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Abstract. The initiation step of a DNA replication cycle is the prime target for the regulation of
DNA replication. The switch that governs this process and how it is influenced by other biosynthetic
and metabolic processes is a major issue in biology. The controlled nature of chloroplast (cp) DNA
replication and the relatively less complex and manipulatable metabolic environment of the organelle
qualify the cp DNA replication system for the study of regulation. To understand the molecular mecha-
nism of regulation, it is important to identify the biological switch and the motifs used by the switch.
Toward this end, one cp DNA replication origin in C. reinhardtii, OriA, was mapped and cloned. A
membrane-associated protein which bound strongly with cloned OriA in vitro was identified as frx B,
an iron-sulfur redox protein subunit of cp NADH dehydrogenase. A sequence-directed bent DNA was
detected within OriA. A 224 bp HgiAl fragment subclone with the bending locus positioned in the
middle was necessary and sufficient to display replication function. In this study, detailed interaction
between frxB and OriA ix vitro and in vivo, and the developmental changes of cellular f7xB distribution
were investigated. The cp NADH dehydrogenase complex is rather closely related to the mitochondrial
complex I except that the cp enzyme prefers plastoquinone (PQ) as its electron acceptor. In cp, the
redox state of PQ pool has a central role in regulation. The current data support the following hypothe-
sis. The membrane attached complex is the site of DNA replication in vivo and it is also the structure
thrauab swhich gontrol factars mav_act _The redox. state nf #xR as well as.the redox Stalﬁ_o_f_wH
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the detailed mechanism has proven difficult to study
(Baker et al., 1988). We are using the chloroplast (cp)
DNA replication system in a well studied eukaryotic
alga, Chlamydomonas reinhardtii, to investigate this
fundamental question. Cp contain multiple copies of a
relatively simple circular genome (Rochaix, 1978;
Palmer, 1986). Through the use of the DNA-specific
fluorochrome, 4’,6-diamidino-2-phenylindole (DAPI),
cp nucleoids were seen a$ pleomorphic regions of con-
densed DNA in Chlamydomonas (Coleman, 1978). More-
over, the cp nucleoids change dynamically during dif-
ferent developmental stages (Kuroiwa et al., 1981, 1982;
Coleman, 1984; Nakamura et al., 1986; Ehara et al,
1990). As judged by quantitative fluorescence measure-
ments, newly released zoospores contain 3.5 times as
much cp DNA as gametes which were induced and
maintained in nitrogen starvation condition (Coleman,
1984). Cp genome copies increase transiently from 85 to
340 within the single cp in Chlamydomonas reinhardtii
when non-dividing cells showing almost no oxygen
-evolving activity are shifted onto fresh medium (Na-
kamura et al., 1986). In higher plants, the dramatic per
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sary and sufficient to display replication function in the
in vitro DNA replication system (Hsieh et a/., 1991). In
this report, we further investigate the sequence specific
protein-DNA interactions in the Ori A region and the
dynamic changes of fxxB distribution at different algal
developmental stages. We also discuss the possible
implication of these experimental data to the
regulatory mechanism of tp DNA replication.

Materials and Methods

Algal Strains and Culture Conditions

Chlamydomonas reinhardtii CC124 (mt~) and
CC125 (mt*) and CC278 (CW-15 mt~) were obtained
from Chlamydomonas Genetics Center (Department of
Botany, Duke University, Durham, North Carolina,
USA). Phototropic cultures were synchronized by
growth in Sueoka High-Salt Medium (HSM) on a 12 h.
light/12 h. dark cycle according to Surzycki (1971).
Treatment with 5-fluorodeoxyuridine (FdUrd) was the
same as Matagne & Hermesse (1981). Gametogenesis
of cells harvested midway through the light period in
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were reported previously (Nie et al., 1987; Wu et al,
1989). IgG fraction was purified by using the Affi-Gel
Protein A MAPS II kit (Bio-Rad). Protein concentra-
tion was determined by using Bio-Rad protein assays.

Band Shift DNA-Binding Assay

Band shift assay using high ionic strength polya-
crylamide gel electrophoresis was performed essen-
tially according to Staudt et al. (1986). Restriction sites
used to generate various restriction fragments for this
assay are shown in Fig. 1. Each gel-purified restriction
fragment was either labelled at the 3’ end by using the
Klenow fragment of E. coli DNA polymerase I
(BioLab) or at the 5’ end by using the T, polynucleotide
kinase (BRL) (Maniatis et al., 1982). For each batch of
E3 protein and end-labelled fragment, titrations were
conducted to determine the optimal concentration of
poly (dI-dC)poly(dl-dC) (Sigma) used to compete for
nonspecific binding sites and the saturation level of E3
protein. The binding buffer contained 50 mM Tris (pH
7.5), 50 mM NaCl, 1 mM EDTA, 50 xg/ml BSA. In a
typical experiment, approximately 5 ng end-labelled
probe DNA, 8 ug E3 protein and 1.25 to 5 ug poly(dl
dC)poly(dI'dC) were incubated in 20 gl binding buffer
at room temperature for 1 h before polyacrylamide gel
electrophoresis and autoradiography. The amount and
type of cold competitive DNA used in each experiment
are described in the text.

