
Plant Physiol. (1990) 93, 572-577
0032-0889/90/93/0572/06/$01 .00/0

Received for publication December 18, 1989

Isolation and Characterization of a Ferredoxin Gene from
Arabidopsis thaliana'

David E. Somers, Timothy Caspar, and Peter H. Quail*
Department of Plant Biology, University of California, Berkeley, California 94720, and Plant Gene Expression

Center, U.S. Department of Agriculture, Agricultural Research Service, Albany California 94710

ABSTRACT

We report the cloning and characterization of an Arabidopsis
thaliana (L.) Heynh. (Columbia ecotype) ferredoxin gene (Fed A).
Sequence analysis of a genomic clone shows an intron-free, 444-
base pair open reading frame which encodes a 96 amino acid
mature ferredoxin polypeptide preceded by a 52 amino acid
transit peptide. Comparison with other plant ferredoxin proteins
suggests that FedA encodes a leaf ferredoxin. Genomic Southern
blot analysis indicates the presence of a second, weakly related
gene, consistent with other reports of at least two ferredoxins
in plants. The Fed A gene promoter contains two
regions, ACGCCACGTGGTAGATAGGATT (G-l box) and
CCACGCCATTTCCACAAGC (CCAC box), which are strongly con-
served in both sequence and position between the Arabidopsis
and pea ferredoxin genes. Similarities with other better charac-
terized plant promoter elements are also discussed.

dom-primed (6) 32P-labeled ferredoxin cDNA sequence from
Silene pratensis (28) using standard techniques (18). Prehy-
bridization and hybridization of the nitrocellulose filters were
in 5x SSC (lx SSC: 0.15 M NaCl, 0.015 M Na citrate, pH
7.0), 3x Denhardt's solution (lx Denhardt's solution: 0.02%
(w/v) Ficoll, 0.02% (w/v) PVP, 0.02% (w/v) BSA), 20 ig/mL
denatured salmon sperm DNA, and 1% (w/v) SDS at 55 'C.
Final wash conditions were 0.1 x SSC at 55 'C for 1 h. Double-
stranded DNA was sequenced in Bluescript (Stratagene) by
the dideoxy chain termination method using [35S]dATP and
Sequenase (United States Biochemical Corp.) according to
the manufacturer's protocol. Both strands were sequenced
using synthetic oligonucleotides as primers and resolved on a
6% (w/v) denaturing (8 M urea) acrylamide gel. Sequence
comparisons were done using the GAP and BESTFIT pro-
grams of the UWGCG Software Package (3).

Ferredoxins are low mol wt iron-sulfur proteins which are
involved in a variety of redox reactions in plants. In photo-
synthesis, ferredoxin has roles both in cyclic photophosphor-
ylation and in the photoreduction of NADP+. As an impor-
tant component in the regulation of carbon metabolism, the
ferredoxin/thioredoxin system reduces and activates key en-
zymes in the carbon cycle (1). Other roles for the protein in
nitrogen fixation (29), nitrate reduction (19), glutamate
synthesis (15), and sulfite reduction (24) indicate the impor-
tance of ferredoxin in the assimilation of nitrogen and sulfur
compounds.
The expression of a nuclear-encoded ferredoxin gene has

been shown to be under phytochrome control in pea (11).
Unlike the products ofother well-characterized light-regulated
genes, the ferredoxin protein is found in both photosynthetic
and non-photosynthetic tissue (32). We undertook the cloning
and characterization of a ferredoxin gene from Arabidopsis
thaliana as a first step in examining the expression of this
distinct class of light-regulated genes within a facile genetic
system.

MATERIALS AND METHODS

Library Screening and DNA Sequence Analysis

An amplified Arabidopsis thaliana (L.) Heynh. (Columbia
ecotype) EMBL3 genomic library was screened with a ran-
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DNA Preparation and Analysis

Arabidopsis DNA was isolated according to Landry et al.
(14). DNA samples were digested with appropriate restriction
enzymes, separated by gel electrophoresis, and transferred to
GeneScreenPlus (New England Nuclear) by standard tech-
niques (18). Blot hybridization using random-primed (6) Fed
A was performed in 5x SSC, 3x Denhardt's solution, 1% (w/
v) SDS, and 100 ,ug/ml denatured salmon sperm DNA at
65°C for 16 h. Filters were washed for 60 min in 2 xSSC,
0.1% (w/v) SDS at 65°C for low stringency conditions and
for 30 min in 0. lx SSC, 0.1% (w/v) SDS at 65 °C for high
stringency conditions. Autoradiography was done at -70°C
with an intensifying screen.

