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Structural organization of microcystin biosynthesis in
Microcystis aeruginosa PCC7806: an integrated

peptide-polyketide synthetase system

Daniel Tillett!, Elke Dittmann?2, Marcel Erhard2, Hans von Déhren 3,

Thomas Bérner? and Brett A Neilan’

Background: Blooms of toxic cyanobacteria (blue-green algae) have become
increasingly common in the surface waters of the world. Of the known toxins
produced by cyanobacteria, the microcystins are the most significant threat to
human and animal health. These cyclic peptides are potent inhibitors of
eukaryotic protein phosphatases type 1 and 2A. Synthesized nonribosomally, the
microcystins contain a number of unusual amino acid residues including the
-amino polyketide moiety Adda (3-amino-9-methoxy-2,6,8-trimethyl-10-phenyl-
4,6-decadienoic acid). We have characterized the microcystin biosynthetic gene
cluster from Microcystis aeruginosa PCC7806.

Results: A cluster spanning 55 kb, composed of 10 bidirectionally transcribed
open reading frames arranged in two putative operons (mcyA-C and mcyD-J),
has been correlated with microcystin formation by gene disruption and mutant
analysis. Of the 48 sequential catalytic reactions involved in microcystin
synthesis, 45 have been assigned to catalytic domains within six large
multienzyme synthases/synthetases (McyA—E, G), which incorporate the
precursors phenylacetate, malonyl-CoA, S-adenosyl-L-methionine, glutamate,
serine, alanine, leucine, p-methyl-isoaspartate, and arginine. The additional four
monofunctional proteins are putatively involved in O-methylation (McydJ),
epimerization (McyF), dehydration (Mcyl), and localization (McyH). The unusual
polyketide amino acid Adda is formed by transamination of a polyketide precursor
as enzyme-bound intermediate, and not released during the process.

Conclusions: This report is the first complete description of the biosynthesis
pathway of a complex cyanobacterial metabolite. The enzymatic organization of
the microcystin assembly represents an integrated polyketide—peptide
biosynthetic pathway with a number of unusual structural and enzymatic features.
These include the integrated synthesis of a B-amino-pentaketide precursor and
the formation of B- and y-carboxyl-peptide bonds, respectively. Other features of
this complex system also observed in diverse related biosynthetic clusters are
integrated C- and N-methyltransferases, an integrated aminotransferase, and an
associated O-methyltransferase and a racemase acting on acidic amino acids.
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Introduction

Water blooms of cyanobacteria (blue-green algae) are of
worldwide concern due to their production of a range of
hepatotoxins and neurotoxins. One group of these toxins,
the microcystins, is a remarkable family of more than 65
cyclic heptapeptides produced by a diverse range of cya-
nobacteria, including species of the genera Microcystis, Ana-
baena, Nostoc and Oscillatoria [1,2]. These potent eukaryotic
serine/threonine protein phosphatases (PP) 1 and 2A inhib-
itors share the common structure cyclo(Adda-p-Glu-Mdha-
D-Ala-L-X-D-MeAsp-1.-Z-), where X and Z are variable L-
amino acids, Adda is 3-amino-9-methoxy-2,6,8,-trimethyl-
10-phenyl-4,6-decadienoic acid, pD-MeAsp is 3-methylas-

partic acid, and Mdha is N-methyl-dehydroalanine (Figure
1) [1,3]. Toxicity in vertebrates is mediated through the
active transport of microcystin into hepatocytes by the
bile acid organic anion transport system [4]. Acute poison-
ing, leading to death from massive hepatic hemorrhage, has
been reported in both animals and humans [5-7]. Chronic
ingestion of sub-lethal doses has been demonstrated to
induce primary hepatocellular carcinoma in rodents [8]
and has been epidemiologically linked to primary liver
cancer in humans [9,10].

