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The Dl protein (Dl) of photosystem II (PSII) reaction
center is synthesized as a precursor (pDl) and then proc-
essed at its carboxyl terminus to establish the function of
water cleavage. The amino acid sequence of the carboxyl
terminal extension excised by this process is poorly con-
served except for a residue after the cleavage site at posi-
tion of 345. We have constructed a vector for site-directed
mutagenesis of the chloroplast psbA gene encoding Dl of
the green alga, Chlamydomonas reinhardtii. The vector
enables one to transform the chloroplasts of a psbA dele-
tion mutant (Fud7) and directly select transformants for re-
sistance to spectinomycin. Using this transforming vector,
we have substituted Ser345 to Gly, Cys, Val and Phe in
order to investigate effects of the amino acid side chain at
this position on the processing rate. All of the resulting
transformants exhibited the PSII activity as wild type and
grew normally under photoautotrophic conditions even
under strong light where rapid turnover of Dl protein is ex-
pected to occur. Western blotting analysis demonstrated
that mature Dl accumulates in these transformants at wild
type level. Pulse and chase labeling of chloroplast-encoded
proteins using [35S]sulfate revealed that the processing of
Dl precursor protein occurs in all four transformants as
efficiently as in wild type, at least under the experimental
conditions examined. The results suggest that either the
amino acid side chain at position of 345 (+1 position) is
not crucial to the enzymatic cleavage of pDl in vivo or the
apparent rate of processing in vivo is not limited by the en-
zymatic cleavage.

Key words: C-terminal processing — Chlamydomonas rein-
hardtii — Chloroplast transformation — Dl protein —
Photosystem II — psbA.

The isolated photosystem II (PSII) reaction center con-
sists of two structurally homologous proteins called Dl and
D2, cytochrome bSi9 and psbl gene product (Nanba and
Satoh 1987). The Dl was discovered as one of the most
rapidly synthesized proteins in the chloroplast (Ellis 1981)
and also known as a herbicide binding protein (Pfister et al.
1981). This protein is translated as a precursor (pDl)
(Minami and Watanabe 1985, Reisfeld et al. 1982), inte-
grated into the thylakoid membranes and then processed

at its carboxyl terminus (Marder et al. 1984, Takahashi et
al. 1989, 1990). Although the Dl is synthesized abundantly
under illumination, it is accumulated stoichiometrically in
the PSII reaction center complex, i.e., equimolar ratio to
D2, because of its rapid turnover (Mattoo et al. 1989).

Determination of carboxyl terminal residue of Dl
revealed that the precursor protein is processed at the carb-
oxyl side of Ala at position of 344 (Takahashi et al. 1989,
1990), resulting in the removal of carboxyl terminal exten-
sion with 8-16 amino acids. The processing of pDl is ab-
solutely required for the assembly of manganese cluster in-
volved in the oxygen evolution in PSII (Taylor et al. 1988).
However, physiological significance of the presence of carb-
oxyl terminal extension in Dl has not been established
at present. Transformants from a green alga, Chlamydo-
monas reinhardtii and a cyanobacterium, Synechocystis sp.
PCC 6803, where stop codon is introduced at position of
345 (+1 position), were found to grow normally under pho-
toautotrophic conditions (Lers et al. 1992, Nixon et al.
1992, Schrader and Johanningmeier 1992). In addition, the
nucleotide sequence of Euglena gracilis psbA gene predicts
that there is no carboxyl terminal extension in the Dl of
this organism (Karabin et al. 1984, Keller and Stutz 1984).
These results suggest that the carboxyl terminal extension
of pDl is dispensable for assembly of functional PSII com-
plex. However, removal of the extension is evidently in-
dispensable, if it is present, as shown by LF-1 mutant of
Scenedesmus obliquus (Taylor et al. 1988) and site-directed
mutants of Synechocystis sp. PCC 6803 (Nixon et al. 1992).
On the other hand, in an in vitro analysis using partially
purified processing protease and synthetic oligopeptides,
amino acid substitutions at the cleavage site appreciably in-
fluenced the rate of carboxyl terminal excision (Taguchi et
al. 1995).

