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Abstract

The analysis of clones obtained by rapid amplification of the 50 end and by primer extension of the mRNA for carrot
bifunctional dihydrofolate reductase-thymidylate synthase showed transcripts of differing lengths that belonged to
two sub-populations. The longer transcripts were found to contain a translation start site 147 nt upstream of, and in
frame with, the one which is present in the shorter transcripts. The ORF that begins at this ATG codes for a protein
of 64 714 Da, which is much larger than mature DHFR-TS subunit. The N-terminus region of this polypeptide
shows features typical of plant transit peptides. Immunogold labelling studies and immunorecognition of the
plastid-containing sub-cellular fraction suggested a plastidial localisation of the bifunctional protein. Although
plant cells were shown to contain folate pools in plastids, in mitochondria and in the cytosol, few enzymes of the
folate pathway have been associated with any sub-cellular compartment. Thus, this is the first indication for the
presence of an enzyme of the folate biosynthetic pathway in plastids. The longer transcripts revealed the presence
of a TC microsatellite at the 50-untranslated end.

Introduction

One-carbon metabolism mediated by folates is
highly compartmentalized in eukaryotic cells; in Sac-
charomyces cerevisiae and in animal cells, several
folate-dependent enzymes are found both in mitochon-
dria and in the cytosol [3, 48]. In plants, folate pools are
found in plastids, mitochondria and the cytosol [12],
but only a few folate-dependent enzymes have been
associated with any cell compartment [13].

Dihydrofolate reductase (DHFR; EC 1.5.1.3) is the
last enzyme of the pathway that leads to tetrahydro-
folate, the precursor of folic cofactors. Thymidylate

The nucleotide sequence data reported will appear in the EMBL,
GenBank and DDBJ Nucleotide Sequence Databases under the
accession number Z33383 (DRTSRACE).

synthase (TS; EC 2.1.1.45) catalyses the synthesis
of deoxythymidinemonophosphate from deoxyuridine
monophosphate and 5,10-methylenetetrahydrofolate.
In this reaction, 5,10-methylenetetrahydrofolate acts
both as a donor of the methyl group and as a reducing
agent, and thus produces dihydrofolate. Consequently,
TS is dependent on DHFR for regeneration of tetrahy-
drofolate, which is in turn necessary for the formation
of 5,10-methylenetetrahydrofolate.

In bacteriophages, viruses and most organisms
(bacteria, fungi, vertebrates and mammals) DHFR
and TS occur as distinct monofunctional polypeptides,
while Protozoa contain a bifunctional DHFR-TS which
carries both activities on a single polypeptide [22]. For
plants, both monofunctional and bifunctional forms
have been described [9].
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In mammals, DHFR isoforms occur both in the
cytosol and in mitochondria;however, cytosolic DHFR
and TS appear to change sub-cellular compartment
on the basis of the state of cell proliferation. It has
been reported that in Chinese hamster embryo fibro-
blasts, TS is cytosolic in resting cells and nuclear in
dividing cells [34, 37]. According to these authors,
several enzymes involved in deoxyribonucleotide syn-
thesis (thymidine kinase, deoxycytidylate kinase, nuc-
leoside diphosphate kinase, ribonucleotide reductase,
DHFR and TS) become associated with DNA replicat-
ing enzymes to form a multi-enzyme complex, which
was named replitase, as cells enter the S-phase; in
quiescent cells, the enzyme complex dissociates and
components move back to the cytosol. This hypothesis
has received support from the description of various
systems [43] but the literature is not unanimous [38].

In carrot, experiment that used immunofluorescent
techniques revealed no difference in DHFR-TS localiz-
ation between resting and growing suspension-cultured
cells; irrespective of the cell growth phase, the bifunc-
tional protein appeared to be cytoplasmic. Moreover, a
continuous cytoplasmic localization of DHFR-TS was
observed in carrot cells synchronised with aphidic-
olin. In contrast, in MTX-resistant cells overproducing
DHFR-TS, a nuclear or perinuclear localization of the
bifunctional protein was observed in addition to the
cytoplasmic one. In this case, too, no variation was
observed between growing and resting cells, and this
finding indicated that nuclear localization was linked
to enzyme overproduction [7].

The isolation and sequencing of a carrot cDNA
and two Arabidopsis thaliana genomic clones for the
bifunctional protein has been reported [26, 29]; analys-
is of the nucleotide sequence of these clones revealed a
unique ORF that corresponded to a protein of slightly
larger size than that reported for carrot DHFR-TS [1].

This paper reports the results of molecular and
immunochemical studies that show the presence of
multiple Dcdhfr-ts transcripts which correspond to pro-
teins of differing lengths; the paper also provides some
evidence for the sub-cellular localization of DHFR-TS.

Materials and methods

Plant cell culture and fractionation

Carrot cell suspensions of Daucus carota cv. Lunga
di Amsterdam (line E4) were cultured as previously
described [29]. Extraction and purification of organ-

elles were essentially performed as described [11].
Cytochrome-c-oxidase activity and the presence of
starch and of DNA were used as subcellular fraction
markers as described [11]. Somatic embryogenesis was
induced by the dilution and transferral of suspension
cells (line Hypo I) to hormoneless Gamborg’s B5 medi-
um.

