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ABSTRACT

A ¢DNA fragment encoding iron storage protein generated by polymerase chain reaction(PCR) using
highly conserved regions of ferritin related genes were used to screen a red pepper ¢DNA library. ¢cDNA
clone was designated as Fpl. Fpl clone contained a 5° nontranslated region of 51bp containing stop codons.
UTR of

272bp. The deduced amino acid sequence of red pepper protein(Fpl) showed 849%. 48% and 36% identity

Down stream from 5° UTR. an open reading frame of 750bp wus observed. followed by a 3’
with soybean(SolC). human(HuL-H) and horse spleen (HoS-L) ferritin respectively. Northern blot analysis of
root and leat RNAs, at different times after iron treatment. revealed ferritin mRNA accumulation in response
to iron. Ferritin mRNA accumulation was transient and particularly abundant in leaves, reaching a maximum
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at 12h. The level of ferritin mRNA in roots was affected to a lesser extent than in leaves.
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INTRODUCTION

[ron is an essential element for virtually all forms of life
because of its role in fundamental processes such as respiration.
photosynthesis. nitrogen fixation and cell division. However.
its tendency to form insoluble salts in aqueous solutions
and its potential for toxicity via free-radical formation
as a result of redox reactions in the presence of oxygen
led to the evolution of specitic genetic systems which control
iron homoestasis in cell. These systems include iron uptake.
transport and storage (Crichton and Charlotecaux-
Wauters. 1987: Theil, 1987). [ron storage is achieved
by ferritins. a class of proteins widely distributed
among animals, plants and bacteria. These proteins are
organized in hollow spheres able to accomondate a few

thousand iron atoms inside their central cavity and they are
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present in all living organisms (Harrison et al., 1989). Also,
ferritin are known to sequter and thus detoxify iron
taken up by cells which is not utilized for metabolic
requirements. Under conditions of iron need. ferritin-Fe(1I)
can be released by reduction for cellular use (Lanlhere
et al.. 1990). Therefore ferritins are key proteins acting
as a buffer for iron. protecting cells from a harmful
concentration of free iron and regulating their immediate
need. Structure. function and synthesis of animal
ferritins have been extensively studied (Theil, 1987: Harrison
et al.. 1989: Klausner and Harford. 1989). However. the
molecular mechanisms involved in this transcription control
in response to iron are unknown. It has to be noticed
that the translation control of ferritin synthsis in
response to iron has been well conserved during
evolution since the “iron-responsive element-binding proteins”

(IRE-BP) is found throughout only animal kingdom



(Rothenbergers et al.. 1990).

In plants. most of the imformation concerning
ferritins has been gained from clectron microscopy
studies (review of Seckbach, 1982; Proudhon et al..
1989). they are located in plastids. synthesized from
ploy (A )RNA as a precursor. which is trunsported (o
plastids resulting in a mature 28KDa ferritin subunit
able to assemble into a 24-mer apoprotein (Laulbere et
al., 1989). Futhermore, the structure of gene encoding many
plant ferritin have been determined sequencing soybean(Iescure
et al., 1991), french bean ¢DNA(Spence et al.. 1991).
Phaseolus Vulgaris cDNA(Michael ct al.. 1991), Pisum
sativum(Stephare LoBreaxu et al.. 1992), lettuce(Goto
and Yoshihaca) and maize (Stephare et al.. 1992).
About 50-60% of the amino acids sequence of the pea seed
ferritin subunit has also been deciphered through micro-
sequencing of its N-terminus and CNBr peptides(Ragland
et al.. 1990). NH-ferminal first part of plant ferritin protein
is a transit peptide responsible for plastid tageting(Lescure
et al.. 1991 Ragland et al., 1990). The second part is specific
for plant mature ferritin subunit and is known to be the site
of free radical cleavage which occurs in virro during
iron exchange (Laulhere et al.. 1988) and /n vive during
germinatim(Lobreaux and Briat. 1991). Also, plant ferritins
are not detectable in vegetative organs under normal
iron nutrition conditions. Generally. territins accumulate
during sced formation in the embryo axis and cotyledons
in order to store iron and they are processed and

disappear during the first week of germination(Lobreaux

and Briat, 1991). The synthesis and degradation of

ferritin in plants continuously supplied with iron, as
well as iron distribution in different organs during their life
cycle is developmentally regulated. However, in contrast
with animal systems. regulation of this iron response in
cultured soybean cell is entirely accounted for by transcription.
while the major control of ferritin synthesis is translational
in animals (Lescure et al.. 1991).

