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The peptide synthetase gene operon, which consists of mcyA, mcyB, and mcyC, for the
activation and incorporation of the five amino acid constituents of microcystin has been
identified [T. Nishizawa et al. (1999) J. Biochem. 126, 520-529]. By sequencing an addi-
tional 34 kb of DNA from microcystin-producing Microcystis aeruginosa K-139, we iden-
tified the residual microcystin synthetase gene operon, which consists of mcyD, mcyE,
mcyF, and mcyG, in the opposite orientation to the mcyABC operon. McyD consisted of
two polyketide synthase modules, and McyE contained a polyketide synthase module at
the N-terminus and a peptide synthetase module at the C-terminus. McyF was found to
exhibit similarity to amino acid racemase. McyG consisted of a peptide synthetase mod-
ule at the N-terminus and a polyketide synthase at the C-terminus. The microcystin syn-
thetase gene cluster was conserved in another microcystin-producing strain, Microcystis
sp. S-70, which produces Microcystin-LR, -RR, and -YR. Insertional mutagenesis of mcyA,
mcyD, or mcyE in Microcystis sp. S-70 abolished microcystin production. In conclusion,
the mcyDEFG operon is presumed to be responsible for 3-amino-9-methoxy-2,6,8-trime-
thyl-10-phenyldeca-4,6-dienoic acid (Adda) biosynthesis, and the incorporation of Adda

and glutamic acid into the microcystin molecule.
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The mass production of cyanobacteria (blue-green algae),
oxygenic phototrophs, occurs world wide in eutrophic water
bodies. A serious problem is the production of potent cyclic
hepatotoxins, termed microcysting, in waterblooms (1, 2).
Microcystins are produced by several cyanobacterial gen-
era, Microcystis, Anabaena, Oscillatoria, and Nostoc, with
Microcystis spp. are probably the most deleterious freshwa-
ter bloom-forming cyanobacteria. In 1996, liver failure and
death after exposure to microcystin were reported (3). Mi-
crocysting, which are potent inhibitors of protein phos-
phatases 1 and 2A, cause cytokeratin hyperphosphoryla-
tion, which leads to the disruption of cytoskeletal com-
ponents and to cell deformation, followed by disruption of
the liver architecture (I, 4). Moreover, microcystins have
been reported to hasten tumor development (2, 5).
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The general structure of microcystins is cyclo (-D-Ala-X~
D-MeAsp-Z-Adda—D-Glu-Mdha-), in which X and Z are
various L-amino acids, Adda is 3-amino-3-methoxy-2,6,8-tri-
methyl-10-phenyldeca-4,6-dienocic acid, D-MeAsp is D-ery-
thro-B-iso-asparic acid, and Mdha is N-methyl-dehydro-
alanine (2) (Fig. 1). Over 50 structural variations of micro-~
cystins have been isolated from cyanobacteria. Peptides
containing non-protein amino acids are synthesized non-
ribosomally by a large multifunctional enzyme complex,
utilizing a thio-template mechanism, called non-ribosomal
peptide synthetase (NRPS) (6-8). In 1997, Dittmann et al.
cloned and identified a part of the microcystin synthetase
genes from Microcystis aeruginosa PCC7806 (9). Recently,
we identified the microcystin synthetase gene operon
(meyA, B, and C) including five amino acid activation mod-
ules from M. aeruginosa K-139, which produced 7-desme-
thyl-microcystin (MCYST)-LR and 3,7-didesmethyl-MCY-
ST-LR (10). A gene disruption experiment revealed that the
mcy gene is responsible for the microcystin production by
K-139 cells. The arrangement of amino acid activation mod-
ules suggests that the cloned genes are responsible for acti-
vation of Mdha, D-Ala, L-Leu, D-MeAsp, and L-Arg. How-
ever, the complete gene structure for microcystin biogynthe-
sis has yet to be identified.

Adda in the microcystin molecule is an amino acid with
an unusual and modified structure. Moore et al. reported
that Adda is biosynthesized from the carbon skeleton of
phenylalanine and four molecules of acetate (11). These
results suggest that the synthesis of Adda is catalyzed by a
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modular polyketide synthase multi-enzyme complex. Fur-
thermore, we detected the open reading frame, which
showed high degrees of similarity to modular polyketide
synthases, upstream of mcyA (10). These findings encour-
aged us to investigate the polyketide synthase (PKS) gene
in microcystin-producing cells.

Polyketide formation is analogous to fatty acid synthesis
(FAS) (12-14). PKS systems are classified into two types
(15, 16): type 1 PKSs (modular PKSg) are large multifunc-
tional enzymes with a unique modular structure in which
each module is responsible for the activation, initiation,
elongation and termination steps. Type II PKSs are sys-
tems made up of individual enzymes.

In this study, we found a unique PKS module coupled to
a peptide synthetase module and revealed that the PKS
genes were responsible for microcystin production.

EXPERIMENTAL PROCEDURES

Bacterial Strauns, Culture Conditions, and Plasmids—All
strains and plasmids used in this work are described in
Table 1. Microcystis strains were grown under 2,000-1x con-
tinuous illumination from fluorescent (cool white) lighting
at 30°C in CB medium (17). Escherichia coli DH5cMCR
(Cosmo Bio., Tokyo) was used as a host for recombinant
plasmids and grown at 37°C for 16 h in LB broth. When
necessary, antibiotics were added at the following final con-
centrations: 75 pg/ml ampicillin and 30 pg/ml neomyecin.
Lorist6 DNA (Nippon Gene, Toyama), for the cosmd
library, and pBluescript II KS+ and pUC118/119 (TOYO-
BO), for cloning, were used.

DNA Manipulation—Total DNA of Microcystis strains
was isolated from cells grown to a late logarithmic phase by
means of the previously described procedure (18). DNA
manipulations were performed as described (19).

