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The Arabidopsis thaliana mutant psbhol has recently been described and characterized. Loss of expression of
the PsbO-1 protein leads to a variety of functional perturbations including elevated levels of the PsbO-2
protein and defects on both the oxidizing- and reducing-sides of Photosystem II. In this communication, two
plant lines were produced using the psbol mutant as transgenic host, which contained an N-terminally
histidineg-tagged PsbO-1 protein. This protein was expressed and correctly targeted into the thylakoid
Keywords: lumen. Immunological analysis indicated that different levels of expression of the modified PsbO-1 protein
Photosystem II were obtained in different transgenic plant lines and that the level of expression in each line was stable over
PsbO several generations. Examination of the Photosystem II closure kinetics demonstrated that the defective
double reduction of Qg and the delayed exchange of QgH, with the plastoquinone pool which were observed
during the characterization of the psbol mutant were effectively restored to wild-type levels by the Hisg-
tagged PsbO-1 protein. Flash fluorescence induction and decay were also examined. Our results indicated
that high expression of the modified PsbO-1 was required to increase the ratio of PS Ilo/PS Il reaction
centers to wild-type levels. Fluorescence decay kinetics in the absence of DCMU indicated that the expression
of the Hisg-tagged PsbO-1 protein restored efficient electron transfer to Qg, while in the presence of DCMU,
charge recombination between Q4 and the S, state of the oxygen-evolving complex occurred at near wild-
type rates. Our results indicate that high expression of the Hisg-tagged PsbO-1 protein efficiently
complements nearly all of the photochemical defects observed in the psbol mutant. Additionally, this study
establishes a platform on which the in vivo consequences of site-directed mutagenesis of the PsbO-1 protein
can be examined.
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1. Introduction cluster and is essential for efficient and stable O, evolution [4].

Additionally, in higher plants, this component is required for PS II
assembly/stability, and in the absence of the PsbO protein Arabidopsis
thaliana cannot grow photoautotrophically [5].

In A. thaliana, two genes that encode PsbO (psbO-1, At5g66570,
and psbO-2, At3g50820) are expressed under normal growth condi-

Photosystem II (PS II) functions as a light-driven, water-plastoqui-
none oxidoreductase in higher plants and cyanobacteria. At least six
intrinsic proteins appear to be required for O, evolution [1]. These are
CP47, CP43, D1, D2, and the o and  subunits of cytochrome bssg.

Additionally, in higher plants, three extrinsic proteins, with apparent
molecular masses of 33 (PsbO), 24 (PsbP), and 16 kDa (PsbQ), are
required for maximal rates of O, evolution at physiological inorganic
cofactor concentrations [2,3]. Of these three proteins, the PsbO protein
appears to play a central role in the stabilization of the manganese
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polyvinylidene fluoride; Tricine, N-[2-hydroxy-1,1- bis(hydroxymethyl) ethyl]glycine
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tions, yielding two different PsbO proteins (PsbO-1 and PsbO-2,
respectively). The PsbO-1 protein was reported to be nine times more
abundant than the PsbO-2 protein [6]. It is unclear what advantage the
plant would accrue from expressing two isoforms of the PsbO protein.
Recently it has been reported that the PsbO-2 protein in A. thaliana
can specifically regulate dephosphorylation and turnover of the PSII
reaction center D1 protein [7]. Additionally, under long-term, low
temperature growth conditions, the PsbO-1 protein is down-regulated
and the PsbO-2 protein is up-regulated [8].

A high fluorescence mutant, pshol, was recently identified in
which a stop codon had been introduced into the psbO-1 gene by EMS
mutagenesis at amino acid residue 74 of the mature PsbO protein
(7*Gln Stop), which led to the loss of this component [9]. The mutant
exhibited a lower Fy/Fy;, lower rates of steady state O, evolution, and
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retarded growth. It was demonstrated that the PsbO-1 protein is the
major isoform in wild type under normal growth conditions and that
in the psbol mutant the PsbO-2 protein is up-regulated in a semi-
compensatory manner. The mechanism that leads to the increased
accumulation of the PsbO-2 protein in the psbol thylakoid lumen is
unclear at this time. These authors concluded that in mature leaves
the total amount of the PsbO proteins in the psbol mutant is
somewhat lower than in wild type, although this difference is small.
Domain-swapping analysis [6] followed by in vitro reconstitution
experiments were interpreted as indicating that three amino acid
differences between the PsbO-1 and PsbO-2 components ('8°V to 1855,
204y o 2991, and 246L to 24°]) could explain the functional differences
between the two PsbO proteins with respect to oxygen evolution.
These authors concluded that both the lower expression level of the
PsbO-2 protein and inherent functional defects of this component are
responsible for the phenotype observed in the mutant pshol.

Although data from these studies demonstrated that lower O,
evolution activity occurred upon the binding of PsbO-2 in vivo [9] and
in vitro [6], the mechanistic details of the mutant's photochemistry
were unclear. Recently, we demonstrated that electron transfer on
both the reducing- and oxidizing-sides of PS Il was seriously
compromised in the psbol mutant [10]. Electron transfer from Qs
to Qg in the absence of DCMU, and charge recombination between Qa
and the S, state of the oxygen-evolving complex in the presence of
DCMU, were significantly altered. Additionally, antenna heterogeneity
analysis showed the ratio of PS Il to PS Il reaction centers was greatly
decreased in the psbol mutant due to the absence of the PsbO-1
protein. Finally, flash oxygen yield analysis indicated that both the S,
and S; states exhibited significantly longer lifetimes in the pshol
thylakoid preparation than in wild type [10] and that this was the
result of the inability of the PsbO-2 protein to efficiently utilize
calcium in support of normal oxygen evolution [11]. These data
indicated that while PsbO-1-deficient plants can grow photoauto-
trophically (although at a reduced growth rate) and set seed, the
photochemistry of PS Il is significantly altered.

In vitro, the importance of the C-terminal domain of the PsbO
protein in binding to PS Il has been clearly demonstrated [12].
Evaluation of the importance of the N-terminus, however, is more
complicated. Seidler reported that an N-terminally Hisg-tagged PsbO
protein expressed in Escherichia coli could reconstitute O, evolution
to wild-type levels but that its binding characteristics were very
different from that of the wild-type protein [13]. It is unclear if the
defective binding characteristics observed were due to an alteration
of the binding affinity induced by the N-terminal extension or due to
inadequate or incorrect refolding of the E. coli-expressed protein.
Similarly E. coli-expressed prePsbO, which contains uncleaved
chloroplast and thylakoid membrane transit sequences, was found
to fully reconstitute oxygen evolution but was also observed to bind
non-specifically to PS Il membranes [14]. In this instance, extensive
controls were performed to ensure proper refolding of the expressed
protein. The domains responsible for the non-specific binding were
subsequently identified [15]. Additionally, two domains present at
the N-terminus of the protein were identified as being responsible
for the binding of the two copies of PsbO observed in higher plants,
with only one of these being present in cyanobacterial sequences. It
seems likely that the N-terminus of the PsbO protein is exposed, and
located near the surface of PSII, rather than being buried either
within the tertiary structure of the PsbO protein or at an interface
domain of the PsbO protein and the intrinsic components of the
photosystem [14].

