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ABSTRACT The gene for the Mn-stabilizing protein
(MSP; the so-called extrinsic 33-kDa protein) that is involved
in photosystem II water oxidation was cloned and sequenced
from the genome of the cyanobacterium Anacystis nidulans R2.
The gene (here designated woxA) was shown to be present in a
single copy. The deduced amino acid sequence indicated that
the translation product consisted of 277 amino acid residues
with a Mr of 29,306. The comparison of the sequence with that
of mature MSP from spinach chloroplasts suggested that the
translation product is a precursor whose amino-terminal 28
amino acid residues represent the signal peptide for the protein
to cross the thylakoid membrane into the lumen. The length of
the putative signal peptide was less than half that of the transit
peptide for thylakoid-lumenal proteins of higher plants, where-
as the structural prorfle of the putative signal peptide was
similar to that of the carboxyl-terminal portion of the higher
plant transit peptides. The amino acid sequence of the mature
A. nidulans R2 MSP showed rather low homology (48-49%) to
higher plant MSPs, but the conserved amino acid residues
appeared to be clustered. Five clusters were tentatively as-
signed, in which the homology values were in a range of
66-70%. Domains essential for the functioning of MSP are
expected to be situated in these clusters. It is of note that the two
cysteine residues in MSP were conserved, and the disulfide
linkage between them may play an important role in main-
taining the tertiary structure of MSP.

Photosynthetic water oxidation is closely associated with
photosystem II (PSII) activity, and many of the structural
components responsible for this mechanism are located at the
lumenal surface of the thylakoid membrane. The minimum
unit capable of photooxidizing water seems to contain five
intrinsic proteins and one extrinsic protein (1-3)-namely,
the 47-kDa and 43-kDa chlorophyll-a-binding proteins, the
D1 and D2 proteins, cytochrome b559, and the Mn-stabilizing
protein (MSP; the so-called extrinsic 33-kDa protein). The
MSP is involved in water oxidation but not in the photo-
chemical charge separation or in electron transport on the
reducing side of PSII (4). Biochemical studies on 02-evolving
PSII preparations suggest that MSP binds to the putative
Mn-binding protein and keeps two of the four Mn atoms
associated with PSII (5). The intrinsic Mn-binding protein has
not yet been identified but may be the D1 or D2 protein (6).
The MSP seems to stabilize the Mn cluster and allows the
water-oxidizing center to operate with the best efficiency (5).
The spinach MSP is physicochemically and chemically well
characterized (7), and its amino acid sequence is reported to
have partial homology to the putative Mn-binding site of
bacterial Mn superoxide dismutases (8). In higher plants, it is

suggested that the MSP is encoded by nuclear DNA and that
the precursor synthesized in the cytoplasm is posttransia-
tionally transported into the chloroplast (9, 10). The precur-
sor must undergo at least two processing steps to reach its
final destination, the thylakoid lumen (11).

Cyanobacterial MSP has been characterized mostly in
reference to the spinach MSP. The MSPs of Synechococcus
vulcanus and spinach are functionally interchangeable to
some extent in the reconstitution of water oxidation (12). The
cyanobacteria Phormidium laminosum, Synechococcus
leopoliensis, and Anabaena variabilis possess a polypeptide
of about 33 kDa that cross-reacts to antiserum raised against
spinach MSP (13). However, very little is known as to the
molecular characteristics, biogenesis, or processing of
cyanobacterial MSP. In this study, we have cloned and
sequenced the MSP gene (termed woxA, for water oxidation)
of the cyanobacterium Anacystis nidulans R2. § From the
deduced amino acid sequence, we conclude that this protein
is synthesized as a precursor with a 28-amino acid signal
peptide that is responsible for transit across the thylakoid
membrane into the lumen. The structures of this transit
peptide and the mature protein are compared with related
proteins from higher plant chloroplasts. Such analyses pro-
vide important information as to the functional domains of
MSP, potential Mn-binding regions, and signal sequences
involved in transit across chloroplast envelope and thylakoid
membranes.