Cloning of the mcy Genes—Total DNA of M. aeruginosa
K-139 was digested with Clal, Xbal, Hincll, or HindIll and
then inserted into the pBluescript II KS+ phagemid vector
or the pUC vector, generating plasmid-hbraries. At first,
using a 1.5 kb EcoRI fragment from the 3"-end of the insert
of pCOTnR5 as a probe, a recombinant pKCAZ2 containing a
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Fig 1 General structure of mi-
crocystin. The general structure
of microcystin MCYST-XZ) 18 cyclo
(-p-Ala-X-p-MeAsp-Z-Adda-p-
Glu~-Mdha-), 1n which X and Z are
various L amino acids, >-MeAsp 1s
D-erythro-B-methylaspartic acid,
Adda is 3-amino-9-methoxy-10-
phenyl-2,6,8-trimethyl-deca-4,6-di-
enoic acid, and Mdha 18 N-methyl-
dehydroalanine This figure shows
microcystin-LR (MCYST-LR)

3.6 kb Clal fragment was isolated (Fig. 2). Next, a cosmid
pCOTnp13 containing a 14.4 kb fragment was isolated
from a Lorist6 DNA genomic library (I10) using a 1.6 kb
Clal-EcoRI fragment from the 3"-end of the insert of
pKCA2 as a probe. The following recombinant plasmids
were 180lated from the plasmid libraries using appropriate
DNA fragments as probes (the probes are indicated in
parentheses); pKCB1 containing a 5.0 kb Clal fragment (a
0.5 kb Clal-Xbal fragment from pCOTnp13), pMCQ3 con-
taning a 6.0 kb Xbal fragment and pMCP1 containing a
9.1 kb HindIIl fragment (a 0.3 kb EcoRI fragment from
pKCB1), pMCN5 containing a 2.3 kb Xbal fragment (a 1.8
kb HindIII-Xbal fragment from pMCP1), pMCM1 contain-
ing a 1.9 kb Hincll fragment (a 1.0 kb HincIl-Xbal frag-
ment from pMCN5), pMCL9 containing a 2.4 kb HindII
fragment (a 1.0 kb HinclI-Xbal fragment from pMCM1),
and pMCKS3 containing a 4.3 kb Xbal fragment (a 1.3 kb
Xbal-Hindll fragment from pMCL9).

Construction of Gene Disruption Plasmuds and Integra-
tive Conyugation of Microcystis—Plasmids for gene disrup-
tion of mcyB, mcyD, and mcyE by homologous recombina-
tion were constructed as follows. The 4,325 bp Xbal-Hin-
dIII fragment containing an amino acid activation domain
of meyB from pCOTnR5 was cloned into the Xbal-HindIIl
sites of pUC119, generating pMCWX. The 1.2 kb Smal
fragment containing the Cm" gene cassette from pR107XH
and the 1.8 kb BamHI fragment containing the mob gene
from pSUP5011 were inserted into the EcoRV site (in
mcyB) and HindI1I site (at the multicloning site) of pMC-
WX, respectively, generating pFXS3. The 1,699 bp Xbal-
HindIll fragment containing the DH-KR domain of module
6/mcyD from pKCA2 was inserted into the Xbal-HindIIl
sites of pUC118, generating pNOR-f. A Hincll fragment of
the Cm” gene cassette and the mob fragment were inserted
into the Hincll site (in mcyD) and BamHI site of pNOR-f,
respectively, generating pEXS5. The 3,636 bp Bglll frag-
ment containing an amino acid activation domain of mod-
ule 10/mcyE from pKCB1 was cloned into the BamHI site
of the pNC122 vector, generating pNCB54. The Xbal frag-
ment of the Cm” gene cassette and the mob fragment were
inserted into the Xbal site (in mcyE) and BglIl site (at the
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TABLE I Strains and plasmids.

Strain/Cosmid/Plasmid Relevant charactenstic Reference
Strain
M aeruginosa
B-19 wild type, non-microcystin producing (18)
K-81 wild type, non-microcystin producing 30)
K-139 wild type, microcystin producing 42)
S-77 wild type, microcystin producing 17)
Microcystis sp.
S-70 wild type, microcystin producing 18)
DX4, 5, and 6 S-70, but mcyA- Cm by conjugation with pDXS7 This study
EX1 S-70, but meyD Cm by conjugation with pEXS5 This study
FX1 and 2 S-70, but meyB Cm by conjugation with pFXS3 This study
GX1 and 2 S-70, but meyE -Cm by conjugation with pGXS3 Thas study
Escherichia colt
DH5acMCR A-F-supE44 hsdR17 A(lacZAY-argF)U169(¢80lacZAM15) recA1 merAA(mrr hsdRMS mcerBC) deoR Cosmo Bio
S17-1 Ares, mod*, thi, pro, hsedR, recA, RP4 denvative integrated, Spe’ 43)
Cosmd
Lorist6 DNA Cloning vector, Neo’, cloning sites HindITl, Notl, Scal, BamHI Nippon Gene
pCOTng library c. 40-kb HindIII fragment from M. aeruginosa K-139 genomic DNA, on Lonst6 DNA 10)
Plasmid
pBluescript II KS+  Cloning vector, Amp" TOYOBO
pUC119 Cloning vector, Amp” TOYOBO
pNC122 Cloning vector, Amp’, pUC119 containing a Bg/II site between Pstl and Sphl sites, and a Neol site This study
between Pstl and BamHI, but removing Hincll and Xbal sites in the multiple doning sites
pKCA2 6 2-kb Clal fragment from M aeruginosa K-139, on pBluescript IT KS+ (refer to Fig. 2) This study
pKCB1 5 0-kb Clal fragment from K-139, on pBluescript IT KS+ (refer to Fig 2) Thus study
pMCK3 4 3-kb Xbal fragment from K-139, on pUC119 (refer to Fig 2) Thas study
pMCL9 2.4-kb HindINI fragment from K-139, on pUC119 (refer to Fig. 2) This study
pMCM1 1 9-kb Xbal fragment from K-139, on pUC119 (refer to Frg 2) This study
pMCN5 2 3-kb Hincll fragment from K-139, on pUC119 (refer to Fig 2) This study
pMCP1 9 1-kb HindlIl fragment from K-139, on pUC119 (refer to Fig 2) This study
pMCQ3 6 0-kb Xbal fragment from K-139, on pUC119 (refer to Fig. 2) This study
pSUP5011 Mobilizable plasmid derived from pBR325 43)
pR107XH 1 2-kb Cm" gene cassette with the Microcystis rpoD1 promoters, on pUC118 10)
pDXS7 mcyA gene disruption on plasmid, 2 7 kb Hincll fragment with Cm* cassette and mob, on pUC119 (10)
pEXS5 meyD gene disruption on plasmuid, 1 7 kb HindIll and Xbal fragment with Cm' cassette and mob, This study
on pUC118
pFXS3 mcyB gene disruption on plasmid, 4.3 kb HindIll and Xbal fragment with Cm* cassette and mob, This study
on pUC119
pGXS3 mcyE gene disruption on plasmid, 3 6 kb BglII fragment with Cm" cassette and mob, on pNC122 This study