In our laboratory we are interested in identifying domains of the
PsbO protein that are important for PS II function and assembly/
stability in vivo. In this communication, a new transformation vector
was constructed which contained six histidyl codons located at the N-
terminus of the mature PsbO-1 protein coding sequence. The
expression of this modified PsbO-1 component was under control of

the native pshO-1 gene promoter. This was introduced into the A.
thaliana psbol mutant genome by transformation. Our analysis
indicated that the Hisg-tagged PsbO-1 protein was expressed and
successfully transported into the chloroplast stroma and subsequently
into the thylakoid lumen, and was folded into a functionally
competent state. The Hisg-tagged PsbO-1 protein nearly fully
complemented the defective psbol photochemistry that we had
previously documented [10].

2. Materials and methods
2.1. Plant materials and growth conditions

Surface-sterilized seeds of wild-type A. thaliana (var. Landsberg
erecta), the mutant pshol, and the transgenic lines were germinated
after cold treatment for 24 h at 4 °C on solid MS medium [16]
containing 0.7% (w/v) agar. The seedlings were transferred to soil
10 days after germination and grown at 22 + 0.5 °C under 50-80 pmol
photons m~2 s~ ! of white light. Only fully expanded rosette leaves of
4-6 weeks old plants were used for fluorescence analysis. It should be
noted that the pshol mutant plants that were used specifically for
genetic transformation were grown under different conditions as
described below. The psbo1 mutant was kindly provided by Professor
F. Satoh.

2.2. Design and construction of the Hisg-psbO-1 gene
transformation vector

The pBI121 plasmid was used as the initial shuttle host vector for
molecular engineering. Three steps of molecular manipulation were
required to obtain the final transformation vector. First, the 35S CMV
promoter of pBI121 was replaced with the native psbO-1 gene
promoter. A 680 bp psbO-1 gene promoter fragment was amplified
by PCR using the primers OP68F (all of the PCR primers used in this
study are summarized in Table 1) and OP681R using genomic wild-
type DNA as a template. This DNA was isolated using DNeasy Plant
Mini Kit (Qiagen Sciences, USA). This fragment was then cut with
Hindlll and Xbal and inserted into pBI121, replacing the original
CaMV promoter. In the next step, six-histidine codons were
introduced between the DNA sequences that encode the second
transit peptide and the mature PsbO-1 sequence. The psbO-1 gene
clone was obtained from The Arabidopsis Biological Resource Center
(ABRC) and used as the template for PCR. First, a six-histidine codon
sequence was added to the 5’ end of the DNA sequence which
encodes the mature PsbO-1 protein using the PCR primers HisEGA1
and Msp-1-1133sspl. Second, an Aval restriction site was included in
the primer HisEGA2 that also bears the eighteen base pair sequence
encoding the six histidyl residues and was complementary to the
bases in the primer HisEGA1. The PCR product generated using the

Table 1
Primers used in this study.

Oligonucleotide Sequence (length of oligonucleotide)

OPG81F 5'-TCTAAGCTTCCCTGCATCCTAGTCCTGAAGT-3’ (31 nt)
OP681R 5'-CAGGTCTAGAAGTCTCTCTTGAGTTTTTTTTTTGGTG-3' (37 nt)
HisEGA1 5'-CATCACCATCACCATCACGAGGGAGCTCCAAAGAG-3' (35 nt)
HisEGA2 5'-TCGTCTCGGGAGCAAGTGCGCATCACCATCACCATCAC-3' (38 nt)
Msp-1-1133ssp-1 ~ 5’-CAAAACATGTTAATATTATCATCAAACACAA-3’ (31 nt)
MSP-1-Xbal 5'-AATTCTAGACCATGGCAGCCTCTCTC-3' (26 nt)
MSP-1-344R-Aval ~ 5’-ATGCGCACTTGCTCCCGAGACGAC-3' (24 nt)

psbO-1-SaclF 5'-GGGAGCTCCAAAGAGATTGACC-3’ (22 nt)

psbO-1-SacIR 5'-CTGAGCTCTCACTCAAGTTGACCATACCACACC-3’ (33 nt)
PpBINOS7805 5'-ACATGCTTAACGTAATTCAACAG-3’ (23 nt)

Hisprimer 5'-CATCACCATCACCATCAC-3’ (18 nt)

psbO1R813 5-GGCGTTGTCATATCCTGTG-3’ (19 nt)

PCF 5'-ATGGCCGCAATTACATCAG-3’ (19 nt)

PCR 5'-TTCCCAACCATACCAGCACC-3’ (20 nt)
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primers HisEGA2 and primer MSP-1-1133Sspl to amplify the DNA
template obtained in the first step was cut with Aval and then ligated
with the restricted PCR product using the primer pair MSP-1-Xbal
and MSP-1-344R-Aval. The final Xbal-Sspl fragment was inserted
into the Xbal and Smal site of the original vector created in stage one.
Finally, in the last step, the PCR product amplified using primers
PsbO-1-SaclF and PsbO-1-SacIR was cut with Sacl. This fragment was
placed in the vector from stage two. The orientation of this insert was
confirmed by PCR amplification with the Hisprimer and pBINOS7805
primers. DNA sequencing using the appropriate sequencing primers
confirmed the final insert sequence. The final vector was named
pHMINTER. All of the molecular manipulations involving E. coli
followed standard laboratory procedures. The pHMINTER vector was
introduced into Agrobacterium (strain GV3101) by the freeze-thaw
method [17].