Probes

Probes used for molecular hybridisation were as fol-
lows: 2 kb cDNA [29]; a genomic sequence of 870 bp
containing the 50 end of the first intron and the adja-
cent part of the region corresponding to the 50 end of
cDNA (obtained by digestion of the relevant genomic
clone with EcoRI); a sequence corresponding to the
50 end of the cDNA obtained by PCR with pDRTS
[29] as template, and with the vector-specific primer
(SP6) and the sequence-specific primer VVQY, 50-
CAACCTGATAAGTTCTTTGTG-30 (complementary
to 160–142 of the cDNA); a sequence correspond-
ing to the region from �110 to �365 (see Fig. 2A).
The latter was obtained by PCR with primers RACE
6 (50-GAACAAGAGGAGACACAATTC-30, corres-
ponding to the region from�364 to�344) and RACE
7 (50-AGAAGAGGAAATGTGGATGAA-30, comple-
mentary to the region from�110 to�130); the reaction
was performed in a 50 �l volume containing: 10 ng of
carrot genomic DNA, 1� PCR buffer (Perkin Elmer
Cetus), 0.2 mM of each dNTP, 500 ng of each primer,
2 units of Taq polymerase (Perkin Elmer Cetus). Cyc-
ling conditions were: 2 min at 94 �C followed by 30
cycles of 50 s at 94 �C, 50 s at 57 �C, 1 min at 72 �C.
Probes were labelled with [32P]-dCTP by means of the
Prime-a-Gene System kit (Promega).

DNA extraction and Southern blot hybridization

Carrot genomic DNA was extracted as described [15]
and purified by cesium chloride gradient centrifuga-
tion [40]. Hybridization conditions were as previously
described for Southern blotting [29].

RNA isolation and northern blot hybridization

Total RNA was extracted from 5-day-old carrot sus-
pension cells by means of Extract-A-Plant RNA isol-
ation kit (Clontech) and in accordance with the man-
ufacturer’s instructions. Poly(A)+ RNA was purified
using PolyATract mRNA isolation kit II (Promega),
and in accordance with the manufacturer’s instructions.



711

Total RNA (15 �g aliquots) was separated by 1.0%
agarose/formaldehyde gel as described [36], trans-
ferred by capillarity to Hybond N (Amersham) and
cross-linked by UV irradiation. Hybridization was per-
formed under standard conditions [40] with 50% form-
amide, at 42 �C for two days with the indicated probe.
Filters were washed (2� SSC/0.1% SDS) twice at
room temperature for 15 min and once at 65 �C for
15 min.

Rapid amplification of 50 cDNA end (RACE)

The RACE technique [17, 16, 41] was per-
formed with some modifications. The follow-
ing gene-specific primers were used: EVTA,
50-TTCGACAGTTGCAATATCA-30 (complementary
to 399–381 nt of the cDNA); VVQY, 50-
CAACCTGATAAGTTCTTTGTG-30 (complement-
ary to 160–142 of the cDNA); GNTP: 50-
GCGAATTCCATTAGTAGGATTTGCGA-30 (com-
plementary of 123–98 of the cDNA. C residues at
positions 121 and 119 were substituted with G and
A, respectively, to create an EcoR1 site at the 50 end
of the primer). Adapter primers T17RIRO , RO and
RI , synthesized as described by Frohman [16], were a
gift of Dr C Mondello. We performed two independ-
ent RACE experiments with differing starting material
under differing conditions. In one case, RACE was per-
formed essentially as described [41]. cDNA synthesis
was obtained with total carrot RNA; an aliquot of 1 �g
was mixed with 2 pmol of the gene-specific primer
EVTA (in a volume of 7 �l), the mixture was heated at
70 �C for 6 min and chilled on ice. This was followed
by the addition of 8 �l of a 2.5 mM solution of the 4
dNTPs (final concentration was 1 mM) and of 4 �l of
5� reverse transcriptase buffer (Promega). After pre-
incubation at 41 �C for 2 min, 200 units of M-ML
V (RNaseH minus) reverse transcriptase (Promega)
were added to the reaction mixture and incubated at
41 �C for 40 min. The sample was then equilibrated at
55 �C and after the addition of 2 units of RNaseH (Pro-
mega), further incubated for 10 min at this temperature.
For the other RACE experiment, cDNA synthesis was
obtained with poly(A)+ RNA and in accordance with
the protocol described above except that incubation at
41 �C was for 1 h, and the sample was not treated with
RNaseH. Excess primers and salts were removed by
means of the Qiaex kit (Qiagen), with 4.5 volumes of
binding solution (Qiaex 1). Purified cDNA was eluted
with 30�l of distilled water. First-strand cDNA (12�l),
obtained from total RNA, was dA-tailed in PCR buf-

fer (Perkin Elmer Cetus) as described [41]; the cDNA
(10 �l) obtained from poly(A)+ RNA was dA-tailed
in tailing buffer (Promega) as described by Frohman
[16]. In both cases, the first-strand cDNA (in a final
volume of 20 �l) was mixed with 0.2 mM dATP, heated
at 70 �C for 5 min and chilled on ice. After the addition
of 10 units of TdT (Promega), the reaction proceeded
at 37 �C for 5 min and finally at 65 �C for 10 min.
Either PCR or tailing buffer can be used. However, if
the starting material is limiting, or if the gene copy
number is low, the PCR buffer appears to be a better
choice in that tailed products can be used directly for
PCR without further dilution.

