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Abstract. We have previously shown the presence in
chloroplasts of sequence-specific DNA-binding proteins
that interact specifically with two regions located down-
stream and upstream from the 5-transcription start site
of the plastid psaAd-psaB-rpsi4 operon. As part of an
effort to elucidate the regulatory mechanism of plastid
transcription during plant development, we report here
the purification and characterization of the chloroplast
DNA-binding protein from spinach (Spinacia oleracea
L. var. spinosa Ashers et Graeden) leaves that specif-
ically recognizes sequences between positions + 64 to
+ 83 relative to the transcription start site. This DNA-
binding protein has been highly purified from chloro-
plasts by using a combination of high-salt extraction,
ammonium sulfate precipitation, heparin-agarose chro-
matography, and sequence-specific DNA-affinity chro-
matography. The protein exhibited an apparent
molecular weight of 59-60 kDa on the basis of gel
filtration. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis followed by Southwestern blot analysis
further indicated that this DNA-binding protein is
dimeric and composed of two ~31-kDa subunits. We
discuss the properties of this protein in relation to the
known chloroplast DNA-binding factors for plastid
gene expression.

Key words: Chloroplast — DNA-binding protein (puri-
fication) — Operon (psaA) — Spinacia (chloroplast) —
Trans-acting factor — Transcription

Introduction

The biosynthesis and assembly of the photosynthetic
apparatus, including photosystems I and II in higher-
plant chloroplasts require the coordinated interaction of
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nuclear and plastid genomes. In green plants, the
photosystem I complex consists of more than 13
individual polypeptides, which bind the reaction center
P700, electron acceptors Ay and A, iron-sulfur centers,
and light-harvesting chlorophyll pigments (Malkin 1982;
Parrett et al. 1989). The two largest core subunits within
the complex (82-84 kDa), carrying P700 and approx.
90-100 molecules of chlorophyll a, are believed to
dimerize through a leucine zipper to form the iron-
sulfur center Fx (K&ssel et al. 1990; Webber and Malkin
1990). The genes for the two subunits, psa4 and psaB,
are located adjacent to each other in the large single-
copy region of the circular plastid genome in higher
plants (Fish et al. 1985; Lehmbeck et al. 1986). Gene
psaB is followed by rpsi4 encoding the chloroplast
ribosomal protein CS14 (Kirsch et al. 1986; Shinozaki
et al. 1986; Chen et al. 1990). The psaAd-psaB-rpsi4 gene
cluster was found to co-transcribe into a 5- to 6-kb
polycistronic mRNA in spinach (Westhoff et al. 1983),
tobacco (Meng et al. 1988), and rice (Chen et al. 1992).
We have performed a detailed transcriptional analysis of
the promoter of the rice psaA-psaB-rpsi4 operon with
deleted mutants in vitro. Two functional promoters
denoted as “—175” and “—129” were revealed. However,
only the “—175” promoter was utilized in vivo to initiate
transcription at 175 bp upstream of rice psa4 (Chen et al.
1993). The Esherichia coli-like “—10" (TAATAG) and
“=35" (TTAGGC) promoter elements, spaced by a
distance of 17 bp, were found in the region upstream
from the transcriptional initiation site —175 (Chen et al.
1992; Meng et al. 1988).

The chloroplast transcription apparatus has been
shown to contain a basic organelle-encoded enzymatic
machinery surrounded by factors that may be encoded
by nuclear genes (reviewed by Igloi and Kossel 1992).
An E. coli-like RNA polymerase, with core subunits
encoded by plastid rpo genes, has been well reported
(Little and Hallick 1988; Hu and Bogorad 1990; Hu et al.
1991). Promoter selection by the plastid-encoded enzyme
is dependent on nuclear-encoded sigma-like factors, and
the transcription activity may be modulated by nuclear-
encoded transcription factors (see reviews by Gruissem
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and Tonkyn 1993; Link 1994; Troxler et al. 1994).
Recent evidence points to the existence of another type
of chloroplast RNA polymerase. Using targeted deletion
of the plastid rpoB gene in tobacco, Allison et al. (1996)
demonstrated the presence of non-E. coli-like transcrip-
tion machinery which preferentially transcribes genetic-
system genes. As yet, the intracellular genetic origin,
subunit composition, and promoter specificities of this
non-E. coli-like transcription system are uncertain (Hess
et al. 1993; Lerbs-Mache 1993; Pfannschmidt and Link
1994; Allison et al. 1996). Furthermore, evidence for
several chloroplast sequence-specific DNA-binding pro-
teins which may serve as positive or negative transcrip-
tional regulators has recently emerged (Lam et al. 1988;
Zaitlin et al. 1989; Baeza et al. 1991; Sato et al. 1993;
Kim and Mullet 1995; To et al. 1996), indicating the
complicated regulation of plastid transcription during
plant development.

