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Photosystem I (PSI) interacts with plastocyanin or
cytochrome c6 on the luminal side. To identify sites of
interaction between plastocyanin/cytochrome c6 and
the PSI core, site-directed mutations were generated in
the luminal J loop of the PsaB protein from Synechocys-
tis sp. PCC 6803. The eight mutant strains differed in
their photoautotrophic growth. Western blotting with
subunit-specific antibodies indicated that the mutations
affected the PSI level in the thylakoid membranes. PSI
proteins could not be detected in the S600R/G601C/
N602I, N609K/S610C/T611I, and M614I/G615C/W616A mu-
tant membranes. The other mutant strains contained
different levels of PSI proteins. Among the mutant
strains that contained PSI proteins, the H595C/L596I,
Q627H/L628C/I629S, and N638C/N639S mutants showed
similar levels of PSI-mediated electron transfer activity
when either cytochrome c6 or an artificial electron do-
nor was used. In contrast, cytochrome c6 could not func-
tion as an electron donor to the W622C/A623R mutant,
even though the PSI activity mediated by an artificial
electron donor was detected in this mutant. Thus, the
W622C/A623R mutation affected the interaction of the
PSI complex with cytochrome c6. Biotin-maleimide mod-
ification of the mutant PSI complexes indicated that
His-595, Trp-622, Leu-628, Tyr-632, and Asn-638 in wild-
type PsaB may be exposed on the surface of the PSI
complex. The results presented here demonstrate the
role of an extramembrane loop of a PSI core protein in
the interaction with soluble electron donor proteins.

Photosystem I (PSI)1 is a multisubunit membrane-protein
complex that catalyzes electron transfer from the reduced plas-
tocyanin in the thylakoid lumen to the oxidized ferredoxin in
the chloroplast stroma or cyanobacterial cytoplasm (1–4). In
cyanobacteria and green algae, cytochrome c6 can substitute

plastocyanin depending on the growth conditions (5–7). The
crystal structure of PSI at 4-Å resolution is available (8, 9). PSI
contains 89 chlorophyll a molecules, 83 of which constitute the
core antenna system. The PsaA and PsaB subunits form the
heterodimeric core that harbors most of the antenna chloro-
phyll a molecules, b-carotenes, the primary electron donor
P700, and a chain of electron acceptors (A0, A1, and FX). In
addition to the core proteins, the cyanobacterial PSI complex
contains three peripheral proteins (PsaC, PsaD, and PsaE) and
six integral membrane proteins (PsaF, PsaI, PsaJ, PsaK, PsaL,
and PsaM) (1–3). The PsaC, PsaD, and PsaE subunits consti-
tute the reducing side of the PSI complex. PsaC binds the
terminal electron acceptors FA and FB, which donate electrons
to ferredoxin. PsaD and PsaE facilitate the docking of ferre-
doxin on PSI (1). Functions of the other subunits have been
studied by using subunit-deficient mutants of cyanobacteria
and algae (10–17).

On the luminal side of thylakoid membranes, PSI accepts
electrons from plastocyanin or cytochrome c6. The interaction
of plastocyanin with plant and algal PSI complexes shows a
fast kinetic step, which can be attributed to a multistep reac-
tion mechanism of electron transfer (18, 19). Some cyanobac-
teria have a simpler one-step bimolecular collision mechanism
(20, 21). Cross-linking studies have indicated that plastocyanin
can be cross-linked to the N-terminal lysine-rich region of chlo-
roplast PsaF, which is not found in cyanobacterial PsaF (22).
Thus, the interaction between plastocyanin and plant PSI in-
cludes initial electrostatic interactions between the N-terminal
domain of PsaF and the conserved negative patches of plasto-
cyanin. However, the PsaF subunit of PSI is not required in the
interaction with plastocyanin in Synechocystis sp. PCC 6803
(13, 14, 23) and in Synechococcus elongatus (24). The deletion of
PsaF in Chlamydomonas reinhardtii did not abolish the elec-
tron transfer from plastocyanin to P700 (25). Therefore, plas-
tocyanin and cytochrome c6 contact the PsaA and PsaB core
proteins directly. The luminal extramembrane loops of PsaA
and PsaB are likely candidates for interaction with plastocya-
nin during electron transfer.