A 5 �l aliquot of tailed cDNA (obtained from total
RNA) was added to the PCR cocktail (final volume
50 �l) that contained 1� PCR buffer (Perkin Elmer
Cetus), 10 nmol of each dNTP, 25 pmol of gene-
specific primer VVQY, 2.5 pmoles of primer T17RIRO

and 25 pmol of primer RO. Samples were overlaid
with two drops of light mineral oil and heated at 94 �C
for 5 min and chilled on ice. After the addition of 2
units of Taq DNA polymerase (Perkin Elmer Cetus),
the reaction proceeded as follows: 1 cycle of 2 min at
94 �C, 3 min at 50 �C and 3 min at 72 �C followed
by 35 cycles of 45 s at 94 �C, 25 s at 50 �C, 2 min at
72 �C. A 10 min extension at 72 �C was added at the
end of the PCR.

For cDNA obtained from the poly(A)+ (tailed in
tailing buffer), 5 �l of 1:20 dilution of tailed products
were added to an identical PCR cocktail supplemented
with 5% formamide as described [4]. Cycling condi-
tions were as follows: 5 cycles of 1 min at 94 �C, 45 s
at 45 �C, 1 min at 72 �C followed by 35 cycles of 1 min
at 94 �C, 1 min at 50 �C, 1 min at 72 �C and 10 min
extension at 72 �C.

Aliquots of 1:20 dilutions of the first round of
amplification products (2 �l in the case of cDNA
obtained from total RNA, or 5 �l in the case of cDNA
obtained from poly(A)+) were added to the following
PCR cocktail (final volume of 50 �l): 1� PCR buffer,
10 nmoles of each dNTP, 25 pmol of primer RI and
25 pmol of gene-specific primer GNTP. Cycling con-
ditions were: 3 cycles of 1 min at 94 �C, 50 s at 57 �C,
1 min at 72 �C followed by 32 cycles of 1 min at 94 �C,
50 s at 54 �C, 1 min at 72 �C and 10-min extension
at 72 �C. Due to the low annealing temperature used
during cDNA synthesis, many non-specific products
were formed and subsequently tailed. Thus, after the
first amplification round, analysis of products gave a
smear in the agarose gel. In the second amplification
round, contrary to Frohman [16], we used unbalanced
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primers; the gene-specific primer had higher Tm. Step
PCR was performed with the first several cycles at a
higher annealing temperature. This modification was
designed to ensure linearity of increase in the amount
of gene-specific products during the first cycles, and
thus to improve the specificity of single-sided PCR.
The same approach was successfully used for the isol-
ation of the genomic sequence corresponding to the 50

end of the Dcdhfr-ts cDNA [27]. In both experiments,
the gene-specific primer was GNTP.

In order to evaluate specificity, we ran RACE
products on a 1.5% agarose gel, transferred them to
Hybond N+ (Amershan) and hybridized them with the
50 end of the Dcdhfr-ts cDNA; protocols were standard.

The products of the second round of amplification
were purified by Microcon 100 (Amicon).The T-vector
was prepared as described [31], except that pGEM-4Z
vector (Promega) was linearized with SmaI before dT-
tailing with TAQ polymerase (Perkin Elmer Cetus).
The ligation mixture was used to transform DH5�
Escherichia coli cells by electroporation (BioRad).The
recombinant clones were identified as white colon-
ies on LB agar plates containing 60 �g/ml ampicillin,
IPTG and X-gal, as recommended by the manufacturer
(Sigma).

The selection of positive clones was achieved by
colony hybridisation for RACE products obtained with
total RNA. Plates containing white and blue colon-
ies were directly transferred onto Hybond N+ (Amer-
sham). Colonies were plate-printed directly onto the
membrane. Depending on colony density and ratio
of positive to total colonies, a second selection step
might be necessary. However, plate-printing avoids the
tedious transfer of single colonies to fresh plates and
accelerates the screening of the minilibrary. Hybrid-
ization was performed as described above. For those
products obtained with poly(A)+ RNA, white colonies
were used directly for DNA analysis.

It was found that probes for PCR product identific-
ation (or colony hybridization of PCR clones) could be
a sequence containing either of the two PCR primers
since, under the high stringency washing conditions
used, no unspecific recognition was found to occur.

Primer extension

Primers YTTF (50-ATATGTAGTAAACCGATGGC-
30, complementary to the region from �1 to �20 in
Fig. 2B) and RACE 2 (50-TTGACGGCAGAAAAGGT
GTGCGGGTG-30, complementary to the region from
�180 to �205 in Fig. 2B) were end-labelled with [
-

32P]ATP by T4 kinase by means of the dsDNA Cycle
Sequencing System kit (Gibco-BRL) and in accord-
ance with the manufacturer’s instructions. An aliquot
of 10 �g poly(A)+ RNA and 1 pmol of labelled primer
were resuspended in 20 mM of Pipes pH 6.4 contain-
ing 0.4 M NaCl, denatured at 80 �C for 5 min and then
annealed for 3 h at 45 �C in the case of YTTF, and for
2 h at 70 �C prior to another 2 h at 50 �C in the case of
RACE 2. The mRNA:primer complex was precipitated
with ethanol, resuspended in 20 �l of 1� reverse tran-
scriptase buffer containing 20 units of RNasin, 1 mM
dNTP, 200 units of M-MLV reverse transcriptase (Pro-
mega) and incubated at 39 � for 2 h. The reaction
was stopped by the addition of 1 �l of 0.5 M EDTA
(pH 8) and RNA was digested by RNase A and T1. The
sample was extracted once with phenol/chloroform and
the cDNA was precipitated with ethanol and resuspen-
ded in 8 �l of H2O, to which 4 �l of the stop solution
of dsDNA Cycle Sequencing System kit (Gibco-BRL)
was added.