MATERIALS AND METHODS
DNA Preparation. A. nidulans R2 was grown axenically in

BG-11 medium (14). Cells in the late-logarithmic phase were
harvested, washed with 120mM NaCl/50mM Na2EDTA, pH
8.0, and stored overnight at -20°C. The pellet was suspended
in 25% sucrose/50 mM Tris-HCI, pH 8.0/100 mM Na2EDTA
and incubated with 5 mg of egg-white lysozyme per ml at 37°C
for 1.5 hr with gentle stirring. After the lysozyme treatment,
cells were treated with 1% NaDodSO4 for 1 hr at 37°C. Cell
debris were removed by NaDodSO4/NaCl precipitation and
the DNA in the supernatant was precipitated by the addition
of polyethylene glycol to a final concentration of 10%. The
pellet was resuspended in 7 ml of buffer containing 50 mM
Tris-HCl (pH 8.0), 5 mM EDTA, and 50 mM NaCl. CsCl and
propidium iodide were added to the suspension to final
concentrations of0.86 g/ml and 0.2 mg/ml, respectively. The
suspension was subjected to equilibrium centrifugation at
140,000 x g for 72 hr at 20°C. The band containing chromo-
somal DNA was collected and the dye was removed by ex-

Abbreviations: PS, photosystem; MSP, Mn-stabilizing protein.
tTo whom reprint requests should be addressed.
§This sequence is being deposited in the EMBL/GenBank data base
(Bolt, Beranek, and Newman Laboratories, Cambridge, MA, and
Eur. Mol. Biol. Lab., Heidelberg) (accession no. J03002).
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traction with isopropyl alcohol saturated with 3.0 M
NaCl/0.3 M Na3 citrate, pH 7.0. The aqueous phase con-
taining the DNA was dialyzed against 10 mM Tris1HCl, pH
7.6/1 mM Na2EDTA.

Screening of a Agtl1 Genomic Library. A genomic library of
A. nidulans R2 DNA was constructed (15) in the bacterio-
phage expression vector Xgtll (Promega Biotec, Madison,
WI). The clones containing a part of the MSP gene were
isolated on a lawn of host cell Escherichia coli Y1090 ac-
cording to Young et al. (16) using rabbit antiserum raised
against spinach MSP (17).
DNA-DNA Hybridization. Southern blot hybridization (18)

and plaque hybridization (19) were performed as specified.
32P-labeled probe DNA was prepared according to Feinberg
and Vogelstein (20). Unless otherwise stated, a 1.9-kilobase
pair (kbp) A. nidulans DNA fragment carrying a part of the
MSP gene in Xmspl3 was used as a DNA probe.

Cloning. A. nidulans R2 chromosomal DNA was digested
by Kpn I and Xba I and fractionated by agarose gel electro-
phoresis. DNA fragments of 1.9-2.5 kbp were electroeluted
from a gel segment using Tris acetate buffer (40 mM Tris
acetate, pH 8.3/1 mM Na2EDTA) and subsequently cloned
into bacteriophage M13mpl8. The recombinant clone with
the 2.2-kbp Xba I-Kpn I fragment containing the MSP gene
was isolated by plaque hybridization and named M13mTK1.
Clones with sequential deletions from the Xba I site in the
fragment were constructed from M13mTK1 with BAL-31
exonuclease according to Poncz et al. (21) as follows.
Aliquots of M13mTK1 replicative form DNA were linearized
by Xba I and treated with BAL-31 exonuclease (New
England Biolabs) for different times. The samples were
digested by Sst I and subcloned into the Sma I-Sst I site of
M13mpl8. The clones with deletions in the MSP gene were
isolated by plaque hybridization and used to determine the
nucleotide sequence of the noncoding strand. Since the
sequence indicated that a unique HindIII site in the Xba
I-Kpn I fragment is located 126 base pairs (bp) downstream
from the termination codon of the gene, the Xba I-HindIII
fragment was cloned from the replicative form of M13mTK1'
DNA into pUC19 to produce pTK1 for the sequencing of the
coding strand. The pTK1 was treated with HindIII and
BAL-31 to generate various degrees of deletions from the
HindIII site. The samples were digested by Xba I and
subcloned into the Sma I-Xba I site of M13mpl9. Recom-
binants were isolated with a DNA probe prepared from the
2.2-kbp Xba I-Kpn I fragment from M13mTK1.

