCCTCTGTTT-3’ 

T4LinkVIIb 5’-CAATTCGCGATGAAACAAATTCAGCATTCA-3’ 

 

Site VIII 

T4LinkVIII 5’- CTGTCGATTTAGATATCCTTTGCAATCATG-3’ 
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T4LinkVIIIb 5’-AAAGGATATCTAAATCGACAGAAACAAATT-3’ 

 

Site IX 

T4LinkIX 5’- TTGCCTCTGTAGCATGCGATGAATGCGTAG-3’ 

T4LinkIXb 5’-CATCGCATGCTACAGAGGCAAAAATCGACA-3’ 

 

Site X 

T4LinkX 5’- TCAAATGCATCTAGATTCACTCTGAATGGG-3’ 

T4LinkXb 5’ CTAGATGCATTTGATTGCTTTCAGAGGCAA-3’ 

 

 

3.8 Phenotypical analyses of transgenic plants 

Histochemical detection of GUS activity was performed on Arabidopsis transgenic plants at 

different developmental stages using 5-bromo-4-chloro- 3-indolyl-β-D-glucuronide (X-Gluc) 

(Jefferson et al., 1987). Plants were incubated in the GUS solution (50 mM pH 7 phosphate 

buffer, 1 mg/mL X-Gluc, 1 mM potassium ferricyanide) for at least 1 h at 37°C. After 

staining, chlorophyll interference was removed treating the samples in 70% ethanol.  

For quantitative analyses, the of GUS activity was detected fluorimetrically using the 

fluorogenic substrate MUG (4-metil umbelliferil–glucuronide). For this analysis, plantlets of 

Arabidopsis thaliana at the same developmental stage (emergence of the third pair of leaves) 

were ground in 200 µl of extraction buffer (50 mM NaPO4 pH 7, 10 mM EDTA, 0.1% Triton, 

0.1% Sodium Lauryl Sarcosine, 10 mM β-Mercaptoethanol). The homogenate was then 

centrifuged in a microfuge at 15000 rpm for 10 min at 4°C and 100 µl of the surnatant were 

recovered and stored at -80°C. To perform the fluorimetric assays, 30 µl of extracts were 

added to 270 µl of assay buffer (50 mM NaPO4 pH 7, 10 mM EDTA, 0.1% Triton, 0.1% 

Sodium Lauryl Sarcosine, 10 mM β-Mercaptoethanol, 1mM MUG) and the reactions were 

incubated at 37 °C. At three different time points, 100 µl of the reaction was transferred to 

900 µl of stop buffer (0.2 M Na2CO3) and the amounts of 4MU produced was measured 

using a fluorimeter. 
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4. RESULTS 

 

4.1 Functional analyses of AtDRTS promoters reveal distinct patterns of 

activity 

To study the pattern of expression of the AtDRTS genes and to verify eventual correlations 

with the expression of the neighboring AtSFH genes, divergent reporter constructs comprising 

the entire intergenic region located between the putative ATG codons of the AtDRTS and 

AtSFH genes were assembled into a pCAMBIA binary vector suitable for Agrobacterium-

mediated plant transformation. In these dual promoter constructs a chimeric gfp/gus reporter 

gene was placed under the control of the DHFR-TS promoters whereas the eqFP611 red 

fluorescent protein gene was placed downstream of the SFH promoters. Figure 4.1 shows the 

maps of the resulting binary plasmids containing the DRTS1/SFH7 intergenic region of 1743 

bp, the DRTS2/SFH1 intergenic region of 1968 bp or the DRTS3/SFH3 intergenic region of 

3480 bp, flanked by the gfp/gus reporter gene and by the eqFP611 coding region.  

Following Arabidopsis transformation, several primary (T1) transformants were obtained. 

These plants were grown to maturity and allowed to self in order to produce T2 seedlings. To 

study the patterns of expression of the promoters of the three DHFR-TS and SFH genes 

histochemical GUS assays and fluorescence analyses were performed on the transgenic T2 

lines. 
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Figure 4.1. Structure of the divergent promoters constructs. The DRTS1/SFH7 intergenic region is 

coloured yellow, DRTS2/SFH1 is light blue and DRT3/SFH3 is green. 
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4.1.1 Patterns of expression conferred by the AtDRTS promoters 

To verify the activity of the three AtDRTS promoters in transgenic lines of the T2 generation 

histochemical GUS staining at different stages of development were carried out. As shown in 

figure 4.2, the histochemical GUS assays of plants transformed with the pCAMBIA-

DRTS1/SFH7 construct revealed that the AtDRTS1 promoter is able to confer a widespread 

pattern of expression, with particularly strong activity in the vascular tissues of plantlets at 

one, two and three weeks of age (figure 4.2 panels a, b, c). In the flowers of mature plants the 

expression is also strong in the styles and in the vascular tissue of filaments and sepals (panels 

d and e). In mature plants the GUS protein is accumulatig also in siliques, especially in the 

funiculus, but no clear GUS staining can be found in the seeds (figure 4.2 panel e). Overall, 

this pattern of activity show good agreement with the microarrays data described in the 

Genevestigator database (https://www.genevestigator.com/) that suggest a wide expression of 

AtDRTS1 in all tissues and organs examined (figure 4.3). 

In comparison, as shown in figure 4.4, the AtDRTS2 promoter appears to drive a narrower 

pattern of expression in the pCAMBIA-DRTS2/SFH1 lines in which the GUS activity is 

mainly restricted to organs with proliferating cells, such as shoot and root apical meristems 

and the basal part of developing leaves, whereas mature leafs show only very low GUS 

activity. This pattern of expression is constant during development as seen in one, two and 

three weeks old plants (figure 4.4 panels a, b, c). A clear promoter activity is detected also in 

the ovaries of flowers and in developing seeds of the siliques (panels d, e, f). Microarrays data 

partly confirm this pattern of expression showing high accumulation of AtDRTS2 mRNA in 

seeds, inflorescences, seedlings and roots, whereas in flowers and rosettes the expression 

appears to be low (figure 4.5). 

Concerning the third AtDRTS promoter, the analysis of lines transformed with the the 

pCAMBIA-DRTS3/SFH3 construct revealed that the AtDRTS3 promoter can confer strong 

expression in root caps and central cylinders (figure 4.6). A strong GUS activity is found also 

in shoot apical meristems but not in the root meristems of one, two and three weeks old plants 

(panels a, b, c). In mature plants, low expression is detected in ovaries and styles (panels d, e) 

whereas no expression is detected in siliques (panel f). Interestingly, although the Affimetrix 

genechips used in microarray analyses include probe sets corresponding to the 3’end of the 

gene models which, as described previously, in the case of AtDRTS3 is not believed to be 
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transcribed, microarrays data available in the Genevestigator database confirmed a strong 

expression of AtDRTS3 in root caps (figure 4.7). 

 

               

 

 

Figure 4.2. Histochemical activity of the AtDRTS1 promoter in pCAMBIA-DRTS1/SFH7 lines. 

Panels a, b, c: patterns of GUS staining in plantlets of one, two and three weeks, respectively. 

Panels d and e: GUS staining in inflorescences and flowers. Panel  f: GUS staining in siliques. 
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Figure 4.3: Expression of the AtDRTS1 gene according to the microarrays data reported in the 

Genevestigator database  
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Figure 4.4. Histochemical activity of the AtDRTS2 promoter in pCAMBIA-DRTS2/SFH1 lines.. 

Panels a, b, c: patterns of GUS staining in plantlets of one, two and three weeks, respectively. 

Panels d and e: GUS staining in inflorescences and flowers. Panel  f: GUS staining in siliques. 
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Figure 4.5. Expression of the AtDRTS2 gene according to the microarrays data reported in the 

Genevestigator database 
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Figure 4.6. Histochemical activity of the AtDRTS3 promoter in plantlets of one, two and three 

weeks (panels  a, b and c), in inflorescences and flowers (panels d and e) and in siliques (panel f).  
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Figure 4.7. Expression of the AtDRTS3 gene according to the microarrays data reported in the 

Genevestigator database 

Anatomy # of 
Chips 

Mean Std_Error 

 
0 callus 6 388 28 

 
1 cell suspension 91 315 20 

 
2 seedling 710 309 4 

 
  21 cotyledons 9 184 28 

 
  22 hypocotyl 6 248 11 

 
  23 radicle 9 551 53 

 
3 inflorescence 460 188 5 

 
  31 flower 125 153 7 

 
    311 carpel 15 127 9 

 
      3111 ovary 4 112 24 

 
      3112 stigma 3 137 5 

 
    312 petal 6 94 10 

 
    313 sepal 6 76 14 

 
    314 stamen 15 251 32 

 
      3141 pollen 2 282 17 

 
    315 pedicel 3 131 18 

 
  32 silique 19 158 18 

 
  33 seed 103 152 9 

 
  34 stem 33 282 31 

 
  35 node 3 266 9 

 
  36 shoot apex 116 253 6 

 
  37 cauline leaf 3 129 29 

 
4 rosette 828 202 3 

 
  41 juvenile leaf 91 230 10 

 
  42 adult leaf 274 199 6 

 
  43 petiole 12 383 51 

 
  44 senescent leaf 3 237 19 

 
  45 hypocotyl 36 225 14 

 
    451 xylem 9 170 9 

 
    452 cork 9 343 10 

 
5 roots 260 614 15 

 
  52 lateral root 6 708 120 

 
  53 root tip 4 555 67 

 
  54 elongation zone 10 621 105 

 
  55 root hair zone 4 490 46 

 
  56 endodermis 3 254 80 

 
  57  
endodermis+cortex 

3 238 4 
 

  58 epid. 
atrichoblasts 

3 348 60 
 

  59 lateral root cap 3 997 184 
 

  60 stele 3 338 25 
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4.1.2 Patterns of activity of the three AtSFH promoters 

Because the three bidirectional reporter constructs included the AtSFH promoters driving 

expression of the eqFP611 red fluorescent protein gene, fluorescence analyses of primary 

transformants and T2 progeny were performed to determine the activity of the three AtSFH 

promoters and to verify eventual correlations in the expression of the SFH and DHFR-TS 

genes. 