Nucleotide size markers were produced by sequen-
cing of the genomic clone p312A2 [27] with the same
labelled primer by means of the dsDNA Cycle Sequen-
cing System kit (Gibco-BRL).

Primer extension and sequencing products were
separated by 7% PAGE and exposed overnight to an
autoradiographic film at �80 �C.

Nucleotide sequence analysis

DNA sequencing was performed with the T7 sequen-
cing kit (Pharmacia) and 35S-dATP. When needed, oli-
gonucleotides (17–23-mers) were synthesised and used
as sequencing primers. Sequence data were analyzed
by MacDNASIS v3 (Hitachi).

Protein purification

DHFR-TS was purified from D. carota cells grown in
suspension culture essentially as described [1], except
that both DEAE-Sephacel peaks I and II were applied
to MTX-Sepharose. The column was then washed with
50 volumes of 5 mM (NH4)2CO3 pH 8.4 buffer con-
taining 1 M KCl, and 10 volumes of 5 mM (NH4)2CO3

pH 8.4; DHFR activity was eluted with 7 volumes of
5 mM (NH4)CO3 pH 8.4 containing 1 mM dihydro-
folate.
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Electrophoretic and immunochemical techniques

Electrophoretic and immunoblot analyses
Electrophoresis under denaturing conditions, electro-
phoretic transfer of polypeptides to nitrocellulose fil-
ters and immunochemical detection of DHFR-TS were
performed as described [6]. Polyclonal antibodies
against the bifunctional protein were raised in rabbit
as already reported [6]. Monospecific antibodies were
obtained by incubation of the immune serum with pur-
ified DHFR-TS bound to nitrocellulose.

Immunoblots were analysed with the ECLTM West-
ern blotting analysis system (Amersham).

Immunogold labelling
Carrot cells (13 days old) and somatic embryos (7 days
old) were fixed for 2 h by immersion in 0.1 M phos-
phate buffer pH 7.4, containing 2% paraformaldehyde
and 1% glutaraldehyde [25]. After fixation, cells were
washed for 2 h with 0.1 M phosphate buffer pH 7.4
and left overnight in the same buffer. Cells were then
treated with 0.5 M NH4Cl in phosphate buffer for 2 h to
block free aldehyde groups. All these operations were
performed at 4 �C. Fixed cells were dehydrated through
a graded series of dimethylformamide (DMF) in water
(50% DMF for 15 min at 4 �C; 75% DMF for 15 min
at�20 �C; 90% DMF for 60 min at�20 �C) and infilt-
rated with Lowicryl K4M (DMF: Lowicryl K4M, 2:1
for 15 min, 1:1 for 15 min, 1:2 for 15 min, Lowicryl
100% for 30 min; Lowicryl 100% for 60 min) [39].
Polymerisation at �20 �C was obtained by overnight
ultraviolet irradiation [2]. Thin sections were cut out
with glass or diamond knives and mounted on nickel
grids. Sections on grids were incubated with TBS-T
buffer (20 mM Tris-HCl pH 7.4, 500 mM NaCl, 0.3%
Tween 20) for 15 min and in TBS-T buffer containing
10 mg/ml bovine serum albumin (TBS-TB) for 15 min.
Grids were incubated overnight at 4 �C with primary
antibodies diluted 1:200 or 1:100 in TBS-TB buffer
for 15 min at room temperature [21]; they were then
washed with TBS-TB buffer for 15 min, incubated with
a 1:20 dilution of goat-anti-rabbit-gold (10 nm, Bio-
cell Research Laboratories) or protein-A-gold (20 nm,
Sigma) for 2 h and finally washed several times with
TBS-TB buffer for 15 min. Control grids were incub-
ated with pre-immune serum. Sections were post fixed
in 1% glutaraldehyde and 0.5% OsO4 and subsequently
stained with uranyl acetate and lead citrate [14, 39].
Quantitative evaluation of immunogold particle distri-
bution was performed on prints from at least 10 electron

micrographs; the number of gold particles in a defined
area was counted and the density of labelling expressed
as number of grains per measured area [39].

Results

Carrot cells contain two dhfr-ts transcript species

The comparison of the sequence of the cDNA for carrot
DHFR-TS [29] with that of the corresponding genom-
ic region, which was obtained by single-sided PCR
[27], showed a divergence for the last 6 nt of the 50