Sequencing. The M13 recombinants were propagated in E.
coli JM101. DNA sequencing was performed by the dideoxy
method (22) using deoxyadenosine 5'-[a-[35S]thio]triphos-
phate (New England Nuclear, 500 Ci/mmol; 1 Ci = 37 GBq)
and the 35S nucleotide reagents kit (Pharmacia) according to
Pharmacia's sequencing manual.
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FIG. 1. Polypeptide profiles
of A. nidulans R2 thylakoid
membranes and spinach PS11
particles on NaDodSO4/PAGE.
Lane A, A. nidulans R2 thy-
lakoid membranes stained with
Coomassie blue; lane B, A.
nidulans R2 thylakoid mem-
branes immunodecorated with
antiserum raised against spinach
MSP; lane C, spinach PS11 par-
ticles stained with Coomassie
blue. The A. nidulans R2 thyla-
koid membranes (23) and the
spinach PS11 particles (24) were
prepared as specified. The im-
munodecoration was performed
according to Towbin et al. (25).

bacteriophage expression vector Xgtll (15). Recombinant
phages carrying a part of the MSP gene were obtained using
the spinach MSP antiserum. Eleven positive recombinants
surveyed for the size of the expression products showed
immunoreactive polypeptides of >110 kDa; This finding
suggested the MSP was expressed in those clones as a fusion
protein to 8-galactosidase.
One of the recombinants, Xmspl3, had a 1.9-kbp A.

nidulans R2 DNA fragment (Fig. 2A). This insert possessed
a unique Kpn I site about 200 bp from the 3' end of the
noncoding strand. Several restriction sites were mapped on
the insert in reference to the unique Kpn I site, and the insert
was used as a DNA probe for Southern hybridization exper-
iments (18) against chromosomal DNA. The hybridization
experiments suggested that woxA is present in a single copy
(data not shown) and allowed us to determine the restriction
map of the woxA gene region (Fig. 2B).

Since Xmspl3 and the other positive recombinants were
lacking the N-terminal portion of MSP, it was necessary to

A
5

E K E K K
l IacZL
_

J1 I

3

*1

B

H Xb E P E Xh
5'

S HP P K E
3IWOX A

RESULTS AND DISCUSSION
Identification of the MSP of A. nidulans R2. When poly-

peptides of thylakoid membranes of A. nidulans R2 were
separated by NaDodSO4/PAGE and subjected to immuno-
decoration with antiserum raised against spinach MSP, only
one band at an approximate molecular mass of 30 kDa was
detected (Fig. 1). This band was relatively faint upon
Coomassie blue staining, but the cross-reactivity, as well as
the size of the polypeptide, suggested that the 30-kDa
polypeptide was the MSP ofA. nidulans. The finding that the
A. nidulans MSP was smaller than the spinach protein, whose
apparent molecular mass was 33 kDa (7), was confirmed by
comparing their electrophoretic mobilities on slab gels (data
not shown).