In this paper, we report the isolation and characterization
¢DNASs containing the entire ferritin open reading frame
from red pepper tissue and describe transient accumulation

of mRNA in roots and shoots during iron stress.
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MATERIALS AND METHODS

Plant cultures

Red pepper seeds were soaked for 24hr in distilled acrated
water. Germination of the seeds was achieved on iron
free medium into in vitro for 14days in the dark and
were transferred to glass vials containing 200ml nutrient
solution with iron mixture (500u4M Fe-EDTA. 150uM
trisodium citrate. 754M FeSO.). The nutrient solution
was composed as described by Knop(Bergmann, 1958) with
a modified micronutrient composition(van der Mark et
al., 1981). The culture conditions were 16h of light at
287C uand 8hr of durk at 20°C. Organs were harvested at
different times after treatment, frozen in liquid nitrogen and

stored at -707C.

Determination of iron concentration

Plant roots were extensively washed in 1lmM KC1. 10mM
EDTA prior to freczing. Root and leaf samples were
mineralized and total iron concentration was measured
by recording absorbance of Fe* o-phenanthroline at 510nm.
pH6.0. using thioglycollic acid as a reducing agent. In
the case of roots, values were obtained before and after
removing apoplastic iron according to Longnecker and
Welch(1990). To release apoplastic iron by reduction. plants
were treated as follows before mineralization. Intact
plant roots were rised in 0.5mM CaCl. for Smin and incubated
Thr in 50ml of O:-free nutrient medium containing

L. 7mg of bipyridyl and 50mg of dithionite(DTT).

Cloning and Sequencing ¢DNA

Total RNA was isolated from the roots 24h after
iron addition to the culture medium by the guanidiuny/caesium
chloride method. and poly (A ) RNA was purified by
oligotdT)-cellulose affinity chromatography (Maniats et
al., 1982). Complementary DNA with an EcoRI/Notl linker
was synthesized with a ¢cDNA synthesis Kit (Pharmacia,
Uppasls. Sweden), cloned AgT10 (Stratagene. U.S.A.)
and packaged using Gigapack Gold Extracts (Stratagene,

U.S.A). The resulting library was transferred to nylon



membrane tilters (Hybond-N plus: Amersham, UK) and
screened with the selected DNA fragments amplitied by
polymerase chain reaction(see below). For PCR amplification,
the forword primer 5 -AGTGA GGAAGAAAGAGAGCA-
3 and the riverse primer, 5 -AAAGTGCCAAAC ACCGTG-
3" . corresponding to the highly conserved SEEEREH
and HGVWHFDAQ. respectively. Hybridizations were
performed in 6 X SSPE (0.1% SDS. 0.02% PVP, 4.02%
Ficoll. 50ug/ml salmon sperm DNA) with a partial
pepper ferritin ¢cDNA labelled with “P-dCTP(Amersham
8.5 Bg/mmol) and a random priming kit from Pharmacia.
at 52°¢. Filters were washed twice in 6 X SSPE. 0.1%
SDS at 57°C. Inserts from recombinant phage were subcloned
in pUC 19 vector and their sequence were ditermined
by the di-deoxychain termination method, either using a
sequences 2.0 kit or a model 373A DNA Sequencer
using a tag Dye primer cycle Sequencing Kit(Applied

Biosystems, USA).