We have previously demonstrated the existence of
psaA promoter-specific binding proteins in the chloro-
plasts by competitive gel retardation assay (Chen et al.
1993). Two binding regions were mapped upstream
(termed region U) and downstream (termed region D) of
the transcription start site by exonuclease III protection
analysis of the DNA fragment containing —95 to +223
of the rice psaA operon. In order to obtain greater
insight into the possible regulatory role of the chloro-
plast sequence-specific DNA-binding proteins involved
in the leaf-specific expression of the plastid psa4 operon,
we have made efforts to identify and isolate the psaA
promoter-specific binding protein from higher plants,
including rice, tobacco and spinach. Since it is easier to
isolate chloroplasts from spinach than from other plants,
and with better yield, the present work describes the
purification and biochemical characterization of a chlo-
roplast protein from spinach leaves that specifically
binds to the 5’-untranslated region D (from positions
+64 to +83) on the spinach psaA operon.

Materials and methods

Isolation of spinach chloroplast DNA and RNA. Intact chloroplasts
were isolated essentially as described by Orozco et al. (1985) and To
et al. (1996). Deveined spinach (Spinacia oleracea L. var. spinosa
Ashers et Graeden) leaves (200 g) were homogenized in ten times
the volume of chilled grinding buffer [SO mM Hepes (pH 8.0),
I mM MgCl,, 1 mM MnCl,, 2 mM EDTA, 330 mM sorbitol,
5 mM sodium ascorbate]. After filtration through two layers of
Miracloth (Calbiochem, La Jolla, Calif., USA), the filtrate was
briefly centrifuged at 4500 - g. The pellet was suspended in a small
volume of grinding buffer and overlaid on top of a 40%/85%
Percoll step gradient in grinding buffer. After centrifugation at
4000 rpm for 15 min with an SRP28 rotor (Hitachi, Tokyo, Japan),
the green interface layer of chloroplasts was collected. The intact
chloroplasts were then subjected to DNA or RNA isolation as
described in the previous reports (Chen et al. 1990, 1992).

Sequencing of DNA and primer extension. The upstream region of
the spinach psaA4 operon was isolated by polymerase chain reaction
(PCR) cloning and sequenced in both directions by the dideoxy
method (Maniatis et al. 1989). The 5" end of the transcript for the
psaA operon was precisely determined by primer extension. The
primer corresponding to the sequence complementary to the region

extending from +66 to +90 (see Fig. 1) was 5-end-labeled with
[y-*PJATP (Amersham International, Bucks., UK), annealed with
spinach chloroplast RNA, and extended using AMV reverse
transcriptase (Promega Corporation, Madison, Wis., USA). The
product was analyzed by electrophoresis through a 6% polyacryl-
amide-8 M urea sequencing gel and subsequent autoradiography
on Kodak X-Omat AR film. Products of the sequencing reaction
with the same primer were run in parallel to generate DNA
sequence ladders.

Gel retardation assay. For preparation of the binding probe, the
synthetic oligonucleotide and its complementary strand were
annealed in TNE buffer [10 mM Tris-HCI (pH 8.0), 10 mM NacCl,
1 mM EDTA] by sequential heat treatment (88 °C, 2 min; 65 °C,
10 min; 37 °C, 10 min) and finally placed at room temperature for
15 min. The double-stranded oligomer was then end-labeled using
[y-*PJATP and T4 polynucleotide kinase, followed by purification
through a Centricon-3 column (Amicon, Beverly, Mass., USA).

The binding reaction mixture (20 pl) consisted of the end-
labeled oligonucleotide probe (1 ng) and spinach chloroplast
protein fraction in binding buffer [10 mM Tris-HCl (pH 7.5),
1 mM EDTA, 50 mM KCI, 5 mM MgCl,, 1 mM dithiothreitol
(DTT), 0.1% Nonidet P-40, 5% glycerol) containing 2 pg of
nonspecific competitor DNA poly(dI-dC) - poly(dI-dC) (Pharma-
cia LKB Biotechnology, Uppsala, Sweden). For the competition
binding assay, varying amounts of cold-annealed oligonucleotide
were included in the reaction. Following incubation at 25 °C for
30 min, the DNA-protein complexes were analyzed on a native 5%
polyacrylamide gel (acrylamide:bisacrylamide 29:1) in 0.5 x TBE
buffer (89 mM Tris base, 8 mM boric acid, 2 mM EDTA, pH 8.0)
and subsequent autoradiography. One unit of binding activity is
defined as the amount of protein required to retard 0.1 ng of
labeled probe.