Biochemical and genetic studies have suggested a mixed
polyketide synthase (PKS)/nonribosomal peptide synthe-



754 Chemistry & Biology 2000, Vol 7 No 10

N-Methyl-
D-Glu® dehydro-Ala®

O -OH |
N
Adda® HNj/\/\’( \y(ﬁ\NH N
_ S D-Ala
o
o

ANV H HI
E H
N
[¢] | R
(o) (6] X@

R (6) OH

% D-erythro-8-
methyliso-Asp®

Chemistry & Biology

Figure 1. General structure of the microcystins. Variable L-amino
acid residues are found at positions X and Z.

tase (NRPS) origin for the microcystins [11-13]. Feeding
experiments using labeled precursors have shown the acti-
vation and incorporation of both amino acids and acetate
units into microcystin-LLR [11]. Genetic studies have dem-
onstrated the involvement of a large NRPS gene cluster in
MCYST biosynthesis [12]. Five domains of this cluster
(mcyABC) have also been recently sequenced from Micro-
cystis strain K139 [14]. While polyketides and nonribosomal
peptides appear structurally unrelated, they are assembled
in a remarkably similar manner. Both groups of metabolites
are biosynthesized by large, multifunctional protein com-
plexes that are organized into coordinate clusters of enzy-
matic sites termed modules, in which each module is re-
sponsible for one cycle of polyketide or polypeptide chain
elongation [15-17]. The order of these modules, together
with the number and type of catalytic domains within each
module, determines the structure of the resulting polyke-
tide or peptide product.

Despite the general interest in both NRP and PK synthe-
sis, relatively few examples of metabolites of mixed origin
have been biochemically or genetically characterized.
These include rapamycin, FK506, mycobactin, epothilon,

mycosubtilin, yersiniabactin, and the antibiotic TA [18-21].
We have undertaken the cloning of a large 55 kb gene
cluster from Microcystis aeruginosa PCC7806 responsible
for the biosynthesis of microcystin-LLR. Analysis of this
region revealed six large open reading frames (ORFs)
(mecyA-E and G) of a mixed NRPS/PKS nature, together
with a further four small ORFs (mcyF and H-J) with puta-
tive precursor and microcystin tailoring functions. Gene
disruption studies provide evidence for the involvement
of meyA and mcyD in microcystin biosynthesis. Additionally,
Western blot analysis of partially purified microcystin syn-
thetase revealed homology to other characterized NRPS.

Results

Cloning and sequencing of the microcystin synthetase
gene cluster

A 758 bp fragment of the microcystin synthetase gene,
meyB, was amplified using primers FAA and RAA [22].
This fragment was used to screen a A Zap library of M.
aeruginosa PCC7806 and isolate a clone containing a 7 kb
fragment of the mcy cluster. As further attempts to isolate
flanking clones from this library proved unsuccessful the
remaining ¢y sequence was obtained by various PCR
gene walking approaches [22,23]. In total, 63.6 kb of the
mcy gene cluster and flanking regions was isolated from .
aeruginosa PCC7806 (Figure 2). The G+C content of the
nucleotide sequence mey region (992-55 448; meyJ to meyC)
is 39.2%. 'This is similar to the total G+C content of M.
aeruginosa PCC7806 at 41.6% [24].

Sequence analysis of the ey region revealed a bidirection-
al operonic structure (Figure 2). The larger of the two
putative operons (mcyD-J) encodes the PKS-NRPS mod-
ules catalyzing the formation of the pentaketide-derived B-
amino acid Adda and its linkage to D-glutamate, while the
smaller (mecyA-C) encodes the NRPS modules for the ex-
tension of this dipeptidyl intermediate to the heptapeptid-
yl step and subsequent peptide cyclization.

Structural organization of the mcyD-J region
The mecyD-J gene cluster contains seven ORFs all tran-
scribed in opposite direction to the putative meyABC oper-

Figure 2. Organization of the gene cluster
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Figure 3. Alignment of the AT domains
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niddamycin, rapamycin, and avermectin
PKS. Bold and inverse letters indicate the
proposed significant differences between
acetate and propionate AT loading
domains, respectively. The asterisk
indicates the serine residue that is linked
to the acyl-CoA in the acyl:acyltransferase
complex. The highly divergent AT active
site of McyD-1 is boxed.