In the crystal structure of PSI, the luminal side of PSI is flat
with a 10-Å protrusion beyond the membrane boundary (8, 9).
There is a 3-nm deep indentation in the center, perhaps caused
by a partial separation between PsaA and PsaB. In the struc-
tural modeling, the dimensions of plastocyanin matched well
inside this cavity (26, 27). Near the luminal indentation, the
two surface a-helices l and l9 are parallel to the membrane
plane and are located near the P700 chlorophyll a dimer (8, 9).
The l and l9 helices are analogous to similar surface helices in
the purple bacterial reaction center (26, 28). The l and l9 helices
are in the extramembrane J loops that are located between the
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transmembrane k and m helices of the core proteins (see Ref. 29
for the topology of PSI core proteins and nomenclature of
loops). We postulate that these helices interact with plastocya-
nin during electron transfer.

To investigate the role of the J loops in the assembly and
function of the PSI complex and in the interaction with the
electron donors, we generated cysteine-scanning multipoint
mutations in conserved amino acids in the J loop of the PsaB
protein. A residue was changed to a cysteinyl residue in each of
the mutations. Such an approach has been used to study the
topographical features of membrane proteins (30, 31). The mu-
tations were introduced into a psaB deletion strain of Synecho-
cystis sp. PCC 6803. Here we present the biochemical charac-
terization of the mutant strains.

EXPERIMENTAL PROCEDURES

Cyanobacterial Cultures, Membrane Isolation, and PSI Purifica-
tion—Strains of Synechocystis sp. PCC 6803 were cultured in BG-11
medium with appropriate antibiotics (30 mg/liter chloramphenicol or 40
mg/liter kanamycin) at 30 °C. For autotrophic growth, cells were grown
in BG-11 medium under medium light intensity of 40 mmolzm22zs21. For
heterotrophic growth, cells were grown in BG-11 supplemented with 5
mM glucose under low light intensity of 5 mmolzm22zs21. Cells were
harvested at the late exponential growth phase. Previously published
methods were used for isolation of thylakoid membranes and purifica-
tion of trimeric PSI complexes with DM (32). The chlorophyll a concen-
tration (33) and the carotene concentration (34) were estimated accord-
ing to previously published methods.

Generation of Mutations in the psaB Gene—For mutagenesis in the
C-terminal region of the PsaB protein of Synechocystis sp. PCC 6803, a
PSI-less recipient strain (LKC) was generated by replacing a 1187-base
pair 39-coding region of the psaB gene (the HindIII–EcoRI fragment)
with a cassette for kanamycin resistance (Fig. 1). For this purpose, we
constructed a plasmid that contained the kanamycin resistance gene
cassette and an 843-base pair 39-flanking region downstream of the
psaB gene. Upstream from the resistance cartridge, the plasmid con-
tained a 2703-base pair AccI–HindIII fragment that includes most of
the psaA gene, the 59-region of the psaB gene, and the untranslated
region between the psaA and psaB genes. The plasmid was introduced
into a PSI-less strain, which has a partial deletion of psaA and psaB
genes and is capable of heterotrophic growth under low light intensity
(35, 36). The resulting kanamycin-resistant recipient strain is capable
of heterotrophic growth under low light intensity. To introduce the WT
and mutant psaB genes into the recipient strain, we constructed the
p3C1 recombinant plasmid. In this plasmid, a 1587-base pair SmaI–
EcoRI fragment of the psaB gene (including the 39-coding region of
psaB), a chloramphenicol resistance gene, and the 39-flanking region
were cloned into the polylinker of pBluescript II KS (Stratagene) (Fig.
1). All PsaB mutants were generated by a polymerase chain reaction-
mediated mutation technique (37). The mutagenic oligonucleotide prim-
ers contained a PstI or an NsiI restriction endonuclease recognition site.
The mutated recombinant plasmids were sequenced completely to en-