Isolation of sequence-specific DN A-binding factor from spinach
chloroplasts. All the isolation and purification procedures were
conducted at 0-4 °C. The chloroplasts isolated from 200 g of
deveined spinach leaves were lysed by adding five times the volume
of lysis buffer [20 mM Hepes (pH 8.0), 5 mM MgCl,, 1| mM
EDTA, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride (PMSF),
1 mM benzamidine, 5 mM g-amino-n-caproic acid] and centrifuged
at 4000 - g to collect the pellet. The pellet was extracted with lysis
buffer containing 1 M NaCl and 15% glycerol for 30 min at 4 °C,
followed by ultracentrifugation at 100 000 - ¢ for 30 min. The
supernatant containing about 65 mg protein was then subjected to
ammonium sulfate fractionation. The 25-65% fraction possessing
both region-U- and region-D-binding activities was resuspended
and dialyzed overnight against buffer H [30 mM sodium phosphate
(pH 6.8), 0.5 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT, and 10%
glycerol]. The resulting protein preparation (about 30 mg) was then
stored in aliquots at =70 °C for further purification. The protein
concentration was estimated by the Bradford method (1976).

Purification of region-D-binding protein by affinity column chroma-
tography. The above-described ammonium sulfate fraction (30 mg
protein) was then loaded onto a column of heparin-agarose gel
(Bio-Rad Laboratories, Hercules, Calif., USA; 30-ml bed volume)
for purification of region-D-binding protein. The column was
thoroughly washed with buffer H to remove the unbound proteins.
The column was sequentially eluted with buffer H containing
0.3 M, 0.5M, 0.7 M, and 1.0 M KCI. Each fraction was dialyzed
against buffer Z [25 mM Hepes (pH 7.6), 12.5 mM MgCl,, | mM
DTT, 0.1% Nonidet P-40, and 20% glycerol), followed by
concentration through a Centricon-3 column.

The 0.3 M KCl fraction from the heparin-agarose column was
found to contain most of the region-D-binding activity and was
thus utilized for further purification on a sequence-specific affinity
column. The affinity resin was prepared by coupling the catenated
oligo D20 (see Fig. 1) to Sepharose 4B following the protocol of
Wu et al. (1988) with some modification. The annealed oligo D20
with a GATC overhang at the 5 ends (460 pg) was phosphorylated
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and ligated to approx. 10- to 15-mers, followed by chemical
coupling to CNBr-activated Sepharose 4B (Pharmacia). The
procedure for DNA affinity column chromatography was essen-
tially the same as described by Kadonaga (1991). The packed Bio-
Rad Econo column (1-ml bed volume) was pre-equilibrated with
buffer Z containing 0.1 M KCl. The protein fraction purified from
the heparin-agarose column (5 mg) in 200 pl of buffer Z containing
0.1 M KCI was preincubated with poly(dI-dC) - poly(dI-dC) (final
concentration 60 pug - ml™") at 0 °C for 10 min. Subsequently the
mixture was passed through the column slowly at a flow rate of
3.5ml - h™', and the column was washed with 8 ml of the starting
buffer to remove the unbound proteins. Region-D-binding activity
was then eluted with 1.4 ml of buffer Z containing 1.0 M KCl. The
eluate was desalted with Centricon-3, adjusted to 0.1 M KCl, and
mixed again with competitor DNA at 35 pg - ml™! for reapplica-
tion to the second round of the sequence-specific affinity column
(0.5-ml bed volume).

Analytical fast protein liquid chromatography. An FPLC system
with a Mono Q HR5/5 column (Pharmacia) was employed to
dissect the region-U- and region-D-binding activities of the
chloroplast proteins. The 0.3 M KCI fraction from the heparin-
agarose column (total protein 500 pg) was loaded onto the column
and eluted with a linear 0-500 mM KCI gradient in 20 mM Tris-
HCI (pH 7.5) at a flow rate of 1.0 ml - min~'. Each fraction was
desalted and concentrated with Centricon-3, and then assayed for
the oligoprobe-binding activities.