RNA Preparation

Total Arabidopsis RNA was prepared according to Shar-
rock and Quail (26) with the following modification. Frozen
leaf samples (12 g) were extracted in 60 mL of extraction
buffer (100 mM Tris-HCl (pH 7.6), 100 mm NaCl, 50 mM
EGTA, 1% (w/v) SDS, 1.4 g/L diethyldithiocarbamate) with
an equal volume of phenol:isoamyl alcohol:chloroform
(25:1:25, v/v). Poly(A)+ RNA used for SI nuclease and primer
extension analyses was prepared according to Lissemore et al.
(16).

S1 Protection Assay

A synthetic oligonucleotide complementary to the first 20
bases of the ferredoxin protein coding sequence was 5' end-
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labeled using [Y-32P]ATP and T4 polynucleotide kinase (18).
Fed A plasmid (3 Ag) was denatured and 3 pmol of labeled
primer were annealed to the template in 10 mm Tris-HCI (pH
8.0), 60 mm NaCl, and 66 mM MgCl2. The four deoxynucleo-
tides (30 mM each, final concentration) and S units Klenow
(Bethesda Research Laboratories) were added and reacted at
room temperature for 1 h. The reaction was terminated by
phenol/chloroform extraction and ethanol precipitation and
digested with AccI to linearize the plasmid. The product was
run on a 6% (w/v) denaturing acrylamide gel and a single 500
base band was visualized by autoradiography, cut from the
gel and eluted in 500 mm NH4 acetate, 1 mM EDTA, and
0.1% SDS. The single-stranded primer extension product
(32,000 cpm) was precipitated with 1 jig of poly(A)+ RNA
from Arabidopsis leaves and 20 ,Ag of glycogen (Boehringer
Mannheim Biochemicals), and resuspended in hybridization
buffer (400 mM NaCl, 40 mm Pipes (pH 6.4), 1 mm EDTA,
50% deionized formamide) and incubated 16 h at 37 'C. Ten
volumes (100 ,L) of cold S1 nuclease buffer (250 mM NaCl,
30 mm Na acetate (pH 5.5), 1 mm ZnSO4, 10 Ag/mL dena-
tured salmon sperm DNA) containing S 1 nuclease (Bethesda
Research Laboratories) at a final concentration of 250 units/
mL were added and reacted for 1 h at 37 'C. To precipitate
the protected fragments, 30 ML of S1 termination buffer (2.5
M NH4 acetate, 50 mM EDTA, 400 ,g/mL tRNA) and 300
AL of ethanol were added. Half the precipitate was loaded
onto a 6% (w/v) denaturing (8 M urea) acrylamide gel and
visualized by autoradiography.
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Primer Extension Analysis

Primer extension analysis was according to Twell et al. (31).
One pmol ofthe same 32P 5' end-labeled oligonucleotide used
in the SI protection assay was annealed to 1 Mg of poly (A)'
RNA (from white light-grown shoots) at 37°C for 3 h. The
primer was extended with AMV reverse transcriptase at 37 °C
for 45 min. Following RNA base hydrolysis, the product was
run on a 6% (w/v) denaturing (8 M urea) acrylamide gel and
visualized by autoradiography.