end of the cDNA; the presence of an AG 30 splicing
consensus motif at the point of divergence suggested
the occurrence of an intron. Moreover, this genom-
ic region did not reveal a TATA box, even at several
hundreds nucleotides upstream of ATG. In order to
determine transcript length, we used the technique of
rapid amplification of the 50 cDNA end [17], modified
as described in Fig. 1A. An experiment performed with
total carrot RNA showed two broad bands on EtBr-
stained agarose gel (not shown) and three bands after
hybridization (Fig. 1B). Similar results were obtained
when the RACE experiment was repeated with carrot
poly(A)+ RNA (not shown). In this second experi-
ment, we allowed more time for the synthesis of the
first cDNA strand, and added 5% formamide during the
first round of amplification; formamide was shown to
improve the yield of the specific product for 50 RACE
of CpG island-containing mRNA [4]. We took his
precaution since it had been reported that mammali-
an monofunctional dhfr genes contain CpG islands
at the 50 region of mRNA [32, 42]. DNA sequen-
cing was performed on 23 randomly selected RACE
clones (13 obtained from total RNA and 10 obtained
from poly(A)+ RNA; in this second case, 50-RACE
products were size-selected and found to correspond to
the larger hybridization band). Sequence data, which
are shown in Fig. 2A, show that short transcripts (7
clones) possess a 50-untranslated region of 111 nt (from
the previously observed start site, indicated as ATG1 in
Fig. 2D); the length of the region from ATG1 of long
transcripts was 339 nt (2 clones), 361 nt (13 clones)
and 365 nt (1 clone). Only the 361 nt transcript was
found among RACE clones obtained from poly(A)+

RNA. These results indicate that the larger and the
smaller bands of Fig. 1B correspond to the 50 ends
of two transcripts, while the medium one appears to
be the unclonable hybrid which likely forms during
the annealing step, and gives rise to an unamplifiable
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Figure 1. Rapid amplification of the 50 end of Dcdhfr-ts cDNA. A. Flow diagram of RACE experiments. B. Southern blot analysis of
amplification products obtained in the first round of amplification with the 50 end of the Dcdhfr-ts cDNA as probe.

template. Identity at the 50 end between cDNA and
genomic DNA sequences [28] was found about 2 kb
upstream of the site of divergence (Fig. 2B).

Although the shortness of RACE products could be
conceivably due to an incompleteness of reverse tran-
scription, we found a TATA box 27 nt upstream of the
proximal transcription start point (in this region cDNA
is colinear with the corresponding genomic sequence);
we also found a good fit between the TATAAA and
ATGGC sequences and the consensus sequences for
plant genes [23, 30]. The results of primer extension
analysis, which are reported in Fig. 3, confirm the
occurrence of the short transcript as indicated by the
extension products of 109–111 nt.

The genomic DNA sequence showed the presence
of a second TATA box situated 25–51 nt (29 nt for the
361 nt type) upstream of the distal transcription start
points (Fig. 2B).

Northern blot hybridisation analysis with a probe
that was exclusively specific to the longer RACE
products (from �110 nt to �365 nt, Fig. 2A) showed
that the longer mRNA species was present in the
mRNA population of suspension cultured carrot cells
(Fig. 4).

A primer extension experiment that used primer
RACE 2 confirmed the presence of an extension
product of 201 nt corresponding to the longer tran-
scripts (not shown).

The longer transcript species contains an ORF that
codes for a pre-protein with a putative transit peptide

The longer transcripts contain a potential translation
start site (ATG2) which is situated 147 nt upstream of,
and in frame with, ATG1 (Fig. 2). ATG2 gives rise
to an ORF of 1731 nt corresponding to a protein of
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Figure 2. Sequence analysis of clones obtained by RACE. A. Sequences representative of the 23 clones analysed. Differences were observed
only at the 50 end. The solid line marks TC-rich streches. B. Genomic sequence [28] corresponding to the 50 end of mRNAs. Asterisks indicate
TATA boxes, while arrow heads and diamonds indicate respectively transcription and translation start sites. Position and partial sequence of
ends of the first intron are also indicated. Numbers refer to nucleotide positions relative to ATG 1 (excluding the intron). C. Putative transit
peptide. Bold characters and arrow indicate respectively consensus sequence and site of proteolytic cleavage. D: schematic representation of the
genomic region and corresponding 50 end of mRNA for carrot DHFR-TS. Symbols are as in B and C. Figures in parenthesis represent numbers
of RACE clones analysed.
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Figure 3. Primer extension experiment for the shorter transcripts.
A. Primer extension products and the nucleotide size markers sep-
arated by 7% PAGE. The sequence is complementary to that of the
genomic clone [28]. B. Sequence comparison. The horizontal arrow
shows position and direction of the primer. The dashed line indic-
ates the genomic sequence corresponding to the 50 end of the shorter
transcript species (Fig. 2). Single and double plain lines indicate
the respective sequences of the 50 end of the shorter transcript spe-
cies and of the intron [28] near to the divergence point. Vertical
arrows indicate the positions of primer extension products. The G
and A residues at the 50 cDNA and appear to be artifacts of reverse
transcription, since they differ from the genomic counterpart.

Figure 4. Northern blot analysis of total RNA extracted from 5-day-
old carrot suspension cells. The RNA sample (15 �g) was hybrid-
ized with a sequence specific for the longer transcript species (from
�110 nt to �365 nt, Fig. 2A).

Figure 5. Electrophoresis under denaturing conditions and immun-
oblot analysis of carrot DHFR-TS purified by MTX-Sepharose.
A. SDS-PAGE. Lane 1, DHFR-TS (4 �g); lane 2, mass relative
protein markers. B. Immunoblot of DHFR-TS (200 ng) using anti-
bodies against the major form of the bifunctional protein. Protein
bands analysed in A and B were obtained in distinct electrophoretic
runs.

