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Studies on Structure and Function of Photosystem I
in Oxygenic Photosynthesis: Stoichiometry of
Cytochrome b-559 in Synechocystis sp. PCC 6803
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Cytochrome b-559 is an integral protein of the photosystem II (PSII) reaction center from
both plants and cyanobacteria. Cytochrome b5-559 has the unique structure of a heme cross-
linked o- and B-subunit heterodimer. The stoichiometry of cytochrome 5-559 (one or two co-
pies) per the PSII reaction center has been the subject of controversy and the molar ratio of
the heme group to the special chlorophyll P-680 has a number of significant implications on
our understanding of the functional role of cytochrome 5-559, the mechanism of electron do-
nation in PSII, and the stoichiometry of the other redox-active reaction center components. In
order to determine the number of the cytochrome b-559 heme in the PSII reaction center of
Synechocystis sp. PCC 6803, the a- and B-subunits are covalently linked by use of the molec-
ular genetic techniques. The resulting psbEF fusion mutant was able to grow pho-
toautotrophically, implying that the PSII complexes are assembled and functional in thy-
lakoids. This result supports the fact that there are two set of cytochrome 5-559 in the PSII
reaction center of Synechocystis sp. PCC 6803.
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The photosystem II (PSII) reaction centers of high-
er plants and cyanobacteria consist of four major po-
lypeptides D1, D2, and the «- and B-subunits of cy-
tochrome b-559. Studies on the structure of cy-
tochrome h-559 are of interest because (i) the topo-
graphy of its a- and B-subunits in the thylakoid mem-
branes is known (Tae et al., 1988. Vallon et al.,
1989; Tae and Cramer, 1994) and (ii) although the
electron transport function is enigmatic (Cramer and
Whitmarsh, 1977; Cramer et al., 1993), it has the un-
usual aspect that it is involved in a response to stress,
particularly photoinhibition (Thompson and Brudvig,
1988; Ohad er al., 1990; Nedbal er al., 1991: Ono er
al., 1995).

Cytochrome b-559 has the unique structure of a
heme cross-linked dimeric o- and B-subunits. The st-
oichiometry of the o and B-subunits of cytochrome
b-559, which are encoded by the pshbE and pshF
genes, respectively, has been determined to be 1 to 1
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(Widger et al., 1984) and the heme group is ligated
via bis-histidine through the hydrophobic interactions
(Babcock et al., 1985). Because the a- and [B-sub-
units were recovered in 1:1 stoichiometry in a single
fraction, the unit for heme coordination would have
to be an heterodimer (Fig. 1A) if there were only
one cytochrome 5h-559 heme per the PSII reaction
center (Miyazaki et al., 1989; Buser et al., 1992).
Moreover, the single histidine residue in each sub-
units, located at the 5th position from the NH.-ter-
minus of 26- and 25-residue-long hydrophobic mem-
brance spanning domains of the o- and [B-subunits,
respectively (Hermann et al., 1984), and the bis-his-
tidine coordination would require that the o- and B-
subunits have a parallel orientation in the thylakoid
membrane bilayer (Cramer er al, 1986). However,
an in sty stoichiometry of two high-potential cy-
tochrome h-559 hemes per the PSII reaction center in
thylakoids (Selak er al., 1984), two hemes per the
rcaction center in Synechocystis sp. PCC 6803 (Mac-
Donald et al., 1994), and a radiation cross-section in
reaction centers corresponding to a dimeric cytochro-



126

3
J

(A) B)

Strama

polar hesd grouss

W

A\
’\:’\\E\?\i

9

:\?\f\?\

polar head groups

Luman 00 Lumen
/ oo
—_
(C) M
__ Strems
polxr head o (_/ ' (_/
— *’6"1—-@:/_-{
-

Cha, Hyeon Cheol and Gun-Sik Tae

poler hesd groups

J. Plant Bol. Vol. 40, No. 2

A

5\5\/\%5'
W

A\

r’j"."_)ﬂ’é”*'—fo\- ol
=F =

oo”