2.3. A. thaliana transformation and screening

The stunted size of the psbhol mutant plants made transformation
difficult. Surface-sterilized psbol seeds were spread onto solid MS
medium containing 0.7% agar, 2% sucrose and were incubated in the
dark at 4 °C for 2 days. The psbo1 seedlings were transferred to soil ten
days after germination. The plants were grown for two weeks under
an 8 h light-16 h dark diurnal cycle at 50-80 umol photons m~ 2 s~ ! of
white light to encourage vegetative growth. Subsequently, the light
cycle was changed manually, increasing the length of the light period
and decreasing the length of the dark period by 1 h each day until
flowering was induced. The most healthy flowering psbo1 plants were
then transformed with Agrobacterium (strain GV3101) containing the
pHMINTER plasmid using the floral dip method as described
previously [18], except that the Silwet L-77 concentration was
decreased to 0.01%. Harvested seeds were surface-sterilized with
50% ethyl alcohol and 0.5% Tween-20 for 3 min and then 70% ethyl
alcohol for 3 min followed by washing three times with sterile water.
Seeds were spread onto solid MS medium containing 0.7% agar,
50 mg/I kanamycin, and 400 mg/1 carbenicillin and then incubated for
2 days at 4 °C in the dark. Transgenic kanamycin-resistant seedlings
were transferred to soil when the first true leaves appeared. Four-
weeks old fully expanded leaves were used for protein screening
analysis and genomic DNA analysis.

The presence of the Hisg-tagged PsbO-1-encoding transgene in the
genomic DNA of the kanamycin-resistant plant lines was confirmed
by PCR using the construct-specific primers Hisprimer and PsbO-
1R813. All of the plants that exhibited the kanamycin-resistant
phenotype also exhibited the presence of the predicted 470 bp PCR
amplification product, which was absent in the wild-type plants and
psbol mutant plants (data not shown). Individual kanamycin-
resistant plants were screened at the protein level for the presence
of the six-histidine region by “Western” blotting. In brief, two leaves
from each kanamycin-resistant plant were used for a small-scale
thylakoid preparation using the buffers described below. Thylakoid
washing was omitted and the thylakoid pellet proteins were tested
directly for the presence of Hisg-tagged PsbO-1 protein after LiDS-
PAGE and “Western” blotting, using an anti-histidine monoclonal
antibody (Invitrogen, USA).

2.4. Semi-quantitative RT-PCR analysis

Total RNA was extracted from 100 mg of fresh rosette leaves using
RNeasy Plant Mini Kit (Qiagen Sciences, USA) according to the
manufacturer's instructions, followed by on-column DNase I treat-
ment to remove any residual genomic DNA contamination. The
transcript levels in four-week old plants were examined by semi-
quantitative RT-PCR using the transgenic gene-specific primers and
the ProtoScript II RT-PCR Kit (NEB, USA) according to the manufac-
turer's instructions. The primers used were the Hisprimer and PsbO-

1R813. The RT-PCR amplification was carried out for 60 min at 42 °C,
4 min at 94 °C, 25 cycles (94 °C for 30 s, 58 °C for 30 s and 72 °C for
45 s), followed by a final extension at 72 °C for 10 min. The RT-PCR
reactions were repeated twice, with identical results being obtained.
The expression level of plastocyanin was used as an internal control
using the primers PCF and PCR.

2.5. Immunological characterization of thylakoid proteins

For a more in-depth analysis of the protein complement of the
thylakoid membranes, chloroplast thylakoids were isolated from wild
type, the pshol mutant, and two plant lines that expressed different
levels of the Hisg-tagged PsbO-1 protein. These latter two plant lines
were designated psbol-C and psbol-M and expressed high and
intermediate amounts of the Hisg-tagged PsbO-1 protein, respectively.
Leaves were ground in a glass homogenizer with a chloroplast
thylakoid isolation buffer (100 mM sucrose, 200 mM NaCl, 5 mM
MgCl,, 50 mM sodium potassium phosphate buffer, pH 7.4.), the
homogenate was then passed through two layers of Miracloth
(Calbiochem USA), and the chloroplast thylakoids were pelleted by
centrifugation at 6000 xg for 5 min. The thylakoids were washed once
with and resuspended in 300 mM sucrose, 15 mM NaCl, 10 mM MgCl,,
and 50 mM MES-NaOH, pH 6.0, and the chlorophyll concentration was
determined by the method of Arnon [19]. LiDS-PAGE was performed
on a 12.5-20% gradient gel with 5 pg of chlorophyll being loaded per
lane. “Western” blotting, blocking, and probing with primary and
secondary antibodies were as described previously [5]. For detection
of the immobilized antibodies, a chemiluminescent substrate (Super-
Signal West Pico Chemiluminescent Substrate, Pierce, USA) was used,
and the blots were exposed to X-ray film. After development, the X-ray
films were scanned with a UMax PowerLook III scanner at 300-dpi
resolution and an 8-bit color depth.

2.6. Fluorescence experiments

Fluorescence induction was monitored with a Photon Systems
Instruments (PSI, Czech Republic) FL3000 dual modulation kinetic
fluorometer (commercial version of the instrument described in [20]).
Both measuring and saturating flashes were provided by computer-
controlled photodiode arrays. The flash profile exhibited a square
shape for the low power measuring flashes and only deviated 5% from
an ideal square shape for the saturating actinic flashes. For all of the
fluorescence experiments, single leaves from wild type and the
various mutant strains were excised and dark-incubated for 5 min
before initiation of the experiments. Data were collected in a
logarithmic time series between 10 ps and 1s after the onset of strong
actinic light for the PS II closure kinetics analysis [21]. In the flash
fluorescence induction experiments, the kinetics of the rapid
fluorescence rise following a single saturating flash were examined
for 50 ps, with a time resolution of 1 us in the presence of DCMU. Data
were collected at a frequency of 10 MHz with 12 bit resolution. The
proportions of PS Il and PS Iz centers were calculated using
proprietary PSI software [20].

In the fluorescence decay experiments, the kinetics of the transfer
of an electron between Q4 and Qg were examined in the absence of
DCMU, while the recombination reactions of Q4 with PS Il donor-side
components were examined in the presence of DCMU. For these
experiments, data were collected between 150 ps and 60 s following a
single saturating flash. These were analyzed using the equations
outlined in Ref. [22]. In this mathematical treatment, three exponen-
tial decay components and a long-lived (essentially non-decaying)
residual component were included. In the DCMU treatment experi-
ments, the leaves were immersed in 40 uM DCMU and 0.1% Tween 20
in water and incubated for 30 min prior to performance of the
fluorescence experiments. The leaves were dark-adapted for at least
5 min prior to the onset of all fluorescence measurements. Data were
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analyzed using Origin version 6.1 and proprietary software provided
by Photon Systems Instruments.