RESULTS AND DISCUSSION

Genomic Cloning and Southern Analysis

Three 16 kb clones from an EMBL3 genomic library of
Arabidopsis thaliana were isolated using a cDNA probe cod-
ing for the amino terminal region of the mature Silene pra-
tensis ferredoxin (28). Restriction digests showed all three
clones to be identical. One representative clone (X402) was
restriction mapped (Fig. 1A) and a 1.5 kb HincII-EcoRI
segment was identified as the sole hybridizing fragment and
subcloned into the Bluescript vector pBSKS-. The 1.5 kb
fragment, shown to contain the entire ferredoxin protein
coding region and termed the Fed A gene (see below), was
used to probe an Arabidopsis genomic Southern blot and
washed with increasing stringency. Under low stringency con-
ditions two bands were seen in each of the five restriction
digest lanes (Fig. 1 B). The stronger bands correspond in size
with those obtained from comparable digestions of the X402
clone (data not shown). The weaker signals were lost with a

Figure 1. Arabidopsis ferredoxin genomic clone and Southern blot
analyses. (A) Restriction map of the 16 kb insert from genomic clone
X402. The position of the Fed A gene (shaded box) in the clone is
positioned above a scale showing the cumulative size of the restric-
tion fragment lengths, beginning at Sa/l(0) at the left. Arrow indicates
the direction of transcription. Hincil sites were mapped only within
the BamHl(3.0)/Sall(1 0.0) segment and Eco RI, EcoRV and Xbal were
mapped only between Sall(0) and Sall(1 0.0). (B and C) Arabidopsis
genomic Southern blot probed with Fed A. Genomic DNA (3 jg) was
restricted with the enzymes indicated and loaded in each lane.
Molecular size scale is shown at the left. (B) Hybridization remaining
after low stringency wash (60 min at 65 0C, 2 x SSC, 0.1% (w/v)
SDS). Arrowheads indicate positions of weakly hybridizing bands. (C)
Hybridization remaining after high stringency wash (30 min at 65 0C,
0.1 x SSC, 0.1% (w/v) SDS). E, EcoRI; H, Hind l1l; M, BamHl; N,
Hincil; S, Sall; V, EcoRV; X, Xbal.

higher stringency wash (Fig. IC) suggesting the presence of a
second sequence with limited similarity to Fed A. This result
is in accord with recent reports of two or more ferredoxins in
most plant species (23, 32).

Peptide Sequence Comparisons and Transcript Mapping

The nucleotide sequence of the 1.5 kb Fed A fragment
contains a single large open reading frame of 444 bp (Fig. 2).
The 148 amino acid polypeptide encoded by this region has
extensive similarity to other known ferredoxin sequences (Fig.
3). The 52 amino terminal residues are similar in length and
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-469 GTCGACTGAA GTGTGAAGGT GGAGATTATG TATTCACTTG TTGATTTGGT ATACATTCTA