Concerning the activity of the AtSFH7 promoter, located upstream of AtDRTS1, analyses of 

the transgenic plants by fluorescence microscopy did not allow us to detect any accumulation 

of  the eqFP611 red fluorescent protein. However, microarrays data included in the 

Genevestigator database suggest a weak but widespread expression of the AtSFH7 gene. 

Thus, it is possible that the level of activity of the AtSFH7 promoter is too general and weak 

to allow its detection using a fluorescent protein as reporter gene. Conversely, confirming 

results published in other studies, specific patterns of expression were detected for the other 

AtSFH promoters: AtSFH1 and AtSFH3, located upstream of AtDRT2 and AtDRTS3 

respectively. The AtSFH1/cow1 gene has been shown to be strongly and specifically 

expressed in roots where its activity is required for polarized membrane growth during the 

development of root hairs (Bohme et al, 2004; Vincent et aol, 2005) whereas the AtSFH3 gene 

has been shown to be highly expressed in mature and germinating pollen (Mo et al, 2007). 

Accordingly, strong red fluorescence was detected only in the roots or in the pollen of our 

transgenic plants (figure 4.8). These results are also consistent with the microarray data 

deposited in the Genevestigator database (https://www.genevestigator.com/). 

 

Figure 4.8. Fluorescence analysis of plants transformed with the AtSFH promoters constructs. 

Panel a: Root-specific expression of the eqFP611 gene driven by the AtSFH1 promoter. Panel b: 

Pollen specific expression of the AtSFH3 promoter. 

 

AtSFH1/cow1 

a b 
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4.2 In silico analyses of the three AtDRTS promoters reveal distinct cis-

element profiles 
 

In-silico analyses of the promoters of the three AtDRTS genes were performed scoring against 

the PLACE database using the SIGNAL-SCAN software (Prestige, D.S., 1991), available as 

online resource at the website www.dna.affrc.go.jp/sigscan/signal1.pl. The PLACE (PLAnt 

Cis-acting regulatory Elements) database includes cis-elements that have been specifically 

associated with plant transcription factors.  

Because the AtDRTS promoters are flanked by the promoters of AtSFH genes and shared sites 

could be involved in the regulation of both genes, the entire intergenic region located between 

the ATG codons of the DRTS and SFH transcripts (see Fig. 4.1; 4.2; 4.3) was investigated in-

silico in order to identify specific and/or common putative regulatory regions. 

Upon evaluation of the results of these analyses, only the most complex and heterogeneous 

cis elements were annotated, as shown in the following figures and tables. In fact, motifs with 

simpler sequence are generally found in large number, could be randomly distributed and are 

more likely to be spurious, whereas it is conceivable that rare and more complex cis-elements 

have higher probability to be relevant for gene regulation. 

 

4.2.1 Analysis in silico of the AtDRTS1 promoter region  

As listed in table 4A and summarized in figure 4.9, the analysis of the 1743 bp long 

AtDRTS1At/SFH7 intergenic region revealed the presence of 11 uncommon cis-element 

sequences. Most notably, a BS1 site (binding site 1) of sequence AGCGGG, required for 

vascular expression of a Cinnamoyl-CoA reductase gene, is found approximately 150 bp 

upstream of the AtDRTS1 transcription start point (TSP). Moreover, a "SV40 core enhancer" 

of sequence GTGGWWHG is located approximately 130 bp further upstream. Both of these 

cis-elements could be responsible for the strong vascular expression of the AtDRTS1 

promoter. Interestingly, also two auxin responsive sites are detected in the AtDRTS1 5’ 

region: the first one (CATATGGMSAUR) in the small intron located in the 5’ UTR of the 

gene, and the other (ARFAT) approximately 210 bp upstream of the transcription start. A 

putative MYB recognition site is located in the middle of the intergenig region whereas only 

two of the 11 uncommon cis-element sequences, a sucrose responsive element and a CarG 

motif, are found in the proximity of the AtSFH7 sequence. 
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Tab. 4A: List of the most significant putative regulatory sites identified by in-silico analysis in the 

intergenic region spanning between AtDRTS1 and AtSFH7  

 

Site 
Position 

Bp (distance 

from ATG 

of Atdrts1) 

Site Sequence Function 

CATATGGMSAUR 
111 

CATATG 

 

Sequence found in NDE element in soybean 

(G.m.) SAUR (Small Auxin-Up RNA) 15A gene 

promoter; Involved in auxin responsiveness. 

Studied in soybean (Glycine max). 

 

CIACADIANLELHC 129 CAANNNNATC 

 

Region necessary for circadian expression of 

tomato (L.e.) Lhc gene.Studied in tomato 

(Lycopersicon esculentum). 

 

CAREOSREP1 311 CAACTC 

 

"CAREs (CAACTC regulatory elements)" found 

in the promoter region of a cystein proteinase 

(REP-1) gene in rice. Studied in  Oryza sativa 

(rice) 

 

BS1EGCCR 339 AGCGGG 

 

"BS1 (binding site 1)" found in E. gunnii 

Cinnamoyl-CoA reductase (CCR) gene promoter; 

nuclear protein binding site; Required for vascular 

expression. 

  Studied in Eucalyptus gunnii. 

 

ARFAT 395 TGTCTC 

ARF (auxin response factor) binding site found in 

the promoter of primary/early auxin response 

genes of Arabidopsis thaliana (A.t.); 

AuxREBinding site of Arabidopsis ARF1 (Auxin 

response factor1); Sequence found in NDE 

element in Soybean (G.m.) SAUR (Small Auxin-

Up RNA) 15A gene promoter; Found in D1 or D4 

element in Soybean (G.m.) GH3 promoter.  

Studied in Arabidopsis thaliana; Soybean 

(Glycine max); Oryza sativa (rice) 

 

ACGTABREMOTIFA20SEM 392 ACGTGKC 

 

Experimentally determined sequence requirement 

of ACGT-core of motif A in ABRE of the rice 

gene OSEMDRE and ABRE are interdependent in 

the ABA-responsive expression of the rd29A in 

Arabidopsis.  (K=G/T). Studied in rice (Oryza 

sativa); Arabidopsis thaliana. 
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SV40COREENHAN 467 GTGGWWHG 

 

"SV40 core enhancer"; Similar sequences found 

in rbcS genes. (W=A/T). Studied in virus; plant; 

pea (Pisum sativum); Arabidopsis thaliana. 

. 

NRRBNEXTA 469 TAGTGGAT 

 

"NRR (negative regulatory region)" in promoter 

region of Brassica napus (B.n.) extA extensin 

gene; Removal of this region leads to expression 

in all tissues within the stem internode, petiole and 

root. Studied in  Brassica napus. 

 

MYBPLANT 731 MACCWAMC 

 

Plant MYB binding site; Consensus sequence 

related to box P in promoters of phenylpropanoid 

biosynthetic genes such as PAL, CHS, CHI, DFR, 

CL, Bz1; Myb305. (M=A/C; W=A/T). The 

AmMYB308 and AmMYB330 transcription 

factors from Antirrhinum majus regulate 

phenylpropanoid and lignin biosynthesis in 

transgenic tobacco. Studied in petunia (Petunia 

hybrida); Arabidopsis thaliana; maize (Zea mays); 

parsley (Petroselinum crispum). 

 

SURE1STPAT21 1275 AATAGAAAA 

 

Sucrose Responsive Element (SURE); A motif 

conserved among genes regulated by sucrose. 

Found between -184 and -156 bp in the patatin (a 

major tuber protein) gene promoter of potato 

(S.t.). Studied in  potato (Solanum tuberosum). 

 

CARGCW8GAT 1391 CWWWWWWWWG 

 

A variant of CArG motif with a longer A/T-rich 

core; Binding site for AGL15 (AGAMOUS-like 

15).(W=A/T). 

Studied in Arabidopsis thaliana. 
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Figure 4.9: Arrangement of the AtDRTS1 (blue) and AtSFH7 (orange) genes. The intergenic 

region is drawn in yellow and the different sites are shown in different colours.  
 