The apparent molecular weight of region-D-binding protein
was estimated by FPLC using a Superose-12 HR 10/30 column
(Pharmacia). The column was pre-calibrated with standard pro-
teins including blue dextran, aldolase, bovine serum albumin,
ovalbumin, chymotrypsinogen A and ribonuclease A. The 0.3 M
KClI fraction from the heparin-agarose column (total protein
2.5 mg) was then loaded onto the column and eluted with 50 mM
sodium phosphate buffer (pH 7.0) containing 150 mM NacCl at a
flow rate of 0.2 ml - min~'. Each fraction was concentrated and
assayed for region-D-binding activity. The molecular weight of the
activity-peak fraction was estimated according to K,, versus log
MW standard curve.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
Southwestern blot analysis of region-D-binding protein. The final
region D-binding protein preparation from the second round of
sequence-specific affinity column was pretreated with denaturation
buffer [60 mM Tris-HCI (pH 6.8), 2% SDS, 5% 2-mercaptoetha-
nol, 10% glycerol and 0.01% bromophenol blue], followed by
electrophoresis on two identical SDS-polyacrylamide gels (14%).
The molecular size markers (Sigma Chemical Co., St. Louis, Mo.,
USA) were run in parallel with the sample. After running, the gel
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was silver-stained and a duplicate gel was subjected to Southwest-
ern analysis as described by Chen et al. (1993). The gel was
equilibrated with blotting buffer [25 mM Tris-HCl (pH 8.3),
190 mM glycine, 20% methanol, 0.01% SDS] for 30 min, and
then electroblotted onto a nitrocellulose membrane (BAS8S; Sch-
leicher & Schuell, Dassel, Germany). The membrane blot was then
incubated with renaturation buffer [10 mM Hepes (pH 7.5),
100 mM KCI, I mM DTT, 0.l mM EDTA, 10 mM MgCl,
0.1 mM ZnSO,4 and 5% nonfat milk] at 4 °C for 18 h. After
washing with TNE-50 buffer [10 mM Tris-HCI (pH 7.5), 50 mM
NaCl, I mM EDTA, 1 mM DTT], the plot was incubated in TNE-
50 buffer containing *?P-labeled oligoprobe D20 (1.5 x 10°
cpm - mI™!) and nonspecific competitor poly(dI-dC) - poly(dI-dC)
(10 pg - mI™") for 6 h at 25 °C. The blot was then washed three
times with TNE-50 at room temperature for 30 min followed by
autoradiography.

Results

Presence of region-D- and region-U-binding proteins in
spinach chloroplasts. To investigate the sequence-specific
DNA-binding proteins of the psad4 operon in spinach
chloroplasts, the upstream sequence of spinach psaA4 was
determined first. Kirsch et al. (1986) have reported the
spinach psaA-psaB sequences starting from +4 as
depicted in Fig. 1. We continued the sequencing work
by PCR cloning, and the upstream sequences obtained
are shown in Fig. 1. The corresponding rice chloroplast
DNA sequences were aligned for comparison. There is
overall a 77% homology between spinach and rice
sequences in this 245-bp region. The 5" end of spinach
psaA-psaB-rps14 transcript was finely mapped by primer
extension analysis of spinach chloroplast RNA, using a
5" end-labeled primer corresponding to the sequence
complementary to the region from +66 to +90. A
major extended product mapped the 5" end at the C
residue lying 181 bp upstream of the psa4 ATG codon
(Fig. 2), which is numbered as + 1. This 5" end coincides
well with the 5 end of the rice psaA-psaB-rpsi4
transcript that was determined by Chen et al. (1992).
We have previously reported the existence of chloro-
plast DNA-binding proteins that interacted specifically
with two regions of the rice psa4 operon (region U and
region D shown in Fig. 1) (Chen et al. 1993). Region D,
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Spinach TTTGAATAAAAAAAAAGGTCCGITGAGCGCCACACGTCTATGTCATAATAGATCCGAACACTTGCCCTGG
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Rice ATCCAAGATAAAAAAA - GTCCGTTAGGCACCCAATCCTTATGTCATAATAGATCCGAACACTTGCCTCAG Fig. 1. Nucleotide sequences of
. the psaA-psaB-rps14 promoter
region U region of spinach and rice. The
D20 transcription start site is num-
D35+ 5 64 .83 bpred as + 1. The ATG initia-
Spinach ATCGACTTCCAGATCATAATTGCTCTAGTAAATAACTAAAAAAAAAATAGAGAGATGGGAGATAG-AAGT tion codon for psad is
IR . underlined. The prokaryotic-
Rice ATTGACTTCAATAT-ATAATTGCTCCAGTGAATAACT - AAAAAAAAATAGAAGGACGGTAGATAGTAAAG like “~10"" and “-35" elements
rD20 / are marked and underlined. The
region D ] sequences in the brackets are
(- psaA the two bln_dlng regions U and
+182 D. The regions overlined or
Spinach GAAAGAAATAA--ATT----------- //--=--=---=-- TCCGGAAAGAGGAGGACT TTATTC underlined with thick lines were
1 FECRTEREREEET R beeeer 1 used to make oligoprobes D35,
Rice AAAAGGACTAATCATA----------- //--=-mmmmmmn TCCGGAAAGAGGAGGACTTAATGATGATTC D20, rD20, and U35
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Fig. 2. 5-End mapping of the transcript for the spinach psaA4-psaB-
rpsl4 operon by primer extension. The primer corresponding to the
sequence complementary to the + 66 to + 90 region depicted in Fig. 1
was employed in the primer extension reaction on spinach chloroplast
RNA. The extended products were run in parallel with the sequence
ladders of the DNA strand complementary to the primer. The arrow
indicates the major extension product