Cloning and Sequencing of the MSP Gene. A genomic
library of A. nidulans R2 DNA was constructed in the
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FIG. 2. (A) Schematic illustration of a 1.9-kbp A. nidulans DNA
fragment, carrying a part of the MSP gene (woxA), inserted into the
EcoRI cloning site of Xgtll DNA. The noncoding strand for lacZ in
a recombinant Xgtll, Xmspl3, is presented with the A. nidulans DNA
fragment stippled. (B) Restriction map and sequencing strategy
diagram of the chromosomal DNA region carrying the woxA gene.
The restriction enzymes are abbreviated as follows: E, EcoRI; H,
HindIII; K, Kpn I; P, Pst I; S, Sal I; Xb, Xba I; Xh, Xho 1. The
horizontal arrows indicate the direction and extent of the DNA
regions sequenced.

a -/33 kDa
WS=\30 kDa
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clone a DNA fragment containing the entire gene from
restriction fragments of chromosomal DNA. To find an
appropriate fragment, the 1.7-kbp EcoRI-Kpn I fragment
(Fig. 2B) was subcloned from Xmspl3 into bacteriophage
M13mpl9 and partially sequenced. The deduced A. nidulans
amino acid sequence for the 200 bp adjacent to the EcoRI site
corresponded to the sequence from the 71st amino acid
residue of the spinach MSP (8). The reading frame of the MSP
gene derived by the comparison of the spinach and the
deduced A. nidulans amino acid sequences was consistent
with that for lacZ in Xmspl3. We then decided to clone the
2.2-kbp Xba I-Kpn I fragment (Fig. 2B) into M13mpl8. This
strategy was based on two assumptions: that about 70 amino
acid residues of the mature MSP were missing in the
polypeptide produced in Xmspl3 and that a potential N-
terminal signal peptide would be no longer than the 66-
residue peptide of the higher plant thylakoid-lumenal protein,
plastocyanin (26). The distance from the Xba I site to the
EcoRI site was >500 bp, which seemed long enough to cover
the translation initiation site.
The nucleotide sequence of the 1215-bp Xba I-HindIII

region was determined, applying a strategy of ordered dele-
tions with BAL-31 exonuclease (21). Fig. 3 shows the
nucleotide sequence and the deduced amino acid sequence of
A. nidulans MSP. The sequenced DNA contained an 834-bp
coding region and 250-bp 5' and 131-bp 3' flanking regions.
There was only one ATG codon upstream from the EcoRI site
in the correct reading frame. A putative ribosome-binding site
(27), GAGGA, and an in-frame stop codon were located 6-10
bp and eight triplets upstream from this ATG codon, respec-
tively. These findings suggest that this ATG is the translation-
initiation site. The deduced amino acid sequence indicated
that the translation product consists of 277 amino acid
residues, yielding a Mr of 29,306. In comparison, the Mr of
mature MSP from spinach is 26,663 (8). This suggests that the
277-amino-acid translation product should be a precursor,
since the mature A. nidulans MSP migrated ahead of the
mature spinach MSP upon gel electrophoresis (Fig. 1).
Comparison of the two MSP sequences suggested the pres-
ence of an extra N-terminal peptide, methionine-1 to alanine-
28, in the A. nidulans precursor MSP. This polypeptide
segment is a good candidate for a signal peptide, as discussed
in the next section. If the processing site is actually located
between alanine-28 and aspartic acid-29, the total amino acid
number and the Mr of mature A. nidulans MSP are 249 and
26,462, respectively. It seems to be characteristic of MSP
species that the apparent molecular mass estimated on
acrylamide gels tends to be larger than the Mr value.

Structural Profile of the Extra N-Terminal Peptide of A.
nididans MSP. A structural profile of the N-terminal region of
the A. nidulans precursor MSP (Fig. 4a) supports the iden-
tification of the polypeptide segment from methionine-1 to
alanine-28 as the signal peptide required for the protein to
cross the thylakoid membrane. This analysis shows (i) a
hydrophobic stretch that is predicted to form an a-helix and
a 8-sheet, (ii) a couple of positively charged amino acid
residues on the amino side of the hydrophobic stretch, (iii) a
small and neutral residue (alanine) at the -1 position of the
putative processing site, and (iv) two amino acid residues
known to break ordered secondary structure (proline and
glycine) (32) at the -4 and -5 positions. It is expected that
the positively charged residues serve to attach the precursor

to the negatively charged thylakoid membrane surface and
that the hydrophobic stretch spans the thylakoid membrane
to induce the translocation of the protein. The structure near
the putative processing site represented by iii and iv above is
consistent with that ofmany known processing sites (33). The
distribution of charged residues near the putative processing
site seems noteworthy; there is a negatively charged residue
on the mature protein side but no charged residue on the