3. Results and discussion
3.1. Screening and selection of transgenic plant lines for this study

In this study, we used the native promoter of the psbO-1 gene to
drive the expression of the Hisg-tagged psbO-1 gene instead of using
the 35S CaMV promoter that is often used in plant studies. Regulatory
element analysis of the psbO-1 gene promoter [23] indicated that
downstream gene expression is light-dependent and organ-specific.
The promoter used in this study includes several conserved domains,
including the GT1, I, and G boxes, which are light-regulatory elements
[23]. Such a combination is hypothesized to integrate light and
developmental signals to modulate the promoter activity. The Hisg-
tagged psbO-1 gene under the control of its native promoter as used in
this study should, in principal, mimic the in vivo expression of the
native pshO-1 gene and minimize any side effects of transgene
expression in other tissues. The presence of the Hisg-tagged psbO-1
gene with its native promoter from kanamycin-resistant plants was
confirmed by PCR amplification of the psbO-1 gene promoter region
and NOS region from pBI121. All of the plants that exhibited
kanamycin resistance also exhibited the expected 1.3 kb PCR
amplification product (data not shown). To screen individual
transgenic plants for the presence of the six introduced histidyl
residues at the N-terminus of the PsbO-1 protein, “Western” blot
analysis using an anti-Hisg monoclonal antibody (Invitrogen, USA)
and a polyclonal antibody that recognizes both the PsbO-1 and PsbO-2
proteins was performed. Our results indicated that all of the plants
that exhibited kanamycin resistance showed the presence of a Hisg-
tagged protein at about 35 kDa which cross-reacted with the anti-
PsbO antibody (data not shown). As expected, individual transgenic
plants exhibited different degrees of expression of the Hisg-tagged
PsbO-1 protein. Several plant lines with variable expression levels of
the Hisg-tagged PsbO-1 were chosen for the production of homo-
zygous plant lines. After four generations, two homozygous plant lines
were selected for use in this study and are designated as psbo1-M
(about 30% protein expression level of wild type) and psbo1-C (about
100% protein expression level of wild type). The growth phenotype of
these plants along with wild type and the psbol mutant plant is
shown in Fig. 1A. The psbol mutant plants grew quite slowly when
compared to wild type and were distinctly paler green in color. The
psbo1-M plants grew more rapidly than the pshol mutant but not as
rapidly as either wild type or the psbo1-C plants. The psbo1-C plants
grew nearly as well as wild type, being only slightly smaller and being
slightly less green. Consequently, it appears that the growth
phenotype of these plants paralleled the accumulation of the PsbO-1
protein (see below).

3.2. Increased expression of the Hisg-tagged PsbO-1 protein leads to
decreased accumulation of the PsbO-2 protein in the thylakoid
lumen and increased levels of other PS Il components

Fig. 1B illustrates the results of PCR experiments performed on wild
type, the psbol mutant and the psbo1-M and psbo1-C plants using the
transgene-specific primers Hisprimer and psbO1R813. In row 1,
amplification of genomic DNA isolated from the leaves of the different
plant lines indicated that the transgene was present in the psho1-M
and psbo1-C plants but, as expected, absent in wild type and the psbo1
mutant plants. In row 2, amplification of reverse transcribed mRNA
isolated from the leaves of these plants is shown. Again, no
amplification product was obtained from wild type or the psbol
mutant plants. An amplification product was observed in both the
psbo1-M and psbo1-C plants, with the apparent transcription level in
the psbol-C plant being higher than that observed in the psbol1-M
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Fig. 1. Molecular and biochemical analysis of transgenic plants. (A) Growth phenotype
of wild type, the pshol mutant, and the transgenic plants psbo1-M and psbo1-C, grown
under 50-80 pmol photons m~2 s~ ! of white light. (B) PCR and RT-PCR analysis of
genomic DNA and RNA isolated from wild type, the psbol mutant, and the transgenic
plants psbo1-M and psbo1-C. Upper panel, amplification of genomic DNA with primers
specific for Hisg-tagged PsbO-1-encoding DNA. Middle panel, amplification of reverse
transcribed RNA with primers specific for Hisg-tagged PsbO-1-encoding DNA. Lower
panel, amplification of reverse transcribed RNA with primers specific for plastocyanin-
encoding DNA. (C) Analysis of the PsbO proteins present in the thylakoids of wild type,
the psbol mutant, and the transgenic plants psbol-M and psbol-C. Upper panel,
Coomassie Blue staining of the 28-40 kDa region. Middle panel, immunodetection of
Hisg-tagged proteins. No other reacting proteins were observed on the “Western blot”.
Lower panel, immunodetection of the PsbO proteins. The locations of the PsbO-1, PsbO-
2 and putative Hisg-tagged PsbO-1 proteins are shown to the right. Gel electrophoresis,
“Western” blotting and immunodetection were performed as described in Materials
and methods. 5 pg of Chl were loaded per lane.

plant. This result indicated that the Hisg-tagged psbO-1 transgene was
transcribed in the leaves of the psbo1-M and psbo1-C plants.

Fig. 1Cillustrates the accumulation of the different PsbO proteins in
the thylakoid membranes of the wild type and mutant plants. In the
top panel, Coomassie Blue staining of proteins in the vicinity of the
PsbO components is shown. In wild type, both the PsbO-1 and PsbO-2
proteins were observed. As previously reported [9], significantly more
PsbO-1 protein was present than PsbO-2 protein. In the psbol mutant
no PsbO-1 protein was observed. The PsbO-2 protein was present and
accumulated to higher levels than that observed in wild type plants. In
both the psbo1-M and psbo1-C plants, no PsbO-1 protein was observed
at its normal location. However a new protein band was observed at
about 35 kDa, with more of this component being observed in the
psbo1-C plant than in the psbo1-M plant. This new protein band was
identified immunologically in the “Western” blots shown in the lower
panels of Fig. 1C. Using the anti-Hisg antibody, no protein band was
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observed in either wild type or the psbol mutant. However, in the two
transgenic plant lines a protein band was observed at about 35 kDa, at
the same position as the new band observed in the Coomassie blue-
stained gel. The band present in the psbo1-C plant was stronger than
that observed in the psbo1-M plant. This result indicated that a Hisg-
tagged protein was present in both of the transgenic plant lines. When
probed with the anti-PsbO antibody, the normal pattern of PsbO
expression was observed for wild type and the psbol mutant plants.
Wild type contained both the PsbO-1 and PsbO-2 proteins, while the
psbol mutant contained only the PsbO-2 component. Additionally,
more of the PsbO-2 protein was present in the pshol mutant than in
wild type. Both transgenic plant lines contained the PsbO-2 protein
and lacked the PsbO-1 protein at its normal location. However, at the
same location of the Hisg-tagged protein, a new protein band
appeared which reacted with the anti-PsbO antibody. The band
present in the psbo1-C plant was stronger than that observed in the
psbo1-M plant. These data constitute strong evidence that the Hisg-
tagged PsbO-1 protein encoded by the transgene is expressed,
processed and located in the thylakoid membranes of the transgenic
plants. It should be noted that the amount of the Hisg-tagged PsbO-1
protein appears similar to the amount of untagged PsbO-1 protein
present in the wild-type plants.