DNase I Footprinting and DMS Methylation Protection
Analysis

End labelled DNA fragment was prepared from
pBHg. The 224 bp insert was obtained by treatment
with Hind 111/ Bam HI and gel purification. After label-
ling at either 3’ ends or 5 ends, fragment with single

end labelled was generated by treatment with either
tha nedinownfrond
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were carried out in the modified binding buffer in
which the 50 mM Tris was replaced by 50 mM Na
Cacodylate, 1 ul dimethyl sulfate (DMS) was added to
200 ul reaction mixture and the reaction was carried
out at 20°C for 2 min. Methylation stop, cleavage at the
methylated base with piperidine, separation on sequen-
cing gel and autoradiography were carried out accord-
ing to Maxam and Gilbert (1980).

In vitro UV Crosslinking, Isolation of Proteins Cross-
linked to c¢p DNA, Radioiodination of Proteins and
Immunoprecipitation

The wall-less strain C. reinhardtii CC278 was used
for this experiment. Algal cultures were grown in HSM
medium until early log phase or stationary phase as
described in the text. At that time, 2 liters stirring algal
culture in a shallow container was irradiated with UV
from 4 cm directly above by a UV transilluminator
(VWR 254 nm) for 30 min. The algal cells were then
collected by centrifugation and treated in lysis buffer
containing 50 mM Tris (pH 7.4), 5 mM EDTA, 150 mM
NaCl, 0.5% Nonidet-P-40, 0.029§ NaN,; and protease
inhibitors (Nie et al., 1987). After shaking at rm temp
for 30 min, solid CsCl and ethidium bromide (EtBr) was
added. The final mixture contained 300 xg/ml EtBr
with a refractive index of 1.3990. Centrifugation and
collection of the DNA band and subsequent separation
of cp DNA from mitochondrial DNA and nuclear DNA
in a CsCl gradient containing Hoechst dye 33258 was
carried out according to Aldrich ef al. (1985). The
purity of cp DNA was checked by analyzing its Eco RI
restriction pattern.

The cp or nuclear DNA band was separately col-
lected, dialysed against 1 mM phosphate buffer (pH 7.2)
containing protease inhibitors (Nit et al., 1987) and con-
centrated by lyophilization. Fractions containing 10 ug
DN A aa~havera subia~tadtn radinindination wiith [od

and the non-coding strand of 7p/16 were analyzed from
both directions. The GA ladder of each single-end
labelled fragment was generated according to Maxam
and Gilbert (1980). The protein-DNA complex was pre-
pared according to the condition used for band shift
assay.

DNase I footprinting in binding buffer containing
poly (dI dC) poly(dI dC) was performed essentlally
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beads (Pierce) and Na'#] following the manufacturer’s
instructions. Conditions were adjusted to achieve the
iodination of about one third of the tyrosine residues.
To analyze the iodinated protein, DNA in the
radioiodinated mixture was removed by DNase I and
mung bean nuclease treatment. Agarose gel electro-
phoresis and ethidium bromide staining were used to
evaluate whether all DNA was removed. The iodinated
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ed to UV crosslinking were carried out as controls. A
similar attempt was also made to detect whether any
protein was copurified with nuclear DNA in the UV
crosslinked algal culture. Immunoprecipitation using
protein A-cell suspension (Sigma P-7155) was carried
out according to the procedure used by Moreland et al.
(1985). Preimmune serum or IgG purified from preim-
mune serum was used in controls. In some experiments,
10 pg of BSA was added to monitor the efficiency of
radioiodination reaction and immunoprecipitation
reaction.

Envichment of DNA Replication Proteins and the Com-
plementatio‘n Test

Isolation of soluble protein from the algal cells and
the protein purification procedures using the DEAD -
cellulose, heparin-agarose and single-stranded DNA -
agarose columns, and glycerol gradient were described
in Wang et al. (1991). DN A polymerase peak fraction in
the glycerol gradient was identified by DNA polymer-
ase assay using activated calf thymus DNA as tem-
plate (Wong et al, 1991). In vitro DNA replication
assay using supercoiled DNA of the plasmid pBHg as
template (Wu et al., 1986) was used to monitor the com-
plementation activity of each glycerol fraction to the
peak fraction of DNA polymerase.