multicloning site) of pNCB54, respectively, generating
pGXS13. The plasmids for gene disruption were introduced
into Microcystis cells by conjugation from E. coli S17-1 and
chloramphentcol resistant (8 pg of chloramphenicol per ml)
conjugants were selected, as described previously (10).

Southern Hybridizations—Dhgested cyanobacterial DNA
was separated on 0.8% agarose gels and then transferred to
Amersham Hybond-N or NX membranes as described pre-
viously (10). DNA fragments, as probes, were labeled using
an ECL random prime labeling kit (Amersham Pharmacia
Biotech). Southern hybridization and detection were per-
formed as recommended by the manufacturer.

HPLC Analysis of Microcystins—Microcystins were ex-
tracted from dried cells with 5% aqueous acetic acid,
cleaned up using a Bond Elute ODS cartridge (Varian, CA),
and then analyzed by HPLC as described previously (10).

DNA Sequencing and Computer Analysis—The nucle-
otide sequence was determined by dideoxy chain termina-
tion, using an Applied Biosystems Automated Sequencer
(model 373S) (10). The DNA sequences were assembled and
analyzed using GENETYX-MAC software from Software
Development (Tokyo).

Nucleotide Sequence Accession Number—The nucleotide
sequences in this report have been submitted to DDBJ
under the following accession number: AB032549 (mcyD,
mcyE, meyF, and mcyG from M. aeruginosa K-139).
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RESULTS

Cloning of mcyD, meyE, mcyF, and mcyG—The mcyA, B,
and C genes encoding five modules that activate the five
amino acid constituents, and a putative open reading frame
743 bp upstream of mcyA, which was in the opposite orien-
tation to meyABC, were found (Fig. 2) (10). This open read-
ing frame shows high similarity to PKS of Mycobacterium
(20). To obtain the microcystin synthetase genes, a 34 kb
region including PKS genes was cloned from M. aeruginosa
K-139 and sequenced on both strands, as described under
“EXPERIMENTAL PROCEDURES.” The sequence had a
typical GC-content of about 40%, this value being almost
the same as that for M. aeruginosa K-139 genomic DNA
18).

Analysis of the cloned nucleotide sequence revealed three
huge open reading frames (ORFs) and three small ORFs
with the same direction of transcription (Fig. 2). The first
ORF, mcyD, is 11,718 bp in length, encoding a polypeptide
of 3,906 amino acids (aa) with a predicted molecular mass
of 435915 Da. The putative Shine-Dalgarno sequence
(AAG-GA) was found 9 nucleotides upstream of the start
codon. The second ORF, mcyE, is located 167 bp down-
stream of the TAA stop codon of mcyD. A possible Shine-
Dalgarno sequence (AGAGAA) is located 6 bp upstream of
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the ATG codon. This ORF (10,461 bp) encodes a putative
protein of 3,487 aa with a predicted molecular mass of
392,319 Da. The third ORF, mcyF, is located 35 bp down-
stream of mcyE and is 753 bp in length, encoding a 251 res-
idue polypeptide with a predicted molecular mass of 27,990
Da. The putative Shine-Dalgarno sequence (AGGAGA) was
found 4 nucleotides before the putative initiation codon.
The fourth ORF, mcyG, is located 74 bp downstream of
meyF and is 7,896 bp 1n length, encoding a 2,632 residue
polypeptide with a predicted molecular mass of 294,299 Da.
The putative Shine-Dalgarno sequence (AAGAGG) was
found 10 nucleotides before the putative initiation codon.
Moreover, we observed another putative ORF (orf3), 85 bp
downstream of mcyG and following orf4, which were in the
same orientation.

Homology Analysis of the Cloned Genes—Four modules
for type I PKS (modules 6, 7, 8, and 13) were identified on
the cloned genes on comparison with the PKS biosynthesis
domains of the 6-deoxyerythronohde B synthase (DEBS) of
Saccharoplyspora erythrase (12). Interestingly, a PKS mod-
ule coupled to the NRPS module was found (Fig. 2). PKSs
have a unique modular structure in which each module is
responsible for the catalysis of one cycle of polyketide chain
elongation, which resembles the steps in FAS (12, 21). Each
module can be subdivided into specific domains, B-ketoacyl-
ACP-synthase (KS), acyltransferase (AT), and acyl carrier
protein (ACP). In addition, B-ketoacyl-ACP-reductase (KR),
dehydratase (DH), and enoyl reductase (ER) domains are
present. McyD consists of two PKS modules, module 6 in-
cluding an extent of KS, AT, DH, SAM, KR, and ACP, and
module 7 including an extent of KS, AT, DH, KR, and ACP
(Fig 2). McyE contains module 8 including an extent of KS,
AT and ACP, and the fourth ORF, McyG, contains module
13 including an extent of KS, AT, SAM, KR, and ACP. The
minimal domains of the four modules in Microcystis PKS
show similarity (37.0-54.1% in the KS domain, 25.9-37.5%
in the AT domain, and 15.7-35.4% in the ACP domain).

Generally, conserved amino acid motifs are observed in
each domain of PKS modules (12, 21, 22). Alignment of the
amino acid sequences of conserved motifs is shown in Fig.
3. In KS domains of Mcy, active site motifs and the catalytic
cysteine residue in the presumed active-site domain were
conserved (Fig. 3A). Alignment of the substrate specific
sequence motifs and the consensus sequence of the active
site in the ATs (23) is shown in Fig. 3B. The signature se-
quence [GHSxG] was conserved in the four ATs of Mcy.