To determine if the expression of the Hisg-tagged PsbO-1 protein
leads to alterations in the amounts of other PS Il components present
in the thylakoids, additional immunological analysis was performed.
The relative amounts of some selected PS Il components and control
proteins were analyzed in thylakoid preparations of wild type, the
psbo1 mutant, psho1-M, and psbo1-C, and are shown in Fig. 2. Four
proteins that are present in the intrinsic core of PS Il (CP47, CP43, D1
and D2) were examined. Qualitative examination of the “Western”
blots indicated that the amounts (on a chlorophyll basis) of all of these
proteins were somewhat decreased in the psbol mutant when
compared to wild type. In the psbol-M and psbol-C plants, the
amounts of these proteins increased in parallel with the amount of the
Hisg-tagged PsbO-1 protein which accumulated. In the psbo1-C plant,
the amounts of all of these components were near wild-type levels.
Loss of the PsbO component has been associated with a decrease in
the accumulation of PS II reaction center components in both Chla-
mydomonas reinhardtii [24] and A. thaliana [5] mutants. Additionally,
our observations confirm and extend earlier results obtained with the

T ——— CP47
S s CP43
mme—-amma@m» DI
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Fig. 2. Inmunodetection of the major PS II core components (D1, D2, CP47 and CP43)
and other components (Cyt f and PsaB) involved in electron transport in chloroplasts.
Gel electrophoresis, “Western” blotting and immunodetection were performed as
described in Materials and Methods. 5 pg of Chl were loaded per lane.

psbol mutant [6]. In addition to the intrinsic PS Il core components,
the expression of the PsbP and PsbQ extrinsic proteins, which are
associated with the oxygen-evolving complex, was also qualitatively
examined. In these plants, two immunoreactive bands were observed
to be labeled with the anti-PsbP antibody [25]. The PsbP expression
pattern of wild type and psbol was generally consistent with that
previously reported [9]. Close inspection of the PsbP band in the
transgenic plants indicated that slightly less PsbP protein accumulated
in the psbo1-C plant than the other plants examined. The reason for
this is unclear at this time. In reconstitution experiments with PSII
membranes preparations, the PsbO protein appeared to be required
for the binding of the PsbP protein and the PsbQ proteins [26,27]. It's
possible that the exposed N-terminal modification of the PsbO protein
may slightly affect a domain that is involved in the binding of the PsbP
protein. More interestingly, the PsbQ protein is apparently up-
regulated in psho1-M and psbol-C plants, exceeding wild-type (and
the psbo1 mutant) levels. It has been shown that decreased expression
of the PsbO proteins in A. thaliana led to a dramatic decrease of the
PsbQ protein [5]. In C. reinhardtii, however, the complete loss of the
PsbO protein did not lead to any observable change in the expression
of the 17-kDa protein. The elevated level of the PsbQ protein observed
here was quite unexpected. It is unclear at this time whether or not the
up-regulation of the PsbQ protein in A. thaliana was due to the
presence of the Hisg-tagged PsbO-1 protein. It should be noted that
only a proportion of the extrinsic proteins present in thylakoid
membranes are functionally associated with the PS Il complex; some
exist in an unassembled state within a thylakoid lumen pool [28].
Consequently, it is unclear at this time if the apparent increase in the
level of the PsbhQ component represents protein functionally asso-
ciated with the photosystem (which we view as unlikely) or the
accumulation of free PsbQ protein in the lumenal compartment of the
thylakoids.

In addition to these intrinsic and extrinsic components of PS II, we
also examined Cyt f, a component of the cytochrome bg/f complex,
and PsaB, a reaction center component of PS I. Interestingly, these two
proteins appeared to be differentially regulated in the plants we
examined. PsaB was down-regulated in the psbol mutant, but
appeared in increasing amounts in the two transgenic plant lines,
with more protein being detected in psbo1-C than in psbo1-M. Cyt f,
however, was up-regulated in the psbol mutant, but appeared in
decreasing amounts in the two transgenic plant lines, with less
protein being detected in psbol-C than in psbol-M. Earlier, we
obtained a similar, although more extreme result, when examining a
phenotypic series of plants which expressed variable amounts of the
PsbO protein [5]. In that study, decreasing amounts of the PsbO
proteins led to a near complete loss of the PsaB component. Re-
examination of the immunoblots from that study also indicated that
Cyt f appeared to increase upon loss of the PsbO proteins and the
concomitant loss of assembled PS II. The mechanism(s) leading to the
differential expression of these other thylakoid membrane protein
complexes upon decreased assembly of PS Il are not understood at this
time.

3.3. Chlorophyll a fluorescence induction

Fig. 3A shows the chlorophyll a fluorescence rise during contin-
uous illumination observed in leaves of the wild type, the psbol
mutant, pshol-M, and psbo1-C plants. Using a logarithmic timing
series for the measuring flashes, the polyphasic fluorescence rise
exhibited the typical OJIP transients. Qualitatively, the pshol mutant
exhibited higher fluorescence yield than wild type over the entire
time course of the fluorescence curve. The fluorescence curves of the
psbo1-M and psbo1-C plants lie between those of wild type and the
psbol mutant, with the psbol-C plant being very similar to wild
type. Quantitative analyses of PS II closure kinetics from the wild type
and mutants were evaluated on the basis of a multi-exponential



1034 H. Liu et al. / Biochimica et Biophysica Acta 1787 (2009) 1029-1038

0.6+

0.4+

Fluorescence Yield

0.01 0.1 1 10 100
Time (ms)

1.0

0.8

0.6+

Fluorescence Yield

0.0+

0 20 30 40 50
Time (us)

> -

Fig. 3. Chlorophyll fluorescence induction of wild type, the psbol mutant and the
transgenic plants psho1-M and psbo1-C. A. Fluorescence induction under continuous
illumination. B. Fast fluorescence induction in the presence of 40 pM DCMU. In this
experiment the fluorescence rise following a single saturating flash was examined at a
time resolution of 1 p s. Please note different time scales in A. and B. Symbols: ®, wild
type; @, psbol mutant; A, psbo1-M; and, ¥, psbo1-C. n=3-5; error bars, 4-1.0 s.d.; in
some instances the error bars are smaller than the symbols.

analysis of the OJIP fluorescence rise transients [21]. The equations
used in this treatment were mathematically derived from the non-
linear relationship between fluorescence quantum yield and the
fraction of PS Il in a closed state [21]. The amplitudes and lifetimes of
the O], JI, and IP components shown in Table 2 were used to estimate
the overall rate constants of the reactions shown in Table 3.