sure the presence of desired changes and the absence of errors by Taq
DNA polymerase. The DNAs were used to transform the recipient
strain LKC. The p3C1 plasmid with the WT gene was introduced back
into the LKC strain to yield the recovered wild-type (RWT) strain that
was used as the positive control in these studies. The transformation
was performed at 30 °C under heterotrophic growth conditions as de-
scribed (38). The chloramphenicol-resistant transformants were se-
lected, segregated for three generations, and replica-plated to confirm
the absence of the kanamycin resistance gene.

Characterization of the Mutant Strains—After segregation, the chlor-
amphenicol-resistant transformants were cultured in liquid BG-11 me-
dium, and the genomic DNA was isolated. Integration of the chloram-
phenicol resistance gene into the genome of the mutant strains was
confirmed by polymerase chain reaction amplification of appropriate
fragments using genomic DNA. The nucleotide sequence of the corre-
sponding polymerase chain reaction fragments was determined to con-
firm mutations. Cell counting showed that number of cells per A730 nm is
the same (5.5 3 107 cellszA730 nm

21zml21) for both the RWT and LKC
cultures. A730 nm was measured using a UV-160U spectrophotometer
(Shimadzu, Tokyo, Japan) and was used as a measure of cell count to
monitor the growth of the mutant strains and in normalizing other
characteristics of the mutant strains. Accumulation of PSI proteins was
examined by analytical SDS-PAGE and immunodetection (29). The
antibodies that were used for immunodetection have been described
previously (32). The P700 content was estimated by the measurement of
photoinduced absorbance changes at 820 nm (20, 39). The mutant PSI
complexes were modified by biotin-maleimide according to a previously
published method (32).

The PSII activity of Synechocystis cells was measured as light-driven
oxygen evolution in which electrons are transferred from water to
p-benzoquinone via the PSII complex. The PSI activity was monitored
by oxygen uptake with the Mehler reaction (40, 41) using the artificial
electron carriers DAD and MV (32). In this reaction, ascorbate reduces
DAD, which in turn donates electrons to P700. Light-driven PSI elec-
tron transfer reduces MV. The oxidation of the reduced MV consumes
oxygen. Alternatively, the PSI activity in the membrane can be meas-
ured by oxygen uptake with 15 mM cytochrome c6 replacing DAD as the
electron donor. The PSI activity in the membrane was also determined
from NADP1 photoreduction assays using cytochrome c6 and ferredoxin
as the electron donor and acceptor of the PSI complex, respectively (32).
These activities were normalized on an equal cell basis.

RESULTS

Mutagenesis of the J Loop of the PsaB Protein—In the crystal
structure of the PSI complex, a pair of surface helices (l and l9)
are present in the extramembrane J loops. The secondary
structure prediction using the Garnier algorithm (42) indicated
a putative a-helix in the J loop of PsaB from Met-614 to Tyr-632
(Fig. 2). This peptide fragment is highly conserved among the
PsaB proteins from higher plants, algae, and cyanobacteria.
This region also shows high homology between the PsaA and
PsaB proteins. Besides the putative helix, several other amino
acid residues in the J loop are also conserved among PsaB

FIG. 1. Generation of PsaB mutants.
The restriction map of the Synechocystis
sp. PCC 6803 genomic region around the
psaA and psaB genes is shown on the top
line. Arrows show the location, size, and
direction of complete or partial psaA and
psaB genes. The small black boxes indi-
cate the coding region for the extramem-
brane J loop (EL-J) of PsaB. The kana-
mycin resistance gene (Kan-r) and the
chloramphenicol resistance gene (Cam-r)
are shown as long boxes. The bold lines in
the construction of the p3C1 plasmid rep-
resent the pBluescript II KS vector.
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proteins from different sources and between the PsaA and
PsaB proteins. We targeted these conserved residues in the
mutagenesis experiments and generated eight multipoint mu-
tations in the J loop of the PsaB protein (Fig. 2).