[N

Zwle
= =
= e

Fig. 1. Models for orientation of (A) the unit aff heterodimer, (B) the diheme cytochrome b-559 off heterodimer, and (C) o,
and B. homodimers in the thylakoid membrane bilayer. The heme iron (symbolized by a dot in the middle of the vertical bar)
is coordinated by His-22 and His-17 of the a- and B-subunits, respectively. The NH,- and COOH-termini of the o-subunit
are positioned on the stromal and the lumenal sides of the membrane, respectively.

me h-559 (Takahashi and Asada, 1989) suggest that
the cytochrome b-559 heme to the special chlorophyll
(P-680) stoichiometry is two, but that one heme can
be lost in more highly purified reaction center pre-
parations. In the case of two hemes, the units for heme
coordination and cytochrome b-559 structure could
be (aff), heterodimers (Fig. 1B), as well as (o). and
(B). homodimers (Fig. 1C).

Elucidation of the number of heme(s) in the rcaction
center would help to solve the problem of the enig-
matic function of cytochrome b-559. The molecular
genetic techniques have been developed to introduce

specific mutations in the PSII polypeptides of the pho-
toheterotrophic cyanobacterium Synechocystis sp. PCC
6803 (Williams, 1988; Carpenter and Vermaas, 1989;
Tae and Cramer, 1992) in order to analyze structure
and function relationships of the PSII complex. In the
present study the restriction enzyme sites (Nhel) had
been introduced by use of a site-directed mutagenesis
technique at 3-end region of the psbE gene and 5'-end
region of the psbF gene. The DNA fragment between
the mutation sites was removed by the restriction diges-
tion and the ligation reactions. The pshE and psbF
genes were  covalently connected, resulting in the
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psbEF fusion mutant, which is supposed to produce
the o- and B-subunit-fused cytochrome h-559. On
the basis of the capability of the photoautotrophic
growth of the pshEF fusion mutant, the stoichiome-
try of cytochrome b-559 in the PSII reaction center
of Synechocystis sp. PCC 6803 was discussed.

MATERIALS AND METHODS

Growth and manipulation of cyanobacterial strain

The wild-type and mutant strains of Synechocvstis
sp. PCC 6803 were grown either in liquid media
(BG-11) or in agar plates under constant illumination
[30-50 upEinstein m~ sec’ (Einstein=1 mole of pho-
tons) at 30°C (Rippka et al, 1979; Williams, 1988).
The 2-fold-concentrated BG-11 medium and 3% (w/v)
Bacto-agar (Difco) were separately autoclaved and
mixed, and then the supplements such as SmM glu-
cose, 50 pg/mL spectinomycin, and 30 pg/mL kana-
mycin were added when the solution was cooled
down to 55-60°C. The psbEF deletion mutant (T1297;
kindly donated from Dr. H. B. Pakrasi at Washington
University) and the pshEF fusion mutant strains were
propagated and maintained on plates containing 3()
ug/mL kanamycin and S0 pg/mL spectinomycin, res-
pectively. The growth rates of the wild-tvpe and mu-
tant strains werc measured on the basis of the absor-
bance changes at 730 nm while growing in BG-11
media under constant illumination at 30"C in the pre-
sence and absence of 5 mM glucose. All the strains
of Synechocystis sp. PCC 6803 were stored at -70°C
in the presence of 20% glycerol.