Fig 2. Organization and physical map of the mcy gene clus-
ter. Modules of the microcystin synthetase are shown The struc-
ture of a typical module including the domains and His motif con-
served 1n peptide synthetase are illustrated in the box. Each arcle
represents an enzymatic domain 1n the polyketide synthase multi-
functional protein. KS, B-ketoacyl-ACP synthase; ACP, acyl carrier
protein, AT, acyltransferase, KR, 8-ketoacyl-ACP reductase; DH, de-
hydratase, SAM, S-adenosylmethionine—dependent methyltrans-
ferase GSA and Rac represent glutamate-1-semialdehyde amino-
transferase and racemase, respectively NRPS is non-nbosomal pep-
tide synthetase. The restriction sites and numbers of modules are
shown above and below the diagram, respectively The upper part of
the figure shows the locations of cosmids and plasrmds The striped
and stippled fields above the diagram shows the positions corre-
sponding to the probes used for cloming and Southern hybridization,
respectively. The closed tnangles show the insertion sites of the Cm
cassette for gene disruption Abbreviations: C, Clal; He, HincIl; H,
HindII; X, Xbal
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However, it is difficult to infer the substrate, i.e. acetate or
propionate, from the sequences. The ACP domain of type 1
and type II PKSs contains the consensus signature [LGx-
DS] of the presumed binding site for the cofactor 4'-phos-
phopantetheine (24). The active-site serine and surround-
ing amino acid sequence were conserved among four Mcys
(Fig. 3C). DH and KR, or KR domains are present between
the AT and ACP domains of modules 6, 7 and 13 (Fig. 2),
and show similarity (29.3% in the DH domain, and 33.3—
41.0% in the KR domain). Alignment of the sequences
showed that the DH domains in Mcy have the apparent
active site motif [HxoxD/ExxxxP] and that the KR domains
contain a potential motif [TGGxGxxGxoxxA/T] for NADP(H)
binding (Fig. 3D).

The amino acid sequences of the internal regions
between the DH and KR domains of module 6, and the AT
and KR domains of module 13, and the downstream region
of the ACP domain in module 8 showed local similanty to a
part of the N-terminus of N-methyltransferases (Fig. 4A).
The glycine-rich sequence [VI{E/D)xGxGxG] has been sug-
gested to be a possible component of a binding site for S-
adenosylmethionine (SAM) (25). The sequence identity of
these SAM domains (about 460 aa) in modules 6, 9, and 13
i8 29.5-32.7%. A computer homology search of module 9 of
mcyE with available data bases revealed that a down-
stream region of SAM showed significant similarity to
glutamate-1-semialdehyde aminotransferase (GSA). The
GSA domain of McyE, which is composed of about 400 aa,
shows about 30% identity to the GSAs from barley, Nicoti-
ana tabacum, soybean, E. coli, and Synechococcus (26). A
putative pyridoxamine phosphate binding lysine and sur-
rounding amino acid sequences are conserved in module 9
of McyE (Fig. 4B).

Interestingly, an NRPS module was observed at the C-
terminus of McyE and at the N-termunus of McyG (Fig. 2).
These two modules consist of adenylation and thioester-
binding domains, and show a high degree of amino acid
sequence identity (30.4-35.9% in the adenylation domain,
and 29.145.4% in the thiolation domain). Sequence align-
ment of the conserved core motifs of Mcy, corel—core6 (7,
27, 28), is shown in Fig. 4C. The congensus core sequences
are highly conserved in modules 10 and 12, except for corel
of module 12.

MecyF shows 30.4% 1dentity to the aspartate racemase of
the sulfur-dependent hyperthermophilic archaeum Desuifu-
rococcus Strain SY, which is quate widespread in eubacteria
as the D-amino acid constitutes parts of the fundamental
tetrapeptide chain in murein of the cell wall (29). Cysteine
residues at the active-site, which are thought to be the cat-
alytic center of these cofactor independent racemases, were
conserved in motifs 1 and 2 of McyF (Fig. 4D).

Moreover, a computer homology search showed that Orf3
exhibits similarity to the hypothetical ABC transporter
ATP-binding protein (sll0182) of Synechosystis PCC6803
and Orf4 to the D-3-phosphoglycerate dehydrogenase of
Methanobacterium thermoautotrophicum, respectively.

Presence of the mcy Geneg in Other Microcystis Strains—
The presence of mcyD, mcyE, mcyF, and mcyG in other
Microcystis strains was examined by genomic Southern
hybridization. The chromosomal DNAs from Microcystis
strains were digested with Clal, HindIIl, or Xbal, and then
Southern hybridization was performed using the module-
specific probes shown in Fig. 2. All signals were detected in

Vol 127, No. b, 2000

A) module active site motif of KS domain
McyD/msod.6 GPBLAVDTACSSSLVAVH
MeyDimod.T GPSMTIDTACSSSLVAIR
McyE/mod.8 GPCLSIDAMCABSLAAVH
MceyGmod.13 GPSVRVQTACSTGLVVVH
DERS/tmod.1 GPAISVDTACSSSLVAVE
RAPS/mod.1 GPAITVDTACSSSLVALH ] PKS type |
RifA/mod.1 GPAVTVDTACSSSLCAME
Act Loef1 GPVTHVETGCTSGLDSVG
Tem Lorfl GPVTVVSTGCTSGLDAVG ] PKS type I
B) AT domain
module mouf active Ktz
McyD/mod 6 ISLEVQPVLFAYQYALCELW - 1llas - GSGLG
McyD/mod.7 ETQITQPVIFSLEYALAKIN - llas - GHSIG
McyF/mod.8 QTAYAQPAIPALEYSLTMIN - llaa - GHSVG
MeyG/mod.13 QTDYTQPALFLIEVALAQIN - 1llaa - GHSLG
Propoinate ATs RVDVVIxxxxxxMxSxAxhW - 1las - GHSXG
Acetate ATs ETGYAXXXXXXXQXAXFGLL - 1llas - GHBXG
[8)] module actve site motif of ACP doman
McyDvmod-6 FFDLGMDSLTSTE
McyD/mod.7 FLDLGLNSLMVIE
McyE/mod.8 LLRLGADSIILTD
McyG/mod.13 LIEMGIDSLSSIE
DERS/mod.1 FAELGVDSLSALE
RAPS/ mod.1 FRDLGVDSLTAVE
RAPS/mod.11 FXDLGIMSLTAVE PKS type |
RifA/msod.1 FEDAGFDELTAVE
Act Lorf FEDIGYDSLALME :' PKS type I
Tem Lor3 YQDLGYDSIALLE -
D) active site motrf
module
DH KR
McyD/mod.6 HBQVFDQAILP TOGTGGLGLATT
McyD/mod.7 HKVFENIVEP TGGGGKLGGLVA
McyGmod13 cceeeee - TGGIGHLGLELA
DEBS/mod.1 EVVOGRTCVP TGGTGGVGGQIA
RAPS/mod.1 BAVRGSVLLP AGGVGAATQIA
RifB/mod.4 HAIGGVVLIP TGGTGSLAGLVA
consennis ExxxGxxxxP TOGxGxxOxxxA