Characterization of the Mutant Cells—The PSI-less LKC
cells were more blue than the WT cells due to the reduced level
of chlorophyll while retaining phycobilisomes (36). During seg-
regation, the RWT strain as well as the SJ1, SJ2, SJ4, SJ6, and
SJ8 mutant strains formed green colonies, whereas the SJ3,
SJ5, and SJ7 mutant strains formed bluish colonies that re-
sembled the recipient LKC strain.

The RWT, LKC, and mutant strains were cultured under
photoautotrophic and heterotrophic growth conditions, and the
increase in cell density was measured (Table I). All strains
grew heterotrophically with similar doubling time, ranging
from 27 to 30 h, indicating their similar abilities to utilize
externally supplied glucose under low light intensity. There-
fore, the respiratory system was not affected in the mutant
strains. Under photoautotrophic growth conditions, cells of the
LKC, SJ3, SJ5, SJ7, and SJ8 strains either died or did not
grow. The RWT and SJ6 cells had the fastest growth, whereas
the SJ1, SJ2, and SJ4 cells grew slower than the RWT cells.
Therefore, all mutations, except for the amino acid replace-
ments in SJ6, affected the autotrophic growth of the mutant
strain. These differences in the autotrophic growth rates could
result from the effects of mutations on the photosynthetic
activity.

The chlorophyll and carotene contents of these strains were
measured using the cells that had been grown under hetero-
trophic conditions (Table I). The LKC cells had the lowest

content, whereas the RWT cells contained the highest content
of these pigments. Among the mutant strains, the bluish SJ3,
SJ5, and SJ7 strains had relatively low chlorophyll and caro-
tene content, whereas the other strains showed higher chloro-
phyll/cell and carotene/cell ratios. Therefore, the color of the
mutant cells correlates to their pigment content, which in turn
may reflect the change of the abundance of the pigment-bind-
ing proteins. The strains that were able to grow photoau-
totrophically were green strains containing relatively high
pigment content. Thus, the mutations might affect the pho-
tosystem complexes, which are the major pigment-binding
proteins.

The impact of mutations on the photosystem activity in the
mutant strains was studied by oxygen measurement. The PSII
and PSI activities in the intact cells were measured by oxygen
evolution and uptake with the artificial electron carriers, re-
spectively (Table I). The photosynthetic activities were normal-
ized on an equal cell basis. The PSII activity of the 10 strains
ranged from 576 to 787 nmol of O2zA730 nm

21zh21, which was
84–114% of the RWT level. Therefore, the PSII activity was not
affected substantially by the mutations in the PsaB protein. As
expected, the PSI-less LKC strain contained no PSI activity,
whereas the RWT cells had an activity of 2237 nmol of
O2zA730 nm

21zh21. The lack of PSI activity in the SJ3, SJ5, and
SJ7 mutant strains was consistent with their inability to grow
autotrophically. The SJ8 mutant strain contained only 8% of
the RWT activity, which might not be sufficient for autotrophic
growth. The SJ1, SJ2, SJ4, and SJ6 mutant strains showed
different levels of PSI activity with various autotrophic growth
rates. The changes of PSI activity in the mutant strains may

FIG. 2. Mutagenesis of the J loop of the PsaB protein. A, folding model for the extramembrane J loop of PsaB. Amino acids are indicated
and numbered for the PsaB protein of Synechocystis sp. PCC 6803. The surface helix is represented as a box with the predicted sequence aligned
inside. The positions and identities of the mutations are indicated. B, comparison of the primary sequences of the J loop of PsaB and PsaA from
different sources. The completely conserved residues among species are shaded. Dots indicate the residues that are conserved between PsaA and
PsaB.
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result from the effect of the mutations on the assembly and/or
function of PSI. To test these possibilities, we examined the
accumulation and function of the PSI complexes in the thyla-
koid membranes.