 

 

4.2.2 Analysis in silico of the AtDRTS2 promoter region  

Analysis of the AtDRTS2/AtSFH1 intergenic region of 1968 bp revealed the presence of 13 

uncommon cis-elements, listed in table 4B and shown in figure 4.10. Only four of the sites are 

found in the vicinity of the AtSFH1 sequence whereas all the remaining cis-elements are 

closely grouped at the 5’end of the AtDRTS2 gene. Most remarkably, among the latter motifs, 

several sites have been shown to regulate gene expression in proliferating cells. The most 

noticeable cis-elements are an E2F binding site, overlapping the transcription start point 

(TSP), and an adjacent Hexamer motif. Of particular interest are also a “Up1” motif, found 

about 80 bp upstream of TSP, and a “Up2” motif, also known as “telo-box”, located in the 

first intron of the AtDRTS2 gene. Both sites have been shown to be overrepresented in the 

promoters of genes up-regulated after main stem decapitation and involved in the growth of 

axillary buds in Arabidopsis (Tremoysaugue et al., 2003, Tatematsu et al, 2005). 
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Tab. 4B: List of the most significant putative regulatory sites identified by in-silico analysis in the 

intergenic region exstending between AtDRTS2 and AtSFH1 

 

Site 

Position 

Bp (distance 

from ATG of 

Atsfh1 or 

cow1) 

Site Sequence Function 

CCA1ATLHCB1 325 AAMAATCT 

 

CCA1 binding site; CCA1 protein (myb-related 

transcription factor) interact with two imperfect 

repeats of AAMAATCT in Lhcb1*3 gene of 

Arabidopsis thaliana (A.t.); Related to 

regulation by phytochrome. Studied in 

Arabidopsis thaliana. 

 

CARGCW8GAT 331 CWWWWWWWWG 

 

A variant of CArG motif (see S000404), with a 

longer A/T-rich core; Binding site for AGL15 

(AGAMOUS-like 15). (W=A/T). Studied in 

Arabidopsis thaliana. 

 

 

BOXIINTPATP 369 ATAGAA 

 

"Box II" found in the tobacco (N.t.) plastid atpB 

gene promoter; Conserved in several NCII 

(nonconsensus type II) promoters of plastid 

genes; Important for the activity of this NCII 

promoter. Studied in tobacco (Nicotiana 

tabacum) 

 

 

MYB1LEPR 

 

423 GTTAGTT 

 

Tomato Pti4(ERF) regulates defence-related 

gene expression via GCC box and non-GCC 

box cis elements (Myb1(GTTAGTT), G box 

(CACGTG). 

 Studied in Arabidopsis thaliana; Lycopersicon 

esculentum (tomato). 

 

-10PEHVPSBD 
961 TATTCT 

 

"-10 promoter element" found in the barley 

(H.v.) chloroplast psbD gene promoter; 

Involved in the expression of the plastid gene 

psbD which encodes a photosystem II reaction 

center chlorophyll-binding protein that is 

activated by blue, white or UV-A light. 

 Studied in barley (Hordeum vulgare). 

 

MYBCORE 

 

1013 CNGTTR 

 

Binding site for all animal MYB and at least 

two plant MYB proteins ATMYB1 and 

ATMYB2, both isolated from Arabidopsis; 

ATMYB2 is involved in regulation of genes 

that are responsive to water stress in 

Arabidopsis; A petunia MYB protein 

(MYB.Ph3) is involved in regulation of 

flavonoid biosynthesis.  

Studied in Arabidopsis thaliana; animal; petunia 

(Petunia hybrida) 
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MYB2CONSENSUSAT  

 

1013 YAACKG 

 

MYB recognition site found in the promoters of 

the dehydration-responsive gene rd22 and many 

other genes in Arabidopsis.(Y=C/T; K=G/T). 

 Studied in Arabidopsis thaliana. 

 

UP1ATMS 
1020 GGCCCAWWW 

"Up1" motif found in 162 of the 1184 up-

regulated genes after main stem decapitation in 

Arabidopsis. (W=A/T).  Studied in Arabidopsis 

thaliana. 

GCN4OSGL2B1 

 

1087 TGAGTCA 

 

"GCN4 motif" found in GluB-1 gene in rice 

(O.s.); Required for endosperm-specific 

expression; AACA and ACGT motifs was 

found sufficient to confer a detectable level of 

endosperm expression; This motif is the 

recognition site for a basic leucine zipper 

transcription factor that belongs to the group of 

maize Opaque-2 (O2)-like proteins; Although 

all the RISBZ proteins are able to interact with 

the GCN4 motif, only RISBZ1 is capable of 

activating the gene expression. Studied in rice 

(Oryza sativa) 

 

HEXAMERATH4 
1098 CCGTCG 

 

Hexamer motif of Arabidopsis thaliana (A.t.) 

histone H4   promoter. Studied in Arabidopsis 

thaliana. 

 

E2FAT 

 

1104 TYTCCCGCC 

 
"E2F-binding site" found in many potential E2F 

target genes; most potential E2F targets 

identified in silico show a cell cycle-regulated 

expression. (Y=T/C). Studied in Arabidopsis 

thaliana. 

 

TELOBOXATEEF1AA1 

 

1173 AAACCCTAA 

 

"telo-box" (telomere motif) found in the 

Arabidopsis (A.t.) eEF1AA1 gene promoter; 

Conserved in all known plant eEF1A gene 

promoters; Found in the 5' region of numerous 

genes encoding components of the translational 

apparatus; Required for the 

activation of expression in root primordia; Acts 

co-operatively with tef-box; Binding site of 

AtPur alpha-1. Studied in  Arabidopsis 

(Arabidopsis thaliana). 

 

UP2ATMSD(-) 

 

1174 AAACCCTA 

 

"Up2" motif found in 193 of the 1184 up-

regulated genes after main stem decapitation in 

Arabidopsis; W=A/T; Axillary bud outgrowth. 

Studied in Arabidopsis thaliana 
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Figure 4.10: Arrangement of the AtDRTS2 (green) and AtSFH1(red) genes. The intergenic region 

is shown in blue with different putative cis elements shown in different colours.  

 

4.2.3 Analysis in silico of the DRTS3 promoter region 

Analysis of the AtDRTS3/AtSFH3 intergenic region, long 3471 bp, revealed the presence of 

15 uncommon cis-elements as described in table 4C and in figure 4.11. Most remarkably, an 

E2F-binding site can be detected also in this intergenic region, although its location is 

approximately 1400 bp upstream of the AtDRTS3 start of transcription. Additionally, a “Up1” 

motif is found about 850 bp upstream of the AtDRTS3 TSP. Concerning the putative 

regulatory regions of the AtSFH promoter, the short intron in the 5’UTR of the AtSFH3 gene 

contains a binding consensus sequence for the  product of the floral homeotic gene Agamous 

and could be important for the pollen-specific expression of this gene. 
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Tab. 4C: List of the most significant putative regulatory sites identified by in-silico analysis in the 

intergenic region spanning between AtDRTS3 and AtSFH3 

 

 

 

Site 
 

 

Position 

Bp 

(distance 

from ATG 

of Atsfh3) 

Site Sequence 
Function 

 

 

GAREAT 

 

843 

1602 
TAACAAR                              

 

GARE (GA-responsive element); Occurrence of 

GARE in GA-inducible,GA-responsible, and GA-

nonresponsive genes found in Arabidopsis seed 

germination was 20, 18, and 12%, respectively. 

Studied in Arabidopsis thaliana. 

 

BOXLCOREDCPAL  
355 

3133 
ACCWWCC 

 

Consensus of the putative "core" sequences of box-L-

like sequences in carrot (D.c.) PAL1 promoter 

region; DCMYB1 bound to these sequences in vitro 

(W=A/T). Studied in Daucus carota (carrot) 

 

AGATCONSENSUS 413 TTWCCWWWWNNGGWW 

Binding consensus sequence for the product of the 

Arabidopsis (A.t.) floral homeotic gene AGAMOUS 

(AG); AG protein contains a region similar to the 

DNA binding domain of SRF and MCM1; The 

consensus sequence contains a CArG box; AG 

protein is a putative transcription factor for floral 

genes; H=A/T/C; W=A/T. 

ELRECOREPCRP1             
673 

1694 
TTGACC 

 

ElRE (Elicitor Responsive Element) core of parsley 

(P.c.) PR1genes; consensus sequence of elements W1 

and W2 of parsley PR1-1 and PR1-2 promoters; Box 

W1 and W2 are the binding site of WRKY1 and 

WRKY2, respectively; ERE; "WA box"; One of the 

W boxes foun in the Parsley (P.c.) WRKY1 gene 

promoter; Required for elicitor responsiveness  

constitute a palindrome; WRKY1 protein binding 

site; W-box found in thioredoxin h5 gene in 

Arabidopsis. Studied in Petroselinum crispum 

(parsley); Nicotiana tabacum (tobacco). 

 

D1GMAUX28 902 ACAGTTACTA 

 

DNase I protected sequence found in the soybean 

(G.m.) auxin responsive gene, Aux28, promoter; D1 

and D4 share a very similar core sequence 

TAGTXXCTGT and TAGTXCTGT, respectively; 

 D1/D4-like sequence were identified in several other 

auxin responsive genes; Binding site of GmGT-2 

which is the GT-2 family of transcription factors; 

GmGT-2 are down-regulated by light in a 

phytochrome-dependent manner soybean. Studied in 

Glycine max. 
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HDZIP2ATATHB2 
1226 

2619 
TAATMATTA    

 

Binding site of the Arabidopsis (A.T.) homeobox 

gene (ATHB-2) found in its own promoter; Located 

between -72 and -80; Similar to the HD-ZIP-2 

binding consensus sequence; ATHB-2 is regulated by 

light signals which function as a negative 

autoregulator of its own gene. (M=C/A). Studied in 

Arabidopsis thaliana 

 

ERELEE4 

 

1257 

1575 
AWTTCAAA 

 

"ERE (ethylene responsive element)" of tomato (L.e.) 