Fig. 3. Alignment of conserved motifs among polyketide syn-
thases. (A) Companson of KS domains. (B) Comparison of AT do-
mains Sequence motafs for the acetate and propionate ATs are
shown under the sequence ahgnment. (C) Comparison of ACP do-
mains (D) Comparison of DH and KR domamns. The consensus se-
quences for DH and KR domains are shown. DEBS, deoxyerythro-
nolide B synthase (12); RAPS, rapamyan synthase (21); RafA and
RifB, rifamycain B biosynthesis (22), Act I, actinorhodin synthase
(44); Tem 1, tetracenomycin C synthase (45)

the microcystin-producing strains M. aeruginosa K-139 and
S-77, and Microcystis sp. S-70, but not in the microcystin-
non-producing strain M. aeruginosa B-19 (Table II). Inter-
estingly, non-toxic M. aeruginosa K-81 strain (LDg, >1,000
mg of dry cells per kg of mouse-weight) (30) was positive for
all probes.

Disruption of the mcyD and mcyE Genes—To obtain con-
clusive proof of the involvement of mcyD and meyE in
microcystin production, insertional mutagenesis of mcyD
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A) enzyme/module sequence B) strain sequence
Esyn VLEIGTGSGNILFN barley TTLGKIIGGGLP
CYSYN/mod.2 VLEIGTGTGHVLFN
N. tabacum TTLGKIIGGGLP
McyA/mod.1 VLEIGCGTGLILFQ
McyE/mod.6 ILETGGGTGAATTG soybean TTLGRIIGGGLP
McyE/mod9 ILEIGGGTGATSEA E. coli TCLGKILIGGGMP
McyG/mod.13 ILEIGAGTGATTQQ Synechoccocus TTLGKIIGGGLP
EnyG VLDVGFGLGAQDFF McyE/mod.9 VIYGRAIGGGLP
C) core 1 core 2 core 3 core 4 core S core 6
fupeth kn ATP binding ATPase moti ATP binding ATP binding 4'-phosphopantetiveine
[Dotif] LEAGXAYVPLD LAYXXYTSGSTGIPKG GELxIXGXGVARGYL YRTGDL GRXDXQVKIRGXRIELGEIE DXPFXLGGHSL
L1 T L K DI
KcyA/mod.1  LKAGGAYVPLD-----LAYVIYTSGSTGKPKG-----GELHIGGIGLARGYL~-=--YKTGDL-~~~~GRIDEQVKIRGFRIELGEIE-——~— DNFFELGGDSI
MCYA/m0d.2  LEKAGGAYVPLD-----TAYVIYTSGSTGEPKG-- - - —GDLY IGGEGLARCYL~~——~YKTGDL~~~--GRGDHQVKLRGFRIELGE I E——— -~ DRPPEVGGDSI
McyB/mod.3  LEKAGGAYVPLD-----LAYVIYPSGS8TGKPKG----~GELHISEVGLARGYL-———- YKTGDL-~~ -~ ~GRIDNQVKLRGLRIELGEIE-—- - DNFFELGGHSL
MCYB/mod.4  FKAGGIYLPLR--——— SNY INFTSGSTGEPKA--——-GEVFVESPYLTKGYY——- -~ YRTGDL--~--GRSDRQIKLNGVRIELGEIE- - - ~~QSFFELGGNSL
McyC/mod.S  IKAGGAYVPLD-----LAYVIYTS8GSTGEPKG----—GELBIGGHGLARGYL~----YEKTGDL~-~~-GRIDNQVKLRGLRIELGEIQ- - - - -DNFFELGGHESL
HCYE/m0d.10 FEKTGATYVPID--~-~~-TAY-IFTSGSTGHPKG-----GEICVEGAALASGYH-~-~— PRTGDL-----GRED#QVEVEGYRIDPGEIE -~~~ DNFFEIGGHSL
HCyG/mod.12 PLGGIIPVPLT----- AALLLFTSGSTGHPKG—-- - ~GRLQIQGHSVTKGYY - - PTTGDL-----GREXQEI IINGVNYFARELE-—— - DNTFELGGHST
{concensus] -kaGgayvPld -ayviyTS8GSTGkPKg Gel-i-g-glargyl ykTGDL GR-dngvKlrG-rielgEIe dn*FE1GG-81
Fig 4 Alignment of conserved motifs in
D) type strain active mite motif 1 active site mouf 2 the functional domains. (A) Common re-

Asp  Desulfrococcus

DFIIMPCNTAHFFAED---GITAGCTEVSVAL
Streptocococcus thermophilus NP IVLTCNTAHYFFEE---KVILGCTELSLMN

gions 1n S-adenosylmethionine—-dependent me-
thyltransferases. The conserved sequence
motifs are shown 1n bold Esyn, enmatin syn-
thetase (25); CYSYN, cyclosporin A synthetase

Pyrococcus horikoshii DFITMPCNTAHAFVED--—-CITAGCTEVSVVL
Glu Lactobacillus brevis KALVIACNTATAAALT--~TLVHGCTHFPLIR
Bacillus rubtilis KMLVIACHTATATIALD---TVILGCTHYPILQ
Esheichia coli ALAVVACNTASTVSLP---TVVLGCTHPPLLQ