-409 TGTAAGGTTC AATTATTTAC GTTATATAAT TATAATGGAG TAATTTACAG TAATTGGGTT

3 4 9-3489
AAAATGGTTT GATTCGGTCA GGTTGATACG GTTTGGAAGT TAAACCCGGC CTAGATATGA

TGTTACAACC AGTCCACATC TTTTATGATT TTAGTGGAAC AAACGAAGAG TTATTTAGAC

-229 GATACAAACA AGGTCCGAAT AAGTGTGAGC TGTCCCAAGT AAGACCACGT AATACTCACC

-169 TCAACAAGAT AGTGTTCTTA AAGTGTGTCA AACACAATCA CACACACACA AATCATAAAA

-109 CACAAAGACG ATAATCCATC GATCCACAGA ATAGACGCCA CGTGGTAGAT AGGATTCTCA

-49 CTAAAAAGTT CTCACCTTTT AATCTTTCTC CACGCCATTT CCACAAGCCA TAATCCTCAA

12 AAATCTCAAC TTTATCTCCC AAAACACAAA ACAAAAAAAA ATGGCTTCCA CTGCTCTCTC
M A ST A L S

72 AAGCGCCATC GTCGGAACTT CATTCATCCG TCGTTCCCCAGCTCCAATCAGTCTCCGTTC
S A I V G T S F I R R S P A P IS L R S

132 CCTTCCATCA GCCAACACAC AATCCCTCTT CGGTCTCAAA TCAGGCACCG CTCGTGGTGG
L P S A N T Q S L F G L K S G T A R G G

192 ACGTGTCACA GCCATGGCTA CATACAAGGT CAAGTTCATC ACACCAGAAG GTGAGCTAGA
R V T A M AT Y K V K F I T P EG E L E

252 GGTTGAGTGT GACGACGACG TCTACGTTCT TGATGCTGCT GAGGAAGCTG GAATCGATTT
V E C D D D V Y V L D A A E E A G I D L

312 GCCTTACTCT TGCCGTGCTG GTTCTTGTTC GAGCTGTGCT GGTAAAGTTG TGTCTGGATC
P Y S C R AG S C S S C A G K V V S G S

372 TGTTGATCAG TCTGACCAGA GTTTCCTTGA TGATGAACAG ATTGGTGAAG GGTTTGTTCT
V D Q S D Q S F L D D E Q I G E G F V L

432 CACTTGTGCT GCTTACCCTA CCTCTGATGT TACCATTGAA ACCCACAAAG AAGAAGACAT
T C A A Y P T S D V T I E T H K E E D I

492 TGTTTAAGCC TCACCTACTC ACCAGCTTTT GATGGTTTAA AAATCATGTC TTTATAAATT
V *

552 TCACATTTTG GGTTGAGTTT GTTGTTACTA AAAACTATTG TTATCTGTTG TTATTGTTCC
612 TGGTTTGGCT CACCATCAAT CGATGACATT TTAAACTATG CAACTGCAAA TTCTGCAACA
672 CTTTCGATGA GAATCTAACA TTATCGTTTA AACATTGGAA ATACATTTTC TTGAAGTCTA
732 GCTAGCTTTG GTTTGTAGTT CTTATTCTGA ACTCAACAAT CATCAAAGTA TCAAGAAAAA
792 TCCGATTTGC GAGCAATTGT GAAATCTTAG ATTGATAAAT TCTCTAGAAA GAACTATACA
852 TGTTATTTGT AGCTATAGAA GAAACTATGG AATCTTATAC TCTAATTAAG CCCAAATGGC
912 AAGAGAAGAC ATGAGTCCAG CTCCTAGGAA CAACATTACA TAAGATACAA TTTGAAGCCT
972 AAAGTTACAC CTCATTTTTG TACTCAAGAA ATCAGCAGCT ATGAGATCCA CTAAAGCCAT

1032 GTACACAAGA ATTC

Figure 2. Arabidopsis Fed A nucleotide sequence and conceptual
translation of the major open reading frame. The deduced amino acid
sequence is shown below the nucleotide sequence with the stop
codon indicated by (*). Vertical arrow indicates the transcription start

site (+1) and the putative TATA box is underlined. The presumed
beginning of the mature peptide is in bold.

composition to transit peptide sequences identified from other
ferredoxins (Fig. 3A). These presequences play a role in
directing the nuclear-encoded proteins to their appropriate
positions in the chloroplast (12). They are cleaved from the
precursor polypeptide once inside the plastid, resulting in the
mature protein. The processing site for the Arabidopsis Fed
A ferredoxin was inferred by comparison with numerous

ferredoxin protein sequences (21) which begin at alanine
residues homologous in position to that indicated in Figures
2 and 3B. Unlike the transit peptides ofSSU2 and CAB, which
share extensive regions of identity (12), the four known fer-
redoxin presequences are highly similar only near the putative
proteolytic processing site (Fig. 3A). Recent studies using
deletion mutations of the Silene ferredoxin transit peptide
lend further support to the importance of the residues near

the cleavage site for proper binding and import (27). The
absence of a strong amino acid sequence consensus among

the ferredoxin presequences allows that identity in function
may instead derive from secondary structure. However, com-

puter program analyses of the four transit sequences were

unable to uncover consistent similarities in secondary struc-

ture (data not shown). A similar result has been reported for
presquences of other chloroplast proteins (12).
Comparison of the remaining 96 amino acids with a sam-

pling of known ferredoxin polypeptides clearly demonstrates
that FedA encodes a plant ferredoxin (Fig. 3B). The deduced

2 Abbreviations: SSU, ribulose- 1 ,5-bisphosphate carboxylase/oxy-

genase small subunit protein; CAB, Chi a/b binding protein.