Comparison of amino acid sequences of Dl deduced
from psbA gene of different organisms examined so far
reveals that the carboxyl terminal sequence of mature pro-
tein is highly conserved. On the contrary, the sequence, as
well as the chain length, of carboxyl extension is poorly con-
served, except for a residue at +1 position of pDl; Ala
in most cases and Ser in C. reinhardtii and some cyano-
bacteria (Svensson et al. 1991).

In the present study, we have mutated Ser345 in pDl
of C. reinhardtii to Gly, Cys, Val and Phe to investigate
the effect of amino acid substitutions at this position on
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the processing of pDl in vivo. The result demonstrated
that these substitutions affected neither photoautotrophic
growth of the cells nor the rate of processing reaction of
pDl at least under the conditions examined.

Materials and Methods

Strains and growth media—C. reinhardtii wild-type strain
137c and the chloroplast psbA deletion mutant Fud7 were used in
the present study. Cells were grown on either Tris-acetate-phos-
phate (TAP) or high-salt minimal (HSM) medium as descried
(Gorman and Levine 1965). The transformants were selected on
TAP plates containing 150/ig ml"1 spectinomycin and were main-
tained on TAP plates containing 25 /ig ml"1 spectinomycin.

DNA and plasmids—Procedures for preparation of recombi-
nant DNA plasmids are described in (Sambrook et al. 1989). For
construction of plasmid to transform psbA deletion mutant Fud7,
5.0 kb EcoRl/XhoI fragment containing exon 5 and 3' flanking
region of the psbA was cloned in the Bluescript vector (Strata-
gene) from Chlamydomonas chloroplast BamHl fragment Bal2
according to Rochaix (Rochaix 1978). The aadA cassette from
pUC-atpX-AAD was inserted at BamHl restriction site down-
stream of ihepsbA gene in the opposite orientation with the psbA
gene (pEX-50-AAD). Since the aadA cassette was excised by diges-
tion with EcoKV and Xbal, BamHl restriction site was recreated
in the 3' end of the aadA cassette. A 6 kb EcoKl fragment R14
according to Rochaix containing exons 1-4 of the psbA gene was
subsequently inserted at £coRI site in the pEX-50-AAD. The
resulting plasmid pR12-EX-50-AAD entirely covers a deletion
that ranges from a part of the first intron extending to the 3'flank-
ing region of the psbA gene in chloroplasts of Fud7.

A 1.8 kb BamHl-Xbal fragment containing 3' part of the
psbA exon 5 was cloned in Bluescript (pBX-5) for introduction of
point mutations that replace Ser345. Single strand DNA contain-
ing this region was produced using helper phage as described in
manufacturer's protocol and was used as a template for in vitro
oligonucleotide-directed mutagenesis (Sculptor in vitro mutagene-
sis system, Amersham). Replacement of Ser345 to Gly, Cys, Val
and Phe was performed using oligonucleotides,
5-CTAGACTTAGCTGGTACTAACTCTAGC-3',
5'-TAGACTTAGCTTCTACTAACTCTAGC-3',
5-CTAGACTTAGCTGTAACTAACTCTAG-3'and
5'-TAGACTTAGCTTTCACTAACTCTAGC-3\ respectively (un-
derline indicates the mutated nucleotides). Since the introns of
the psbA gene are dispensable (Johanningmeier and Heiss 1993,
Minagawa and Crofts 1994), it was confirm by sequencing that no
other nucleotides in the exon5 were modified during mutagenesis
reaction.

To introduce a DNA fragment with mutations in the pR12-
EX-AAD plasmid, the BamHl/Xbal wild type fragment in the
pEX-50-AAD was replaced by the corresponding fragment with
mutations. R14 fragment was added into the resulting plasmid con-
taining mutations at EcoRl site as described above.