-250
TCTAGATAGAACC

-200
'TAArCGTCGCGACCCTGACGTGTAGAATTCTGAGAGGCATCCTTOGATGCTGATTGATGGATATCAATACCATTCOCT

-150 -100

CTAGCTGTTTCTGGAGCATCACTGAGTCGTTTTGCGCATCGCTCAGCCTGCTCCACAATCCCAACCGAAAATTCCCCCA

-50
GGCTCCGCTGCTACGGTCGAACCGTCGGTGCAACTGAGCGCAGGGCGGGGTTGTTTGATACGGACAGTTAG0;ACTGAT

ATC COO TAT CGC 0C0 TTT CTC OCT 0CC TTT TTC OCA CTC TOC CTC CGA GTT CTC ACC GCC
Met Arg Tyr Arg Ala Phe Leu Ala Ala Phe Leu Ala Val Cys Leu Gly Vol Lou Thr Ala

100
TOC AOC AGC OOC CCG ACO OCA OCA OAT TTC GCC ACA CTC iCC TAC GAC CAA ATC AAA GAC
Cys Ser Ser Oly Pro Thr Ala Ala Asp Leu Gly Thr Leu Thr Tyr Asp Gin Ile Lys Amp

150
ACT OCG TTO 0CC AAC AAC TOT CTC TCC CTC AAA GAA TCC OCT CGG 0C0 ACC ATC CCC TTG
Thr Oly Leu Ala Asn Lys Cys Leu Ser Leu Lys Glu Ser Ala Arg Gly Thr Ile Pro Lou

200
OAA OCG GCT AAA AAA TAT OCT CTO ACT OAT CTG TGC CTA GAO CCG CAA GAG TTC TTC GTG
Olu Ala Oly Lys Lys Tyr Ala Leu Thr Asp Leu Cys Leu Glu Pro Gln Glu Phe Phe Vol
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AAA OAA GAG CGC GCG AAC AAO COC CAG AAA CCA GAA TTC GTG CCG GGC AAA GTC TTG ACC
Lys Clu Clu Pro Oly Asn Lys Arg Gln Lys Ala Glu Phe Val Pro Gly Lys Vol Lou Thr 100

350
COC TAC ACC TCG AOC TTO OAT CAO GTC TAC GOT GAC TTG 0CC CTG AAA CCA GAC 0GC ACC
Arg Tyr Thr Ser Ser Leu Asp Cln Val Tyr Gly Asp Leu Ala Leu Lys Ala Asp Gly Thr 120

490
OTC AOC TTT ACC GAA AAA GOT GGC ATT OAT TTC CAA 0CC ATC ACC OTT CTG CTC CCC GOT
Val Ser Phe Thr Clu Lys Oly Cly Ile Asp Phe Gln Ala Ile Thr Val Lou Lou Pro Gly 140

450
GGT OAA GAO OTT CCC TTC CTO TTC ACG OTC AAO G0C TTG OTO 0C0 AGC ACC AGT GAG CC0
Cly Glu Clu Val Pro Phe Leu Phe Thr Val Lys Gly Leu Val Ala Ser Thr Ser Glu Pro 160

590
CGA ACC AOC ATT AAC ACC TCO ACC OAT CTC COG GGT 0C0 TAT COC GTC CCT TCT TAT C0C
Ala Thr Ser Ile Asn Thr Ser Thr Asp Leu Arg Gly Cly Tyr Irg Val Pro Ser Tyr Arg 180

550 600
ACC TCG AAC TTC CTC OAT CCC AAA OCG CGC GOT CTG ACG ACG GCC TAC OAA AGC GCA GTA
Thr Ser Asn Phe Leu Asp Pro Lys Ala Arg Gly Lou Thr Thr Oly Tyr Glu Ser Ala Val 200