Site-directed mutagenesis of the pshbE and the psbF
genes

In order to introduce the restriction enzyme Nhel
sites on both 3'-end region of the psbE gene and 5'-
end region of the pshF gene of Synechocystis sp. PCC
6803, the synthetic oligonucleotides S-GAGTTTAA-
TCAAGCTAGCATTTAATTGTTC-3" (Primer-1: G+C
content: , 30%; complementary to the 3"-end region of
the psbE gene) and S-TTTAGTTGGTAAGCTAGC-
ATGCGTTTTGAC-3' (Primer-2: G+C content, 40%;
complementary to 5'-cnd region of the pshb gene)
were used as the site-directed mutagenesis primers
(Zoller and Smith, 1983; Kunkel et al., 1987). First,
the mutation was introduced to the 3-end region of
the psbE gene. The phosphorylated primer-1 was an-
nealed for 2 min at 70°C to the single-stranded
DNA extracted from MI13KO7 phage in a solution
containing 50 mM NuaCl, 20 mM MgCl,, and 20
mM Tris-HCl, pH 7.5. The annealing mixture was
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cooled down to 30°C for 30 min. After the mutated
primer-1 was annealed to the template, native T7
DNA polymerase, T4 DNA ligase, and 10-fold-con-
centrated synthesis buffer (§ mM cach of dATP,
dCTP, dGTP, and dTTP, 10 mM ATP, 50 mM
MgCl, 20 mM DTT, and 100 mM Tris-HCI, pH 7.
9) were added and incubated at 37°C for 30 min to
synthesize the mutated complementary DNA strand.
The resulting closed heteroduplex DNA was trans-
formed directly into the E. coli MV1190 strain, in
which dUTPase and uracil N-glycosylase were ac-
tive. Several colonies were picked and plasmids were
isolated from individual colonies. After the DNA se-
quences of the mutation site was confirmed by direct
DNA scquencing of plasmids (Sanger et al., 1977),
the second mutation was introduced to S'-end region
of the pshbF gene with the phosphorylated primer-2.
All the procedures were repeated as mentioned be-
fore to get the double mutant in which the Nhel res-
triction sites were introduced on 5'- end region of the
psbF gene as well as 3'-end region of the pshF gene.

Construction of the recombinant psbEF fusion
plasmid

The plasmid containing two Nhel restriction sites
on both 3'- and 5'- end regions of the psbE and pshF
genes, respectively, was treated with Nhel at 38°C
for 1 hr. The digested products were separated on a
0.8% agarose gel and the band corresponding to the
correct size was excised. After the extraction of
DNA, the ligation reaction by use of T4 DNA po-
lymerase was performed at room temperature for 1
hr and the ligation reaction mixture was transformed
into E. coli MV1190 with the electrophorator (Bio-
Rad). The pshEF fusion mutant was selected from
the direct DNA sequencing of the plasmids extract-
ed from individual colonies.

Transformation of the mutated pshEF fusion gene
in pBluescript I SK' into the pshbEF deletion mu-
tant, T1297

A 1.5-mL sample of the culture grown to 2-5x 10"
cells/mL (A,3,=0.25 corresponding to 10% cells/mL)
was harvested by centrifugation at 4.500 g at room
temperature for 10 min and resuspended in 200 L
ot fresh BG-11 medium with 5 mM glucose. Two to
five microliters of plasmid DNA (0.2 ug/uLl) was
added and incubated for 4 hrs in a sterile Falcon
tube under the standard temperature and light con-
ditions. The transformation mixture was incubated for
another I8 hrs after adding 1 mL of BG-11 with 5
mM glucose and spreaded on Petri dishes containing
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5 mM glucose and 50 pg/mL spectinomycin. Colo-
nies of transformed cells could be seen in 2-3 weeks.