Accumulation of PSI Proteins in the Mutant Membranes—
PsaB is an integral membrane protein with 11 transmembrane
helices. Mutations in the PsaB protein could disturb protein
folding and affect the assembly of the PSI complex. We per-
formed Western blotting to estimate the steady-state levels of
PSI proteins in the membranes. Thylakoid membranes were
isolated from mutant strains, and their proteins were resolved
by SDS-PAGE. Immunodetection was performed with poly-
clonal antibodies against PsaA, PsaB, PsaC, PsaF, PsaI, PsaK,
or PsaL (Fig. 3). The results were consistent on all seven
Western blots. As expected, no PSI protein was detected in the
LKC membranes, whereas the RWT membranes contained PSI
proteins. PSI proteins were not detected in SJ3, SJ5, and SJ7
membranes, consistent with the lack of PSI activity in these
cells. Therefore, the SJ3, SJ5, and SJ7 mutations abolished the
accumulation of PSI proteins in the membrane. The absence of
PSI proteins in the SJ3, SJ5, and SJ7 mutants resulted in their
inability to grow autotrophically and the blue color of the cells.
PSI proteins were detected in the SJ1, SJ2, SJ4, SJ6, and SJ8
mutants at varying levels that were less than the RWT level.
Therefore, the mutations in the SJ1, SJ2, SJ4, SJ6, and SJ8
strains allowed some accumulation of PSI proteins in the mem-
brane. To study the effect of mutations on the photosynthetic
function of the accumulated PSI complexes, the SJ1, SJ2, SJ4,
SJ6, and SJ8 mutant membranes were subjected to functional
analysis.

Photosynthetic Characterization of the Mutant Membranes—
The active P700 reaction centers in the intact thylakoid mem-
branes were measured by laser-induced changes in the absorb-
ance at 820 nm and were normalized on an equal cell basis
(Table II). The active P700 reaction centers in the DM extracts
were also measured to investigate the stability of the reaction
centers (Table II). The PSI photosynthetic activity was deter-
mined with different sets of electron donors and acceptors:
DAD/MV, cytochrome c6/MV, and cytochrome c6/ferredoxin.
The DAD/MV PSI activity, which was measured by oxygen
uptake with an excess of the artificial electron donor (DAD) and
acceptor (MV), excludes the limitation by interprotein recogni-
tion and docking on both sides of the membrane and therefore
indicates the efficiency of electron transfer within the PSI
complex. When cytochrome c6 replaces DAD as the electron
donor of PSI in the oxygen uptake measurements, the cyto-
chrome c6/MV PSI activity reflects both the electron transfer
rate within the PSI complex and the interaction between cyto-
chrome c6 and the PSI complex. The PSI-mediated NADP1

photoreduction uses cytochrome c6 and ferredoxin as the elec-

tron donor and acceptor, respectively. Thus, the cytochrome
c6/ferredoxin PSI activity includes the electron transfer activity
and the interaction between the PSI complex and the soluble
proteins on both sides of the membrane. The difference be-
tween the DAD/MV and the cytochrome c6/MV PSI activities
indicates an impact on the interaction between the PSI com-
plex and cytochrome c6. Similarly, the difference between the
cytochrome c6/MV and the cytochrome c6/ferredoxin PSI activ-
ities indicates the effect on the interaction between the PSI
complex and ferredoxin. In all mutant membranes, the cyto-
chrome c6/MV and the cytochrome c6/ferredoxin PSI activities
were at a similar percentage of the RWT level. Thus, the
mutations on the luminal loop did not affect the interaction
between the PSI complex and ferredoxin on the cytoplasmic
side.

The SJ1 and SJ6 mutations were located in the two ends of
the J loop. These two mutants had higher autotrophic growth
rates than the other mutants. They both contained active P700
and cytochrome c6/MV PSI activity at the same percentage of
the RWT level. However, 41% active P700 in the intact mem-
brane of the SJ1 mutant was lost after DM extraction. There-
fore, the P700 reaction centers of the SJ1 mutant were labile to
detergent extraction, suggesting an impact of the mutation on
the packing of helices in the membrane. We reported earlier

FIG. 3. Accumulation of the PSI proteins in the mutant strains.
Membranes were analyzed by Tricine/urea/SDS-PAGE and Western
blotting with subunit-specific antibodies. The immunodetection was
visualized by enhanced chemiluminescence.