located downstream from the transcription start site, has
about 84% sequence homology between rice and spin-
ach. Region U, located upstream from the transcription
start site containing the “—35" element, has about 65%
homology between these two plants. It is necessary to
examine first whether any DNA-binding proteins in
spinach chloroplasts interact specifically with the two
corresponding regions of the spinach psa4 operon. For
this purpose, two synthetic oligoprobes of 35-bp se-
quences corresponding to +49 to +83 (oligo D35) and
—51 to —17 (oligo U35) of the spinach psaA operon were
prepared. The spinach chloroplast high-salt extracts were
subjected to ammonium sulfate fractionation (0-25%,
25-65%, 65-80%) and tested for oligoprobe-binding
activities by gel retardation assays. Both region-D- and
region-U-binding activities were found to be present in
the 25-65% fraction (Fig. 3). Incubation of the 25-65%
fraction with oligoprobe D35 resulted in the formation of
several complexes, as revealed on the native gel (retarded
bands Bl, B2, NS on Fig. 3A). The DNA-protein
complexes of Bl and B2 were fully competed by adding
400-fold molar excess of unlabeled oligo D35, while band
NS was a nonspecific complex. This competition assay
indicated that retarded bands Bl and B2 are due to
specific DNA-protein interactions. Incubation of oligo
U35 with the 25-65% fraction resulted in the formation
of a specific DNA-protein complex of low-mobility,
which is fully competed by adding 400-fold molar excess
of unlabeled U35 (Fig. 3B). Preliminary analysis of
region-U-binding protein by gel filtration chromatogra-
phy estimated an apparent molecular weight for the
native protein of approx. 64 kDa (data not shown). This
observation suggests that region-U-binding protein is
not related to chloroplast core RNA polymerase or
sigma-like factor that binds to DNA only in the presence
of RNA polymerase. The identity of the spinach region-
U-binding protein remains to be investigated.

B1-~ . t -B1

Fig. 3A—C. Identification of region-D- and region-U-binding proteins
in spinach chloroplasts by gel retardation assay. A The end-labeled
oligoprobe D35 (1 ng) was incubated with 30 pg of spinach
chloroplast ammonium sulfate fraction (25-65%) in the absence or
presence of 400-fold molar excess of unlabeled D35 or D20. The
resulting DNA-protein complexes were resolved on a native 5%
polyacrylamide gel. The free probe (F) and the retarded bands (NS,
B1, B2) are indicated at the left margin. B The end-labeled oligoprobe
U35 (1 ng) was incubated with 30 pg of spinach ammonium sulfate
fraction (25-65%) in the absence or presence of 400-fold molar excess
of unlabeled U35. C The spinach ammonium sulfate fraction (25—
65%) was fractionated on a Mono Q-FPLC column with KCI-
gradient elution. Each fraction was subjected to the binding assay
using oligoprobe D35. The fractions eluted at 0.2 M KCl and 0.5 M
KClI formed the B2 complex and B1 complex, respectively