577 amino acids with a deduced molecular mass of
64 714 Da. The latter value is much higher than that of
58 400� 1000 Da as determined by SDS-PAGE of the
purified carrot DHFR-TS [1].

We purified carrot DHFR-TS by MTX-Sepharose
affinity chromatography of both major and minor
DEAE-Sephacel peaks [1], and submitted this frac-
tion to SDS-PAGE analysis. This revealed a band
of about 60 kDa along with the predominant lower
size form (Fig. 5A). The relative amounts of the two
bands showed a ratio of about 1 to 9 as judged by
densitometry. In immunoblot experiments, only these
two bands were recognised by antibodies against the
58 kDa form, while the co-purifying faint bands of
lower size did not stain (Fig. 5B). This observation
therefore suggests that ORF2 codes for a pre-protein
that contains a transit peptide whose removal gives
rise to the major form of DHFR-TS. As reported in
Fig. 2, the deduced amino acid sequence correspond-
ing to the N-terminal region of the polypeptide starting
from ATG2 does indeed show features that are typical
of transit peptides, such as the abundance of charged
and hydroxylated amino acid, the presence of hydro-
phobic residues and a lack of acidic amino acids [5,
46]. The presence of a block prevented us from to
determining the N-terminus amino acid of the major
carrot DHFR-TS form [8], and attempts to remove this
block both by mild HF hydrolysis and by a deacetylase
treatment were unsuccessful.

It has been reported that V/I-X-A/C#A is a con-
served cleavage site motif in chloroplast transit pep-
tides (cTP) with an arginine that is often found in pos-
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Table I. Amino acid composition of the
putative transit peptide and mature pro-
tein (values are in percent)

Amino Putative Mature

acid transit peptide protein

(78 aa) (499 aa)

Ala 7.69 5.01

Arg 5.12 4.80

Asn 7.69 4.80

Asp 1.21 6.01

Cys 2.56 2.20

Gln 3.84 3.00

Glu 1.28 5.81

Gly 2.56 7.41

His 2.56 2.40

Ile 2.56 6.81

Leu 15.38 8.41

Lys 1.08 5.21

Met 2.56 3.00

Phe 3.84 5.81

Pro 5.12 4.60

Ser 15.38 7.81

Thr 10.25 5.21

Trp 0 1.60

Tyr 5.12 3.20

Val 3.84 6.81

ition �6 to �10 relative to the cleavage point [20].
Such RTYQVVVA#A motif is present from 71 to 79
residues of the deduced amino acid sequence of ORF
2 (Fig. 2C). Cleavage of the protein at this site would
remove 78 amino acids (8595 Da) and give rise to
a polypeptide of 499 amino acids with an estimated
molecular mass of 56 187 Da. This latter value is very
close to that of 56 500 Da calculated from amino acid
analysis of the major DHFR-TS form [8]. The amino
acid content analysis of this putative transit peptide, as
compared to analogous analysis of the mature protein
[29], revealed a high abundance of Ser, Thr and Ala,
and a lower level of Glu, all of which are typical of
cTP (Table 1). Moreover, a high level of Leu (15.38%
vs 8.41% of the mature protein), which is typical of
mitochondrial transit peptides, was observed.

The hydrophobicity profile of putative DHFR-TS
TP, determined in accordance with Kyte and Doolittle,
presents three domains as reported from the analysis
of representative samples of chloroplast-targeting pep-
tides [46], and shows a strong similarity to the hydro-
phobicity profile of the Rubisco SSU of A. thaliana
[47] (not shown).

Immunocytochemical studies indicate a plastidial
localization of carrot DHFR-TS

In order to investigate the sub-cellular localization of
DHFR-TS, we undertook immunogold labelling on
thin cell sections, using antibodies against the bifunc-
tional protein. In the first experiment, we used early-
stationary-phase suspension-cultured cells, since they
were known to have the highest DHFR-specific activ-
ity during a growth cycle [1]. We quantified immun-
ogold labelling by subtracting the number of gold
particles present in a defined area of sections incub-
ated with pre-immune serum from the number of
particles present in areas of sections incubated with
the immune serum. Amyloplasts and nucleoli were
found to contain the highest number of gold particles
(71 grains/�m2 and 22 grains/�m2 respectively), while
in all other compartments analysed, the amount found
was less than 10 grains/�m2. However, in this exper-
iment, a high background in section treated with pre-
immune serum reduced the labelling density ratio
(immune/preimmune). Nevertheless, amyloplasts and
nucleoli were clearly recognized at a ratio of 2.74 and
3.6 respectively. Mitochondria and the cytosol, which
in animal cells and yeast are known to contain distinct
DHFR isoforms [3], showed a ratio of only 1.3.

However, the use of suspension cells did not prove
to be an optimal experimental choice, since TEM pre-
paration showed substantial debris. Therefore, we per-
formed a second experiment, this time using somat-
ic embryos (7 days after induction of embryogenesis,
torpedo stage), which had been found to have a high
expression of dhfr-ts genes, by means of in situ hybrid-
ization (M. Luo, L. Giorgetti, L. Pitto, R. Cella, unpub-
lished data). The results of this experiment, which are
shown in Fig. 6 and in Table 2, confirmed the presence
of DHFR-TS in plastids. The background observed in
sections treated with the pre-immune serum was gen-
erally much lower than it had been in the previous
experiment. In the case of amyloplasts, the sections
treated with the immune compared to the pre-immune
serum gave a labelling density ratio of 23.75. In this
experiment too, mitochondria and the cytosol showed a
low labelling density ratio (0.77 and 0.78 respectively).
Interestingly, nucleoli from somatic embryos did not
show DHFR-TS.