650
CCA ATT CCT TCG OCT GOT OAT CGA GAA GAC CTG ACG AAA CAA AAC OTC AAC CGT TTC GTG
:.la Ile Pro Ser Ala Cly Asp Ala Glu Asp Leu Thr Lys Clu Asn Val Lys Arg Phe Vol 220

700
ACT GOT CAA GAA ATT TCC TTG OCT OTC TCO AAA OTT OAT 00C OCT ACC CCT GAA GTG
Thr Cly Gln Oly Glu Ile Ser Leu Ala Val Ser Lys Val Asp Gly Ala Thr qly Glu Vol 240

750
0C0 GOC OTC TTC ACC OCG ATC CAG CCA TCC GAC ACG GAC ATO GOT GOT AAA OAA 0CC CTC
Ala Gly Val Phe Thr Ala Ile Gln Pro Ser Asp Thr Asp Met Gly Gly Lys Glu Ala Vol 260

800
GAC CTC AAA CTC GTC GOT CAG TTC TAC GCC CCG ATT GAA CCG OCT GAC 0CC TAO GOCGCAA
Asp Val Lys Leu Val Gly Gln Phe Tyr Cly Arg Ile Glu Pro Ala Asp Ala

850 990
GTGTAGTCGCTGGTTTACACCAGCGGTTACAAGTCAATTCAGACTOAAATCTCGACTGGGGGCATTGGGCGATCGCTCG

950
ATGCCCTTTTGTCTAGCGACCGCTTCGGACTAGGATCAAAAGCTT

FIG. 3. Nucleotide sequence ofthe 1215-bpXba I-HindflI region
carrying woxA and the deduced amino acid sequence of MSP of A.
nidulans R2. The noncoding strand is presented. The putative
ribosome-binding site is underlined, and the EcoRI site in the gene
is shown by an arrowhead.

signal peptide side. This distribution should be contrasted to
the processing sites in precursors ofnuclear-encoded stromal
or thylakoidal proteins of higher plants' (34), which are
supposed to pass through the chloroplast envelope but not
the thylakoid membrane.
The N-terminal amino acid sequence of mature MSP from

Synechocystis sp. PCC6803 has recently been determined (L.
McIntosh, personal communication), and this protein con-
tains valine as the N-terminal residue with aspartic acid at the
+2 position. This information would be consistent with an
alternative prediction for the A. nidulans MSP processing
site, which would be located between alanine-27 and alanine-
28. However, this prediction would seem unlikely at this
stage since it would place a proline residue at the -3 position.
To date, there are no examples of a proline residue at the' -3
position in signal sequences (33).
The length of the A. nidulans MSP signal sequence is less

than half that of the transit peptide found on plastocyanin, a
nuclear-encoded, chloroplast protein (26) that is also located
in the thylakoid lumen. However, the structure of the A.
nidulans MSP signal sequence resembles the C-terminal
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FIG. 4. (a) Structural profile of the N-terminal region ofA. nidulans R2 precursor MSP. The amino acid sequence is depicted with single-letter
abbreviations, and the putative processing site is shown by an arrow. Hydropathic indices were calculated according to Kyte and Doolittle (28)
with a window of 11 amino acid residues. Secondary structures were predicted according to Gamier et al. (29). (b) Comparison of the hydropathy
profiles of the N-terminal regions ofA. nidulans MSP, spinach MSP (30), and plastocyanin (31). Hydropathic indices were calculated as above.
The arrow indicates the cleavage site for spinach MSP and plastocyanin and the proposed cleavage site for A. nidulans MSP.