RNA and DNA analysis

RNAs were extracted by the guanidine method with the
following moditication. After phenol extraction, total nucleic
acids were precipitated by isopropanol. RNAs were difterentially
precipitated in 4M LiCl. For northern hybridizations. 20
ug of total RNA were denatured and fractionated on a 1.5%
formaldehyde-agarose gel. The ferritin probe was a 589
fragment which corresponds to the mature subunit
coding sequence from Fpl. Gels were blotted onto
nylon menbranc filter(Hybond-N plus. Amersham). For
Southern hybridization. 20ug of total DNA extracted
from scedlings of ChungYang was digested with various
restriction enzymes(Xhal, EcoRl. EcoRV, Pstl. BamHL.
Hind111 and Xhol). fractionated on a 0.8% agarose gel.
and blotted onto a nylon membrane. After crossing with
UV light, prehybridization was performed for 4hr at 50
€ in 50% formamide, 5 x SSC. 50mM Tris-HCl pH
7.5, 0.1% sodium pyrophosphate, 1% SDS. 0.2% PVP,
0.2% Ficoll. SmM EDTA and 150w /ml denatured
salmon sperm DNA. Hybridizations were achieved n
the same bufter containing the probe at 50T tor 12h. Filters

were washed twice in 2 X SSC, 0.1% SDS for 15min
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x SSC, 0.1% SDS ftor 15min at 68°C

prior to exposure at -70C using Kodak films.

and twice in 0.1

RESULTS AND DISCUSSION

Structure analysis of red pepper ferritin gene

Ferritin from plants and animals share similar primary
sequence suggesting a common evolutionary precursor.
Two unigque features of plant ferritin structure deserve
to be discussed. Firstly. a plant specific extension of ca. 30)
amino acids at the NH2 terminus of ferritin has been reported
to be involved with degradation of plant ferritin by formation
of radicals during iron exchange. Secondly. the region
of the E-helix in animal ferritin is involved in the formation
of channels supposedly important for iron uptake and release.

This experiment have used a PCR approach to
identity plant ¢cDNA which encodes ferritin proteins.
Root ¢DNA obtained from iron treatment was prepared and
used as template in PCR amplifications with degenerated
oligonucleotides corresponding to the highly conserved
SEEEREH and HGVWHFDQ motifs. found in members
of the plant ferritin tamily, as primers. The PCR-
amplifiecd DNA fragments obtained. ca. 350bp long,
were cloned and sequenced. Computer databank searches
were then carried out with the deduced amino acid sequences.
Sequences exhibited more than 95% homology to
known ferritin proteins. In order to isolate and characterize
full-length ¢cDNA clones from red pepper, we screencd
a ¢cDNA library from iron treated roots using a PCR-
clone as a heterologous probe. Five strong immunopositive
signals and numerous weaker signals were identified among
approximately 40000 recombinant plagues screened. The
phage producing the three strongest signals was purified
and analyzed further. The longest(Fpl) was shown 1076
base pairs contained common restriction fragments(Fig. [).
This insert DNA was subsequently subcloned into the
Bluescript plasmids, and DNA sequence analysis of
insert was initiated. The deduced amino acid sequence from
the 1076bp clone was found to have substantial similarity
to vertebrate ferritins when compared with the PIR database

using the program FASTA. Fpl starts with ATGGC,
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1009 GTATGTTTGTAGCATGCAATAATTTTGTTAGAAGTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

1076

Fig. 1. Nucleotide sequence and drived amino acids of red pepper cDNA(Fp1). The region of the amino acid sequence
unique to plants is underlined(transit peptide). A presumptive polyadenylation signal is underlined in the 3" -UTR.

the canonical eukaryotic translation initiation sequence, and
contain a 5 untranslated region(UTR) of 31hp containing
stop codons. An open reading frame of 250 amino acids
was observed, followed by a 3" -UTR of 272bp, within
which a consensus polyadenylation site was clearly