Isolation of the chromosomal DNA from Synecho-
cystis sp. PCC 6803

One hundred milliliters of a late log-phase cell cul-
ture grown at 30°C was harvested by centrifugation
at 5,000 g for 10 min, washed once with Tris-EDTA
buffer (5 mM EDTA and 50 mM Tris-HCI, pH 7.5)
and resuspended in saturated Nal solution (5 mL).
Cells were heated to 65°C for 20 min and centri-
fuged at 10,000 g for 10 min. The sediment was
washed once with Tris-EDTA buffer and resuspend-
ed in 10 mL of Tris-EDTA containing lysozyme (4
mg/mL). After incubation (37°C, 45 min), 2% (w/v)
SDS, 2% (w/v) N-laurylsarcosine, and 100 pg/mL
proteinase K (Boehringer) were added and incubated
at 50°C for 1 hr. The lysate was extracted twice
with a 1:1 mixture of phenol and chloroform (1 hr)
and once with chloroform (1 hr) on the nutator. The
upper phase was precipitated with 0.1 volume of 7.5
M ammonium acetate, pH 7.8, and 2 volumes of
100% ethanol. The chromosomal DNA dried under
vacuum was redissolved in 2 mL of TE buffer (10
mM Tris-HCl, pH 8.0, and 1 mM EDTA) and 40
ul of 1 M MgCl..

Identification of the mutation sites by Polymerase
Chain Reaction of Synechocystis sp. PCC 6803
The psbEF fusion gene was amplified from the cy-
anobacterial genome by PCR with Tag DNA poly-
merase in order to ascertain that the correct muta-
tions had been introduced into a cyanobacterium. For
PCR of the psbEF fusion mutant, two synthetic oli-
gonucleotides were used as primers for DNA poly-
merization: (i) 5'-CCCATATGTCAGGGACTACCG-
GCGAGCGTC-3' (forward primer) to hybridize the
complementary strand to the upstream region of the
psbE gene including the start codon; (ii) 5'-GAAG-
CTTCCCAACACAGCCACCAACAATAG-3' (reverse
primer), complementary to the region in the middle
of the coding strand of the psbL gene, which is lo-
cated immediately downstream of the psbF gene.
Twenty-five PCR cycles (each 60 sec at 94°C for
denaturation of the double-stranded DNA followed
by 60 sec at 55°C and 90 sec at 72°C for the hy-
bridization and chain elongation, respectively) in a
reaction medium (Promega, M1862) including 0.8
mM dNTP, 1 pM forward primer, 1 puM reverse pri-
mer, 0.5 pg of the chromosomal DNA, and 2 units
of Taq DNA polymerase were sufficient to generate
several micrograms of the amplified 0.5 kb of DNA
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fragment between hybridization sites of the oligonu-
cleotides.

RESULTS AND DISCUSSION

The oxygen-evolving PSII complexes prepared from
Synechocystis sp. PCC 6803, whose antenna size is
approximately 46 chlorophylls, has been reported to
contain 1.5-2.1 cytochrome b-559 per the PSII reac-
tion center (MacDonald er al, 1994). A review of
the cytochrome b-559 literature suggests that there
are two copies of the cytochrome b-559 heme in the
PSII reaction center, but one of two may be lost easi-
ly at some purification step of the D1/D2/cytochrome
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Fig. 2. Nucleotide and amino acid sequences of the cy-
tochrome b-559 o~ and B-subunits, encoded by the pshE
and psbF genes in Synechocystis sp. PCC 6803. The am-
ino acid sequence is written in one-letter code. The central
hydrophobic domains of 24 and 25 amino acid residues of
o~ and B-subunits are underlined. The single His residues
of each subunits are boxed. (A) The 3'- and 5'-end DNA
sequences of the psbE (5-TAAAA-3") and psbF (5-TTAA-
CA-3) genes, written in bold letter, are mutated to 5'-
GCTAGC-3' by site-directed mutagenesis. (B) After the
digestion of Nhel, the new DNA sequence is inserted
between the psbE and psbF genes, which encodes the am-
ino acid Ala and Ser. The psbEF fusion protein has the
full amino acid sequence of both o- and B-cytochrome b-
559 in addition to Ala and Ser.
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b-559 complex. However, a more detailed study of

the data and the referenced literature reveals a numb-
er of inconsistencies and ambiguities, which are com-
ing from the spectral overlaps in the red-visible re-
gion of cytochrome f (o-band at 554 nm), cytoch-
rome b-559 (o-band at 559 nm), and cytochrome b,
(o-band at 563 nm) and the significant variances in
the number of chlorophyll per the PSII reaction cent-
er, purified from different methods. Therefore, there
has been a difficulty to determine the stoichiometry
of cytochrome h-559 in the PSII reaction center.