The initial O] transition constitutes the photochemical phase of the
chlorophyll a fluorescence rise and can be ascribed to the double
reduction of Qg under conditions when the PQ pool still remains in an
oxidized state. PS II closure during this phase is determined by the

Table 3
Calculated rate constants for PS II closure.

ke, 571 ka, s ! ks, 5! ks, s~ ks, s Fy/Fp™®
WT 1160 730 85 64 28 0.79 +0.01°¢
pshol 2470 1340 118 130 25 0.58 +0.04¢
psbo1-M 1710 1260 104 95 28 0.7540.03
psho1-C 1220 980 82 49 27 0.78 +0.01

¢ n=3-5.
b Error, + 1.0 standard deviation.
€ p<0.01 (Student's t-test).

equilibrium between reduction and reoxidation of Qg. In our
experiment, the k; and k, rate constants were 1160 s~ ! and
730 s~ respectively, while in the pshol mutant k; and k, were
2470 and 1340 s~ |, respectively. The rate constants obtained for wild
type are in good agreement with those previously reported in the
literature [21,29]. The rate constant k; is higher in reaction centers
with compromised electron transport between Qa and Qg, as this rate
constant reflects the rate of Qa reduction. This was observed in the
psbo1 plant. Its higher k; is consistent with our earlier observation of
defective electron transport from Q4 to Qg [10] in this mutant. In the
psbo1-M and psbo1-C plants, k; and k, were observed to decrease to
near wild-type values with increasing accumulation of the Hisg-
tagged PsbO-1 protein. This indicates that the N-terminal Hisg-tagged
Psbo-1 protein can act as normal PsbO-1 protein in restoring impaired
electron transport between Qs and Qg in the psbol mutant
background.

The ]I transition is ascribed to the first phase of PQ pool reduction
during which electron transfer from the PQ pool to the Cyt bg/f
complex is maximal [21]. The k3 and k4 value can be derived from this
transition. In wild type, k; and k4 are 85 s~ ' and 64 s~ !, respectively.
The higher ks value as compared to k4 is expected since the value of k,4
in plants growing under optimal conditions is limited by the linear
electron flow resulting from PQH, oxidation by the Cyt bg/f complex
[30]. Antal and Rubin [21] observed that ks and k, were 127 s~ ! and
176 s, respectively. The higher k, which they observed was
unexpected and they speculated that their high k, may result either
from the changes in fluorescence yield induced by photoelectric trans-
thylakoid potential or from the partially reduced state in dark-adapted
C. reinhardtii. Interestingly, in the psbol mutant, a higher k4 value
(130 s~ 1) than ks, (118 s~ 1) was also observed, which may indicate k,
is not a limiting factor in the psbol mutant. Our interpretation is that
due to the defective oxidizing- and reducing-sides of PS II, the Cyt bg/f
complex is always open for reduction. Alternatively, the Cyt bg/f
complex may be up-regulated, maximizing cyclic electron transport to
partially compensate for defective linear electron transport. Our
“Western” blot results (Fig. 2) showed that in the psbol mutant, the
Cyt f subunit was up-regulated compared to wild type, which may
provide some evidence to support this hypothesis. In the psho1-M and
psbo1-C plants, increased levels of the Hisg-tagged PsbO-1 protein led
to a decrease in the k3 and k4 to near wild-type values with increasing
accumulation of the Hisg-tagged PsbO-1 protein. Finally, the IP phase
reflects the further oxidation of the PQ pool due to the establishment
of electron flow to electron carriers beyond the Cyt bg/f complex. The
rate constant ks is related to overall reduction of intermediates

Table 2
Quantitative analysis of PS II closure kinetics.
Aoy Toj, (ms) Ay T, (ms) Ap Tip, (MS)
WT 52.7 +2.9%P¢ 0.4540.03¢ 27.0+£3.0° 6.72 4+ 1.66 20.3+5.0 35.74+3.0
pshol 64.9 +2.4° 0.26 +0.01¢ 16.7 4+ 2.6° 4.03 +1.50 18.9+29 402474
psbo1-M 574409 0.3440.01 222410 5.02 4 0.69 20.64+1.7 35.7+15
psbo1-C 554405 0.4540.06 278+15 7.614+0.19 16.9+0.8 37.3+19
? n=3-5.

b Error, + 1.0 standard deviation.
¢ p<0.01 (Student's t-test).
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between Cyt bg/f and FNR. As we see in Table 3, ks values from all the
plants studied in this chapter were not significantly altered.

Finally, the quantum yield for PS II (Fy/Fy) was evaluated from
fluorescence induction data that had not been normalized. As
previously reported [9,10], wild-type plants exhibited a high quantum
yield (0.79) while the psbol mutant plants exhibited a very low
quantum yield (0.58). Both of the transgenic plants, psho1-M and
psbo1-C, exhibited high quantum yields which were indistinguishable
from wild-type values.

3.4. Flash fluorescence induction

Fig. 3B shows the flash-induced fluorescence induction with a 1 pis
time resolution in the presence of DCMU. In this experiment, electron
transfer between Qs and Qg is abolished by the presence of the
inhibitor. The observed fluorescence rise is the result of the re-
reduction by the oxygen-evolving complex of Yz which is in
equilibrium with the primary electron donor Pggo [31]. The shape of
this fluorescence rise contains information bearing on the amount of
PS Il and PS Il reaction centers present in the sample. Exponential
fluorescence rise kinetics indicate that the antennae of individual PSII
reaction centers are not coupled (i.e., a characteristic of PS Il centers),
while sigmoidal fluorescence rise kinetics indicate a high degree of
interconnectivity between the antennae of PS Il reaction centers (i.e., a
characteristic of PS Il centers) [32]. This is true under conditions of
both continuous relatively weak light illumination (slow fluorescence
induction) and single saturating flash conditions (fast fluorescence
induction) as demonstrated by Nedbal et al. [20]. In addition to the
differences noted above, PS I centers have a smaller antenna size, are
enriched in chlorophyll a, and are depleted of the light-harvesting
chlorophyll proteins. They appear to be principally located in the
stroma thylakoid membranes [33] and at the granal margins [34].
Additionally, PS Il centers appear to be defective in their ability to
transfer electrons from Q4 to Qg [34].