To further dissect the sequence specificities of region-
D-binding proteins, oligo D20 corresponding to + 64 to
+ 83 without the front 15-bp A-rich sequences was used
as competitor in the binding reaction. Oligo D20 was
found to specifically abolish the formation of DNA-
protein complex Bl but showed no effect on the
formation of complex B2 (Fig. 3A). It appears that the
front A-rich region is necessary for the formation of
complex B2. When the spinach chloroplast proteins were
fractionated on a Mono Q-FPLC column, the proteins
responsible for the formation of complex Bl and
complex B2 were well separated by KCl-gradient elu-
tion. The protein of complex B2 eluted at about 0.2 M
KCl, while the protein of complex Bl eluted at a higher
concentration of 0.5 M KCI (Fig. 3C). We then focused
on the identity and property of the protein of complex
B1 that recognizes sequences + 64 to + 83 of region D
hereafter. Oligo D20 was thus employed as probe in gel
retardation assays to monitor purification of the se-
quence-specific binding protein from spinach chloro-
plasts.

Purification of region-D-binding protein. The ammonium
sulfate fraction (25-65%) was employed as the starting
material for purifying region-D-binding protein through
a series of column-chromatographic steps. The 25-65%
fraction containing approx. 30 mg protein was first
applied onto a heparin-agarose column (30 ml) and
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Fig. 4A—C. Heparin-agarose column chromatography of spinach
chloroplast protein extracts for region-D-binding protein. A The 25—
65% ammonium sulfate fraction (30 mg in 1 ml) was fractionated on
a heparin-agarose column (30 ml bed volume) as described under
Materials and methods. Two microliters of each fraction eluted with a
KCl step gradient in buffer H containing 0.3 M, 0.5 M, 0.7 M and
1.0 M KCI was used for binding assay with oligoprobe D20. FT,
flow-through. B, C Competition assays were performed for sequence-
specificity of region-D-binding protein of 0.3 M KClI eluate. Oligo-
probe D20 (1 ng, B) was incubated with 5 pg of 0.3 M KCl eluate in
the absence (lane 1) or presence of cold competitor D20 (100-, 200-,
500-fold molar excess, lanes 2—4') or competitor rD20 (500-, 1000-fold
molar excess, lanes 5,6). Oligoprobe rD20 (1 ng, C) was incubated
with 5 pg of 0.3 M KCl eluate in the absence or presence of 500-fold
molar excess of cold competitor D20 or rD20

eluted with a step gradient composed of 0.3 M, 0.5 M,
0.7 M and 1.0 M KCl in buffer H (Fig. 4A). The 0.3 M
KCl eluate possessing most of the oligo-D20-binding
activity (retarded band B) was collected and concentrat-
ed by precipitation with ammonium sulfate to 80%
saturation. The resulting protein fraction (about 6.1 mg
protein) was dialyzed overnight against buffer Z and
stored at =70 °C.

The highly specific D20-binding property of the
0.3 M KCI eluate was further examined by the compe-
tition binding assays. Addition of an approx. 200- to
500-fold molar excess of unlabeled D20 abolished most
of the D20-binding activity, while addition of a high
concentration of rice homologous sequences rD20 at
approx. 500-1000 molar excess did not significantly
affect the formation of the D20-protein complex
(Fig. 4B). Because rice rD20 sequences shows 75%
homology to spinach D20 sequences, it is necessary to
investigate whether the spinach 0.3 M KClI fraction has
rD20-binding ability. Using rD20 as the probe, Fig. 4C
shows that the 0.3 M KCI eluate interacted with rD20
much less strongly than with D20, and the interaction is
also specifically inhibited by addition of the rD20
competitor.

The 0.3 M KCI fraction obtained from the heparin-
agarose column was further purified by sequence-
specific DNA affinity chromatography. The affinity
resin was prepared by coupling the catenated D20
to Sepharose 4B with CNBr and then equilibrated in
a column (1 ml) with buffer Z containing 0.1 M KCI.
The protein fraction from the heparin-agarose column
(5-10 mg protein) was adjusted to 0.1 M KCI, preincu-
bated with nonspecific competitor poly(dI-dC) - poly