In order to examine the stoichiometry of the cy-
tochrome h-559 heme in thylakoids of Syrechocvstis
sp. PCC 6803, a mutant of which the psbE and psbF
genes are covalently ligated was generated by in-
troducing the restriction sites of Nhel on both 3'-end
region of the psbE gene and 5-end region of the

pshbF gene (Fig. 2 A). The 3'-end DNA sequence of
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Fig. 3. Construction of the psbEF fusion mutant of Syn-
echocystis sp. PCC 6803. The 2.2 kb HindlIl/EcoRI frag-
ment carrying the psbE and psbF genes ¢ncoding the cyto-
chrome b559 o~ and B-subunits is cloned into the pBlues-
cript II SK* vector with restriction sites. The 2.0 kb Xbal
fragment of the spectinomycin resistance gene from pRL
463 is ligated through the Nhel site located downstream
of the pshE gene. The 3'-end and 5'-end regions of the
psbE and psbF genes were site-directed mutagenized to in-

troduce the Nhel sites. The kanamycin resistance gene of

the pshbEF deletion strain (T1297) is replaced by the spec-
tinomycin resistance gene when homologous recombinat-
ion takes place.
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the psbE gene, 5'-TAAAA-3' including the stop co-
don (TAA), was site-directed mutagenized to 5-GC-
TAG-3" by use of the mutated oligonucleotide primer
S-GAGTTTAATCAAGCTAGCATTTAATTGTTC-
3. The 3'-end region of the psbF gene, S-TTAACA-
5, was also mutagenized to 5-GCTAGC-3' using the
mutated primer, 5-TTTAGTTGGTAAGCTAGCATG-
CGTTTTGAC-3". After the restriction digestion and
ligation, the linking DNA fragment between the
psbE and psbF genes was deleted and the new se-
quences (5'-GCTACG-3"; encoding the amino acid
Ala and Ser) were introduced between the last am-
ino acid codon of pshE (Gln) and the starting codon
of pshbF (Met) (Fig. 2 B). Therefore, the total numb-
cr of amino acids of the cytochrome b-559 fusion
protein will be 132 residues, in which the two hy-
drophobic membrane spanning domains could be lo-
cated (i) from Y19 to Y44 and (ii) from BW25 to
349Q). originated from the o~ and B-subunits, respec-
tively. The psbEF fusion gene as well as the spec-
tinomycin resistant gene (Spec®) in the pBluescript
SK II' vector was transformed into the psbEF dele-
tion mutant strain of Synechocystis sp. PCC 6803
(Pakrasi et al., 1988) to remove the background ac-
tivity of cytochrome h-559. The mutated psbEF fu-
sion gene is believed to be incorporated into the
chromosomal DNA of T1297 through homologous
recombination, resulting in the replacement of the ka-
namycin resistance gene (Km®) in T1297 with the
Spec® gene (Fig. 3). The presence of the nucleotide
sequences encoding the additional amino acids, Ala
and Ser. as well as the absence of the stop codon of
the psbE gene, was confirmed by the direct PCR
sequencing of the chromosomal DNA of the pshEF
fusion mutant of Syrechocystis sp. PCC 6803 (Fig. 4).

The psbEF fusion mutant was screened by the
ability to grow on plates with spectinomycin. Since
the copy number of the chromosomal DNA of
Synechocystis sp. PCC 6803 was reported to be 6 to
8 (Williams, 1988), it took several restreaks to get
the pshEF fusion mutant strain to a homozygote. The
photoautotrophic competence and the growth rates
were measured in the presence and absence of 5
mM glucose. The growth rate of the mutant was sim-
ilar to that observed for the wild type under con-
ditions in which the photosystem 11 activity is not re-
quired, in other words, in the presence of 5 mM glu-
cose. Under photoautotrophic growth conditions, the
psbEF fusion mutant was able to grow in the absence
of the external carbon source even if the growth rate
was decreased (Fig. 5).