Immunocytological Localization of frx B Protein and
DNA Visualization ‘

At different time points, algal cells were collected
and fixed with 3.79% formaldehyde (Electron Micros-
copy Sciences) in phosphate buffered saline (PBS, 40
mM phosphate pH 7.2, 150 mM NaCl) for 4 min, wa-
shed twice with PBS, dropped onto an acid-cleaned
glass slide, gently flattened under a siliconized cover
slip by finger pressure and immediately frozen in liquid
nitrogen. The cover slip was then flipped off with a
razor blade and the algal cells on the slide were per-
meabilized by submerging in cold 1009% ethanol at
-20°C for 10 min with occasional agitation. The treated
cells were washed with PBS containing 0.25M NaCl at
room temperature for 10 min, with PBS for 5 min,
treated with 0.5 mg/ml RNase in PBS for 1 h. at 37°C,
washed twice with PBS and twice with PBS containing
0.5% Triton X-100 (PBST). A freshly diluted rabbit
anti-frx B antiserum (usually 1/125 dilution) in PBST
was applied to the cells and incubation was carried out
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at 37°C for 30 min and then at 4°C overnight. After
washing 2 to 3 times in PBS and twice in PBST, a
freshly diluted fluorescein-isothiocyanate (FITC) -
conjugated goat-antirabbit IgG (Nordic, usually 1/125
dilution) in PBST was added and incubated at 37°C for
1 h. The slides were then washed 4 to 5 times with PBS,
stained with 0.1 xg/ml DAPI in PBS at room tempera-
ture for 15 min, rinsed twice with distilled water and
mounted in glycerol containing 0.1 mg/ml p
-phenylenediamine, Observations were made with a
Zeiss Photomicroscope Il using a 100X objective and
photographs were recorded using Kodak Ektar 125
color film.

The following control experiments were carried
out. The anti-f7x B antiserum was either replaced with
preimmune antiserum, or preincubated with excess pe-
ptide-BSA conjugate which was used to raise the anti-
frx B antibody (Wu et al., 1989). The rabbit anti-frx B
antiserum was omitted and later steps were carried out
as described.

Results

Bent DNA Region Mapper Within Qri A Contains
DNA Binding Sites for the 18 kD Membrane-Associat-
ed Iron-Sulfur Protein, frxB

DNA sequence study of the OriA region mapped
primarily by electron microscopy (Waddell et al., 1984)
included the localization of a bent DNA locus and the
delimitation of the minimal replication origin using the
in vitro DNA replication system. It was found that the
1055 bp restriction fragment containing OriA had
electrophoretic anomalies characteristic of bent DNA.
A tandem dimer of the region was constructed. Quanti-
tative measurement of the relative gel mobility of a set
of permuted fragments was used to extrapolate the
approximate position of the bent DNA segment. By
analyzing the gel mobility of short, sequenced frag-
ments of the bent DNA region, the putative bending
locus was identified. Two A, tracts and two A; tracts
were located in the bending locus. Oligonucleotide-dir-
ected mutagenesis was then used to disrupt the A tract
or the spacing between A tracts, and the effect of site-
specific mutation on electrophoretic mobility was
analyzed. To assess the functional role of the bent
DNA region, subclones containing the bending locus,
mutated bending locus, and regions flanking the bend-
ing locus were constructed. Each subclone was used as



Wu et al.— The regulation of chloroplast DNA regulation 119

template in the in vitro DNA replication system which each of the labelled fragments D, E, or Hg was used.

preferentially initiated DNA replication at OriA. A 224 displaced band relative to the unbound DNA and re-
bp Hgi Al fragment subclone with the bending locus presenting the nucleoprotein complex was observed in
positinned.in.the. middl smdisnlpvadrh prtas  ulepreseice or 0N did proodexcess o1 poy di'aci™
tion activity in vitro. Site-specific mu 1s or altera- (dI-dC) (Fig. 1D, E.). Adding 40 fold excess of respective
; d DNA benc > DNA in the reaction mixture com-
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(A) (B) (C)
560 570 580 590 600 610
Wild type GOCTTATAAAATGCCAGTAAAAACAAAATTTTTAACAAAAACAGTGTAATTATTGTTATTA 100
Mutant I-1 _eeTC 67
Mutant I+III GG G_TCG 48
Mutant ([+111) GG_T C G_TCG 44
{ AAATTTTTAACA)
Mutant T+IV GG T CGC__GC a6
M13MP18RF 36

Fig. 2. DNA sequences and the relative in vitro DNA replication activities of various mutants which were used in the band shift

experiment shown in Fig. 3.

A B

‘Wt I-l IeM (I+I), I+TF Wt I-1 I+ (L+I0), I+I¥

Fig. 3. Band shift experiments using mutants with altered bent
locus. Saturated level of E3 fraction titrated for Wt
probe which contains the original bent locus was used in
every experiment shown in panel B. [n panel A, ane tenth
of each probe used in panel B was loaded to show the
relative quantity and mobility of each probe DNA in this
gel electrophoretic condition. Fig. 4.

important for ep DNA replication. Further characteri-
zation of this nucleoprotein complex was carried out.