mature protein is highly similar to previously sequenced
ferredoxin polypeptides and is nearly identical (96%) to a
ferredoxin from the leaves of the related mustard, Raphanus
sativus (radish) (Fig. 3B). At least two isoforms of ferredoxin
have been found in most plant and algal species but their
localization and significance have not been clear (23). Re-
cently, three ferredoxin isoforms were purified from radish
roots and two from leaves (32). Amino acid comparisons
showed that these root and shoot ferredoxins were most
similar to other isoforms derived from within their respective
tissue groups, although differences among the five in electron-
donating functions could not be seen in vitro. Arabidopsis
FedA shares 92 of 96 amino acids with the radish leaf isoform
and only 62 of 96 residues with the closest root isoform (Fig.
3B), strongly suggesting that Fed A encodes a leaf-type ferre-
doxin. Studies are underway to directly determine tissue
specific expression of this gene.
The transcription start site of Fed A was mapped by SI

nuclease protection and primer extension analyses using poly
(A)' RNA from shoots of mature green plants (Fig. 4). Both
methods gave identical results, indicating the absence of in-
trons within the 5' untranslated region. The multiple bands
in theS1 lane are most likely due to limited digestion of the
end of the RNA/DNA duplex by the nuclease. Based on these
results, it is concluded that a single ferredoxin-specific message
extends to a position 51 bases upstream of the ATG codon
and begins 27 bases downstream of a putative TATA box
(TAAT) (Fig. 2).

Promoter Comparisons

Nucleotide sequences 5' to protein coding regions have
been shown to control gene transcription. Strongly conserved
short sequence elements (boxes) have been found to be shared

A.TransitPeptide
Arabidopsis MAsT.aLssa iVgTSFirrs paPislrsLP santqsLFGL KsGtaRGgRv vAM (100%)
Pisum MAtTpaLygt aVsTSFlrtq pmPmsv. ttt kafsngflGL KtslkRGdla TAM (40%)
Silene MAsT. Lstl sVsaSllpkq q.PmvassLP tnmgqaLFGL KaGs.RG.Rv T.M (46%)
Spinacia MAaTtttmmg matT.Fvpkp qaPpmmaaLP sntgrsLFGL KtGs.RGgRm TAM (44%)
Consensus MA-T--L--- -V-TSF---- P---- LP ------LFGL K-G--RG-R- TAM (42%)

B. Mature Protein
Arabidopsis ATYKVKFIT PEG .EVEC DDDVYVLDAA EEAGIDLPYS CRAGSCSSCA
Raphanus (Leaf) ATYKVKFIT PEG . VEC DDDVYVLDAA EEAGIDLPYS CRAGSCSSCA
Pisum P

Y

C PS D@ EE8GIDLPYS CRAGSCSSCA
Raphanus (Root) S PLPYSCRA|VYVkQ1A

Arabidopsis GKVVSGSVDQ SDQSFLDDEQ IGEGFVLTCA AYPTSDVTIE THKEEDIV . (100%)
Raphanus (Leaf) GKVSGSVDQ SDSFLDD IGFVLTCAAYPTSDVTIE THMED. (96%)
Pisum G GVQ SFLLTCVAYPTSDVtIoE THKE (78%)
Raphanus (Root) GF HFE F VLT Y D LF. (65%)

Figure 3. Amino acid sequence comparisons of select ferredoxins.
(A) Optimal alignment of the putative Fed A transit peptide with
comparable regions from Pisum (5), Silene (28) and Spinacia (33)
based on cDNA and genomic sequences. Agreement at three of four
residues was required for consensus. Final alignments were done by
eye. (B) Comparison of the deduced amino acid sequence of Arabi-
dopsis Fed A ferredoxin with that from Pisum (5) and with root and
leaf ferredoxin protein sequences from Raphanus (radish) (32). A
second root-specific radish ferredoxin sequence has been reported
(32) and shares a similar identity to Fed A as the one shown here.
The radish leaf ferredoxin has four microheterogeneities (32) which
do not significantly alter the relative similarities shown above. Percent
identity to the Arabidopsis sequence is shown at right in (A) and (B).
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consensus sequences (2, 7, 8, 17, 25). The pea Fed-i promoter
(5), the only other ferredoxin gene sequence reported from
higher plants, was also included in the comparison. Figure 5
shows only the most significant similarities to emerge.
The Fed A sequence between -53 and -71 shows a high