“defined(Fig.1). With the open reading frame. a streteh
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of 24 amino acids has a sequence identical to the N-terminus
of the subuntt of the soybean ferritin protein(overlined
in Fig.1). Also. the precursor polypeptide of red pepper
ferritin has a molecular mass of 28kDa and the mature
ferritin subunit a value of 23.4kDa. as calculated from

the amino acid sequence shown in Fig. 1. This sequence
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MALAPSKVSPFSGFSLSDGVGAC--RNPTCSVSLSFLNKKCGSRNLGCSA
MALSSSKFSSFSGFSLSPVSGNGVQKPCFCDLRVG---EK¥YGSRKFRVSA
MALAPSKVSTFSGFSPKPSVSGA-QKNPTCSVSLSFLNEKLGSRNSRVCA
MALAPSKVSTFSGFSPKPSVGGA-QKNPTCSVSLSFANVNLGSRNLRVCA

{---- Cleaved upon germination in plants ----- M
ABCDEFGHIJKLMNOPQRSTUVYEX 10 20 30
TTASTSQVRQNYHQDSEAAINRQINLELYA
SSQIRQNYSTEVEAAVNRLVNLYLRA
STVPLTGVIFEPFEEVKKEELAVPTAGQVSLARQYYADECESAINEQINVEYNA
STVPLTGVIFEPFEEVKKDELAVPTAPQVSLARQNYADECESAINEQINVEYNA
TTAPLTGVIFEPFEEVKKDYLAVPSVPLVSLARQNFADECESVINEQINVEYNA
STVPLSGVIFEPFEEVKKGELAVPTAPQVSLARONYGDECESGINEQINVGYNG
40 50 60 70 80
SYVYLSMSYYFDRDDVALKNFAKYFLHQSHEEREHAEXLMKLQNQRGGRIFLAQD
SYTYLSLGFYFDRDDVALEGVCHFFRELAEEKREGAERLLKMQNQRGGRALFQD
SYVYHSLFAYFDRDNVALKGFARFFKESSEEEREHAEKLMKYQNTRGGRVVLHP
SYVYHSLFAYFDRDNVALKGFAKFFKESSEEEREHAEKLMKYQNTRGGRVVLHP
SYVYHSLFAYFDRDNVALKGFAKFFKESSEEHREHAEKLMKYQNTRGGRVVLHP
SNAYFWLFAYFARGNGGLKGFFRFFKESSEEEREHVEKLMKYQNTRGGRVVLHP
s a 90 ab 100 110 120 130
IKK-P-DCDDYESG--LNAMECALHLEKNVNQSLLELHKLATODOKNDPHLCDFI1E
LQK-PSQ-DEY--GTTLDAMKAAIVLEKSLNQALLDLHALGSAQADPHLCODFLE
IKNVPSEFEHVEKGDALYAMELALSLEKLVNEKXKLRSVHSYADRNKDPQLADFIE
IKNVPSEFEHVEKGDALYAMELALSLEKLVNEXLLNVHSVADRNNDPQMADFIE
IKDVPSEFEHVEKGDALYAMELALSLEKLTNEKLLNVHSVAERNNDLEMTHFIE
NKNAPSEFSHVEKGDALYAMELALSLEKLVNEKLLNVHSVADRNNDPQCADFIG
90 100
a abec
1KK-PDCDDVESGLN---AM
LQK-PSQDEVGTTLD---AM
IKNVPSEFEHVEKGDALYAM
FKNVPSEFEHVEKGDALYAM
IKDVPSEFEHVEKGDALYAM
NKNAPSEFSHVEKGDALYAM
140 150 160 170 180
THYLNEQVKAIKELGDHVTNL-RKMGAPESGLAEYLFDKHTLGDSDNES
SHFLDEEVKLIKKMGDHLTNIQRLVGS-QAGLGEYLFERLTLKHD
SEFLSEQVEAIKKISEYVAQL-RMVG---KGHGVYHFDQSLLHDGHAA
SEFLSEQVESIKKISEYVAQL-RRVG---KGHGVYHFDQRLLD
GEYLAEQVEAIKKISEYVAQL-RRVG---KGHGVYHFDAQRLLHGVHGA
SEFLSEQVESIKKISEYVAQL-RRVG---KGHGVLHFDPRLLD