Qualitative examination of Fig. 3B indicated that, as previously
reported [10], wild-type plants exhibited a more sigmoidal fluores-
cence rise while the pshol mutant exhibited a more exponential
fluorescence rise. The two transgenic plants exhibited fluorescence
rise kinetics intermediate between these two extremes. The psbo1-C
plant exhibited a fluorescence rise that was nearly indistinguishable
from that of wild type, while the fluorescence rise of the psbo1-M
plant was more similar to that of the psbol mutant.

Quantitative analysis of these flash fluorescence rise curves
allowed the determination of the relative proportions of PS Il and
PS Il reaction centers present in these plant lines [20]. This analysis is
presented in Table 4. In wild type, we found the PS Il/PS Il ratio to be
2.59, in line with values obtained in other investigations
[10,20,33,35,36]. In the psbol mutant, however, there was a marked
enrichment of PS II, centers, with the PS I,/ PS I, ratio falling to 0.36,
which is consistent with our earlier report [10]. In the psbol-C
transgenic plant, the PS II/PS Il ratio was 3.12, within the range
observed in the wild-type plant. For unknown reasons we were
unable to fit the curve of the psbo1-M plant. The increased PS Ilo,/PS 11,
ratio indicated that accumulation of the Hisg-tagged PsbO-1 protein
led to a decreased amount of PS Il reaction centers. The high

Table 4
PSII antenna heterogeneity analysis®.
Strain PSIl, PSII; PSIl,/PSIl
WT 722 +5.0°¢ 27.8+£5.0° 2.59
psbol 26.7 +£1.2¢ 73.34+1.2¢ 0.36
psbo1-M ND ND ND
psbo1-C 75.84+6.6 24246.6 313

? n=3-5.

b Error, + 1.0 standard deviation.
¢ p<0.01 (Student's t-test).
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Fig. 4. Chlorophyll fluorescence decay following a single saturating flash in wild type,
the psbol mutant and the transgenic plants psbo1-M and psbo1-C. (A) Fluorescence
decay in the absence of DCMU. (B) Fluorescence decay in the presence of 40 uM DCMU.
Symbols: m, wild type; @, psbol mutant; A, psbo1-M; and, ¥, psbo1-C. n=3-5; error
bars, 4 1.0 s.d.; in some instances the error bars are smaller than the symbols.

proportion of PS Il centers which we observed in the psbol mutant
may indicate an increased rate of photoinhibition, and thus increased
rate of D1 turnover of PS II, since conditions which increase the rate of
photoinactivation also lead to increases in the amount of PS Il centers
[35]. This hypothesis was further supported by a recent study using
the T-DNA mutants which lack the PsbO-1 and PsbO-2 proteins. In this
study, the mutant lacking the PsbO-1 protein was very susceptible to
photoinhibition [7].

3.5. Fluorescence decay kinetics

Additional information concerning the electron transfer character-
istics on both the reducing- and oxidizing-sides of the photosystem in
these plant lines was obtained by examining Q4 reoxidation kinetics
in either the absence or the presence of DCMU. These results are
shown in Figs. 4A and B, respectively. In Fig. 4A the fluorescence decay
kinetics of wild type, psbol, psbo1-M, and psbo1-C in the absence of
DCMU are shown. In the absence of DCMU, the fluorescence decay is
dominated by electron transfer events that occur on the reducing-side
of the photosystem. Qualitatively, the psbol mutant appeared to
exhibit somewhat slower fluorescence decay than wild type over the
entire time regime examined. The psbo1-M and psbol-C transgenic
plants exhibited intermediate decay curves, with that of the psho1-C
plant's being nearly indistinguishable from wild type. Quantitatively,
the fluorescence decay after a single saturating flash can be resolved
into three exponential components [22] which are shown in Table 5. It



1036

Table 5
Qa reoxidation kinetics in the absence and presence of DCMU?.

H. Liu et al. / Biochimica et Biophysica Acta 1787 (2009) 1029-1038

—DCMU Fast phase 7 (ps)/% amplitude Middle phase 7 (ms)/% amplitude Slow phase 7 (ms)/% amplitude Residual % amplitude
% 195 +£27°/471 +4.2 1.02 +£0.23°/29.0+ 4.3 498 +74°/17.5 4+ 0.6 7.0+0.7
pshol 324433°/50.8+3.1 2.6040.78/22.44+2.9 648 +51°/17.0+0.7 93+15
Psbo1-M 278 4+25/53.54+0.7 1.96 4+ 0.46/21.7 £ 0.5 595439/16.7 0.6 79407
psho1-C 213429/48.5+43 1.244+0.28/272+4 4944-73/17.24+0.5 73403
+DCMU
WT 77£11°€/6.1 £ 1.7¢ 274 +16/46.3 +2.4° 1.2+0.1/45.7 £1°¢ 1.6+1.3¢
pshol 4.8+15244+1.0° 360 +20/26.34+3.1°¢ 2.540.39/59.0 4 2.5¢ 12.041.4°
psbo1-M 174 +£73°/41+£3.1 342 +£12°/342+£2.7° 2.5+0.1°/51.8+2.1 9.2+ 1.0°
psho1-C 131+£21/18.1+£3.9° 531+ 75°/51.6 +£3.5 1.9+0.4/28.24+6.0° 1.8+0.8

¢ n=3-5.

b Error, +1.0 standard deviation.
€ p<0.01 (Student's t-test).

should be noted that alternative models containing two exponential
decay components and a hyperbolic component [37], or only two
exponential decay components, failed to adequately fit the data. The
fastest and dominant exponential decay component observed in wild
type is related to the transfer of an electron from Qa to Qg (195 ps,
471%). The middle exponential decay component (1.02 ms, 29%) is
associated with transfer of an electron from Q4 to Qg in reaction
centers which have to bind plastoquinone to the Qg site before Qs
oxidation can occur. The slowest decay component (498 ms, 17.5%) is
related to a charge recombination reaction between Q4 and donor-
side components. Finally, a residual fraction of the fluorescence yield
(~7%) is very long-lived and may result from the equilibrium between
Qa and Qg [38]. In the psbol mutant, the time constant for the fast
phase modestly increased from 195 to 324 ps. This indicated that
electron transport from Qs to Qg was slowed in the mutant.
Additionally, the time constant for the middle exponential decay
component increased from 1.02 to 2.6 ms in the mutant. This increase
may be related to the large proportion of PS Il reaction centers
present in the mutant. PS Il reaction centers are localized principally
in the stromal thylakoid membranes. Since the stromal membranes
are deficient in photochemically reducible plastoquinone [39], the
binding of free plastoquinone to the Qg site would be expected to be
slowed in the psbol mutant. The time constant for the slow decay
component increased from 498 to 648 ms, indicating a slowing of
charge recombination with oxidizing-side components. Finally, the
residual amplitude (for the decay component(s) with a 7>10 s) also
increased significantly, perhaps indicating a change in the Q4 Qg
equilibrium. Overall, these results indicated that the principal
modification on the reducing-side of the photosystem observed in
the mutant, the increase in the time constant for the middle
exponential decay component, can be explained by the high
proportion of PS Il centers present in the mutant. These results are
quite congruent with our earlier findings on wild type and the pshol
mutant [10]. In the transgenic plants, the alterations observed in the
Qa~ reoxidation kinetics in the pshol mutant in the absence of DCMU
were reversed as the amount of the Hisg-tagged PsbO-1 protein
increased. All values for the psbo1-C plant, which contained wild-type
levels of the Hisg-tagged PsbO-1 protein, were statistically indis-
tinguishable from wild type. The psbo1-M plant, which accumulated
an intermediate amount of the Hisg-tagged PsbO-1 protein, exhibited
decay component values which were between wild type and the
psbol mutant values. These results indicate that the Hisg-tagged PsbO-
1 protein functionally complemented the defects observed on the
reducing-side of the psbol mutant.