E4 and carnation GST1 genes; GST1 is related to 

senescence; Found in the 5'-LTR region of TLC1.1 

retrotransposon family in Lycopersico chilense; ERE 

motifs mediate ethylene-induced activation of the U3 

promoter region. Stuided in tomato (Lycopersicon 

esculentum); carnation (Dianthus caryophillus); 

Lycopersicon chilense. 

 

 

E2FAT 

 

1872 
TYTCCCGCC 

 
"E2F-binding site" found in many potential E2F 

target genes; most potential E2F targets identified in 

silico show a cell cycle-regulated expression. 

(Y=T/C). Studied in Arabidopsis thaliana. 

 

UP1ATMSD 2424 GGCCCAWWW 

 

"Up1" motif found in 162 of the 1184 up-regulated 

genes after main stem decapitation in Arabidopsis. 

(W=A/T). Studied in Arabidopsis thaliana. 

 

SORLIP5AT 2641 GAGTGAG 

 

One of "Sequences Over-Represented in Light-

Induced Promoters (SORLIPs) in Arabidopsis; 

Computationally identified phyA-induced 

motifs; Over-represented in both light-induced 

cotyledon-specific and root-specific genes of 

Arabidopsis thaliana. Studied in Arabidopsis 

thaliana. 

 

ABRELATERD1                  2670  
ACGTG 

 

 

ABRE-like sequence (from -199 to -195) required for 

etiolation-induced expression of erd1 (early 

responsive to 

 dehydration) in Arabidopsis. Studied in Arabidopsis 

thaliana. 

 

 

CATATGGMSAUR                

 

2794 

3021  
CATATG 

 

Sequence found in NDE element in soybean (G.m.) 

SAUR (Small Auxin-Up RNA) 15A gene promoter; 

Involved in auxin Responsiveness. Studied in 

soybean (Glycine max) 

 

CANBNNAPA                    2923 CNAACAC 

 

Core of "(CA)n element" in storage protein genes in 

Brasica napus 

(B.n.); embryo- and endosperm-specific transcription 

of napin (storage protein) gene, napA; seed 

specificity; activator and repressor. Studied in 

Brassica napus. 
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Figure 4.11: Arrangement of the AtDRTS3 (blue) and AtSFH3 (fucsia) genes. The intergenic 

region is shown in green with different putative cis elements shown in different colours.  
 

SV40COREENHAN 

 
3030 GTGGWWHG                  

 

SV40 core enhancer"; Similar sequences found in 

rbcS genes. (W=A/T). Studied in virus; plant; pea 

(Pisum sativum); Arabidopsis thaliana. 

 
 

300-CORE 
3080 

TGTAAAG 

 

"TGTAAAG core motif" in "300 elements" of alpha-

zein genes of  maize: 300 element core or "prolamin 

box"   P-box that binds with P-box binding factor 

(PBF). PBF is a DNA-binding protein of the DOF 

class of transcription factors. 

Studied in  maize (Zea mays); wheat (Triticum 

aestivum); barley (Hordeum vulgare); tobacco 

(Nicotiana tabacum) 
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4.3 The E2F sites detected in the AtDRTS promoters are recognized by E2F 

factors and regulate promoter activity 

 

4.3.1 ChIP analysis of the AtDRTS promoters containing E2F cis-elements 

The in silico analysis of the promoters of the three AtDRTS genes revealed the presence of 

putative E2F cis-elements only in the promoters, AtDRTS2 and AtDRTS3, which are active in 

the shoot apical meristems. These sites are likely to be important for meristematic expression 

because E2F sites have been found in one or two copies in close proximity of the transcription 

start sites of several plant cell cycle-specific promoters. 

To verify whether the E2F sites detected in the two AtDRTS promoters could be functional 

and could be recognized by activating AtE2F factors, ChIP analyses were performed using 

cross-linked chromatin isolated from Arabidopsis suspension cells. The ChIP protocol was 

optimized using polyclonal antibodies raised against the carrot E2F factor DcE2F; these 

antibodies recognize only activating AtE2Fs with a far greater preference for AtE2Fa. In 

order to assess the efficiency of the ChIP analysis, PCR reactions on the immunoprecipitated 

genomic fragments were performed as positive control using primers specific for the promoter 

of AtRNR1b, a well characterized E2F responsive gene (Chaboutè et al, 2002; Egelkrout et al, 

2002). PCR reactions using primers for the AtDRTS promoters on mock reactions incubated 

without the addition of the antibodies were performed as negative control. As shown in figure 

4.12, the ChIP experiments revealed that DNA fragments of both AtDRTS2 and AtDRTS3 

promoters can be selectively immunoprecipitated using antibodies against DcE2F. Thus, these 

results indicate that the E2F sites found in the AtDRTS promoters are recognized in vivo by 

activating AtE2F factors and are expected to be important for the expression of AtDRTS2 and 

AtDRTS3 in meristematic tissues. 

 

 

 

 

 

 

 

 

   



 

Stefania Ghisaura, 

Titolo:  Studies on the cell cycle-dependent regulation of plant DHFR/TS genes 

Tesi di Dottorato in Biochimica, Biologia e Biotecnologie Molecolari, Ciclo XXI 

Università degli Studi di Sassari 

 

56 

Figure 4.12. ChIP analysis of the AtDRTS2 and AtDRTS3 promoters 

4.3.2 Functional analysis of the E2F sites in the two AtDRTS promoters  

The binding of activating AtE2Fs to the AtDRTS promoters detected by ChIP analysis 

suggests that the E2F cis-elements found in the AtDRTS2 and AtDRTS3 promoter may exert 

positive roles on promoter activity. However, E2F sites have been shown to regulate cell 

cycle-dependent genes in both positive or negative ways. Therefore, to verify the 

specific role of the E2F sites in the regulation of the AtDRTS genes, the AtDRTS2 and 

AtDRTS3 promoters were mutated at their E2F sites and were assembled in GFP/GUS 

reporter constructs (pDRTS2-∆E2F and pDRTS3-∆E2F) as shown in figure 4.13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13. Structure of the AtDRTS promoter construct: AtDRTS2 and AtDRTS3 with mutated 

E2F sites  
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Following Arabidopsis transformation, several primary (T1) transformants were obtained and 

selfed to produce T2 seedlings. The activity of the promoters mutated in the E2F sites was 

then studied by histochemical GUS assays. As shown in figure 4.14 and 4.15, the spatial 

pattern of expression of the two AtDRTS-∆E2F promoters appeared to be similar to the 

pattern obtained with the original promoter constructs. However, the level of GUS activity 

driven by the two AtDRTS-∆E2F constructs appeared to be strongly increased in the vascular 

tissues and upregulated also in the meristematic tissues which were already positive with the 

wild-type promoter constructs (figures 4.14 and 4.15).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14 Patterns of expression of the original AtDRTS2 promoter (panel a) versus the mutated 

AtDRTS2-∆E2F promoter (panel b) in 10 day-old transgenic plants. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15. Comparison of pattern expression of the original AtDRTS3 promoter (panel a) versus 

the mutated AtDRTS3-∆E2F promoter (panel b) in 10 day-old transgenic plants. 
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To quantify the level of activity, fluorimetric assays were performed on seedlings of the same 

developmental stage (emergence of the third pair of leaves). As shown in figures 4.16 and 

4.17, the mutation of the E2F cis elements increased considerably the activity of both 

promoters indicating that the E2F factors recognizing these sites are able to repress AtDRTS 

expression. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
Figure 4 16 Increased fluorimetrical activity of the mutated AtDRTS2-∆E2F promoter in 2 week-

old plants. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17. Increased fluorimetrical activity of the mutated AtDRTS3-∆E2F promoter in 2 week-

old plants 
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4.4 The activity of the AtDRTS2 promoter is controlled by multiple regulatory 

regions  
 

The discovery that in both AtDRTS promoters the E2F site plays a repressive role implies that 

other cis-acting elements must be involved in the activation of expression in meristematic 

cells. In particular we focused our studies on the AtDRTS2 gene which is specifically 

meristematic. Its pattern espression agrees with results found in Daucus carota where DHFR-

TS transcripts have been shown to accumulate to high level in dividing meristematic cells 

(Albani et al, 2005). 

As revealed by the in silico analysis, the 5’ region of the AtDRTS2 gene contains two 

remarkable cis-elements called Up1 and Up2. The first site is located 80 bp upstream of the 

transcription start site whereas the second is located at the start of the 100 bp intron found in 

the 5’ untranslated region of the gene. These sites are also known in literature as Motif Site II 

and Telo Box and previous studies have suggested their conservative association in the 

promoters of several genes that are highly expressed in dividing cells (Tremousaygue et al, 

2003).  