(46), McyA, microcystin synthetases (10),
EryG, erythromyan synthase (47) (B) The
conserved amino acid sequences surrounding
the putative pyridoxzal binding lysine (bold let-

Microcystis areuginosa K-139 DCIVIGCCTAHYALPQ---8YISGCTEFHLLT

ter) among the six glutamate 1-semialdehyde
aminotransferases (GSA) Barley, M31545, N

tabacum, X65974; soybean, 1L12453; E. coli,

X53696; Synechococcus PCC6301, X53695, McyE/mod.9, AB032549 (C) The alignment of core sequences of peptide synthetase modules in mi-
crocystin synthetase. Putative function and consensus motif sequences are shown at the top, and consensus sequences 1n Mcy modules at the
bottom McyA, McyB, and McyC, microcystin synthetases (10). (D) The alignment of acidity amino acid racemases. The presumed catalytic and

conserved

ues are indicated in bold. Desulfurococcus, D84067; Streptococcus thermophilous, X61301; Pyrococcus horikoshir, AP0O00003;

Microcystis aeruginosa K-139, AB032549; Lactobacillus brevis, D29627; Bacullus subtilis, Z99118; Esherichia coli, AE0C00471

TABLE II Summary of the results of genomic Southern hybridization of Microcystis DNA with a DNA fragment from each

module.
meyD mcyE mcyF meyG i .

Stran module 6 module 7  module 9 module 10 module 11 module 12 module 13 Microcystin
M. aeruginosa

B-19 - - - - - - - non toxic

K-81 + + + + + + + non toxic

K-139 + + + + + + + [DhaIMCYST-LR, [D-Asp?,

Dha’IMCYST-LR

S-77 + + + + + + + MCYSTLR, RR, YR
Microcystis sp.

S-70 + + + + + + + MCYST-LR, RR, YR

—, no signal; +, signal; [Dha’IMCYST-LR, 7-desmethylmicrocystin-LR, [D-Asp?, Dha”] MCYST-LR, 3,7-didesmethylmicrocystin-LR; MCYST,

microcystin

and mcyE in the M. aeruginosa K-139 genome was carried
out. However, no disruptants were isolated. In a previous
study, we 1solated gene disruption mutants of the K-139
strain with difficulty after repetitious experiments on the
conjugation (10). The host-restriction system may interfere
with homologous recombination (31). Genomic Southern
hybridization showed the presence of mcyD and mcyE in
Microcystis sp. S-70, which produces MCYST-LR, -RR, and
-YR. Therefore, insertional mutagenesis of mcyD and mcyE
in strain S-70 was performed, and then chloramphenicol-
resistant conjugants, Microcystis sp. S-70EX1 as a disrup-

tant of mcyD and S-70GX1, 2, and 3 as disruptants of
mcyE, were isolated. To confirm the integration of the chlo-
ramphenicol (Cm) cassette into the target gene, genomic
Southern hybridization was carried out. Total DNA from
the S-70EX1 mutant was digested with HindIIl and then
probed with the 1.5 kb EcoRI fragment containing the SAM
domain of module 6 [Fig. 5A (i)]. The 3.0 kb signal was
detected in the wild type of Microcystis sp. S-70. On the
other hand, only the 4.3 kb signal was detected in the EX1
mutant [Fig. 5B (i)] and the position of this signal coincided
with that of a signal observed with the Cm probe (data not

J. Biochem.
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gshown). To examine the disruption of mcyE, total DNAs
were digested with Hincll and then probed with the 0.33
kb EcoRI fragment containing the NRPS domain of mcyE
[Fig. 5A (u)]. The 3.0 kb signal was detected in the S-70
wild type. While the 2.0 kb signal was detected in mutants,
S-70GX1, 2 and 3 [Fig. 5B (ii)], and the positions of these
signals coincided with that of a signal observed with the
Cm probe (data not shown). To determine the roles of mcyD
and mcyE in microcystin biosynthesis, we analyzed the m-
crocystin production of these mutants by HPLC. Extracts of
the Microcystis sp. S-70 wild strain gave three peaks for
MCYST-LR, -RR, and -YR (Fig. 6A). For the EX1, and GX1,
2, and 3 mutants, all peaks for microcysting were absent
(Fig. 6, B and C). These results revealed that the mcyD
gene encoding PKSs and the mcyE gene encoding the PKS
coupled to the NRPS are specifically involved in microcys-
tin biosynthesis. Furthermore, our results revealed that
both genes are responsible for the production of three kinds
of microcystin, MCYST-LR, -RR, and -YR.

Analysis of the Microcystis sp. S-70 mey Cluster—Geno-
mic Southern hybridization analysis revealed that the
Microcystis sp. S-70 strain has the mcyA, B, C (10), D, E, F,
and G gene cluster. Furthermore, a PCR-amplified DNA
fragment (693 bp) with the 3-end of mcyB and the 5-end of
mcyC of Microcystis sp. S-70 showed strong identity (nucle-
otide: 98%, amino acid: 96%) to that of M. aeruginosa K-
139 (10). To examine the identity of the polyketide synthase
genes in strains S-70 and K-139, the mcyD gene was cloned
from Microcystis sp. S-7T0EX1. The HindIll fragment in-

M (i)

@ (i)

Fig. 5 Disruption of the mcy genes by homologous recombina-
tion. (A) Schematic representation of the msertional mnactivation of
the meyD and mcyE genes (1) HindIll digestion fragments hybrnidized
with a mcyD probe (bold bar) are shown, along with their sizes. (1)
Hincll digestion fragments hybridized with a mcyE probe (bold bar)
are shown, with their sizes. DH, dehydratase; SAM, S-adenosylme-

Vol 127, No 5, 2000

cluding the Cm cassette from the cells was cloned into the
HindIl site of pUC119 and sequenced. Sequence analysis
showed that the nucleotide identity of the DH-KR region
(3,078 bp) of module 6 in mcyD between strains K-139 and
S-70 was 97%.