Chloroplast transformation—Chloroplast transformation
was performed with a particle gun (Nippon Zeon Co.) as de-
scribed (Boynton et al. 1988, Takahashi et al. 1994). Host cells
(Fud7) were grown in TAP culture under dim light (1-2 x 106 cells
ml"1), pelleted by centrifugation and resuspended in a smaller vol-
ume of TAP medium (2-4 x 107 cells ml"1). The resultant concen-
trated cells were plated on TAP plates, subsequently grown for 2
days under dim light and were then used for bombardment. After
bombardment, cells on the plate were collected and transferred

onto the TAP plates containing 150^gml ' spectinomycin. The
transformants were recloned three to four times until they were
homoplasmic.

Isolation of total DNA—Total DNA of the transformants
was prepared from 100-150 ml TAP cultures containing 25 ng
ml"1 spectinomycin under dim light as described (Weeks et al.
1986). The DNA fragment of psbA exon 5 was amplified by poly-
merase chain reaction using oligonucleotides; 5-GGTTACTTTG-
GTCGTCTAATCTTCCAATAC-3' and 5'-TTAGTTGTTTGA-
GCTAGAGTTAGTTGAAGC-3'.

Western analysis—Total cell proteins were separated by SDS-
polyacrylamide gel electrophoresis according to (Laemmli 1970),
electroblotted on nitrocellulose filters, reacted with antiserum and
visualized by the enhanced chemiluminescence (ECL) method
(Amersham).

Pulse-labeling of cells—Cells were grown under dim light to
exponential phase (1-3 x 106 cells ml"1) in TAP medium contain-
ing reduced level of sulfate as described (Takahashi et al. 1991).
The cells were washed once and then resuspended in TAP lacking
sulfate (1 x 107 cells ml"1). Cultures were continuously shaken for
2-3 h and then cycloheximide was added (10//g ml"1) 5 min prior
to labeling. Pulse labeling of cells was carried out with carrier-free
[35S]Na2SO4 (0.37 MBq ml"1) for 3 min and terminated by addition
of 10 mM Na2SO4 and chloramphenicol (200//g ml"1). Total cell
proteins were solubilized with 2% SDS and 0.1 M dithiothreitol at
100°C for 1 min. Proteins were separated by SDS-polyacrylamide
gel electrophoresis containing 6M urea and 12.5 or 15% acryl-
amide in the resolving gel.

Measurements of PSII activities—Light-induced O2-evolving
activity was measured with a Clark type electrode as described
(Takahashi et al. 1994). Chlorophyll concentration was deter-
mined as described (Arnon 1949). Fluorescence induction tran-
sients of cells adapted to the dark for 10 min were measured using
Plant Efficiency Analyzer (Hansatech).

Results

Construction of a vector for site-directed mutagenesis
of the chloroplast psbA gene—In Chlamydomonas rein-
hardtii, the chloroplast psbA gene is present in the invert-
ed repeats and contains four introns as shown in Fig. 1
(Erickson et al. 1984). To engineer the chloroplast psbA
gene, a 5.0 kb EcoRl-Xhol DNA fragment containing the
psbA exon 5 and its 3' region was cloned in a plasmid
Bluescript. The aadA cassette that confers an antibiotic re-
sistance in the chloroplast (Goldschmidt-Clermont 1991)
was inserted at BamHl restriction site in approximately 1.7
kb downstream of the psbA termination codon (Fig. 1). No
possible secondary effect to photosynthetic activity caused
by insertion of the aadA cassette was confirmed by the
fact that the transformants can grow on minimal medium
(HSM) in the light at wild type level and that fluorescence
induction transients were normal (see Fig. 4).