 

 

4.4.1 Study of the role of the Up1 and Up2 sites in the AtDRTS2 promoter 

To analyse the possible role of the Up1 and/or Up2 sites in the control of AtDRTS2 

expression, single mutations (AtDRTS2-∆Up1 and AtDRTS2-∆Up2) as well as mutations of 

both sites (AtDRTS2-∆∆) were introduced in the AtDRTS2 promoter construct driving 

expression of the GFP/GUS reporter gene as shown in figure 4.18. 
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Figure 4.18. Structure of the promoter construcs with mutated UP1 or UP2 sites  
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As shown in figures 4.19, 4.20 and 4.21 the spatial patterns of activity of the AtDRTS2-

∆Up1, AtDRTS2-∆Up2 and AtDRTS2- ∆Ups promoter constructs appear to be very similar 

to the one conferred by the wild type AtDRTS2 promoter. All the constructs are expressed in 

shoot and root apical meristems as well as in the developing leaves and also in vascular 

tissues. A clear GUS activity is seen also in the developing ovaries but no expression is seen 

in mature seeds of the siliques (panels d, e, f). The activity of the mutated promoters is fairly 

constant during development (panels a, b, c) but appears to be slightly decreased compared to 

the wild type AtDRTS2 promoter. To quantify the level of activity, fluorimetric assays were 

performed on seedlings of the transgenic lines of two weeks of age and at the same 

developmental stage. As shown in figure 4.22, the mutation of either the Up1 or Up2 site 

lowered considerably, and at the same level, the activity of the promoter compared to the wild 

type construct. Also the mutation of both Up1 and Up2 sites in the double mutant decreased 

similarly, but not at lower levels, the activity of the AtDRTS2 promoter indicating that the 

proteins recognizing the two sites must act together, but not synergistically, to drive high level 

of expression of the AtDRTS2 gene. 
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Figure 4.19. Activity of the DRTS2-∆UP1 promoter. Panels a, b, c show plantlets of one, two and 

three weeks, respectively; panels  d and e inflorescences and flowers; panel f siliques.  
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Figure 4.20. Activity of the DRTS2-∆UP2 promoter Panels a, b, c show plantlets of one, two and 

three weeks, respectively; panels  d and e inflorescences and flowers; panel f siliques.  
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Figure 4.21. Activity of the DRTS2-∆UPs promoter Panels a, b, c show plantlets of one, two and 

three weeks, respectively. 
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Figure 4.22. Activity of AtDRTS2-∆Up1, AtDRTS2-∆Up2 and AtDRTS2-∆Ups promoters compared 

to the wild type AtDRTS2 promoter in two week-old seedlings. 
 

 

4.4.2 The intron located in the 5’UTR region of the AtDRTS2 gene is crucial for its 

meristematic expression 

To further investigate regions of the AtDRTS2 promoter which are necessary for its activation 

in the meristems a new construct lacking the promoter region of the AtSFH1 gene, extending 

form position -830 to position +175 relative to the proposed transcription start point of the 

gene (AtDRTS2 -830/+175), was devised. Moreover, because the first intron in the 5’-UTR 

region of the AtDRTS2 gene contains an Up2 site which is conferring high levels of 

expression but is not essential for the meristematic expression of the gene, an additional 

construct lacking also the first intron was prepared (AtDRTS2 -830/+51). As shown in figure 

4.23, these promoter fragments were cloned upstream of the GUS reporter gene into the 

binary vector pCAMBIA1300 and the resulting plasmids were used for the transformation of 

Arabidopis thaliana. 
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Figure 4.23. Structure of the new AtDRTS2 promoter constructs 

 

 

Analyses of the resulting transgenic plants revealed that the promoter construct containing the 

first intron of AtDRTS2 is strongly active in the meristems (figure 4.24) and shows a very 

high expression also in the vascular tissues, which is possibly linked to the nearby presence of 

the strong constitutive 35S promoter of the selectable marker gene (hygromycin resistance). 

Conversely, the removal of the 100 bp long intron in the -830/+51 construct drastically 

changed the pattern of activity of the AtDRTS2 promoter, as shown in figure 4.25, abolishing 

completely the expression in root and shoot meristems. This surprising result suggests that at 

least one additional regulatory site, not detected by in silico analysis, is contained in the first 

intron and is strictly necessary for the meristematic expression of the AtDRTS2 gene. 
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Figure 4.24. Activity of the AtDRTS2 promoter construct (AtDRTS2 -830/+175) with the first intron 

of the gene. In the figure are shown plantlets of one, two and three weeks of age and the enlarged 

view of a root tip. 
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Figure 4.25. Activity of the AtDRTS2 promoter construct (AtDRTS2 -830/+51) lacking the first 

intron of the gene. In the figure are shown plantlets of one, two and three weeks of age and the 

enlarged view of a root tip. 
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4.4.3 A site located in the intron in the 5’UTR region of the AtDRTS2 gene is crucial for its 

meristematic expression 

As shown by preliminary results of construct lacking the first intron (-830/+51) the pattern of 

activity of the AtDRTS2 promoter is drastically changed with the complete abolition of the 

GUS expression in root and shoot meristems of the plant. This result suggests that at least one 

additional regulatory site, not detected by in silico analysis, is contained in the first intron and 

is strictly necessary for the meristematic expression of the AtDRTS2 gene. To identify this 

site, sequential mutations of 8 bp were introduced along the intronic region in the original 

AtDRTS2 promoter construct driving expression of the GFP/GUS reporter gene as shown in 

figure 4.26. Preliminary analyses by histochemical GUS staining were performed on root tips 

of T1 generation transgenic plants. Only one of the construct, the AtDRTS2-∆III mutant, 

showed altered expression with complete lack of GUS activity while the other nine constructs 

gave high expression in root meristems comparable to the wild type promoter AtDRTS2. As 

shown in figure 4.27, the lack of GUS activity of the mutated promoter is constant during 

development (panels a, b, c). To quantify the level of activity, fluorimetric assays were 

performed on seedlings of the transgenic lines of approximately two weeks of age and at the 

same developmental stage. As shown in figure 4.28, mutation in the ∆III mutant of the 

tttgtaaa sequence located 28 bp downstream of the donor splicing site led to nearly complete 

abolition of promoter activity. 
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 ∆II ∆III ∆IV ∆V ∆VI ∆VII ∆VIII ∆IX ∆X ∆Up2 

5’-gttagggttttggaatctcagttttttttttgtaaaaaaacaatatgaatgctgaatttgtttctgtcgattttgcctctgtttgcaatcatgaatgcgtag-3’ 

 

 

---------------aatgcata---------------------------------------------------------------------------------------------------- 

-------------------------ttcgcgaa------------------------------------------------------------------------------------------ 

------------------------------------agatatct-------------------------------------------------------------------------------- 

-----------------------------------------------tgcatgct---------------------------------------------------------------------- 

----------------------------------------------------------cctgcagc---------------------------------------------------------- 

---------------------------------------------------------------------tgcatgca----------------------------------------------- 

-------------------------------------------------------------------------------atcgcgaa------------------------------------- 

------------------------------------------------------------------------------------------agatatcc-------------------------- 

-----------------------------------------------------------------------------------------------------agcatgcg--------------- 

-----------------------------------------------------------------------------------------------------------------aatgcatc--- 

 
Figure 4.26. : Sequence of the first intron and the linker scanning mutations: sites with inserted mutations are underlined with colours while down of the 

sequence where designed the site mutations.  
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Figure 4.27. Histochemical analysis of the activity of the DRTS2-∆III promoter. Panels a, b, c show 

plantlets of one, two and three weeks of age, respectively. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.28. Flurimetric analysis of the activity of AtDRTS2-∆III promoter compared to the wild 

type AtDRTS2 promoter in two week-old seedlings. 
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To verify which type of transcription factor could binds the site mutated in the DRTS2-∆III 

construct we analysed the wild type sequence against the Jaspar high-quality transcription 

factor binding profile database (jaspar.genereg.net  (Sandelin et al, 2004)). The result of this 

analysis revealed that five diffent animal transcription factors recognize a binding site that can 

match the tttgtaaa sequence. The sites recognized by these transcription factors are listed in 

table 4D. The existance of plant hortologues of these transcription factors is not clear at 

present. 

 

 

Tab. 4D: List of the most significant putative regulatory sites identified by Jaspar Database in the 

region of mutated site ∆III 

 

 

BINDING SEQUENCE 

MATRX 

Site 

Sequence 

recognizable at the  

∆III site of DRTS2  

FOXC1 

 

tttttgta 

 

 

SRY tttgtaaaaa 

NFIL3 ttttgtaaaaa 

Broad-Complex IV and 

Hunchback 
ttgtaaaaaaa 
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5. DISCUSSION 

 

Plant growth is finely regulated by endogenous and environmental signals and relies on both 

meristematic cell proliferation and the expansion of differentiating undividing cells. Thus, the 

control of cell proliferation is vital for plant development and productivity. Plant genes that 

play important roles during cell proliferation are expected to be highly expressed in 

meristematic cells and in specific phases of the cell cycle. However, the molecular 

mechanisms involved in the control of gene expression during the cell cycle in plants are still 

far from being clear. Studies performed in recent years have led to the discovery that 

important cell cycle transcriptional regulators are conserved in plant and animal cells. In 

particular, it has been shown that the retinoblastoma/E2F pathway, a critical element in the 

control of the G1/S phase gene expression in animal cells, disrupted in several types of 

cancers, is also conserved in plant cells. 