Characterization of the Nucleoprotein Complex Conltain-
ing frxB Formed in vitro

When the nucleoprotein complex containing satur-
ated level of protein was subjected to DNase | diges.
tion or DMS methylation, intricate but reproducible
patterns were detected (Fig. 4). Data collected from

DNase DMS

@

Bend Center

The DNase I footprinting pattern and DMS methylation
pattern of the coding strand of /16, Lanes C show the
pattern generated in the single-end-labeled fragment in
the omission as well as in the presence of heat denatured
E3 fraction. Lanes T show the pattern generated in the
presence of saturated lével of E3. Arrows and arrow-
heads point to strong and weak enhanced sites respec-
tively. GA ladder generated from this end labeled frag-
ment is aligned with the pattern. Arrow along the GA
ladder indicates the direction of transcription of mpl/16
Open box represents the approximate position of the
bent locus mapped previously by Hsieh ¢ ol (1991).
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(A) (B)
3 4 1 2 3 4

68.0- -55.0
' .
184 - 3 T
14.3-
I |-143

Fig. b

Autoradiography of radioiodinated proteins that copur
ified with DNA in UV

obtained from an earlysgarithmic algatcullure: Lane |

reated algal cells. (A) The results

shows the proteins crosslinked with nuclear DNA. Lane
? shows the proteins crosslinked with cp DNA. BSA was
added to each preparation to monitor the radioiodina
tion reaction. Lanes 3 and 4 show the immuniprecipitahble
bands when proteins identical to that shown in lane 2 but
without added BSA were subjected to treatment with anti
frxB TgG and preimmune lgG respectively. Light hands
are marked with arrowheads. Position and size of
marker proteins are shown. (B) The results obtained
with a stationary phase algal culture. Lane | & 2 show
the proteins crosslinked with epDNA. Lane 3 & 1§ show
the immunoprecipitation result when proteing in lane 1
were treated with anti- xB IgG and preimmune lgG
respectively. Position and size of marker proteins are

shown.

several sets of experiment are summarized in Fig. 6.
Both the DNase | footprint and the DMS methylation
pattern showed characteristic repetition of enhance-
ment region alternating with protected region. These
results suggested multiple protein contact sites. Upon
progressive reduction of the E3 fraction in the reaction
mixture, three preferential protein-binding sites
revealed (Data not shown) and a 12 bp semiconserved
AT rich sequence of 5 AAAATtTTPTtT was detected
in these sites. One preferential binding site overlapped
with the bent center mapped previously by oligonu-

cleotide directed mutagenesis. This sequence was

demonstrated to be important for in vitro DNA replica-

tion (Hsieh ef al., 1991)
Enhancement of DNasel th-d\agt' or I"'\l"« meth-

The regulation of chloroplast DNA regulation

sequences ol Gz, Asac Avss. Assi aa Riios. Aadn. i A
Agsn and Ay

methylation enhancement sites were

on the bottom strand shown in Fig, 6. All
[1]ull('(i on a
model of the DNA helix drawn with 10.5 bp per helical
turn. Based on the rule that guanines are methylated by
DMS at the N -7 position in the major groove and
adenines are methylated at the N 3 position in the
i6 out of the

minor groove, the helix map showed that

19 methylation enhancement sites were located on on

a-32P-dATP incorporation (pmol)
8

GGer ©§ 9 1 12 13 14 9411 5412 9413 G414

vol(u) 6 8 2 2 2 2 B+42 642 6B+2 642
fractions

0O 4 & 7 B8 9 10 11 12 13 14 15 P

Fig. 6. (A) Results of complementation test for in vitro DNA
replication using glyecerol gradient fraction 11,1213, and
14 to the peak fraction of DNA polymerase activity
(glycerol gradiemt fraction 9). Each column shows the
DNA replication activity of each fraction and the combi
nation of different fractions indicated at the bottom of
each column, Amount of each fraction used in the test is
also shown. (B) The result of band shift experiment using
each glveerol gradient fraction indicated. In lane 0, the
protem mixture before the glycerol gradient separation
was used. Lane P represents the probe alone without

ek shvass
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crude i vitro DNA replication system (Wu et al,
1986). Recently, this system has been improved substan-
tially. This was first achieved through the purification
of the DNA polymerase activity. The enzyme activity
was purified by ammonium sulfate fractionation,
sequential chromatographic separations on heparin

-agarose, DEAE-cellulose, single-stranded DNA-agar-

ose columns and sedimentation in a glycerol gradient.
During this purification procedure, DNA polymerase
activity was monitored by the incorporation of *SHTTP
into activited calf thymus DNA, i vitro DNA replica-
tion activity was measured by the incorporation of **P
dATP into supercoiled plasmid DNA containing ori A.
The DNA polymerase activity in its peak fraction in
the glycerol gradient was purified 2160 fold, but the
vitro DN A replication activity in this fraction was only
enriched 52 fold from the ammonium sulfate fractionat-
ed protein mixture (Wang et al, 1991). The result in-
dicated the loss of protein factors that are important
for DNA replication during the purification procedure
for DNA polymerase. To search for this factors(s), the
in vitro DNA replication activity across all glycerol
gradient fractions was analyzed. The peak fraction for
in vitro DNA replication sedimented slower than the
peak for DNA polymerase activity. The stimulation
effect of various glycerol gradient fractions to the iz
vitro DNA replication system containing the peak frac-
tion for DNA polymerase was measured in the com-
plementation test. Through this test, a protein fraction
which specifically stimulated DNA replication on tem-
plate containing OriA was identified (Fig. 6A). Glycerol
gradient fraction enriched with this putative DNA re-
plication protein also induced specific band shift to
labeled restriction fragment containing the bent locus
(Fig. 6B). DNase I footprinting again revealed multiple
DNA contact sites for this protein. These sites were in
the vicinity of, but did not coincide with, the f7xB bind-
ing sites. A summary of the binding sites for f7xB and
the putative replication protein is shown in Fig. 7A and
7B respectively.