To confirm the results of immunogold labelling, we
performed an immunoblot analysis of proteins from
sub-cellular fractions obtained by differential centrifu-
gation of suspension cell homogenate [11] with mono-
specific antibodies against carrot DHFR-TS. The res-
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Figure 6. Immunogold localization of DHFR-TS in sections of carrot somatic embryos. A. Micrograph of an amyloplast in a section incubated
with antibodies to DHFR-TS (�31 300). B. Micrograph of a plastid in a section incubated with the pre-immune serum (�40 900). C. Labelling
density in mitochondria and surronding cytoplasm in a section treated with antibodies to DHFR-TS (�39 700). D. Labelling density in
mitochondria in a section incubated with the pre-immune serum (�40 000). Gold particles are indicated by arrowheads.
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Figure 7. Immunoblot analysis of sub-cellular fractions obtained by
fractionation of a homogenate obtained from carrot cells grown in
suspension culture. Lane 1, supernatant resulting from centrifugation
of the homogenate at 20 000�g; lane 2, amyloplasts; lane 3, nuclei;
lane 4, mitochondria. Each cellular fraction aliquot contained 30 �g
of protein. Mass relative protein markers are indicated.

ults of this experiment (Fig. 7) show that DHFR-TS is
present in the fraction that contains amyloplasts. This
fraction was the only one to stain for starch, while its
cytochrome-c-oxidase activity was about 9% of that of
the mitochondrial fraction (data not shown).

Transcripts originate from the same gene

It had previously been shown that the higher content of
DHFR-TS in carrot cells derived from the high num-
ber of copies of the relevant gene, a number which a
reconstruction experiment estimated as at least 5 cop-
ies/haploid genome [29]. This finding suggested the
possible occurrence of differing genes and of corres-
ponding differences in transcript length.

In order to investigate this possibility, we diges-
ted genomic DNA with BamHI, EcoRI, HindIII or
double-digested with EcoRI and BamHI or HindIII,
and applied Southern blot analysis which used a gen-
omic probe of 870 bp containing both the 50 part of
the first intron and the adjacent upstream region cor-
responding to the 50 of the cDNA. The results of this
experiment, which are shown in Fig. 8, showed only
a single band in each digest. We obtained an identic-
al pattern when using a cDNA corresponding exclus-
ively to the 50 end of longer transcripts as a probe
(not shown). It is worth noting that only one band was
recognized in Southern blot experiments that used the
0.7 kb fragment corresponding to the 50 end of the
cDNA as a probe [27]. Taken together these results
indicate that differing transcripts originate from the
same gene.

TC dinucleotide repeats of different lengths (4+9+
5) were found in the untranslated sequence of longer
transcripts (underlined in Fig. 2A). Sequence analys-

Figure 8. Southern blot hybridization analysis of carrot genomic
DNA (10 �g aliquots) digested with BamHI (lane 1), BamHI/EcoRI
(lane 2), EcoRI (lane 3), EcoRI/HindIII (lane 4) and HindIII (lane
5) using a genomic sequence of 870 bp containing the 50 part of the
first intron along with the adjacent upstream region of the cDNA as
a probe.

is of independently obtained RACE clones revealed in
one of them a longer central repeat (10 TC dinucleotide
instead of 9) and a C!T transition in the 5 dinucleotide
repeat (Fig. 9). Although several dhfr-ts gene copies
are present in the carrot genome, Southern blot ana-
lysis of genomic DNA digested with BamHI, EcoRI
and HindIII did not reveal a composite pattern [29].
Thus, these microsatellite sequence variations provide
evidence for variability between Ddhfr-ts gene copies.

Discussion

The results reported in this paper indicate a plastidial
localisation of DHFR-TS. This explains why a previous
immunocytochemical study both of resting and prolif-
erating carrot cells grown in suspension culture, and of
S- and G2-phase cells synchronized with aphidicolin
had observed a continuous cytoplasmic presence of the
bifunctional enzyme [7]. The suggestion of an organ-
elle localization of the bifunctional protein came from
the sequence analysis of clones corresponding to the
50 end of the DHFR-TS mRNA, obtained by RACE,
which showed the presence of transcripts of differing
lengths. Particularly, longer transcripts were found to
contain a second translation start site (ATG2) upstream
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Figure 9. Sequences of clones obtained by RACE show microsatel-
lite polymorphism, as indicated by arrows heads. Reported ladders
refer to the sequencing of the complementary DNA strand with the
GNTP primer (Fig. 1A).

of, and in frame with, the previously described one
(ATG1) [29]. The ORF beginning at ATG2 (1731 nt)
corresponds to a protein of 577 amino acids with a
calculated molecular mass of 64 714 Da, a value much
higher than that of 58 400� 1000 Da determined by
SDS-PAGE of carrot DHFR-TS [1, 8]. This high value
can be explained by the synthesis of a pre-protein that,
upon removal of the transit peptide, gives rise to the
mature polypeptide, whose actual end could not be
determined because of a blocked N-terminus [8]. The
N-terminus region of the polypeptide starting from
ATG2 is characterized by an amino acid composition
which indeed differ from that of the mature protein; the
given region showed a high content of hydroxylated
amino acids, a low content of acidic ones and the
presence of a conserved cleavage consensus motif of
chloroplast transit peptides from residues 71 to 79 [20,
46].