Although this construct can be used to introduce a
mutation into the exon 5 using wild type cells as a recipient
strain, we subsequently added a 6.0 kb EcoRl fragment
containing the remainder of the psbA gene and its 5' flank-
ing region. The resulting construct allows one to use a
psbA deletion mutant, Fud7, as a host for directed transfor-
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Fig. 1 The vector for site directed mutagenesis of the psbA gene. The 11 kb EcoKl and Xhol fragment with the aadA cassette in-
serted at BamHl site downstream of the psbA gene was cloned in plasmid Bluescript. The BamHl site was recreated in the 5' end of the
aadA cassette. Bar in the bottom indicates a deletion in Fud7 strain. The 1.8 kb BamHl-Xbal fragment was used as template for site-
directed mutagenesis which replace Ser at position of 345 to either Cys, Gly, Val or Phe. Bars 1 and 2 represent probes 1 and 2, respective-
ly, which were used for Southern analysis in Fig. 3.

mation (Bennoun et al. 1986).
Determination of the carboxyl terminus residue of Dl

indicated that pDl is processed between Ala and Ser at the
positions of 344 and 345, respectively, in C. reinhardtii (un-
published result, see (Nixon et al. 1992)). In order to in-
vestigate significance of Ser residue at +1 position on pDl
processing, we have substituted this residue by site-directed
mutagenesis of the chloroplast psbA gene in C. reinhardtii
using the transforming vector constructed as described
above. We have substituted it to Gly, Cys, Val and Phe
(Fig. 2). These four mutations were generated by oligonu-
cleotide directed mutagenesis using 1.8 kb BamHl-Xbal
fragment containing 3' part of the exon 5 of the psbA as a
template. The resulting BamHl-Xbal DNA fragment with
a mutation was replaced with the corresponding wild type
fragment in the transforming vector. Using these vectors,
we transformed chloroplasts of Fud7 cells by particle gun-
mediated transformation and putative transformants were
selected for resistance to spectinomycin.

Figs. 3A and B show Southern blotting analysis of
wild type, Fud7 and the five different transformants. Total
DNA was digested by EcoRl, separated by agarose gel elec-

trophoresis and subsequently blotted onto nitrocellulose
filter. When hybridized with probe 1 (see also Fig. 1), 6.0
kb signal was observed in wild type and the transformants,
while no signal was detected in Fud7 (Fig. 3A). Fud7 gave
rise to 3.5 kb signal when hybridized by probe 2 as expected
(Fig. 3B). These results, together with the absence of the
3.5 kb signal in the transformants, indicate that the se-
quence deleted in Fud7 was recovered by homologous re-
combination.

Since a new Rsal restriction site is generated in the
mutants of Ser345Cys and Ser345Gly, we examined the oc-
currence of this new restriction site in the transformants.
We have amplified the DNA sequence of the exon 5 by poly-
merase chain reaction using total DNA isolated from wild
type and the transformants, and the resulting DNA frag-
ments of 300 bp were digested by Rsal (Fig. 3C). The di-
gestion of wild type fragment resulted in two fragments
of 180 and 120 bp while the fragment of 120 bp from the
Ser345Cys and Ser345Gly transformants was replaced by
two bands of 105 and 15 kb as expected. We also deter-
mined the DNA sequences of the exon 5 from four trans-
formants using the amplified DNA fragments (data not