To better understand the control of gene expression during cell proliferation in plants we have 

studied the regulation of genes coding for enzymes that are known to be important for S phase 

progression. In this respect, the genes coding for dihydrofolate reductase (DHFR) and 

thymidilate synthase (TS) play central roles in DNA precursor biosynthesis and are expected 

to be regulated during G1/S phase of the cell cycle. Unlike animal cells, where DHFR and TS 

are coded by distinct genes, plant and protozoan genomes contain genes coding for 

bifunctional DHFR-TS enzymes. In plants, DHFR-TS enzymes, like the animals counterparts, 

were found to be highly accumulated in proliferating cells and virtually undetectable in 

quiescent cells (Vandiver and Fites, 1979), implying that these enzymes are active in tissues 

where DNA synthesis is occurring (Cox et al, 1999). 

Also in situ hybridization studies from Daucus carota confirmed that the DHFR-TS 

transcripts accumulate in meristematic tissues and northern blot experiments have confirmed a 

higher accumulation of the DHFR-TS transcripts in proliferating suspension cells compared to 

cells in stationary phase (Albani et al, 2005). However, the data reported by Neuburger et al 

(1996) which described strong accumulation of DHFR-TS in the mitochondria of mature pea 

leaves are in contrast with the expression analyses performed in carrot. This discrepancy 

could derive from the presence of paralog genes that might be differentially expressed during 

development and in different tissues.  
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The genome of Arabidopsis thaliana has been fully sequenced and contains three DHFR-TS 

genes called AtDRTS1, AtDRTS2 and ATDRTS3. Interestingly, only the first two genes appear 

to code for bifunctional DHFR-TS enzymes whereas ATDRTS3 appears to code for an 

isoform truncated in the C-terminal TS domain. In fact, ATDRTS3 contains an ATREP 

transposable element in its third intron which impairs the correct splicing and causes the 

retention of the intronic region which leads to a premature termination of the messenger RNA 

and of the AtDRTS3 open reading frame. Moreover, analysis of the genomic organization of 

the AtDRTS loci has revealed that three members of the SFH (Sec Fourteen Homologues) 

gene family are located upstream of the three DRTS genes and oriented in divergent direction 

with respect to them. The SFHs are a diverse group of proteins with distinct subcellular 

localizations and varied physiological functions related to lipid metabolism, phosphoinositide 

mediated signalling and membrane trafficking. The conserved organization of the three 

AtDRTS/AtSFH loci suggests that they must derive from a single ancestral locus that 

underwent at least two duplication events. 

In view of the conserved arrangement of the AtDRTS/AtSFH loci, we decided to study the 

patterns of expression of the three AtDRTS genes and to verify eventual correlations with the 

expression of the neighbouring AtSFH genes. For this analysis we prepared bidirectional 

expression constructs in which the genes coding for a chimeric GFP-GUS protein and for a 

red fluorescent protein (eqFP611) were placed at the extremities of the intergenic regions 

spanning between the putative AtDRTS and AtSFH ATG codons. These divergent reporter 

gene constructs were assembled into a binary vector suitable for Agrobacterium-mediated 

plant transformation. Histochemical and enzymatic GUS assays were then performed on the 

resulting transgenic plants to reveal the activity of the AtDRTS promoters, whereas 

fluorescence microscopy analyses were done to monitor the activity of the AtSFH promoters. 

These analyses revealed that AtDRTS1 is not expressed in the meristems but is highly 

expressed in the vascular tissues of plantlets at one, two and three weeks of age. Conversely, 

the AtDRTS2 promoter appears to drive a very strong and constant cell proliferation-specific 

gene expression in root and shoot apical meristems. Surprisingly, the AtDRTS3 promoter 

showed strong activity in the shoot meristem but not in the meristem of the root where GUS 

expression was confined to the root columella and the central cylinder. Thus, the three 

AtDRTS genes appear to have very different patterns of expression, and only AtDRTS2 is 

specific to division cells and that confirm its activity seen by other studies. Surprisingly the 
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other two genes are differentially expressed during development in different tissues 

suggesting that this gene family can be expressed differentially for the presence of other 

functions not analysed precedently. 

The activity of the AtSFH promoters, that drive expression of the eqFP611 red fluorescent 

protein gene, was detected by fluorescence microscopy analyses of primary transformants and 

T2 progeny. Concerning the activity of the AtSFH7 promoter, located upstream of AtDRTS1, 

analyses of the corresponding transgenic plants did not allow the detection of any clear 

accumulation of the eqFP611 red fluorescent protein. Thus, is likely that the level of activity 

of the AtSFH7 promoter is too weak and general to allow its detection using a fluorescent 

protein reporter gene. This evidence is in accordance with microarrays data included in the 

Genevestigator database (https://www.genevestigator.com/) that suggest a weak but 

widespread expression of the AtSFH7 gene. 

Conversely, confirming results published in other studies, specific patterns of expression were 

detected for the AtSFH1 and AtSFH3 promoters, located upstream of AtDRT2 and AtDRTS3 

respectively. The AtSFH1/cow1 gene has been shown to be strongly and specifically 

expressed in roots where its activity is required for polarized membrane growth during the 

development of root hairs (Bohme et al, 2004; Vincent et al, 2005) whereas the AtSFH3 gene 

has been shown to be highly expressed in mature and germinating pollen (Mo et al, 2007). 

Accordingly, strong red fluorescence was detected only in the roots or in the pollen of our 

transgenic plants. Thus, in all three cases, the pattern of expression of the AtSFH genes is not 

correlated with the expression of the AtDRTS genes. 

In silico analyses of the AtDRTS promoters revealed the presence of several putative cis-

acting elements which in the case of the AtDRTS2 and AtDRTS3 promoters, in accordance 

with the expression of these two genes in shoot meristem, include sites conserved in the 

promoters of several cell cycle-dependent genes. In particular, an E2F binding site is 

contained in both promoters. Remarkably, the E2F site in AtDRTS2 is overlapping the 

transcription start point. The E2F transcription factors are components of the 

E2F/retinoblastoma pathway which appears to be conserved in animal and plant cells. The 

diversity of the E2F family members in both plants and animals (Vandepoele et al, 2002) 

could reflect the complexity of the E2F-mediated regulation of various target genes. The six 

E2F proteins found in Arabidopsis can be classified as activators or repressors of gene 

expression (Mariconti et al, 2002, Kosugi and Ohashi 2002). Indeed, several studies have 
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shown that the E2F sites can be involved in both activation or repression of gene expression. 

In 1997 Yamaguchi studied the promoter of the DNA polymerase α 180 KDa catalytic subunit 

gene of Drosophila which contains three E2F recognition sequences. Mutations were 

introduced in each of the three E2F sites and their effects on E2F binding and promoter 

activity in cultured cells and in living flies were evaluated. From these analyses it is resulted 

that only E2F site 3, the closest to the start of transcription, functions positively to stimulate 

DNA polα gene promoter activity, while the other two sites (E2F sites 1 and 2) have a 

negative function throughout Drosophila development. Also in plants, E2F sites are known to 

be able to mediate transcriptional activation or repression depending on the different stage of 

development (Egelkrout et al, 2002). Moreover, it has been shown that E2F sites can act as 

positive elements in the G1/S phase of cell cycle or as negative elements during the 

progression of cell cycle (Chaboutè et al, 2000). 

In both AtDRTS2 and AtDRTS3 promoters the E2F site appear to be functional because ChIP 

analyses have revealed that both sites are recognized in vivo by AtE2Fa or AtE2Fb which 

have been characterized as activating AtE2F factors. Thus, the binding of activating AtE2Fs 

to the AtDRTS promoters suggested that the E2F cis-elements in the AtDRTS2 and AtDRTS3 

promoter may exert positive roles on promoter activity. In most cases, in both animal and 

plant promoters the E2F cis-elements have been shown to be involved in activation of gene 

expression. Lincker et al. identified two E2F sites on the promoter of the RNR1 gene of 

Nicotiana benthamiana. Functional analyses revealed that both E2F elements are important 

for driving RNR1 promoter induction at the G1/S transition in synchronized tobacco BY-2 

cells as well as in response to UV irradiation in dividing non-synchronized cells and S-phase 

cells. Mutation of both elements resulted in decreased RNR1 promoter activity in growing 

cells. However, other cis-elements appeared to act as positive regulators in concert with the 

E2F sites.  

To better define the role of the E2F sites located in the AtDRTS2 and AtDRTS3 promoters we 

analysed the effect of their mutation on the regulation of these AtDRTS genes. The mutations 

were introduced in the same bidirectional reporter constructs used for the analysis of the 

AtDRTS promoters givin rise to the pDRTS2-∆E2F and pDRTS3-∆E2F vectors. The activity 

of the promoters with the mutated E2F sites was then analysed by histochemical GUS assays 

which revealed a pattern of expression very similar to the one obtained with the original 

promoter constructs. However, the level of GUS activity driven by the two promoters mutated 
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appeared to be strongly increased in the vascular tissues and upregulated also in the 

meristematic tissues which were already positive with the wild-type promoter constructs. The 

level of activity was quantified performing fluorimetric assays on seedlings of the same 

developmental stage (emergence of the third pair of leaves). These analyses confirmed the 

fact that the inactivation of the E2F cis-elements increased considerably the activity of both 

promoters, indicating that the E2F factors recognizing these sites are able to repress AtDRTS 

expression. Thus, for the first time, it appears that plant E2Fs so far identified as 

transcriptional activators by conventional models could also mediate repression of gene 

expression. Interestingly, the evidence that E2F sites in plant promoters can negatively 

regulate gene expression has been demonstrated only in the case of promoters which contain 

more than one E2F site. For example, Egelkrout et al. demonstrated that one of the two E2F 

elements in the PCNA promoter activates the transcription in proliferating cells whereas the 

other E2F site is a repressor in differentiated tissues (Egelkrout et al, 2002). 