Deletion of the psbEF genes (Pakrasi et al., 1988),
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Fig. 4. 1dentification of the mutation site by the chro-
mosomal DNA sequencing of the psbEF fusion mutant of
Svaechocystis sp. PCC 6803. The Nhel restriction enzyme
site, 5'-GCTAGC-3', is flanked by the last codon of the
psbE gene (CAA) and the start codon of the psbF gene
(ATG).

encoding the o- and B-subunits of cytochrome h-559
in Sviechocystis sp. PCC 6803, resulted in loss of (1)
assembly of the PSII reaction center complex and (ii)
capability of the photoautotrophic growth. The PSII
reaction center polypeptides, especially D1, are not
detected in thylakoid membranes. These results im-
ply that cytochrome 5h-559 has at least a structural
role or an anchoring function in assembly of the
PSII reaction center. Therefore, the photoautotrophic
competence of the pshbEF fusion mutant implies that
the PSII reaction center is assembled properly in thy-
lakoids and cytochrome b-559 is active in oxygenic
photosynthesis. Since cach of histidine residues are
located at the Sth residue from the hydrophobic
membrane spanning domains of both the o- and B-
subunits, it may not be possible for each subunits to
assemble through the heme group in the psbEF fu-
sion mutant if there is only a set of cytochrome b559
in Synechocystis sp. PCC 6803. In other words,
even if two hydrophobic domains, originated from
the - and B-subunits, have a chance to be inserted
into the thylakoid membranes, the locations of the hi-
stidine residues are not likely to be aligned properly
to ligate the heme group in thylakoids, because the
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Fig. 5. Photoautotrophic growth curves of Svnechocystis
sp. PCC 6803 wild type and psbEF fusion mutant. Cells
of wild type (1) and pshEF fusion mutant (7)) were
grown in BG-11 medium without glucose under constant
illumination. The growth rates were monitored at 730 nm.

histidine residues of o- and B-subunits would be lo-
cated closc to the cytoplasmic and lumenal sides of
the thylakoid membrane, respectively. Therefore, the
photoautotrophic competence of the pshbEF fusion mu-
tant supports the result that there are two set of cy-
tochrome h-559 in PSII reaction center of Syrecho-
cystis sp. PCC 6803 (MacDonald ez al., 1994).

There might be two possibilitiecs of how cytoch-
rome b-559 of the psbEF fusion mutant is incorpo-
rated and assembled with other PSII components in
thylakoids. Since the mutated cytochrome b-559 has
two hydrophobic membrane spanning domains (oY 19
to Y44 and BW25 to 3490), originated from the o-
and B-subunits, respectively, one possibility is that
the membrane spanning domains of both the o- and
B-subunits are inserted properly into the membrane,
resulting in two heme groups located in one in cy-
toplasmic and the other in lumenal sides of the thy-
lakoid membranes. The other possibility is that the
hydrophobic domains only from co-subunits are em-
bedded in the thylakoi membrancs, which may in-
corporate only one heme group close to the cy-
toplasmic side, because the amino terminus of B-su-
bunit is determined to be oriented to the cvtoplasmic
side of the thylakoid membrane (Tae et al, 1988).
Since two different kinds of antibodies are now a-
vailable, which recognize the COOH-termial domain
of o-subunit and the NH.-terminal domain of -su-
bunit, it may not be impossible to determine the to-
pography of the cytocrome b-559 fusion protein in
the thylakoid membranes of Synechocvstis sp. PCC
6803. Further investigations would be necessary to
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understand the structural and functional relationships
of cytochrome b-559 in the PSII reaction center.
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