In the presence of DCMU, which prevents the transfer of an
electron from Qs to Qg, the decay of fluorescence following a
saturating flash is dominated by charge recombination between Qa
and the oxidizing-side components of the photosystem, principally
the S, state. Fig. 4B illustrates the fluorescence decay kinetics of wild
type, the psbol mutant, and the psbol-M and psbol-C transgenic

plants in the presence of DCMU. Qualitatively, the psbol mutant
appeared to exhibit slower fluorescence decay than wild type over the
entire time regime examined. The psbo1-M and psbol-C transgenic
plants exhibited intermediate decay curves, with that of the psbo1-C
plant's being nearly indistinguishable from wild type. The observed
fluorescence decay curves were fit to the same model described above
[22]. As reported earlier [10], significant alterations were observed in
the mutant. In Table 5 the kinetic parameters associated with the
observed fluorescence decay in the presence of DCMU are presented.
The fastest decaying component observed in wild type exhibited a
time constant of 77 ps and is attributed to a small fraction of PS II
reaction centers (6.1%) that lack a functional manganese cluster [40]
in which Qa4 recombines directly with oxidized Y. The slowest decay
component observed for wild type exhibited a time constant of 1.19 s
and is attributed to charge recombination between Q, and the S, and
possibly the Ss, states [41]. The origin of the intermediate decay
component observed in wild type (274 ms) is unclear. In the psbol
mutant the fastest decaying component exhibited a time constant of
4.8 ps. The origin of this extremely rapid decaying component is
unclear at this time. The slowest decay component was observed to
have a time constant of 2.47 s, and its amplitude increased from 45.7%
in wild type to 59%. This result indicated that the S, state, and possibly
the S; state, were more stable in the pshol mutant than in wild type.
This is supported by our earlier flash oxygen yield analysis [10,11].
Little change was observed for the time constant of the intermediate
decay component, although its amplitude decreased from 46.3% in
wild type to 26.3% in the mutant. The residual decay component
(t>10 s) increased nearly 8-fold in amplitude. These results are
also quite similar to our earlier findings on wild type and the pshol
mutant [10].

In the transgenic plants, most of the alterations observed in the Q4
reoxidation kinetics in the psbol mutant in the presence of DCMU
were reversed as the amount of the Hisg-tagged PsbO-1 protein in-
creased. The time constants of the fast and slow components of the
decay in the psbo1-C plants were not significantly different from wild-
type values. The time constant of the intermediate component was
higher in the psbo1-C plant than in wild type. As noted above, however,
the origin of this decay component is unclear. Consequently, it is
difficult to evaluate this difference with respect to the phenotype of the
psbo1-C plant. Some differences also were apparent in the amplitudes
of the different kinetic phases. The fast kinetic phase accounted for a
higher proportion of the overall fluorescence decay in the psbol-C
plant than in wild type. Conversely, the amplitude of the slow kinetic
phase accounted for a higher proportion of the overall fluorescence
decay in wild type than in the psbol-C plants. Finally, the residual
amplitude for decay component(s) with a rate constant(s) greater
than 10 s was the same in both wild type and the psbol-C plant.
Generally, the psbo1-M plant, which accumulated an intermediate
amount of PsbO-1, exhibited decay component values that were be-
tween wild-type and psbol values. These results indicated that the
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Hisg-tagged PsbO-1 protein functionally complemented the majority
of the defects observed on the oxidizing-side of the pshol mutant.

4. Conclusions

The psbol mutant exhibits significant defects in PS I photochem-
istry. In this communication we provide evidence that an N-terminally
Hisg-tagged PsbO-1 protein can complement the majority of these
defects observed on both the reducing- and oxidizing-sides of PS II in
the psbol mutant. This is the first report demonstrating that a
modified protein can functionally bind to PS Il in higher plants in vivo.
As noted in the introduction, alterations of the N-terminus of the PsbO
protein can have significant consequences in vitro. While PsbO protein
mutants containing N-terminal extensions can reconstitute steady
state oxygen evolution rates, they typically exhibit significantly
altered binding curves [14,42] and require high, non-stoichiometric
amounts of protein to achieve full reconstitution of the oxygen
evolution activity. In the current study we demonstrate that, at least
with respect to an N-terminal Hisg-tag, nearly full complementation of
the defects observed in the psbhol mutant can be achieved even in the
absence of abnormally high levels of expression of the transgenic
protein. Indeed, our PS II closure kinetics, quantum yield, and Qa
reoxidation kinetics (in the absence of DCMU) measurements all
indicate that values indistinguishable from wild type are achieved
even in the psbo1-M plants, which contain relatively low amounts of
the Hisg-tagged PsbO-1 protein.

In this communication, we have attributed the observed comple-
mentation of the psbol mutant phenotype solely to restoration of
normal amounts of the PsbO-1 protein. We believe this to be the case.
It should be pointed out, however, that it is formally possible that
complementation of the mutant phenotype is due to both restoration
of normal amounts of the PsbO-1 protein coupled with a decrease in
the amount of the PsbO-2 component. These two hypotheses cannot
be differentiated at this time and will require further study.

We believe that this system will provide a platform for examining
the in vivo consequences of other directed mutations in the PsbO-1
protein with respect to photosystem function and assembly. Finally,
the engineered transformation vector pHMINTER can be generally
used for introducing an N-terminal Hisg-tag onto proteins and
provides the transit sequences necessary for targeting them to the
thylakoid lumen. Since the expression of the engineered protein is
driven by the native PsbO promoter, expression levels and subcellular
location of the target protein should more closely correspond to the
native expression patterns of lumenal proteins.
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