Dynawmic Changes of the frx B Distribution at Different
Algal Developmental Stages

The immunocytological method showed that frxB
was primarily located in vesicles adjacent to the
pyrenoid in Chlamydomonas reinhardtii. In order to
probe any possible correlation between the distribution
of frxB protein clusters and cp DNA nucleoids within

123

the same cell, DAPI was added to stain DNA after the
intracellular f7xB protein was decorated with FITC.
Since cp DNA nucleiods undergo interesting changes at
various algal developmental stages we investigated
whether the cellular distribution of frxB showed any
corresponding changes. ‘

In C. retnhardtii, the most interesting and dramatic
change in cp nucleoids is the disappearance of cp nu-
cleoids from male gametes during the early stage of
mating while those from the female gametes persist.
This phenomenon was revealed and documented by the
classic epifluorescent microscopic study of Kuroiwa et
al. (1982). In this study, the distribution of f7xB protein
in both gametes through the mating process was
monitored. In our gametogenesis condition, the
gametes of both mating types were smaller than the
corresponding vegetative cells. After immunocytolo-
gical staining, they also appeared to contain about the
same or even more f7xB protein per cell than the vege-
tative cells. However, due to the absence of suitable
instrumentation in our laboratory for quantitative
measurement at this resolution level and the intrinsic
variation of the immunocytological technique, we
could not draw a firm conclusion about this observa-
tion. The cellular distribution of frxB in gametes was
similar to that of the vegetative cells collected at 10 h
after the onset of the light period (Fig. 8). This pattern

" was maintained in both gametes until about 30 min

after mating. An example of cells collected at 10 min
after mating is shown in Fig. 8A. At this stage, DAPI
-stained cp nucleoids appeared unchanged in both
gametes. As the mating progressed, DAPI-stained cp
nucleoids in both gametes of the pair became asym-
metric (Fig. 8b,c). Interestingly, fxxB content around
the pyrenoid of the male gamete which contained
diminishing cp nucleoids was also reduced while that of
the female gamete remained unchanged. In this experi-
ment, the identity of male gametes was based on DAPI
appearance. This unequivocal correlation was consis-
tently observed among pairs of gametes at this stage
(Fig. 8B, C). By 2 h after the mating, only one pyrenoid
decorated with frxB was visible in the young zygote.
No obvious change was evident until 12 h after the
mating. At this time, the frxB content in the zygote
reduced gradually. In mature zygotes, barely detect-
able f7xB was located as one or two tiny dots around
the pyrenoid (Fig. 8D). When the zygotes were incubat-
ed in the germination medium. Those frxB containing
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Fig. 7.
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(A) AAA

CACCTGATTATTGGGTAGCTGTTGTACATCCTGGTAAAATTTTATATGAAATGCAA
GTGGACTAATAACCCATCGACAACATGTAGGACCATTTTAAAAT%TACTTTACGTT

GbTGTATCTGAAACAATTGCTAGACAAGCAATGCGCATTGCAGCTTATAAAATGCC
QCACATAGACTTTGTTAACGATCTGTTCGTTACGCGTAACGTCGAATATTTTACGG

V V

®®
AGTAAAAACAAAAPTTTTAACAAAAACAGTGTAATTATTGTTATTAAAAATGTTGT
TCATTTTTGTTTTAAAAATTGTTTTTGTCACATTAATAACAATAATTTTTACAACA

vyes
V VV VV vy

A AL e

TTAGAAAGAATTAATGATTTAACTTACTTAAAAAGCATAATCTCAAATTAGAGCA
AATCTTTCTTAATTACTAAATTGAATGAATTTTTCGTATTAGAGTTTAATCTCGT

(B)

- - + ++ -
CACC‘IGAMGGGTRGCTGTTGTACATCCTGGTAAAATTTTATATGAAATGCM
460. . 480. . '500.
GTGGACTAATAACCCA’I‘CGACAACATGTAGGACCATTTTAAAATATACTTTACGT'I‘
ettt T + b=t ——t +

- 4+ - + ++ + + + -+ +
GGTGTATCTGAAACAATTGCTAGACAAGCAATGCGCATTGCAGCTTATARAATGCC

520. . S40. . S60.
CCACATAGACTT‘I‘GTTAACGATCTGTTCGTTACGCGTAACGTCGAATATTTTTCGG
4=+ - + - - + - +

o + - -+ - —_—— -
AGTAAAAACAAAATTTTTAACAAAAACAGTGTAATTATTGTTATTAAAAATGTTGT
. 580. . 600. . 620 .