Immunogold labelling and immunochemical evid-
ence of plastidial localization of DHFR-TS provides
the first direct indication of the presence of an enzyme
of the folate biosynthetic pathway in plastids.

Our findings of two transcript species and of two
ORFs contradict those reported for A. thaliana dhfr-ts
genes (THY-1 and THY-2), where only one ORF was

found; in this latter case primer extension and sequen-
cing of genomic clones revealed neither a second ATG
nor a TATA box even at as much 400 bp upstream of the
unique observed translation start site [26]. However, all
introns of A. thaliana THY-1 and THY-2 are present at
the same positions in the Dcdhfr-ts gene ([28], M. Luo,
L. Giorgetti, L. Pitto, R. Cella, unpublished data).
Thus, the discrepancy at the 50 end between carrot and
A. thaliana dhfr-ts genes can be explained by the pres-
ence of the large intron (about 2 kb), which might have
been overlooked in A. thaliana, and whose occurrence
in carrot was revealed by the comparison of sequences
of the cDNA (pDRTS), RACE products and the rel-
evant genomic DNA [28]. The frequent presence of
introns at the 50 end of plant genes [35] indicates that
particular attention is needed when primer extension
analysis does not show a TATA box in the putative
promoter region.

Interestingly, the comparison of nucleotide and
amino acid-deduced sequences of Dcdhfr-ts ORF1
(from ATG1) with the exons and amino acid-deduced
sequences of the two bifunctional genes of A. thaliana
[26] revealed a sequence conservation of about 70%.
Moreover, the pI of carrot DHFR-TS and the product
of A. thaliana THY-1 (calculated on the basis of the
deduced amino acid sequence) were respectively found
to be 5.86 and 5.85.

It is worth noting that most (if not all) genes cod-
ing for monofunctional DHFR (e.g. those of mouse,
CHO and human) [32] and bifunctional DHFR-TS
(such as that of Leishmania major) [24] contain mul-
tiple transcription start sites. Compared to mammals,
what is striking in the case of carrot is that transcrip-
tion products reach different sub-cellular compart-
ments. However, a similar situation has been recently
described in the case of the A. thaliana ATRBP33 pro-
tein [10].

Since several copies of the dhfr-ts gene exist in
the carrot genome, it was possible that the two tran-
script species derived from differing genes. We used
Southern blot hybridization to analyse genomic DNA
digested with differing restriction enzymes, and with
probes corresponding to the 50 end of the gene, com-
mon to all transcripts of specific for the longer ones. In
both cases, only one band was recognized, indicating
that the transcripts originated from the same gene.

An issue of particular interest is the role of the
bifunctional protein that corresponds to the short-
er transcript (the one that lacks the transit peptide);
according to immunogold labelling data from suspen-
sion cells, said protein shows a nucleolar localisation.
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It appears unlikely that the presence of DHFR-TS in
the nucleolus is to be considered as evidence for the
cytosol-nucleus shuttle that is consistent with the repl-
itase model [34, 37], since immunocytochemical stud-
ies used early stationary phase cells, which show a
high DHFR-specific activity [1]. However, it is pos-
sible that some other forms of DHFR, which have
been described in plants [9], may be part of the repl-
itase complex; in this respect, it is worth noting that
monofunctional DHFR and TS have been reported as
occurring in wild carrot cells [45]. To date, nucleolar
localization has not been observed in somatic embryos.
However, differences in sub-cellular distribution that
depend on cell type have been reported for other pro-
teins; for instance, a variable distribution of calmod-
ulin was observed between somatic and zygotic carrot
embryos and between individual cells [44].

Further investigation is required to ascertain wheth-
er the presence of DHFR-TS in the nucleolus of sus-
pension cells might be related to a possible regulatory
or autoregulatory role of the protein, as observed in the
case of Lactobacillus casei DHFR [18].

Microsatellites have been proposed as polymorphic
genetic markers [19, 33]. The 50-untranslated sequence
of the bifunctional Dcdhfr-ts gene upstream of ATG2

shows a TC dinucleotide microsatellite which, upon
analysis of RACE clones, revealed some degree of
polymorphism; thus, this provides evidence for some
differences among Dcdhfr-ts gene copies. Interest-
ingly, a stretch of two polydinucleotides, (CT)4 fol-
lowed by (CA)20, has also been observed in the untrans-
lated region of the longer transcript of L. major DHFR-
TS. It remains to be established whether these repeats
might play a functional role.
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Note added in proof

After submission of the manuscript for final consider-
ation, in the literature appeared the article ‘Mitochon-

dria are the major site for folate and thymidylate syn-
thesis in plants’ (Neugebauer et al., J Biol Chem 271:
9466–9472, 1996) that shows a prevalent mitochon-
drial localisation of DHFR-TS enzymatic activities.
These results were obtained by analysing differentiated
tissues while we used somatic embryos and suspension
cells that, according to our unpublished data, show
maximum dhfr-ts gene expression. Therefore, further
studies will be necessary to verify a possible differing
sub-cellular accumulation of DHFR-TS during plant
development.
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