The discovery that in both AtDRTS promoters the E2F site plays a repressive role implies that 

other cis-acting elements must be involved in the activation of expression in meristematic 

cells. In particular we focused our studies on the AtDRTS2 gene which is specifically 

meristematic. Its pattern of expression agrees with results found in Daucus carota where 

DHFR-TS transcripts have been shown to accumulate to high level in dividing meristematic 

cells (Albani et al. 2005). In silico analyses of the sequence of this promoter have revealed the 

presence of two remarkable cis-elements, called Up1 and Up2, in the 5’ region of the 

AtDRTS2 gene. The first site is located 80 bp upstream of the transcription start site whereas 

the second site is located at the start of the 100 bp intron found in the 5’ untranslated region of 

the gene. The Up1 and Up2 sites are cis-acting elements that are found in the promoters of 

several genes involved in cellular division. These sequences are also known as site II motifs 

and telo-box motifs respectively (Tremousaygue et al, 2003).  

The telo-box was first observed within the promoters of Arabidopsis genes encoding the 

translation elongation factor EF1A. This site, of sequence AAACCCTAA, is conserved at the 

same location within all the known plant EF1A gene promoters (Axelos et al. 1989; Curie et 

al. 1991; Liboz et al. 1991) and is the target of nuclear proteins (Regad et al, 1994). 

Moreover, database searches indicated the presence of telo-boxes in the 5’ region of 

numerous genes encoding components of the translational apparatus. The putative role of the 

telo-box in the regulation of the Arabidopsis EF1A gene has been previously studied (Curie et 
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al. 1993). The promoter of this gene exhibits a modular organization, with cis-acting elements 

located both upstream and downstream of the transcription initiation site. Within this 

promoter, the telo-box is located 63 bp upstream of the transcription initiation site, between 

the TATA box (-33) and the tef cis-acting element (-105), another regulatory sequence 

involved in the activation of EF1A genes in cycling cells (Regad et al. 1994; Manevski et al. 

1999). The telo-box is absolutely required for the activation of expression in root primordia. 

This activation occurs in a co-operative manner with the tef-cis acting element and was 

observed when the telo-box was inserted either upstream or downstream of the transcription 

initiation site. These results indicate that telomere motifs are involved in control of gene 

expression in plants. Telo-boxes are also observed within the promoter of other plant genes 

expressed in late G1, such as ribonucleotide reductase (RNR) or proliferating cell nuclear 

antigen (PCNA) raising the possibility that this element could be involved in a common 

regulatory process which connects expression of a set of genes at the G1-S transition 

(Tremoysaugue et al. 2003). 

Both maize and Arabidopsis extracts contain a DNA-binding activity able to specifically 

interact with the double-stranded telomeric sequence AAACCCTAA and a mutation within 

this motif (AcgtCCTAA) prevented this specific interaction (Regad et al. 1994). Other studies 

on Arabidopsis thaliana have identified and characterized a protein, called AtPuralpha, that 

interact with the telomere motif (Tremoysaugue 1999). AtPuralpha protein could be involved 

in the telo-box dependent regulation of gene expression in dividing cells. In animal cells, the 

puralpha protein was originally described as a HeLa cell nuclear protein with affinity for a 

purine-rich element in the 5’ region of a c-myc gene (Bergemann and Johnson 1992). 

Although the exact role of Puralpha in mammalian cell replication is still unknown, recent 

studies have implicated puralpha in the control of the promoters of several different cellular 

and viral genes (Herault et al. 1992; Kelm et al. 1997; Safak et al. 1999). Data suggest a role 

for puralpha in cell division through cross-family protein interactions. For example the human 

puralpha has been shown to interact with the Rb protein, and this interaction suppresses the 

DNA binding activity of puralpha (Johnson at al, 1995). Morover the association of puralpha 

and Rb is modulated during the cell cycle, and depends on the phoshorylation state of Rb, 

with Puralfa binding only to the hypophosphorylated form of Rb and Rb phosphorylation 

beginning in the late G1. The fact that Rb proteins are present also in plants (Ach et al, 1997) 
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raises the possibility that AtPurAlpha could interact with this protein also in Arabidopsis 

cells.  

In addition to a telo-box located downstream of the transcription initiation site, the rice PCNA 

promoter contains site II motifs (the site IIa and IIb motifs) which regulate gene expression in 

the meristems of transgenic tobacco plants and specifically interact with two rice bHLH 

transcription factors (PCF1 and PCF2) (Kosugi et al. 1995; Kosugi and Ohashi 2002). Other 

studies in Arabidopsis thaliana demonstrated the interaction of TCP 20 protein, that belongs 

to a subfamily of 13 members related  to rice PCF1 and PCF2 factors, with site II motifs 

(Cubas, 2002). These elements activate gene expression in Arabidopsis root primordia in 

synergy with a telo-box (Manevski et al, 2000). Trémousaygue et al. (2003) analysed two 

PCNA promoters of Arabidopsis that have two elements (TTGGGCC) similar to that IIa 

motif of the rice PCNA promoter (TGGGCC). To understand the possible roles of these sites 

a 33bp DNA fragment containing the two putative site II motifs of the Arabidopsis PCNA-2 

promoter was inserted, with or without a telo-box, upstream of an Arabidopsis EF1A A1 

minimal promoter. The GUS reporter gene was placed downstream of the resulting chimaeric 

promoters. The insertion of a 33bp DNA fragment containing the two putative site two motifs 

led to a detectable GUS expression in root primordia and in young leaves. Mutation of these 

two site II motifs totally abolished the expression of the reporter gene. The presence of a 

telobox within the chimaeric promoter strongly stimulated the expression of the GUS gene in 

both root primordia and young leaves. These observations indicate that the telo-box increases 

the activation driven by other cis-acting elements but is not sufficient by itself to induce gene 

expression in cycling cells. (Trémousaygue et al. 2003).  

Structural analysis of the Arabidopsis PCNA, RNR, TS promoters revealed the presence of 

both site II motifs (Up1 sites) and telo-boxes (Up2 sites). The gene ontology of genes with Up 

elements in their promoter includes a higher proportion of genes involved in cell cycle, DNA 

processing and protein synthesis. Studies have defined the function of the Up1 and Up2 site in 

the expression of genes during axillary bud outgrowth in Arabidopsis (Tatematsu et al. 2005). 

Analysis of genic expression demonstrated that the two sites acts in a synergistic manner as 

positive elements for the activation of gene expression after decapitation of buds. Up1 and 

Up2 sites are also significantly over-represented in the upstream regions of genes upregulated 

during germination. (Tatematsu et al, 2008). 
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To assess the function of Up elements, Tatematsu et al. (2008) analyzed transgenic lines 

harbouring the GUS reporter gene driven by the Up1/Up2 containing native promoter of 

RPL15B, a ribosomal protein gene, or by the same promoter with mutations of Up1 or Up2, 

or with both Up elements mutated. The analysis of mature seeds revealed that the lines 

transformed with the wild type promoter showed weak GUS staining in the entire seed, 

including embryo and endosperm. Following seed germination, strong GUS staining was 

evident in the radicle and vascular tissues of these lines. The lines with the mutated Up1 or 

with both Up sites mutated had no detectable GUS staining in either the dry seed or 

germinated seedling whereas the lines with the mutated Up2 site showed a similar GUS 

staining pattern as the lines with the wild type promoter. These results indicate that Up1, but 

not Up2, is necessary for the induction of RPL15B expression during germination. Moreover, 

GUS staining of the Up2-mutated lines was weaker than that of wt lines, suggesting that Up2 

may act as an enhancer of Up1-mediated gene induction. Regulation of Up1-mediated gene 

expression appears to be a common mechanism for the activation of growth in germinating 

seeds and axillary shoots, both of which are quiescent when necessary. 

Based on these evidences, it was important to analyse the possible role of the Up1 and Up2 

sites in the control of AtDRTS2 expression. For this analysis, we introduced single mutations 

(AtDRTS2-∆Up1 and AtDRTS2-∆Up2) as well as mutations of both sites (AtDRTS2-∆∆) in 

the AtDRTS2 promoter construct driving expression of the GFP/GUS reporter gene. The 

spatial patterns of activity of the AtDRTS2-∆Up1, AtDRTS2-∆Up2 and AtDRTS2-∆Ups 

promoter constructs appeared to be very similar to the one conferred by the wild type 

AtDRTS2 promoter. Both constructs are expressed in shoot and root apical meristems as well 

as in the developing leaves and also in vascular tissues. However the quantitative analysis of 

the GUS activity in AtDRTS2-∆Up1, AtDRTS2-∆Up2 and AtDRTS2-∆Ups lines revealed 

clear differences with respect to the lines with the wild type construct and the inactivation of 

either the Up1 or Up2 sites lowered considerably the activity of the mutated promoter 

compared to the wild type promoter. Interestingly, the activity of the promoter with both Up 

sites mutated was similar to the activity of the promoters with the single Up mutations. 