Fig. 2. Alignment of the derived red pepper ferritin amino acid sequence with soybean(SolC), pea(peaS), French
bean(Fb-S), human river(HuL-H) and horse spleen(HoS-L) (A): Comparison of the sequence of various transit peptides
from plant ferritins. (B): Comparison of primary structures of some plant and animal ferritins. Hyphens indicate gaps in
the sequences to allow the best alignment. The additional amino acids in the plant sequences, owing to gaps in the
animal sequences, are numbered using lower case letters.
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of the mature ferritin subunit is preceded by a sequence
of 91 amino acids showing the characteristics of a
transit peptide for plastid targeting(Harrison et al..
1989). This is consistent with the finding that plant ferritins
are synthesize as precursors(Proudhon et al.. 1989: van der
Mark et al.. 1983) and transported to plastids(Seckbuch.
1982: Lescure et al.. 1991). The transit peptide of red pepper
ferritin is respectively 62%. 42% and 66% identical to those
of Freanch bean(48 residues), soybean(47 residues) and
pea(49 residues) ferritins(Fig. 2a). Comparison of the
remaining amino acid sequence of red pepper ferritin
with those of French bean. pea. human liver H- and
horse spleen L-ferritin is presented in Fig. 2b. Alignment
between red pepper, French bean, pea and soybean territins
show that amino acid sequences of plant ferritin are
highly similar(90%-84% identity). Red pepper territin share
36% and 48% identity with horse spleen and human heavy-
chain ferritin respectively. Four amino acids are classed
as insertions in the plant sequences(position 87a and
88a and 96a and 96b)(Fig. 2b). and a gap of three
amino acids was introduced at positions 160-162 to
obtain the best alignment with animal ferritins.

It is of particular interest to note that 30 C-terminal
amino acids of plant ferritins are highly conserved but they

diverge entirely from the cquivalent animal ferritin sequence.

Iron concentration in roots and leaves

Concentration of plant ferritins increases proportionally
to iron loading. Therefore. the first step in this experiments
to induce ferritin synthesis in red pepper plantlets in response
to iron was to find conditions under which iron concentration
in roots and leaves could be significantly increased.
After lddays of iron starvation. followed by an addition
of iron in the culture medium (500u4M Fe-EDTA. 150x
M trisodium citrate. 75#M FeSO.). the iron concentration
in roots and leaves of hydroponically grown seedlings
increased up to 96h after treatment. In leaves. the
cellular iron concentration had increased by S0% after
72 hours while in roots an 6-fold increase was observed
after 24 hours. decreasing shightly until 96 hours(Fig.3

upper). It has been shown that in roots an important amount
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Fig. 3. Iron concentration in roots and leaves of red pepper
at different times after iron loading. Results are the
mean of 3 experiments in root and leaves.

of iron can he found in the apoplast and is therefore accessible
to exogenous reducing agents(Longnecker et al.. 1990).
This property allows the removal of apoplastic iron
from the roots and. theretore. to accurately determine
the intercellular iron concentration in root tissue. As shown
Fig. 3. after iron treatment of the plants, most of the
root iron is apoplastic. Although the maxium amount found
is lower in roots than in leaves. a 2-fold increase in the
intracellular iron concentration was still observed after

removal of apoplastic iron(Fig.3 lower).

Northern hybridization analysis

Northern hybridization were performed on leat” and root
tissues to determine if the above treatment and development
stage after germination was able to change ferritin

mRNA content. Our observation raise the question of

the fate of ferittin mRNA during germination. Fig. 4 shows



(A)

(B]

Fig. 4. Disappearance of mRNA in tissues of red pepper
plantlet after germination. 40 of total RNA extracts
from tissues after germination. The nomenclature of samples
is days after germination(A) and a 1.0kb red pepper
actin CDNA(B). Hybridizations were performed in 6 x SSPE
(0.1% SDS, 0.02% PVP, 0.02% Ficoll, 50u:/m} salmon
sperm DNA) with a partial pepper ferritin cDNA labelled
with 32P-dCTP(Amersham 18.5Bg/mmol) and a random
priming kit from Pharmacia, at 52<C.