TABLE I
Characterization of the mutant cells

Strains
Doubling time Pigment content Photosynthetic activity

Heterotrophic Autotrophic Chlorophyll Carotene PSII PSI

h mg z A730 nm
21 z ml21 nmol O2 z A730 nm

21 z h21

LKC 30 —a 0.73 0.32 576 0
RWT 27 54 1.29 0.83 688 2237
SJ1 27 70 1.19 0.79 685 2260
SJ2 27 81 0.99 0.63 743 289
SJ3 28 — 0.85 0.45 668 24
SJ4 27 172 1.02 0.72 787 262
SJ5 28 — 0.75 0.39 692 0
SJ6 27 54 1.04 0.70 686 2124
SJ7 28 — 0.88 0.44 727 25
SJ8 28 — 0.89 0.55 730 219

a —, these strains died or did not grow.
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that proteolysis of the extramembrane loops facilitates the
access of the small artificial electron carriers to the electron
transfer centers in the PSI complex, resulting in an increase in
the DAD/MV PSI activity (29). The SJ1 mutation might change
the packing of the transmembrane k helix that is adjacent to
the P700 reaction center, which may favor the access of small
DAD molecules to the P700 reaction center. Consistent with
this postulate, we observed high DAD/MV PSI activity in the
SJ1 mutant. Similarly, the SJ6 mutant also lost 22% active
P700 reaction centers upon DM extraction. With less loss of
active P700, the SJ6 mutant did not show such a dramatic
increase in the DAD/MV PSI activity as the SJ1 mutant. The
SJ6 mutation may have less impact on the packing of trans-
membrane helices than the SJ1 mutation. In summary, the SJ1
and SJ6 mutations affected the accumulation of PSI proteins in
the membrane and the packing of helices around P700, but did
not interrupt the interaction between the PSI complex and
cytochrome c6.

The SJ2, SJ4, and SJ8 mutations were located in the middle
of the J loop. These mutants grew slowly or did not grow under
autotrophic growth conditions. Upon extraction by DM, the
SJ2, SJ4, and SJ8 extracts maintained a similar level of active
P700 reaction centers as in their intact membranes. Therefore,
the SJ2, SJ4, and SJ8 mutations did not affect the conforma-
tion around the P700 reaction center. Among them, the SJ4
mutant contained similar levels of active P700, DAD/MV PSI
activity, and cytochrome c6/MV PSI activity, which were about
one-fourth of the RWT level. Therefore, the SJ4 mutation de-
creased greatly the accumulation of PSI proteins in the mem-
brane, but did not affect the interaction of the PSI complex with
cytochrome c6. In contrast, the SJ2 mutant contained 29%
active P700 and 38% DAD/MV PSI activity of the RWT level,
but neither cytochrome c6/MV nor cytochrome c6/ferredoxin
electron transfer activity was detected in the SJ2 mutant mem-
branes. Therefore, the SJ2 mutation affected the interaction
between the PSI complex and cytochrome c6. It reduced the
accumulation of PSI complexes, but did not affect the confor-
mation around P700. The slow autotrophic growth of the SJ2
mutant in the absence of cytochrome c6-mediated PSI activity
may be due to the electron transfer from plastocyanin or a third
electron donor as indicated in an earlier study (43). Similar to
the SJ2 mutant, the SJ8 mutant membrane contained no cy-
tochrome c6/MV PSI activity, even though active P700 and the
DAD/MV PSI activity were detected in the SJ8 mutant. There-
fore, the SJ8 mutation greatly decreased the accumulation of
the PSI complexes and might have interrupted the interaction
of the PSI complex with cytochrome c6.