on (Figure 2). The first ORF (11721 bp) in this region identified two type I modules, each consisting of a B-ke-
(meyD) is located 733 bp upstream of meyA and encodes a toacyl synthase (KS), an acyltransferase (AT), B-ketoacyl
large 435 714 Da polypeptide with high similarity to known reductase (KR), a dehydratase (DH), and an acyl carrier
type I PKS [15]. Alignment of McyD with PKS domains protein (ACP). On the basis of conserved sequence motifs,
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Figure 4. Model for the formation of Adda and predicted domain structure of McyG, McyD and McyE. Each circle and rectangle represents
respectively a PKS or NRPS enzymatic domain. The putative aminotransferase domain is represented by a diamond. The activity of the
tailoring ORFs, Mcyd and F, are shown as inverted triangles. KS, B-ketoacyl synthase; AT, acyltransferase; ACP, acyl carrier protein; KR,
ketoacyl reductase; DH, dehydratase; CM, C-methyltransferase; OM, O-methyltransferase; A, aminoacyl adenylation; C, condensation;
AMT, aminotransferase; RC, racemase. The NRPS thiolation motif is shown in black. Reaction order shows transfer and condensation of
Adda to D-glutamate.
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both AT domains of McyD appear to accept malonyl-CoA.
This is consistent with previous labeled precursor studies
[11] and in comparison to the respective sequences for
acetate and propionate providing modules (Figure 3). In
addition, the amino-terminal module contains a putative
C-methyltransferase (CM) domain of a type recently found
in the yersiniabactin biosynthetic cluster [20] (Figure 4).

The ATG start codon and putative ribosome binding site
(RBS) of the second ORF, meyE, is located 167 bp down-
stream of the TAA stop codon of mcyD. 'This large 10464
bp ORF encodes a 392703 Da polypeptide product of
mixed PKS and NRPS function. The amino-terminal re-
gion of McyE contains a PKS module consisting of a KS,
AT, and ACP domain, linked to a CM domain (as found in
McyD) and a putative aminotransferase (AM'T) domain.
This latter domain, of about 430 amino acids, shows ap-
proximately 30% identity to a large group of nonintegrated
AMTs acting on glutamate semialdehyde or N-acetyl-orni-
thine. The pyridoxal phosphate binding motif, DE-
(VDAIMQ)TGFR with the adjacent conserved lysine resi-
due, is present in this domain. The most logical role of this
module in microcystin biosynthesis would be to supply the
amino group to Adda. A similar domain has been identified
recently in the mycosubtilin synthetase cluster, presumably
also involved in the synthesis of a -amino acid [21].

Adjacent to the PKS module of McyE is an NRPS module
composed of two condensation domains, an adenylation
domain, and a thiolation domain (Figure 4). The first con-
densation domain is predicted to catalyze the formation of
the peptide bond between Adda and the o-amino group of
D-glutamate. The adenylation domains were analyzed for
substrate specificity employing a recently derived algo-
rithm [25,26]. This procedure selects eight or nine putative
pocket-lining residues from each adenylation domains, be-
tween the core motifs A4 and A5, to predict the respective
amino acid substrate. Substrate binding pocket analysis of

the McyE activation domain revealed similarity to the glu-
tamate activation domain of surfactin synthetase [27], the
glutamine activation domain of lichenysin synthetase [28],
and the o-aminoadipate activating reductase involved in
the lysine pathway of Penicillium chrysogenum [29]. The se-
quences of both condensation domains cluster together
with both the second condensation domain of McyB and
the condensation domain of McyC. These four domains
contain divergent condensation domain motifs C3-C5
[16], possibly related to their involvement in the peptide
bond formation with substrates containing activated - and
v-carboxyl groups (Figure 5). The carboxy-terminal loca-
tion of an NRPS condensation domain, as found in
McyE, has only been described in the mycosubtilin cluster
[21]. Similar carboxy-terminal condensation domains have
also been identified within the rapamycin and FK506 clus-
ters where they are putatively involved in the termination
of macrolactone synthesis [30,31]. While the second McyE
condensation domain appears to be involved in the peptide
bond formation between D-glutamate and N-methyl-dehy-
droalanine, the mechanism of this unusual reaction remains
unclear.