TCATTTTTG‘I‘T'I.’TAAAAATTGTTTTTGTCACATTAATAACAATAATTTTTACAACA
- - ++ - =+ -

- 4+ : - - ++
TTAGAAAGAATTAATGATTTAACTTACTAAAAAGCATAATCTCAAATTAGAGCA
640. . 660.
AATCTTTCTTAATTACTAAATTGAATGATTTI’ICG'L‘ATTAGAGT’I‘IAATCTCGT
+ B i - ++ ++ -

(A) Summary of DNase | footprinting experiments and DMS methylation experiments. E3 fraction was added to the saturation
level, all methylation enhancement (filled triangle), methylation protection (filled bar), DNase hypersensitive (open triangle)
and DNase protection (open bar) sites detected are shown. Open and closed triangles enclosed within circles represent the
DNase hypersensitive and methylation enhancement detected when E3 fraction was added to one fourth of the saturation level.
The bottom strand is the coding strand for 7p/16. (B) Summary of DNase I footprinting experiments using the putative DNA
replication protein. +, indicates the hypersensitive site; -, indicates the protected site.
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Fig. 8. Immunocytological localization of /B and DAPI stain

ing of DNA in Chlamvdomos cells. Fluorescent
photomicrographs showing the FITC stained /B (VE
A, B, €) and DAPI stained DNA of the corresponding

.'(‘le. \ve,a b.c)

in the vegetative cell and mating gametes
respectively. The nucleus and pvrenoid in the DAPI
stained vegetative cell are marked by n and p respective
ly. Mating gametes shown in A, a: B, b: and C, ¢ were
collected at 10, 60 and 80 min after the beginning of the
mating respectively. D, E, & F show the FITC stained

frxB in the mature zygotes treated for 0, 18 & 24 h in the

germination medium respectively. The faint red flunres
cence in D, E, and F was contributed by residual chloro

phyll

dots enlarged to resume the vesicle-like appearance
(Fig. 8E, F). These studies again demonstrated the con
comitant changes of the abundance and the distribution
of fryB with the behavior of ¢p nucleoids.

Treatment with the thymidine analog, 5-fluor
odeoxyuridine (FdUrd), reduced the copy number of cp
DNA in C. reinhardtii (Wurtz et al., 1977). In algal cul
ture grown for 8 days on agar containing 1.0 mM
FdUrd, a single DAPI stained cp nucleoid was detected
in most cells (Matagne and Hermesse, 1981). This
observation was repeated in this lab. When these cells

The regulation of chloroplast DNA regulation

were used for immunocytological localization, signifi-
cant reduction of HxB protein around pyvrenoid was
detected. A reduced amount of /B protein was detect
ed around the pyrenoids in cells treated with FAUrd for
3 days. Only one small FITC-stained- freB containing
protein dot adjacent to the pyrenoid was detected in
most cells treated with FdUrd for 6 days. In C. yeinhar
dfii, the condensation of dispersed cp nucleoids into one
nucleoid during degeneration of the ¢ p in aged cells was
reported by Nakamura ef al. (1986). We also repeated
this observation using DAPI staining technique (data
no shown). In most aged cells. we detected /B protein
distribution in a pattern similar to that shown in Fig
8F. These observations also suggested that the amount
of fmB protein around the pyrenoid was related to the

cellular content and the distribution of cp DNA
Discussion

In several DNA replication origins, organized nu-
cleoprotein complexes formed in vitro have been well
characterized. In most cases, the bent DNA segment in
the respective replication origin facilitates the protein
DNA interaction, and the protein involved in each nu
cleoprotein complex is required for the initiation of
DNA replication. The best studied examples are dna A
protein for Ori C of £
1988, Yung and Kornberg, 1988), protein O for Orj A
(Dodson ef al., 1989), and the T antigen for SV40 Ori

(Borowiec et al, 1990). Formation of these nucleo-

coli (Bramhill and Kornberg,

protein structures induces helix destabilization of the
adjacent regions and stimulates the initiation reactions
In the Ori C-dna A protein system, the dna A protein
binds specific sequences in the 245 bp OriC to form a
series of complexes. ADP and ATP are tightly bound
to dna A protein and are crucial to its function in DNA
replication. Purified dna A protein binds to phos
pholipid vesicles as judged by analysis on sucrose gradi
ent centrifugation (Sekimizu and Kornberg, 1988)
Binding of various DNA replication origin to mem
brane has also been observed by many different groups
(for review see Norris, 1990). In B. subtilis, origin-bind
ing membrane-associated protein may be involved in
repression of initiation of DNA replication (Laffan and
Firshein, 1988). In E. coli, several DNA -hinding mem-
brane proteins that are specific for DNA containing
Ori C have been characterized (Jacq ef al., 1989). Direct

involvement of the membrane in the control of DNA
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replication was demonstrated by the following observa-
tions. A particular membrane fraction inhibits the initi-
ation of DNA synthesis at OriC on hemimethylated

. DNA templates iz vitro (Landoulsi et al., 1990). Bind-
ing of dna A protein to the head groups of acidic phos-
pholipids in a fluid bilayer destabilizes a firmly bound
nucleotide and rejuvenates the inactive ADP-form to
the ATP-form. The very slow exchange of the bound
nucleotide was greatly enhanced by phospholipid inter-
action (Sekimizu and Kornberg, 1988).