McyB is thought to be involved in the activation of “vari-
able L-amino acids” located at X in the microcystin mole-
cule shown in Fig. 1. To determine whether one or three
sets of the meyABC operon are responsible for the produc-
tion of MCYST-LR, -RR, and -YR, gene disruption of mcyA
and mcyB in the Microcystin sp. S-70 genome was per-
formed by nsertional mutagenesis using a disruption plas-
mid, pDXS7 and pFXS3, respectively. Three conjugants, S-
70DX4, 5, and 6, a8 mcyA disruptants, and two conjugants,
S-70FX1 and 2, as mcyB disruptants, were isolated and the
integration of the Cm cassette into the target genes was
confirmed by genomic Southern hybridization (data not
shown). HPLC analysis revealed that the microcystins
were absent in the mutants (Fig. 6D). These results
revealed that the gene organization of microcystin syn-
thetase is almost the same in strains K-139 and S-70, and
that one set of the microcystin synthetase genes is respon-
gible for the production of three kinds of microcystins,
MCYST-LR, -RR, and -YR.

Phylogenetic Analysis of the Adenylation Domain—The
phylogenetic relationships of the adenylation region con-
sisting of about 70 aa upstream of corel (LKAGGA) to
about 80 aa downstream of core 5 (RIELGEIE) from grami-
cidin S (32, 33), surfactin (34, 35), tyrocidine (36), isopeni-

Microcysassp S-70

mutant

3.0kb » ==
- - = <120kb

thionine-dependent methyltransferase; KR, B-ketoacyl-ACP reduc-
tase; A, adenylation domain, C, condensation domain; T, thiolation
domain, Cm, Cm cassette, He, HincIl, H, HindlII; X, Xbal (B) Ge-
nomic Southern hybridization analysis. wt, Microcystis sp S-70 wild
type, EX1, mcyD mutant; GX1, 2 and 3, mcyE mutants. The sizes of
the signals are indicated on both sides
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Fig. 6. HPLC of methanol extracts of Microcystis sp. S-70 cells.
Microcystins were extracted from dried cells of the wild-type (A),
mutant EX1 (B), mutant GX1 (C), and mutant FX1 (D) Peak RR,
MCYST-RR; peak YR, MCYST-LR; peak LR, MCYST-YR; column,
Cosmosil 5C18ARII (150 X 4.6mm 1.D.); mobile phase, CH,CN-0 01
M trifluoroacetic acid = 30:70 (v/v); flow rate, 1.0 ml/min; detection,
238 nm,

cilin N (37), HC-toxin (38), and entercbactin (39) were
examined by Unweighted Pair-Group Method Analysis
(UPGMA) using the program contained in GENETYX-
MAC (Fig. 7). The results showed that adenylation regions
in the Mcy modules could be divided into two groups; one
group contains modules 1, 2, 3, and 5, and other group con-
tains modules 4, 10, and 12. Furthermore, the latter group

T. Nishizawa et al.
- 0.5564 GrsB/Pro
03
0.0354J 0.5564 TyeC/Tyr
001 0.8886 SifA1/Glu

| §¥3)

00398] 06375 1ycC/len

03
00188 0.5441

02394} 0.1916 TycC/Val

02471
0.0392 07463 TalfGly

0992 Hts/D-Pro

0
0034 11418 McyB/mod.4
od 11058 Hu/D-Ala

11158 AcvA/Val

0.0040
azsnl 03025 °
0.1565 09029 EntF/Ser
amsgl_‘ TTaas ACACYs
3451 McyE/mod 10

12207 McyG/mod. 12
T.a326 H/Als

Fig. 7. Phylogenetic tree representation of the apparent evo-
lutionary distances of amino acid recognizing and activat-
ing domains. GrsA and B, gramiadin S (32, 33); SrfA, surfactin
(34, 35), Tyc, tyrocidine (36); Tal, antibiotic TA (24); EntF, entero-
bactin (39); Mcy, microcystin (10 and this work); McyB_PCC7806,
microcystin (9); MAPEP1 (48), Acv, 18openicillin (37); Hts, HC-toxin
(38).

0.0119

exhibited a close relationship to those of fungi [isopenicillin
N (Acv in Fig. 7) and HC-toxin (Hts)}. We also constructed
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Fig. 8 Presumed modular structure of the microcystin PKS. (R-CO-) indicates phenylalanine or a phenylalanine-derivative as a starter

umt (A) Elongation through condensation of the acetate molecule

phylogenetic trees by means of the neighbor-joining method
and obtained similar results (data not shown).

DISCUSSION

In a previous study, the orfl gene, which showed a high
degree of similarity to PKSs, was observed upstream of
mcyA (10). Information about polyketide synthase genes
and the genetic control of their biosynthesis in cyanobacte-
ria is still limited. Moore et al. conducted ['*CINMR analy-
sis of MCYST-LR with L-amino acid, acetate and pyruvate
as precursors, and suggested that the Adda molecule in
microcystin is biosynthesized from the carbon skeleton of
phenylalanine and four molecules of acetate (11).

In this study, by sequencing an additional 34 kb of DNA,
we completed the characterization of the microcystin syn-
thetase gene cluster, which is composed of seven genes
including thirteen modules. Interestingly, the PKS module
coupled to the NRPS module was found in McyE and
McyG, and gene disruption analysis revealed that the PKS
genes are involved in microcystin synthesis. Recently,
Paitan et al. reported a PKS module coupled to a NRPS
(24). They suggested that the polyketide antibiotaic TA from
Myxococcus xanthous i8 synthesized from a unique glycine-
derived starter unit, which 1s activated by a large peptide
containing a NRPS module in its N-terminal region, lying
adjacent to the PKS module. In microcystin synthetase, the
NRPS modules coupled to the PKS module are located in
the C-terminal region of McyE and the N-terminal region
of McyG, respectively (Fig. 2). According to the order of the
amino acids in the microcystin molecule and the arrange-
ment of additional domains for modification of amino acids,
we presumed that McyA, B, and C are responsible for the
activation of Mdha, D-Ala, L-Leu, D-MeAsp, and L-Arg (10).
Therefore, if the meyD, E, F, and G genes are involved in
the biosynthesis of Adda, and the incorporation of Adda
and Glu into the microcystin molecule, both NRPS modules
are presumed to be responsible for the activation of Phe or

Vol. 127, No 6, 2000

a phenylalanine-derivative, and Glu.