wild type

A C G T

S345F

A C G T

• \

S345V

A C G T

A

i
Fig. 2 Mutations of the psbA gene. Ser at the position of 345 was replaced by either Gly (S345G), Cys (S345C), Val (S345V) or Phe
(S345F). A new restriction site Rsal which recognizes GTAC was created in S345C and S345G transformants.
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Fig. 3 (A and B) Southern analysis of the total cellular DNA from the transformants. Total DNA from the transformants were
digested by EcoRI, fractionated by agarose gel electrophoresis and blotted on nitrocellulose filter. 1, wild type; 2, Fud7; 3, the transfor-
mant with wild typepsbA gene and the aadA cassette (control); 4 and 5, Ser345Gly; 6 and 7, Ser345Cys; 8 and 9, Ser345Val; 10 and 11,
Ser345Phe. The blots were hybridized with a probe (A) 3.7 kb BamHl-EcoRl DNA fragment (probe 1 in Fig. 1), and (B) 1.8 kb EcoRl-
Xbal DNA fragment (probe 2 in Fig. 1). (C) Digestion of the exon 5 fragments from Ser345Cys and Ser345Gly transformants.
300 bp DNA fragments of the exon 5 were generated by amplification using polymerase chain reactions with total cellular DNA from
Ser345Cys and Ser345Gly mutants as templates. The resulting DNA fragments were digested by Rsal and subsequently separated on
2.5% agarose gel electrophoresis. 1; wild type, 2 and 3; Ser345Cys, 4 and 5; Ser345Gly. Wild type DNA fragment showed two bands of
180 and 120 bp while the transformant DNA fragments showed three bands of 180, 105 and 15 bp.

shown).
Substitutions of Ser345 affect no photosynthetic phe-

notype—To investigate steady-state accumulation of Dl,
total cell proteins of the transformant cells grown to
mid-log phase in TAP liquid culture were separated by
SDS-polyacrylamide gel electrophoresis, blotted onto nitro-
cellulose filter and probed with an antibody raised against
Dl of wild type strain. Fig. 4 shows that, while the Dl is
totally absent in Fud7 cells as expected, all transformants
accumulated Dl at wild type level. It is also noted that
migration of the band hybridized with anti-Dl antibody in
each transformant is identical to that of mature Dl in wild
type, suggesting that pDl in these transformants is process-
ed correctly.

Fluorescence induction transients of the dark adapt-
ed cells of the transformants were compared to examine
effects of these amino acid substitutions on their photosyn-

thetic activity (Fig. 5). All four transformants exhibited
wild type fluorescence transients and wild type ratio of
variable fluorescece to maxium fluorescence (Fv/Fmax) of
0.6, indicating that overall photosynthetic electron transfer
activity around PSII is not altered by these mutations. The
four transformants also had oxygen evolving activity of
60-70fimol O2mgchl~' h~', which is comparable to that
of wild type (70/imol O2 mgchl"1 h~').

To test if cells of the transformants can grow photo-
autotrophically, they were spotted on minimal plate in the
light (Fig. 6). These four transformant cells appeared to
grow like wild type even under strong light of 50,000 lux
where the Dl is expected to turn over rapidly (Marder et al.
1984).

In order to investigate rates of cleavage of pDl in the
transformant cells quantitatively and more directly, the
chloroplast encoded proteins were pulse labeled for 3 min
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1 2 3 4 5 6 7
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Fig. 4 Western analysis of total cell proteins. 1; wild type,
2; Fud7, 3; the transformant with wild type psbA and aadA
cassette (control), 4; Ser345Cys, 5; Ser345Gly, 6; Ser345Val, 7;
Ser345Phe. Total cell proteins (5 fig chlorophyll) were solubilized
by incubating at 100°C in the presence of 2% SDS and 0.1 M
dithiothreitol for 1 min, separated by SDS-polyacrylamide gel elec-
trophoresis and subsequently electroblotted onto nitrocellulose
filter. Proteins on the filter were hybridized by an antibody raised
against Dl protein and the bands were visualized by enhanced
chemiluminescence.

WT

1.0 (sec)

Fig. 5 Fluorescence induction transients. Cells grown in
TAP culture were adapted in the dark for 10 min before measure-
ments by Plant Efficiency Analyzer (PEA, Hansatech). WT, wild
type; S, transformant with wild type psbA (Ser at position of 345)
and aadA cassette (control strain); C, Ser345Cys; G, Ser345Gly;
V, Ser345Val; F, Ser345Phe; Fud7, psbA deletion mutant.