The association of cp DNA with thylakoid mem-
brane was first reported by Woodcock and Fernandez-
Moran (1968). They found that when purified spinach
cp were lysed by osmotic shock, without the use of
detergents, the DNA strands that commonly appeared
in the electron microscope were associated with thyla-
koid membrane. The DNA-membrane association was
also demonstrated by electron microscopic study of
complete section series of young protease-treated plas-
tid of Beta vulgaris L. (Herrmann and Kowallik, 1970).
Both electron microscope and light microscope autor-
adiograph studies again confirmed the association of
cp DNA with the photosynthetic membrane in spinach
cp (Rose, 1979). Recently, Lindbeck and Rose (1990) re-
ported that thylakoid-bound cp DNA from spinach was
enriched for replication forks. In maize, cp DNA re-
plication initiated within a 455 bp BamHI/EcoRI frag-
ment which contains a bent site (Carrillo and Bogorad,
1988). This fragment shares extensive sequence
homology with our 224 bp HgiAl fragment. Data
presented in this report, suggested that the attachment
of cp DNA at the thylakoid membrane might be
facilitated by some type of interaction between Ori A
and frx B, an iron-sulfur protein subunit of thylakoid
-bound NADH dehydrogenase.

In Chlamydomonas and various other algae, the
close association of cp nucleoids with the pyrenoid has
been frequently reported (Ris and Plaut, 1962;
Goodenough, 1970; Coleman, 1978, 1985; Kuroiwa et al.,
1981). Recently, Miyamura and Hori (1989) detected
DNA in the pyrenoid matrix of a green alga, Caulerpa
okamurae. Ehara et al. (1990) reported that in sychron-
ized Chlamydomonas reinhardtii cells, most of the cp
nucleoids gathered around the pyrenoid forming a com-
pact mass twice during the light period: around the 4th
h and the 9th h after the onset of the light period. In
their culture condition, each algal cell divided to form 4
daughter cells in the 24 h growth cycle. They also sug-
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gested possible functional relations between the
pyrenoid and cp-nucleoids (Ehara et al, 1990). The
pyrenoid of C. reinhardtii reproduces by fission, as
does the cp itself (Goodenough, 1970). A tightly packed,
dense granular material and a system of permeating
tubules were detected in the pyrenoid. At the periphery
of the pyrenoid, the continuity of the large pyrenoid
tubule with the granum of the thylakoid system was cle-
arly illustrated (Ohad et al., 1967a,b). Based on the ap-
pearance of FITC labeled clusters and the extraction
of frxB from thylakoid membrane fraction, we
speculated that a high concentration of frxB could be
located in this tubular region. Recently, McKay and
Gibbs (1991) reported that intrapyrenoid thylakoids
probably contribute little to O, level due to a reduction
or absence of PSII activity. Therefore, this region
might provide a microenvironment with a high CO; to
0, ratio. There was commonly a close physical associa-
tion between the pyrenoid and the polysaccharide end-
product of photosynthesis (Hirschberg et al, 1981).
Ribulose-1, 5-bisphosphate carboxylase and nitrate
reductase-appear to be located primarily in the
pyrenoid (Lacoste-Royal and Gibbs, 1987; Lopez-Ruiz
et al, 1985). Detection of glycerol-3-phosphate
acyltransferase and lysophosphatidate acyltransferase
in pyrenoid tubules by cytochemical technique (Jelsema
et al., 1982; Michaels et al., 1983) suggested active
membrane lipid metabolism in these tubules. Localiza-
tion of frxB, a member of chlororespiratory electron
transfer chain and a binding protein for the cp DNA
replication origin, in the region might facilitate the
coordination of cp DNA replication to these important
cp metabolic processes. The concerted changes of frxB
distribution with that of cp nucleoids during the vari-
ous developmental processes investigated in this study
support that hypothesis. Whether the change of fmxB
concentration around the pyrenoid is a cause or conse-
quence of cp DNA replication remains to be deter-
mined.

Recently, a nucleus encoded 23 kD component of
the purified bovine mitochondria complex I, or NADH
-ubiquinone oxidoreductase was found to be related to
frxB through much of its sequences. This subunit is a
strong candidate for the protein that bears the N-2
redox cluster. Because of its high redox potential, N-2
is likely to be the donor to ubiquinone and its midpoint
potential depends on the phospholipid content of com-
plex I (Dupuis e al., 1991). In addition to this subunit,
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nuclear encoded 49 kD subunit of mitochondrial com-
plex I was found to be homologous to the protein en-
¢oded by ORF 392 in liverwort cp genome and ORF 393
(or ndh 393) in the cp genome of tobacco and rice (Fear-
nley et al., 1989). Therefore, cp genomes contain
homologues of at least 10 components of mitochondrial
complex I, with 8 of them clustered at 2 separate loci
(Dupuis et al., 1991). These observations suggested that
the cp NADH dehydrogenase complex is rather closely
related to the mitochondrial complex I except that the
cp enzyme prefers plastoquinone (PQ) as its electron
acceptor (Godde, 1982). The cp NADH-PQ oxidor-
eductase could be important for chlororespiration. The
oxidation of reduced PQ by O, was shown in
Chlamydomonas thylakoids (Bennoun, 1982). In this
study, the immunocytological localization of f7xB pro-
tein around the prominent subchlorplast component,
pyrenoid, presented another line of evidence for chlor-
orespiration. In the last decade, growing evidence was
presented for chlororespiration in various algae and
higher plants (Lin and Wu, 1990, for review see Scherer,
1990).