In other bacterial systems such as erythromyan and
rapamycin, the genes encoding the PKSs were shown to be
organized in an operon (16). The biosynthesis of the poly-
ketide chain is initiated by covalent loading of activated
monomer units onto the first holo-ACP domain (15). In the
case of 6-deoxyerythronolide B synthase, the starter unit
was governed by the AT and ACP closest to the N-terminus
of the synthase (12). General PKSs have an initiation do-
main for the starter unit with ACP or otherwise a loading
domain, however, this domain is not observed in the N-ter-
minus of McyD. The polyketide antibiotic TA is thought to
be synthesized from a glycne-derived starter unit (24). A
peptide synthetase domain which is coupled to a polyketide
synthase module is likely to be involved in the processing
and activation of this glycine-derived starter unit. Phylo-
gentic analysis showed that modules 10 and 12 are unique
(Fig. 7). Therefore, in the case of microcystin synthesis, a
NRPS domain (module 12) at the N-terminus of McyG is
likely to be involved in the processing and activation of the
starter unit. In the case of the antibiotic TA synthase, an
AT domain subsequent to the PKS module, which is adja-
cent to the NRPS module, is absent. On the other hand,
PKS module 13 of microcystin synthetase contained a AT
domain. To determine the substrate specificity of module
12, comparison with the amino acid activating domains of
NRPSs was carried out. However, the substrate specificity
of module 12 could not be determined. Polyketide metabo-
lites are produced through the condensation of simple acid
units such as propionate and acetate. In the case of Micro-
cystis PKS, we could not identify the incorporated acid unit
as acetate or propionate, on alignment of the sequence
motif found in the AT domain (Fig. 3B). ['*CINMR analysis
of microcystin produced by feeding labeled substrates to
microcystin-producing cells showed that the Adda molecule
is biosynthesized from four molecules of acetate (11). There-
fore, AT domains in modules 6, 7, 8, and 13 of Mcys are
thought to be involved in the incorporation of acetate units.
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If the Microcystis PKSs are responsible for synthesis of
the Adda molecule, how is Adda made? The results of
[*CINMR analysis suggested that Adda is biosynthesized
from the carbon skeleton of phenylalanine and four mole-
cules of acetate (11). A presumed schematic representation
of the Adda biosynthesis is shown in Fig. 8. As the origin of
the starter unit, phenylalanine or derivative of it 18 pre-
sumed. A phenylalanine/derivative-containing molecule,
which is activated by NRPS (module 12), is used as a
starter unit, and elongated through the condensation of
four acetate molecules (modules 13, 6, 7, and 8). The meth-
ylation of C?%, C? and C® in the Adda molecule (Fig. 1) is cat-
alyzed by SAM-dependent methyltransferases in modules
13, 6, and 9, and dehydration by DH in modules 6 and 7. In
the case of a phenylalanine-contaiming molecule as a
starter unit, one carbon atom should be removed from the
phenylalanine molecule in the process of Adda biosynthe-
gis. However, the module for elimination of the carbon is
not located nearby. Furthermore, an amino group derived
from phenylalanine should be removed or transferred. A
unique module for aminotransferase is observed 1n module
9 of McyE, suggesting that the amino group derived from
phenylalanine is transferred to C? in the Adda molecule.
Moore et al. concluded that phenylacetyl-CoA 1s the most
probable initiator for Adda biosynthesis (11). When a phe-
nylacetic acid is used as the origin of the starter unit, a
NRPS (module 12) activates and incorporates a phenylace-
tic acid, and an amino group of an unknown substrate is
transferred to C? in the Adda molecule by an aminotrans-
ferase encoded by mcyE. It has been reported that pheny-
lacetyl-CoA can be produced from phenylacetic acid in
Pseudomonas putida (40, 41). However, to the authors’
knowledge, no reports have been appeared concerning the
activation and incorporation of phenylacetic acid by NRPS.
We can not rule out the possibility that an other phenylala-
nine-derivative is8 a starter unit. To elucidate our working
hypothesis, biochemical analysis i8 necessary. The ~vy-car-
boxyl group of D-Glu 1s linked to NRPS (module 10)
through a covalent interaction with a specific thiol group.
Finally, the Adda molecule is transferred to the amino
group of the carboxyl thicester bound D-glutamic acid. A
thioesterase-like domain, which might be involved in the
release and/or cyclization of the peptide chain, was ob-
served in the C-terminal region of McyC (Fig. 2). On the
other hand, this sequence motif could not be found in
McyD, E, or G. Moreover, it i8 unclear whether the addi-
tional gene product(s), eg orf3 and orf4, is required for
microcystin synthesis.

From the data reported here as well as previously pub-
lished work (10), 1t 15 clear that the organization of the
microcystin synthetase genes is the same in Microcystis sp.
S-70 and M. aeruginosa K-139, and that this gene cluster
in the S-70 strain is responsible for the production of
MCYSTLR, -RR, and -YR. Dittmann et al. reported that
the disruption of mcyB resulted in the disappearance of
plural microcysting (9). The following question has been
raised, how does the microcystin synthetase encoded by the
single gene cluster produce plural microcystins? M. aerugi-
nosa K-139 produces the MCYSTLR type and Microcystis
sp. S-70 three types of microcystin. Partial sequence data
suggest that the amino acid sequences of microcystin syn-
thetase are highly conserved (>97%) in S-70 and K-139
(10). However, the identity of module 3/McyB between

T. Nishizawa et al.

strains S-70 and K-139 was relatively low (unpublished
data). This module may be involved in the activation of var-
ious amino acids (X in the microcystin molecule shown in
Fig. 1). The differences 1n the amino acid sequences of the
modules may reflect the type of microcystin. To elucidate a
working hypothesis, biochemical and genetic analyses are
currently in progress.

We are grateful to Drs. K. Honn and T Kurotsu for the information
and valuable discussion.
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