0 3 6 12 24 48 72

Roots

Leaves

Fig. 5. Time course of mRNA accumulation in roots and
leaves of red pepper plantlets in response to iron-
stress. 20wz of total RNA extracts from roots and leaves
prior to iron treatment(line 0) and 3, 6, 12, 24, 48, 72h after
iron addition in the culture medium(line 3, 6, 12, 24, 48,
72). Hybridizations were performed in 6 x SSPE (0.1% SDS,
0.02% PVP, 0.02% Ficoll, 50ug/ml salmon sperm DNA) with
a partial pepper ferritin cDNA labelled with *P-dCTP(Amersham
18.5Bg/mmol) and a random priming kit from Pharmacia,
at 52C.

that ferritin mRNA was present in the same amount
from lday to 3days after germination. However. ferritin
MRNA concentration decreases in leat and root tissues
during the first Sdays of germination. These observations
were true both for the leaf” and root tissues. Ferritin degradation

seems to be faster in leaves. since no ferritin was detactable
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in 7days old leaves although it was still detectable in a
processed form in 7days old roots when 20xg of total RNAs
was loaded on to the gel(not shown data). When 40ug
of RNA was loaded on to the gel. traces of ferritin
were visible in 11days old leaves. Interestingly, ferritin was
not detectable in leaves after I1days old atter iron add-
ition(Fig. 5). Northern hybridization anlayses of total RNA
extracted from leaves and roots, at different times after
addition of iron. with a pepper ferritin probe internal to the
coding region. shows that ferritin mRNA also expressed in
response to iron. This ferritin mRNA. of about {100nt,
is particularly abundant in leaves where its transient
accumlation peaks at 12h. The level of ferritin mRNA
in roots is also affected, but to a lesser extent than in leaves.

The apparent discrepancy between mRNA levels and
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Fig. 6. Southern hybridization analysis of red pepper genomic
DNA. 20 of total DNA extracted from seedlings of Chungyang
was digested with various restriction enzymes(Xbal(line 1),
EcoRl(line 2), EcoRV(line 3), Pstl(Line 4), BamHi(line
5), Hindlll{(line 8) and Xhol(line 7), fractionated on a
0.8% agarose gel, and blotted onto a nylon membrane.
fractionated on a 0.8% agarose gel, and blotted onto a
nylon membrane, which was hybridization with with a partial
pepper ferritin ¢cDNA labelled with *P-dCTP{Amersham
18.5Bg/mmol) and a random priming kit from Pharmacia,
at 52¢.



iron concentration can be explained that the number of iron
atoms accommodated per ferritin molecule can vary,
and increase, with time after iron induction(Harison et
al.. 1989; Theil et al.. 1987).

Southern hybridization analysis

The number of pepper ferritin gene was indirectly
estimated by Southern hybridization analysis. Total genomic
DNA, extracted from seedling of the Bukang inbred
line, was digested with various restriction enzymes, fractionated
on a 0.8% agarose gel, and blotted onto a nylon membrane.
which was hybridization with a red pepper ferritin
probe internal to the coding region. With each restriction
enzyme, one to two hybridized bands were obscrved(Fig.
6). indicating that ferritin related genes in red pepper might
belong to single or two copy.

Indeed. in soybean cell cultures, ferritin iron accounts
for only 5% of total cellular iron after iron treatment(Lescure
et al.. 1991). In the soybean system. ferritin mRNA
accumulation was also transient and it was discussed
that vacuoles could also play a role in iron detoxification
in plants(Lescure et al., 1991). Therefore, Fpl gene transcription
can be controll by an integreted transduction pathway. Under
normal conditions, Fpl protein accumulates during seed
formation. degrades during sced germination and was

not detected in roots and lcaves.
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