A B C

&1
kDa

ss—»-

-
45— s
36—w=

— = ~ . 31

-
20~ =

14

Fig. 5A—C. Purification of spinach chloroplast region-D-binding
protein by sequence-specific DNA affinity chromatography. A The
0.3 M KCI fraction from the heparin-agarose column (5 mg) was
preincubated with nonspecific competitor DNA poly(dI-dC) - poly(dI-
dC) and then passed through two cycles of D20-specific affinity resin
as described under Materials and methods. Both flow-through (FT')
and the 1.0 M KCI eluate (10 ng in 1.5 pl) were assayed for
oligoprobe D20-binding activity. B The affinity-purified region-D-
binding protein was denatured and electrophoresed on an SDS-
polyacrylamide gel (14%) (0.1 pg/lane), followed by silver staining.
The protein size markers are indicated at the left margin. C A
duplicate SDS-polyacrylamide gel (0.3 pg/lane) was subjected to
Southwestern blot analysis. After electrophoresis, the protein bands
were electroblotted onto a nitrocellulose membrane and renatured as
described under Materials and methods. The blot was then incubated
with oligoprobe D20. The arrowhead indicates the 31-kDa protein
band interacting with probe D20

(dI-dC), then passed through the column. The 1.0 M
KCI eluate containing DNA-binding activity was de-
salted and subjected to a second round of DNA affinity
chromatography (Fig. SA). In a typical experiment
(Table 1), region-D-binding protein was purified ap-
prox. 1900-fold with about 3.2% yield (1.1 pg) from the
chloroplast high-salt extracts prepared from 200 g of
spinach leaves by two sequential DNA-affinity-chro-
matographic steps.

A combination of SDS-PAGE and silver staining was
employed to check the purity of the DNA-affinity-
purified fraction. A major protein band of approx.
31 kDa was observed together with a minor band
migrating at the 24-kDa position (Fig. 5B). To correlate
the protein band with the DNA-binding activity,
Southwestern blot analysis was performed. The sepa-
rated proteins on the gel were electroblotted onto a
nitrocellulose membrane and renatured. The DNA-
binding activity of the protein was tested by incubating
the membrane filter with oligoprobe D20. Figure 5C was
the resulting autoradiogram, and shows the 31-kDa
protein band with D20-binding activity. A faint band
was also observed at approx. 60-kDa, which is thought
to be the dimeric form of region-D-binding protein
resulting from incomplete denaturation before loading
onto the SDS-polyacrylamide gel. To examine this
problem further, the apparent molecular weight of
region-D-binding protein was estimated by gel filtration
chromatography using a Superose 12 column. The
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Table 1. Purification of the psa4

region-D-binding protein from spinach Fraction Total protein Spe.ciﬁc activity Purification  Yield
chloroplasts. The data presented (mg) (units - = (-fold) (%)
are from a typical purification experiment (mg protein)™")
Chloroplast 65.2 5.1 1 100
extracts
Ammonium 30.7 10.3 2 95
sulfate (25-65%)
Heparin-agarose 6.1 27.8 5 51
First DNA 0.0032* 6320 1239 6.1
affinity chromatography
Second DNA 0.0011* 9700 1901 3.2

affinity chromatography

“Estimated values for protein content were based on silver-staining intensity on SDS gels

A *
Fr.no. 2223 24 25 26 27 28 29 30
R ‘ o0
B
0.50
Ribonuclease A
045 -
s Chymotrypsionogen A
0.40 +
»
Q 0.35

Ovalbumin

030 -
Albumin =

025 |
Aldolase
0.20 L L
10 10
Molecular Weight

Fig. 6A,B. Molecular-weight estimation of spinach chloroplast re-
gion-D-binding protein by gel filtration chromatography. A The
partially purified region-D-binding protein preparation from the
heparin-agarose column (about 500 pg in 200 pl) was fractionated on
a Superose-12 column as described under Materials and methods. A
2-pl aliquot of each fraction (0.5 ml) was assayed for oligoprobe D20-
binding activity. B The apparent molecular weight of region-D-
binding protein (activity-peak fraction 26) is estimated with the
standard curve of K,, versus log MW. The position of region-D-
binding protein relative to the standard curve is indicated with an
asterisk

partially purified region-D-binding protein obtained
from the heparin-agarose column was utilized for this
purpose. The D20-binding activity eluted mostly in
fractions 25-28 (Fig. 6A) with maximum activity in
fraction 26, corresponding to an apparent molecular
weight for the native protein of 59-60 kDa (Fig. 6B).

Taken together, the results indicate that spinach chlo-
roplast region-D-binding protein is a dimeric protein
composed of two 31-kDa subunits.