Located 32 bp downstream of the TAG stop codon of
meykE 1s a small ORF (meyF) of 756 bp encoding a 28192
Da polypeptide. This putative protein revealed 29% iden-
tity (51% similarity) to an aspartate racemase (racD-1) from
Pyrococcus abyssi, and somewhat less similarity to a family of
glutamate racemases. Although the role of McyF in micro-
cystin biosynthesis has yet to be confirmed, it appears
likely to be involved in either the supply of D-glutamate
or D-MeAsp, or the peptidyl epimerization of L-glutamate.

The putative RBS and ATG codon of the fourth ORF
(mcyG) 1s located 132 bp downstream of the TGA stop
codon of meyF. This large ORF (7896 bp) encodes a
294 266 Da polypeptide of mixed NRPS and PKS function.
The amino-terminal region of McyG contains an NRPS

c1 c2
Consensus SXAQXRLWXL RHEXLRTXF
MY
McyD-C1 (Adda-Glu) SEAQRQLWLL RHEALRTKI
McyD-C2 (yGlu-Ser) SHGQRRLWAL  RHEILRTFF
McyA-Cl(mSer-Ala) TALQLGMIFH RHSVLRTLF
McyB-C1(pAla-Leu) SPMQEGMLFH RHPVLRTSF
McyB-C2 (Leu-BAsp) SHAQRRFYVL  RHESLRTSF
McyC-C1 (BAsp-Arg) SHGQRRLWIL  RHEILRTTF

C3 Cc4 C5 C6 Cc7
MHHXISDGWS YXDFAVW IGXFVNTQCXR HQDYPFE RDXSRNPL
v Y \% LA N V
THHIVADGWS FRQYLTL VGFCSQFLPLR HQSYTLE RDFSRSPL
MHHIIFDGWS YKDYTSW IGFYVNTLVLR HQDYPFD RDPSRNAL
FHHSILDGWS FRDFVAL LGLFLNTLPLR WRRYPLA EIPAREVL
HHHIILDGWS YODYIVW VGLFINTLPRV YAYVSLA DIPPGVPL
IHHIICDGWS YKDYAGW IGLFLNTLVIR HSDYPFD REINRTPL
VHHIIGDAQS YKDYAAW IGFYVNTLALR YRDYPFD RDLSRNPL
Chemistry & Biology

Figure 5. Condensation domain core motifs in microcystin biosynthesis. The consensus sequences for motifs (C1-C7) of peptide
synthetase condensation domains are indicated above the motifs identified in M. aeruginosa PCC7806 [16,17].
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adenylation domain that clusters with the acyl-CoA synthe-
tases, insect luciferases, and aryl-carrier protein synthetases
of NRPS systems. Labeled precursor studies [11] suggest
the direct activation of phenylacetate by this adenylation
domain, however, binding pocket analysis gives no clear
result. This domain would thus serve as a PKS starter
supply domain, an organizational form also found in the
rapamycin, FK506, and yersiniabactin systems [20,30,31].
The adjacent carrier domain sequence shows similarities to
other NRPS carrier domains (26-32% identity). The car-
boxy-terminal PKS module of McyG consists of malonyl-
specific KS, AT (Figure 3), CM, DH, KR, and ACP do-
mains (Figure 4).

The second ATG codon, located 224 bp downstream of
the TAA stop codon of mcyG, was selected as the initiation
codon for McyH. This 1617 bp ORF encodes a putative
67100 Da transmembrane protein belonging to the ABC
transporter ATP binding family. McyH displays 38% iden-
tity (58% similarity) with an ABC transporter (s110182) iso-
lated from Synechocystis sp. PCC6803 [32]. No obvious bio-
synthetic function can be assigned to McyH, however, it is
worth speculating that McyH may play a role in the thy-
lakoid localization of microcystin previously observed in
M. aeruginosa [33].

Located 39 bp downstream of the TAA stop codon of meyH
is the ATG start codon of the sixth ORF, meyl. This 1014
bp ORF encodes a 36 838 Da polypeptide revealing a 41%
identity to the catalytic region of D-3-phosphoglycerate de-
hydrogenase (SerA) from Methanobacterium thermoautotrophi-
cum [34]. While no definite function can be assigned to
Mecyl, its location within the ey gene cluster suggests it
may have a role in securing the required serine precursor of
N-methyl-dehydroalanine, or in the synthesis of N-methyl-
dehydroalanine following serine activation.