portion of the plastocyanin transit peptide, even though very
little homology is found in their amino acid sequences. This
is demonstrated by comparison of the hydropathic index of
the A. nidulans putative signal sequence with that of plasto-
cyanin and spinach MSP (Fig. 4b). It was interesting to note
that the profile of the A. nidulans putative signal sequence
was similar to the "thylakoid transfer domain" reported for

plastocyanin (31). The transit sequence of spinach MSP,
which was recently revealed by Tyagi et al. (30), also shows
a similar C-terminal structure. It has been suggested that the
C-terminal portion of the transit peptide is involved in
translocation of the protein across the thylakoid membrane
(11, 31). It is thus not surprising that the protein from the
prokaryotic cyanobacterium lacks the N-terminal portion of
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FIG. 5. Alignment of mature MSP sequences ofA. nidulans R2, spinach, and pea. Amino acid residues conserved in the three MSP species
are indicated by black circles. Tentatively assigned clusters of conserved amino acid residues are shown by horizontal bars and roman numerals.
The numbering of residues is according to the A. nidulans precursor MSP; the presumptive signal sequence (residues 1-28) is not shown.
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the transit peptide that is typical of nuclear-encoded, chlo-
roplast thylakoid-lumenal proteins. It is likely that N-termi-
nal portion of the transit peptide is involved with the
mechanism by which the higher plant precursor protein
crosses the chloroplast envelope (11, 31), a step that does not
occur in cyanobacteria.
Comparison of Mature MSP Sequences of A. nidulans R2

and Higher Plants. As seen above, the comparison of
cyanobacterial and higher plant proteins may allow us to
discuss structure/function relationships in proteins. In this
context, the mature MSP sequence of A. nidulans was
compared with higher plant MSPs (Fig. 5). The sequences of
MSPs from spinach (8) and pea (11) are quite similar, with
homology of 85%. In comparison, the A. nidulans MSP
sequence is not as well conserved. It has a rather low
homology of 48-49% relative to the higher plant proteins;
furthermore, it possesses several deletions and insertions.
However, the A. nidulans MSP reveals that the conserved
amino acid residues are clustered rather than evenly distrib-
uted. Five clusters, leucine-33 to cysteine-47, cysteine-72 to
glutamic acid-83, aspartic acid-118 to serine-156, valine-176
to lysine-217, and threonine-237 to lysine-257 (numbered
according to the precursor) were tentatively assigned and
designated clusters I-V, respectively. The homology values
in these clusters are in the range of 66-70%, and the
structures essential for the functioning of the protein are
expected to be situated in these clusters.

Importantly, the two cysteine residues in the protein are
conserved (residue 47 in cluster I and residue 72 in cluster II).
These cysteine residues are likely to form a disulfide bond,
and the spinach MSP has been shown to change its electro-
phoretic mobility after treatment with 2-mercaptoethanol (7).
The conservation of these cysteine residues suggests that
they may play an important role in maintaining the tertiary
structure of MSP in cyanobacteria as well as in chloroplasts.
The cysteine residue in cluster I and the neighboring regions
in spinach MSP have been proposed as a candidate for the site
interacting with Mn atom(s), based on partial sequence
homology to the putative Mn-binding site of bacterial Mn
superoxide dismutases (8). However, the local sequence of
the spinach MSP near cluster I is not strictly conserved in the
A. nidulans MSP, and the homology of the A. nidulans MSP
to the superoxide dismutases is lower than that ofthe spinach
MSP. This finding may reduce the significance of the se-
quence homology, although the possibility of the interaction
cannot be excluded. If the interaction does occur, the
responsible group is likely to be the bridged disulfur with the
involvement of the cysteine residue in cluster II.
The cloning and sequencing of the cyanobacterial woxA

gene is significant from a number of perspectives. As indi-
cated above, the comparison of the deduced amino acid
sequence with the sequences from chloroplast proteins may
generate important clues as to functional domains and for the
interaction with Mn. The A. nidulans woxA gene also
provides an excellent system for analyzing membrane assem-
bly and posttranslational processing in cyanobacteria, since,
to our knowledge, a cyanobacterial signal sequence has not
been reported previously. The availability of the woxA gene
and the cyanobacterial transformation systems will also
enable us to perform site-directed mutagenesis to help elu-
cidate the importance of specific amino acids in photosyn-
thetic water oxidation.
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