degree of similarity to the core regions of the previously
reported G and I boxes (Fig. 5A) (8). The G box contains a 6
bp palindrome, CACGTG, which has been identified in a
wide range of plant promoters and which can bind specific
nuclear factors from a wide range of species (including Ara-
bidopsis) as assayed by gel shifts (8, 25, 30). The GATAAG
region of the I box is highly conserved among many SSU
genes (8) and recently has been shown to be involved in the
control of the Arabidopsis rbcsi-a gene (R. Donald, personal
communication).
Most striking is the coincidence of both boxes within a

region of the Fed A promoter (-54 to -75) that also bears a
high degree of identity to a stretch of the Fed-i promoter of
pea (-44 to -65) (Fig. SC). This 22 bp motif is largely a
hybrid ofG and I box sequences which we term the G-I box.
The pea and Arabidopsis G-I boxes differ from the GATAAG
consensus of the I box by a conservative A to G base change
(GATAGG), and Fed-i replaces the CACGTG consensus
with CACCTG. Methylation at the CpG of the CACGTG

A
G Box

Fed A

I Box

TCTTACAC*TGGCA
1111111

-71 CACGTGGTAGATAGGATT -54
11111 li1

CTAGGATGAGATAAGATTA

-20 CCACGCCATTTCCACAAGC -2
11111 III

CATTTACACT

C

Arabidopsis -131

Figure 4. S1 nuclease protection (Si) and primer extension (PE)
analyses of the 5' end of the Arabidopsis Fed A transcript. Reaction
products were run on either side of a dideoxy sequencing ladder (A
C G T A) on a 6% (w/v) denaturing gel. The 20 base oligonucleotide
primer used for the sequencing and primer extension reactions, and
to produce the S1 nuclease protection probe was complementary to
the Fed A coding strand between +52 and +71. A portion of the
gene sequence, complementary to the transcribed strand, is shown
to the left. Both methods indicated the same transcription start site
(T*) 51 bases upstream of the initiation codon.

among different plant species, often between promoters of
genes with similar modes of regulation (e.g. SSU and CAB)
(8, 20, 22). These elements are presumed to play key roles in
gene regulation and some have been shown to bind nuclear
proteins in vitro and stimulate or enhance transcription in
transgenic plants (2, 10, 30). To determine whether similar
sequence elements are present in the ferredoxin gene, com-

puter-based comparisons were made between the putative
FedA promoter (-1 to -469) and a number ofplant promoter

CACACACACACAAATCATAAAACACAAAGACGATAATCCATCGATCCACAGAATAG
III 11 III III 1111 11

Pisum -120 TTCAC CAACAATATGTGGTGATAAAAGAGATAGATAACCTGAGGCATAAAACA

G-I Box
Arabidopsis -75 ACGCCACGTGGTAG&TAGGATT. CTCACTAAAAAGTTCTCACCTTTTAA CTTTCT

11111 IIIl 1111111 11 11 111 1

Pisum -65 ATGCC&CCTGGCAG&TAGGGTTGCATGCAGTTCAIAThGCAGCTTGT.... TCCAA

CCAC Box
Arabidopsis -20 CCACGCC&TTTCCACAAGC CATAATCCTCAAAAATCTCAACTTTATCTC...