Discussion

In the present study, we have employed affinity column
chromatography to purify a spinach chloroplast DNA-
binding protein which specifically interacts with region
D (from position +64 to +83) on the psaA-psaB-rpsi4
operon. Biochemical characterization indicates that this
sequence-specific DNA-binding protein is a dimeric
protein composed of two approx. 31-kDa subunits.
Whether it is a homodimer or heterodimer remains to be
investigated. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis demonstrated that the highly purified
DNA-binding protein preparation contains a small
amount of a 24-kDa protein which does not possess a
D20-binding property as judged from Southwestern blot
analysis (Fig. 5). Copurification of the 24-kDa protein
with region-D-binding protein was observed even after
two rounds of sequence-specific affinity column chro-
matography. The protein content was estimated based
on silver-staining intensity on SDS gels during the later
stages of affinity purification. Generally speaking, our
purification procedures resulted in about 1-2 pg of
region-D-binding protein starting from 200 g of de-
veined spinach leaves, and the DNA-binding activity
was highly unstable during the later stages of purifica-
tion (Table 1). Purification on a larger scale is required
in the near future to get enough protein for N-terminal
microsequencing, antibody induction, and more-detailed
functional studies.

The highly sequence-specific interaction between
region D and the DNA-binding protein has been
demonstrated by competitive gel retardation assays.
Spinach D20 sequence binds to spinach region-D-bind-
ing protein much more strongly than the rice homolo-
gous sequence rD20, which shows 75% homology to
D20 (Fig. 4B,C). Purified spinach region-D-binding
protein is very likely the “31-kDa polypeptide” identi-
fied in our previous study that binds to the rice psaA
DNA probe extending from —95 to +223 (Chen et al.
1993).
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A
+64 +83
spinach AAA TAGAGAGATGGGAGATAG-AA GTG
tobacco AAA TAGATAGATGGGAGATAGAAA AAT
rice AAA TAGAAGGACGGTAGATAGTAA AGA
maize AAA TAGAAGGACGGTAGATAGTAA AGA
B
spinach AATGAATAAGAGGCTCGTGGGATTGACG
CDF2
barley GGAAAGAAGCATAAAGTAAGTAGACC
AGF

Fig. 7. A Sequence comparison of region D (+ 64 to +83) among
higher plants. Region D (+64 to +83) of the spinach psaAd-psaB-
rps14 operon is aligned with similar sequences located upstream of
psaA in other plants. B Sequences of the spinach CDF2- and barley
AGPF-binding sites

To our knowledge, spinach region-D-binding protein
is a newly identified and highly purified sequence-specific
DNA binding protein from higher-plant chloroplasts.
This protein is distinct from plastid sigma-like factors
that bind to DNA only in the presence of chloroplast
RNA polymerase to modulate promoter recognition
(Tiller and Link 1993; Troxler et al. 1994). Two types of
DNA-binding protein that directly bind to chloroplast
DNA in a sequence-specific manner have been docu-
mented. The first type is PEND protein (130 kDa),
detected in the chloroplast envelope membrane of young
pea leaves, which binds to AT-rich sequences within the
psbM, rpoC2 and petA genes (Sato et al. 1993). This
envelope-membrane PEND protein may function to
anchor chloroplast DNA during replication or segrega-
tion in young plastids. Another type of chloroplast
sequence-specific binding protein includes several factors
identified both in mono- and dicotyledonous species.
The pea 115-kDa protein (denoted as CDF1) is specific
for sequences in the intergenic region of rbcL and atpB
(Lam et al. 1988). The maize BF protein is specific for
the psbA promoter region (Zaitlin et al. 1989). Two
spinach proteins of 35 kDa and 33 kDa (CDF2) are
specific for a 14-bp sequence located in front of the 16 S
rRNA initiation site (Baeza et al. 1991) and seem to act
as repressors of rDNA transcription (Iratni et al. 1994).
The AGF protein of barley and rice is specific for the
psbD-C light-responsive promoter (Kim and Mullet
1995; To et al. 1996). Very interestingly, we found that
the recognition sites for CDF2, AGF, and region D of
psaA (+64 to +83) are all AG-rich, although the
sequence homology is low (Fig. 7). CDF2, AGF and
region-D-binding protein are all composed of polypep-
tides of similar sizes (31-36 kDa) (Baeza et al. 1991; To
et al. 1996). Although the precise biological functions of
these factors and region-D-binding protein with respect
to the psad operon remain to be established, these
protein factors may be members of a larger family of
DNA-binding proteins and act as regulators of plastid
gene expression in a tissue- or cell-type-specific manner
during plant development.

This work was financially supported by Academia Sinica and the
National Science Council of the Republic of China.
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