Therefore, it appears that the Up1 and Up2 sites in the AtDRTS2 promoter are not necessary 

for the expression in proliferating cells of Arabidopsis and act together, but not sinergistically, 

to drive the high level of activity of this promoter. 
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Because the Up2 site in the first intron of the AtDRTS2 gene is conferring high levels of 

expression but is not essential for the meristematic expression of the gene, we analysed the 

effect of the removal of the entire intron. In fact, introns located in the 5’ untranslated region 

(5’-UTR), as in the case of DRTS2, often have a role in the regulation of genic expression. An 

increase in gene expression associated to the presence of intronic regions has been reported in 

both monocotyledonous (Callis et al., 1987; McElroy et al., 1990; Christensen et al., 1992; Xu 

et al., 1994; Jeon et al., 2000; Morello et al., 2002) and dicotyledonous plants (Norris et al., 

1993; Gidekel et al., 1996; Rose and Last, 1997; Plesse et al., 2001; Mun et al., 2002). The 

exact mechanisms responsible for this intron-mediated enhancement of expression are not 

clear. Some introns contains promoter regulatory elements (Gidekel et al, 1996), while others 

seems to affect transcript stability or translation efficiency (Rose and Last, 1997), suggesting 

the existence of different mechanisms. Some introns can also affect tissue-specific gene 

expression (Terada et al., 1995; Bolle et al, 1996; Jeon et al, 2000). In 2001, Chaubet and 

Gigot demonstrated that introns in the 5’ UTR of the replacement H3 genes, functionally 

combined with the endogenous promoters, are necessary the high and constitutive expression 

observed in planta. This effect was studied using the promoter of the histone H4 gene 

H4A748 of Arabidopsis, which drives expression in an S phase- and meristem-specific 

pattern (Atanassova et al., 1992; Chaubet et al., 1996). The insertion downstream to this cell 

cycle-dependent promoter of the 5’-UTR intron of either replacement histone H3 genes of 

Arabidopsis resulted in a meristem-independent expression (loss of preferential meristem 

expression). Moreover, this study demonstrated that the constitutive expression of the 

replacement H3 genes of Arabidopsis results from both the presence of the intron and the 

nature of the promoters, which lack some cis-elements found in replication-dependent 

promoters. Other studies in Arabidopsis thaliana analysed the involvement of the regions 

located upstream of the translation start site in the expression of two nuclear COX5c genes 

encoding subunit 5c of mitochondrial cytochrome c oxidase (Curi et al., 2005). It was 

observed that these regions, which include a leader intron, direct a tissue-specific expression 

mainly in root and shoot meristems, actively growing tissues and vascular strands. Removal 

of the leader intron produced a significant decrease in expression to values only slightly 

higher than those observed with a promoterless reporter gene. (Curi et al., 2005). 

To verify the importance first intron of AtDRTS2, located at the 5’-UTR region of the gene, 

we analysed the activity of promoter constructs containing or lacking the first intron 
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(AtDRTS2 -830/+175 and AtDRTS2 -830/+51) placed upstream of the GUS reporter gene. 

The lack of the intron in the -830/+51 construct drastically changed the pattern of activity of 

the AtDRTS2 promoter, abolishing completely the expression in root and shoot meristems. 

This surprising result suggests that at least one additional regulatory site different from Up2 is 

contained in the first intron and is strictly necessary for the meristematic expression of the 

AtDRTS2 gene. Linker scanning mutations of 8 bp along the entire first intron revealed that 

the expression of the AtDRTS2 promoter requires a small intronic DNA region. Mutation of 

this intronic sequence in the AtDRTS2-∆III construct completely abolished the expression of 

the reporter gene in Arabidopsis plants. This result led us to analyse this particular region, to 

understand what kind of DNA binding factor could recognize this DNA sequence. A research 

in Jaspar database yielded a list of transcription factors that could bind the DNA sequence of 

interest. This list is composed by FOXC1, SRY, NFIL3, Broad Complex IV and Hunchback.  

FoxC1 (Forkhead box C1), is a protein which in humans is encoded by the FOXC1 gene. This 

gene belongs to the forkhead family of transcription factors which is characterized by a 

distinct DNA-binding fork head domain. (der Horst et al, 2007). However, hortologues of his 

protein are not found in plants.  

SRY (sex-determining region Y) belongs to the SOX/TCF (SRY-related HMG
 
box/T cell 

factor) group of transcription factors which is part of the HMG box (high mobility group)
 

superfamily of proteins (Riechmann et al, 2000). Most HMG box proteins contain two or 

more HMG boxes and act as architectural components of chromatin,
 
binding DNA in a 

relatively sequence-aspecific manner. Conversely, the SOX/TCF factors, which
 
contain a 

single HMG box, show sequence-specific DNA binding and transactivation activities. There 

are 14 genes in the Arabidopsis genome encoding HMG box-containing
 

proteins, but 

phylogenetic analyses indicate that none of these
 
proteins belong to the SOX/TCF group 

(Riechmann et al, 2000). However, the YABBY family of putative plant transcription factors 

contains a putative Cys2–Cys2 zinc-finger domain near the amino terminus, and a high 

mobility group (HMG)-like domain, designated the YABBY domain (Bowman and Smyth 

1999, Villanueva et al, 1999), which shows sequence similarity to DNA-binding domains of 

HMG transcription factors such as the human SRY protein. The HMG-like domain of SRY 

consists of three α-helices separated by turns, with the first two helices binding directly to 

DNA (Werner et al. 1995). The YABBY domains align with the first two helices of this motif 

and are predicted to form two α-helices separated by a turn (Villanueva et al. 1999).  
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NFIL3 is a mammalian nuclear factor, interleukin 3 regulated, also known as E4BP4, which is 

restricted to activated T cells, natural killer (NK) cells, and mast cell lines. It is a bZIP protein 

with no clear hortologues in plants, but is worth noticing that several bZIP proteins are also 

present in plants. 

Broad Complex is a superfamily of proteins that has been described also in plants and 

contains a conserved protein–protein interaction motif named broad complex, tramtrack, bric-

a-brac (BTB),  also known as the poxvirus and zinc finger (POZ) domain. BTB/POZ domains 

can be found in combination with various other protein–protein interaction motifs, indicating 

involvement in various biological processes and the BTB/POZ proteins are often 

transcriptional regulators containing a C2H2 domain for DNA binding. The Arabidopsis 

genome contains eighty genes encoding BTB/POZ domain-containing proteins. However, the 

actin-binding Kelch/BTB proteins as well as the DNA-binding zinc finger BTBs are absent 

from the Arabidopsis superfamily (Gingerich et al, 2007). 

Hunchback proteins are proteins showing sequence-specific DNA binding activity, which 

indicates that they might regulate gene expression at the level of transcription. These proteins 

are present in animals but there is no evidence of their presence in plants. 

It is clear therefore that the transcription factors that could recognize the ∆III region in the 

first intron of AtDRTS2 is unlikely to be an hortologue of the animal proteins identified in the 

Jaspar database. Thus, the identification of this novel plant transcription factor, essential for 

the meristematic expression of AtDRTS2, will require additional experiments. 
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7. SUMMARY 

 
Arabidopsis thaliana contains three dhfr/ts (dihydrofolate reductase/thymidylate synthase) 

genes. Analyses of promoter activity in transgenic plants suggest that the three AtDRTS genes 

have very different patterns of expression, and only AtDRTS2 appears to be specifically 

expressed in dividing cells. Surprisingly the other two AtDRTS promoters are highly active in 

specific differentiated tissues suggesting important unknown functions of this enzyme in 

mature organs. E2F binding sites, which are often involved in cell cycle-dependent 

expression, are contained in the AtDRTS2 and AtDRTS3 promoters. ChIP analyses have 

revealed that these sites are recognized in vivo by E2F factors. To better define the role of the 

E2F sites located in the two AtDRTS promoters we analysed the effect of their mutation on the 

regulation of these AtDRTS genes. Functional analyses of transgenic plants revealed that the 

inactivation of the E2F cis-elements increased considerably the activity of both promoters, 

indicating that the E2F factors recognizing these sites can repress AtDRTS expression. The 

discovery that in both AtDRTS promoters the E2F site plays a repressive role implies that 

other cis-acting elements must be involved in the activation of expression in meristematic 

cells. In particular we focused our studies on the AtDRTS2 gene which is specifically 

meristematic. In silico analyses of its promoter region revealed the presence of additional cis-

acting elements, called Up1 and Up2. Mutational analyses revealed that these sites are not 

necessary for the expression in proliferating cells of Arabidopsis but act together, and not 

sinergistically, to drive high level of activity of this promoter. Because the Up2 site in the first 

intron of the AtDRTS2 gene confers high levels of expression but is not essential for the 

meristematic expression of the gene, we  analysed the effect of the removal of the entire 

intron. Surprisingly, the absence of the intron abolished completely the expression in root and 

shoot meristems suggesting that at least one additional regulatory site in the first intron is 

strictly necessary for the meristematic expression of the AtDRTS2 gene. In this respect, an 

analysis by linker scanning mutations of 8 bps along the entire intron revealed that the 

expression of the AtDRTS2 promoter requires a small intronic region which shows no 

homology to any plant cis-element already described.



 

 

 
 

 