Modification of Mutant PSI Complexes—The PsaA and PsaB
proteins in the WT complexes could not be modified by biotin-
maleimide (Fig. 4), which specifically reacts with the sulfhydryl
group of cysteinyl residues. Therefore, the cysteinyl residues of

the WT PsaA and PsaB proteins were not exposed on the
surface of PSI complexes. To study the topology of the J loop,
we changed one amino acid to a cysteinyl residue in each of the
eight mutations. PSI complexes from the SJ1, SJ2, SJ4, SJ6,
SJ8, and RWT strains were purified and treated with biotin-
maleimide. The biotin-maleimide-treated PSI complexes were
resolved by Tricine/urea/SDS-PAGE, probed with peroxidase-
conjugated avidin, and then developed with enhanced chemi-
luminescence reagents (Fig. 4). WT PsaAB could not be modi-
fied by biotin-maleimide. When the WT PSI complexes were
incubated with SDS to denature the proteins, we could detect
modification of the PsaAB proteins by biotin-maleimide. A
small amount of RWT PsaAB proteins was labeled by biotin-
maleimide, which might be due to partial unfolding in a small
fraction of the PSI complexes during the preparation. The SJ1,
SJ2, SJ4, SJ6, and SJ8 PSI complexes were modified by biotin-
maleimide. Therefore, the cysteinyl residues introduced in
these strains were exposed on the surface, suggesting that the
corresponding residues in the WT PsaB protein (His-595, Trp-
622, Leu-628, Tyr-632, and Asn-638) may be exposed on the
surface of the PSI complex.

To study the effect of the biotin-maleimide modification on
PSI function, the cytochrome c6/ferredoxin PSI activity was
measured after the modification and expressed as a percentage
of the RWT level. The cytochrome c6/ferredoxin activities of
modified PSI complexes from mutant strains were reduced
substantially from their levels before modification. SJ1 was
reduced from 58 to 34%, SJ4 was reduced from 28 to 11%, and
SJ6 was reduced from 56 to 26% of the activity of the modified
RWT membranes. Therefore, the modification of residues in
the J loop by biotin-maleimide may interfere with the interac-
tion of the PSI complex with the electron donor cytochrome c6,
providing further support for an interaction between the ex-
posed surface of the J loop and cytochrome c6.

DISCUSSION

The PSI complex accepts electrons from plastocyanin or cy-
tochrome c6 on the luminal side of the thylakoid membrane.

FIG. 4. Modification of the mutant PSI complexes. Purified PSI
complexes containing 5 mg of chlorophyll were treated with biotin-
maleimide and analyzed by Tricine/urea/SDS-PAGE. The blot was
probed with peroxidase-conjugated avidin and visualized by enhanced
chemiluminescence reagents.

TABLE II
Characterization of the mutant photosynthetic membranes

The results were normalized on an equal cell basis and are expressed as a percentage of the RWT level that is shown in parentheses. The level
of P700 in the DM extract is expressed as a percentage of the RWT level in the membrane.

Strains
Level of active P700 PSI photosynthetic activity

Membrane DM extract DAD/MV Cytochrome c6/MV Cytochrome c6/ferredoxin

nmol z A730 nm
21 z h21

RWT 100 95 100 100 100
(6.91 3 104 P700/cell) (2237) (2326) (49)

SJ1 44 26 110 44 58
SJ2 29 29 38 0 0
SJ4 23 26 26 23 28
SJ6 45 35 52 44 56
SJ8 10 8 8 0 0

Mutagenesis of the Cyanobacterial Photosystem I19052



Examination of the structures of plastocyanin and cytochrome
c6 revealed the presence of a flat hydrophobic surface around
the redox center in both proteins (44, 45). These flat hydropho-
bic surfaces are essential for the electron transfer from plasto-
cyanin or cytochrome c6 to PSI (12, 46). Correct hydrophobic
interactions are expected to ensure the accurate orientation of
plastocyanin or cytochrome c6 on the PSI complex. Therefore,
the two surface a-helices l and l9 and other amino acid residues
in the J loops of the core proteins might provide the site for
interaction with plastocyanin or cytochrome c6. We tested this
hypothesis by generating mutations in the J loop of PsaB.