with [35S]Na2SO4 in the presence of cycloheximide in bright
light and were subsequently chased (Fig. 7). After pulse la-
beling, two bands corresponding to pDl and Dl were de-
tected. Neither of them were detected in Fud7 as expected.
Since pDl of Ser345Val and Ser345Phe transformants
migrated slightly faster than that of wild type, we employ-
ed 12.5% instead of 15% acrylamide gel in these cases for

better resolution of mature and precursor forms of Dl.
Chase experiments revealed that pDl is processed to Dl
with a half decay time of less than 5 min in wild type.
It appears that the half-decay times of pDl in the four
transformants, i.e., Ser345Gly, Ser345Cys, Ser345Val and
Ser345Phe, are indistinguishable from that of wild type,
within the accuracy of this experiment. Therefore, it is con-

ifv

6 7

A B
Fig. 6 Growth of the transformants under heterotrophic and photoautotrophic conditions. Aliquots of cells from 1, wild type; 2,
Fud7; 3, control strain (the transformant with wild type psbA and aadA cassette); 4, Ser345Gly; 5, Ser345Cys; 6, Ser345Val; 7,
Ser345Phe were spotted on agar plates. A, TAP plate in the dark; B and C, HSM plates in the light of 1,500 lux and 50,000 lux, respec-
tively.
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Fig. 7 Pulse and chase labeling of chloroplast-encoded proteins.
Cells were grown in TAP culture at approximately 2 x 10* cells
ml"1, pelleted by centrifugation and suspended in TAP medium
without sulfur at 2x 107 cells ml"1 and incubated for 2h.
Cycloheximide (35//g ml"1) was added to cells to inhibit protein
synthesis in cytosol 5 min before pulse labeling. Chloroplast en-
coded proteins were pulse labeled with [33S]Na2SO4 (O.37MBq) for
3 min in bright light (10,000 lux) and then were chased in the pres-
ence of 10 mM Na2SO4 and chloramphenicol (200//g ml"1) for 5,
10, 15, 20 and 25 min. Labeled proteins were solubilized by 2%
SDS and 0.1 M dithiothreitol at 100°C for 1 min, separated on
SDS-polyacrylamide gel electrophoresis containing 6 M urea.
Each lane contained 5 fig chl. The resolving gel contained 6M
urea and 15% acrylamide for WT, C (control strain; the transfor-
mant with wild type psbA and aadA cassette), Ser345Gly and
Ser345Cys, and 12.5% acrylamide for Ser345Val and Ser345Phe.

eluded that the Dl is normally synthesized, functionally
assembled in thylakoid membranes and processed even
after the amino acid substitutions at +1 position.

Discussion

The transforming vector for psbA mutagenesis con-
structed in the present study contains an 11 kb chloroplast
DNA fragment which corresponds to entire psbA gene and

its flanking sequences. The DNA sequence on both ends in-
serted in the vector overlaps flanking regions of the dele-
tion around the psbA in chloroplast genome in Fud7
strain. Therefore, the cloned psbA gene and its flanking
regions introduced into the chloroplasts of Fud7 appears
to be integrated into the chloroplast genome by homolo-
gous recombination (Whitelegge et al. 1995). Resistance to
antibiotics expressed by the aadA cassette in the vector
allows one to select directly transformants in the presence
of spectinomycin.

Several site-directed mutants of the chloroplast psbA
gene have been generated so far in C. reinhardtii. Przibilla
et al. (1991) used as a selectable marker psbA gene contain-
ing a mutation which changes Ser264 to Ala and confers re-
sistance to herbicides that inhibit electron transfer reaction
between QA and QB. Transformants thus can be selected di-
rectly in the presence of herbicides under photoautotrophic
condition. However, this approach introduced mutations
in Dl at Ser264, together with newly designed ones, which
may eventually prevent precise characterization of pheno-
type caused solely by mutations of interest. In addition,
the selectable marker does not allow for selection of
mutants which lack photoautotrophy. Another approach is
to cotransform Chlamydomonas cells with two separate
plasmids; one containing mutated psbA gene and the other
a 16S rRNA gene conferring spectinomycin resistance
(Roffey et al. 1991, Webber et al. 1995, Whitelegge et al.
1995). In this case, the screening of transformants is rather
complicated; transformants are first to be selected for spec-
tinomycin resistance and subsequently screened by DNA
analysis to confirm the occurrence of desired mutation in
the psbA gene. In addition, the mutation in 16S rRNA may
affect the level of proteins in the chloroplast, since steady-
state accumulation of Dl under illumination requires ac-
tive protein synthesis. The transformation vector described
in the present study has some advantages; it allows for di-
rect selection of transformants with mutations in the psbA
gene and the presence of the aadA cassette in the chloro-
plast genome appears to affect no photosynthetic perfor-
mance. Similar vector containing intronless psbA gene with
the aadA cassette in its downstream was also reported
(Minagawa and Crofts 1994).