1111 111111111111 11 III 11 11 11111

Pisum -13 CCACACTATTTCCACAAGCTCCTTATTTCATTCATTCATTCATTCTCTATCTTTTT
t

Arabidopsis

Pisum

Sikne

30 CCAAAACCAAA. .ACAAAAAAAATG
11111111 11111I 1

44 ATCAT C AAAC. AACAGTGTTTGTTCCTTTGAAACCATAATAGTAATG
Il Il I llIllll 1111 III 111

... AGCAATCCCAC lAACA .... .... CCTTCTAAAA ..AACTAGTATG

Figure 5. Comparison of Fed A 5' flanking sequences with similar
regions of select genes. (A) Optimal alignment of Fed A G-l box with
conserved sequences of the G and I boxes (8) and (B) pairing of the
Fed A CCAC box with Box III* from the rbcs-3a SSU promoter of pea
(13). (C) Alignment of Arabidopsis and pea (5) ferredoxin 5' flanking
sequences. The highly conserved G-l and CCAC boxes are in bold.
The putative TATA boxes are underlined and vertical arrows indicate
transcription start. The Silene ferredoxin sequence (28) is included in
the comparison of the CA-rich leader (in bold) present near the
translation start in all three genes. The pea-Silene alignment is from
Elliot et al. (5). The initiator ATG is italicized.

B
Fed A

Box III
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motif has been shown to inhibit tobacco nuclear factor bind-
ing in vitro (30), but more complete, base-for-base mutation
analyses have not been reported for these two motifs. In pea,
a region 5' to the Fed-i coding sequence (-23 to -494) which
contains the G-I box was shown by gel shift assays to specifi-
cally bind one or more protein factors from pea nuclei (4).
However, subsequent deletion of the G-I box did not affect
the binding assay results.
The G-I box lies 30 to 33 bases upstream of a stretch of 19

bases that is nearly identical between the pea and Arabidopsis
ferredoxin promoters, which we have termed the CCAC box
(Fig. SB). It lies at or near the transcription start site of both
genes (Fed A: -2 to -20; Fed-i: +4 to -15) and contains a
central TTT core flanked on both sides by an 8 bp CA-rich
stretch. Within this region the sequence CCAC, which is half
the G box dyad (see 25), occurs twice. A similar region is
conserved in pea SSU genes (Box III*) (Fig. SB), but is located
much further upstream (rbcS-3a; - 257 to -248) and lacks
the CCAC repeat (13). Competition studies and DNase I
footprinting experiments have shown that boxes III*, III, II*
and II bind the same factor (GT- 1) from pea nuclei in a light-
independent manner (9).
The positions of the G-I and CCAC motifs relative to each

other are highly conserved in both genes (Fed A: 33 bp; Fed-
1: 30 bp). This distance is ca. three turns of a DNA helix and
could permit an interaction between factors which might bind
the two boxes that is dependent on a specific spatial relation-
ship. Deletions and insertions which alter the relative spacing
between the two elements should prove fruitful.
A third region of similarity is found within the 5' untrans-

lated leader of pea, Arabidopsis and Silene ferredoxins (Fig.
SC). A highly CA-rich sequence lies near the ATG initiator
codon of all three transcripts and is similar in composition
and position to sequences found in Arabidopsis cab2 and cab3
genes (22). A 34 nucleotide deletion of the cab3 gene which
included this region reduced the expression of a reporter
construct by six-fold in transgenic plants (22). Experiments
are in progress to determine the functional significance of this
sequence for ferredoxin.
The G-I and CCAC boxes described above illustrate the

high degree of sequence conservation between specific pro-
moter regions of the pea and Arabidopsis ferredoxin genes.
Both boxes also share sequence similarity with regions of
other plant promoters shown to bind nuclear proteins and
therefore are candidates for elements which may be essential
to the control of ferredoxin gene transcription. Initial reports
indicated a phytochrome control of message abundance for
pea ferredoxin ( 11) and one possibility is that these upstream
boxes are involved in light-regulated gene transcription. How-
ever, Elliot et al. (4) have reported that light-regulated accu-
mulation of ferredoxin mRNA is not controlled by 5' ge-
nomic sequence elements in pea. Instead, they concluded that
light regulatory elements reside within transcribed sequences
and possibly involve changes in message stability. In addition,
GBF and GT- 1, which have been shown to bind to G Box
and Box III* sequences (i.e. the core elements of the G-I and
CCAC boxes), respectively, are present in nuclear extracts
from both light and dark grown tissue and their role in light-
regulated gene expression is unclear (8, 9). Further mutation

and deletion analysis of the G-I and CCAC boxes will be
necessary to determine their importance in ferredoxin gene
regulation.
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