In cp, the redox state of the PQ pool has a central
role in regulation. It is responsible for “state shift”
which adjusts photosystem stoichiometry (Fujita ef al.,
1987). It also affects the protein kinase activity in thyla-
koid membrane (Horton, 1983). Recently, redox regula-
tions of protein-DNA interactions, protein-RNA inter-
actions and the direct activation of transcription by
oxidation were clearly illustrated in many studies. Sev-
eral transcriptional regulatory proteins require free
sulfhydryl residues for DNA binding or transcription
activation (Abate et al., 1990; Storz et al., 1990). Fos &
Jun, the protein products of the proto-oncogenes c-fox
& c-jun, function cooperatively as inducible transcrip-
tion factors in signal transduction processes. The
dimeric protein complex interacts with DNA regulatory
elements known as AP -1 binding sites and cAMP
responsive elements. DNA binding of the Fos-Jun
heterodimer was modulated by redox of a single con-
served cysteine residue in the DNA-binding domains.
Therefore, transcriptional activity mediated by AP-1
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enzyme activity of gene 5 protein about 100 fold and
gives the enzyme a very high processivity (Tabor et al,,
1987). Thioredoxin plays a major role in cellular reduc-
tions in E. coli. It is also a hydrogen donor for ribonu-
cleotide reductase. '
In C. reinhardtii, reducing equivalents generated
during the degradation of starch enter the thylakoidal
chain at the PQ site catalyzed by NADH-PQ oxidor-
eductase (Gfeller and Gibbs, 1985). When the algal cells
were grown under nitrogen limitation, pronounced
chlororespiratory activity developed together with an
altered thylakoid composition (Peltier and Schmidt,
1991). In Chlamydomonas, the chlororespiration rate )
was estimated to be around 1294 to 20% of total respi-
ration (Peltier et al., 1987; Bennoun, 1982). It has been
suggested that the chlororespiratory pathway provide
the cell with the option of disposing of electrons for-
med during the degradation of starch to glycerate-3-
phosphate by transferring them to various terminal
electron acceptors including_Oz, nitrite, protons and sul-
fate (Klein et al., 1983; Gfeller and Gibbs, 1985). In
higher-plant cells, evidence for respiratory control of
photosynthetic electron transport was documented,
and this control might depend on the developmental
stage of leaves (Garab ef al., 1989). Evidences for the
expression of cp ndh genes in higher plants were report-
ed (Matsubayashi et al., 1987; Lin and Wu, 1990).
According to the deduced amino acid sequence &
the EPR spectrum, the 18 kD frxB protein contains two
4Fe-4S clusters (Wu et al., 1989). The range of reduc-
tion potentials exhibited by 4Fe-4S clusters could be
over 800 mV, an astonishingly large figure. An even
wider range of potentials is observed for membrane
-bound proteins. There are two aspects of polypeptide
control of the potential: selection of the functioning
pair of cluster oxidation states, and variation of the
cluster potential between the selected oxidation states.
In general, the polypeptide chain restricted a 4Fe-4S
cluster to two of the three possible oxidation states.
The barrier to the inaccessible oxidation state could be
kinetic and/or thermodynamic. Some 2(4Fe-4S)*+! fer-
redoxin underwent a conformation change on reduc-
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nism (Abate et al., 1990). The possible contributions of
redox to DNA replication were clearly implicated in
the bacteriophage T, T, DNA polymerase is a stable
non-covalent 1:1 complex of thioredoxin and the T,
gene 5 protein. Binding of thioredoxin stimulates

was most likely an outcome of changed cluster geome-
try (Sweeney and Rabionowitz, 1980). Therefore, we
speculate that the origin nucleoprotein complex
containing frxB might display a wide range of versatil-
ity and could serve as an important link for intercon-
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necting regulatory networks. Metabolic processes in-
duced by nitrogen starvation or cellular responses
brought about by energy requirement confer specific
redox and/or conformational changes of f#xB protein
in the cp NADH-PQ oxidoreductase and consequently
affect the formation and/or the type of nucleoprotein
complex containing Ori A. This protein-DNA interac-
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gin of DNA replication. Cell 60: 181-184.

Bramhill, D. and A. Kornberg. 1988. Duplex opening by dna A
protein at novel sequences in initiation of replication at the
origin of the E. coli chromosome. Cell 52: 743-755.

Brenowitz, M., D. F. Senear, M. A. Shea, and G. K. Ackers. 1986.
Quantitative DNase [ footprint titration: A method for
studying protein-DNA interactions. Method. Enzymol. 130:
132-181.
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DNA replication proteins and/or modulate the active
form of the origin-replication protein complex. The
concerted effort of the correct topological conforma-
tion of the origin nucleoprotein complex and the availa-

. bility of other DNA replication components will initi-
ate a cp DNA replication cycle i wvivo. Obviously,
there is still much to be learned.
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