Replacement of conserved residues in the J loop affected
levels of PSI proteins in the membranes to varying degrees.
The decreased accumulation of PSI proteins in the mutant
membranes could result from several factors. A mutation might
disturb the assembly of the mutant PsaB protein into the
thylakoid membrane or cause a rapid turnover of the mutant
PsaB protein. The mutation might affect the interaction be-
tween PsaB and other PSI subunits and result in fast degra-
dation of PSI complexes. Since the deletion of PsaF, PsaL, PsaI,
and PsaJ subunits did not affect the accumulation of PsaA and
PsaB proteins (14, 16, 17, 47), the decreased accumulation of
PSI proteins in the mutant strains is likely due to the de-
creased accumulation of the PsaB protein. The SJ3, SJ5, and
SJ7 mutants did not allow accumulation of detectable levels of
PSI proteins in the membranes. These mutations are located in
the region between Ser-600 and Trp-616. Therefore, this pep-
tide fragment is important for the stability of the PsaB protein
in the membrane. Biotin-maleimide modification of the SJ1,
SJ2, SJ4, SJ6, and SJ8 PSI complexes indicated that His-595,
Trp-622, Leu-628, Tyr-632, and Asn-638 in WT PsaB might be
exposed on the surface of the PSI complex. Mutations of the
surface-exposed residues had a less destabilizing effect on the
PsaB protein than the changes in the buried residues. For this
reason, we propose that the l helix is exposed on the surface of
the J loop, whereas the peptide fragment from Ser-600 to
Trp-616 may fold underneath the helix.

Upon extraction by DM, the SJ1 and SJ6 mutants lost some
active P700 reaction centers, suggesting an impact of muta-
tions on the packing of transmembrane helices around P700.
Other mutants maintained their active P700 after detergent
extraction. The SJ1 and SJ6 mutations are located in the ends
of J loop and close to the ends of the transmembrane k and m
helices. Therefore, the amino acid residues at the junction of
the transmembrane helix and extramembrane loop might be
important for the packing of transmembrane helices.

The SJ2, SJ4, and SJ8 mutations were predicted to be lo-
cated in the l helix. When we viewed the l helix as a wheel
diagram, Trp-622, Leu-628, and Tyr-632 were aligned on one
side of the helical wheel that is largely hydrophobic. These
residues were determined exposed to solvent in the WT PSI
complex (Fig. 4). This hydrophobic side of the l helix, containing
Trp-622, Leu-628, and Tyr-632, may provide a surface for the
hydrophobic interaction with plastocyanin/cytochrome c6. The
SJ2 and SJ8 membranes contained no cytochrome c6/MV and
cytochrome c6/ferredoxin PSI activities, but maintained
DAD/MV PSI activity. Therefore, the SJ2 and SJ8 mutations
maintained electron transfer activity, but failed in interacting
with cytochrome c6. The SJ2 and SJ8 mutants maintained
their active P700 reaction centers upon detergent extraction,
indicating no impact on the conformation around P700 by the
mutations. Therefore, the observed interruption of the PSI
interaction with cytochrome c6 in the SJ2 and SJ8 mutants is
likely due to the amino acid replacement. In each of these two
mutants, a large aromatic residue was replaced with the
smaller cysteinyl residue. In contrast, the SJ4 membrane

maintained similar levels of PSI proteins, active P700, and PSI
activities and did not interrupt the interaction between the PSI
complex and cytochrome c6. In the SJ4 mutation, a leucinyl
residue was changed to a cysteinyl residue. However, when the
SJ4 PSI complexes were modified by biotin-maleimide with
dramatic structural change, the PSI NADP1 photoreduction
activity was reduced substantially. The physical structure of
the hydrophobic side of the l helix is important for the inter-
action of the PSI complex with cytochrome c6. Therefore, our
results show that the hydrophobic side of the l helix of the PsaB
protein that contains Trp-622, Leu-628, and Tyr-632 provides
the site of interaction with cytochrome c6.
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