Using this vector, we have successfully generated chlo-
roplast psbA transformants of which Ser345 has been sub-
stituted by Gly, Cys, Val and Phe in order to investigate the
significance of the amino acid residue at +1 position to
pDl processing. However, the resulting four transformants
were indistinguishable from wild type in terms of photosyn-
thetic performance, steady-state accumulation of Dl, and
synthesis and processing rates of pDl. In particular, it is
noted that there was no difference in the rate of cleavage
for a small residue (Gly) and a bulky residue (Phe). A con-
clusion from these results is that the size and polarity of
amino acid side chain at +1 position in pDl is not crucial
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for the enzymatic processing in vivo in Chlamydomonas.
In a cyanobacterium, Synechocystis sp. PCC 6803, the

Ser345 has been substituted by Pro, Ala and Arg (Nixon et
al. 1992). In this case, while a transformant Ser345Pro
abolished processing of pDl, transformants Ser345Ala and
Ser345Arg were indistinguishable from wild type in the pho-
tosynthetic growth. However, it is not yet clear whether the
processing rate of pDl in the latter two transformants is as
efficient as that of wild type, since the steady-state ac-
cumulation of pDl could not be observed in these analyses.

The enzyme responsible for cleavage of pDl has been
extracted from a green alga and higher plants (Inagakii et
al. 1989, Taylor et al. 1988), partially purified (Fujita et al.
1995) and the gene encoding the protein (ctpA) has been
cloned in a cyanobacterium, Synechocystis sp. PCC 6803
(Anbudurai et al. 1994, Shestakov et al. 1994) and a higher
plant (Inagaki et al. 1995). It was reported that synthetic
carboxyl-terminal oligopolypeptides are cleaved correctly
at the processing site by the partially purified enzyme from
spinach (Fujita et al. 1989). Interestingly, the rate of cleav-
age was largely influenced by the substitution at Ala345,
i.e., the order of substitutions in terms of their effects on
Vmax was Ala, Ser, Phe, Cys>Gly>Val> >Pro (Taguchi
et al. 1995). However, this in vitro analysis is inconsistent
with the present results obtained in vivo in the chloroplast
of C. reinhardtii. The discrepancy may arise from organ-
isms used since the residue at +1 position is Ser in C. rein-
hardtii while Ala in spinach. The possibility can also be
pointed out that processing rates observed by in vivo analy-
sis may not represent the actual rate of carboxyl-terminal
cleavage of pDl, since the integration of pDl into the func-
tional PSII complex is a complicated multi-step process
as mentioned in the Introduction. However, it might be
more probable that differences in the reaction condition
including the size and organization of substrate are the
origins of this discrepancy between in vitro and in vivo ex-
periments. For example, the secondary and tertiary struc-
tures of small synthetic oligopolypeptides might be entirely
different in solution from those of full-length pDl inte-
grated into thylakoid membranes. Since the sequence in
extended region of pDl is poorly conserved as mentioned,
it is reasonable to speculate that the processing enzyme rec-
ognizes pDl in its carboxyl terminal region of Dl and some
other regions of mature protein, rather than the carboxy
terminal extension including the residue at the + 1 posi-
tion.
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