The final ORF in the cluster (meyJ) is located 176 bp
downstream of the TAA stop codon of meyl. The lack of
a potential RBS upstream of the first ATG in this 837 bp
ORF suggests that the alternative start codon TTG, lo-
cated 9 bp downstream, is used to initiate translation.
This ORF encodes a 31904 Da polypeptide with 35%
identity (51% similarity) to the erythromycin synthase O-
methyltransferase from Saccharopolyspora erythraea [35].

Analysis of the region 569 bp downstream of meyJ revealed
the presence of a partial ORF of >422 bp transcribed in
the opposite orientation to the meyD-J cluster (Figure 2).
This ORF appears to encode a M. aeruginosa ortholog (70%
identity and 83% similarity) of the DNA polymerase 111
subunit (#naN) from Synechocystis sp. PCC6803 [32].

Structural organization of the mcyABC and umai1-6
regions
The smaller of these two putative mey operons, meyABC,

Characterization of microcystin synthetase Tillett et al. 757

contains three large ORFs. Translation of the first ORF,
meyA (8388 bp), appears to be initiated from the second
ATG codon as the first ATG codon lacks a suitable RBS.
The gene encodes an NRPS of 315717 Da, containing two
adenylation and thiolation domains, respectively, a conden-
sation domain, an N-methyltransferase (NMT) domain,
and an epimerization domain (Figure 6). Binding pocket
analysis of the first adenylation domain of McyA revealed
clustering of this domain with a group of domains known
or suspected to activate L-serine.

The NM'T domain (422 aa) is inserted between the core
motifs A8 and A9, and reveals extensive homologies with
the eight fungal (seven from cyclosporin synthetase [36]
and one from enniatin synthetase [37]) and the two bacte-
rial NM'T domains (virginiamycin S synthetase and pristin-
amycin I [38]) known so far. Identities to the bacterial
domains were 35.6% and 38.3%, while the fungal domains
showed identities in the 26-29% range. The presence of
an NM'T domain allows the amino acid specificity of the
first activation domain of McyA to be assigned, as micro-
cystins possess only one N-methylated residue, N-methyl-
dehydroalanine [39]. Interestingly, the bacterially derived
NMT domains are significantly more similar to each other
than to those of fungal origin, suggesting that these do-
mains may be divided into fungal and bacterial families.

The first thiolation domain, presumably involved in the
transport of the N-methyl-seryl residue, and the condensa-
tion domain of McyA, are not related to known domains
involved in the condensation of N-methylated amino acids
[17]. It is thus not certain, if, in analogy to the well studied
systems of actinomycin, enniatin, and cyclosporin synthe-
sis, the N-methyl-seryl thioester is processed, or if methyl-
ation follows dehydration or peptide bond formation.

The second adenylation domain of McyA, presumably ac-
tivating L-alanine, shows a slightly reduced spacing of the
pocket-lining residues, and is structurally related to the
putative saframycin synthetase glycine adenylation domain,
and the presumed serine adenylation domain of the DHBF
protein of Bacillus subtilis [25].

The sequence of the second thiolation domain of McyA, if
compared to available sequences of peptidyl carrier do-
mains, groups with the large cluster of carriers having D-
amino acids attached, or those adjacent to epimerization
(Ep) domains. The terminating Ep domain is highly similar
to other characterized integrated NRPS Ep domains and
contains the conserved motifs E1-7 [16].

The ATG start codon and putative RBS of the second
ORF, meyB, is located 15 bp downstream of the TAA
stop codon of mcyA. This 6318 bp ORF encodes a peptide
synthetase of 242334 Da containing two modules, each
possessing adenylation, thiolation, and condensation do-
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Figure 6. Biosynthetic model for microcystin-LR and predicted domain structure of McyE, McyA, McyB, and McyC. Each circle and
rectangle represents, respectively, a PKS or NRPS enzymatic domain. The aminotransferase domain is represented by a diamond. The
activity of the putative tailoring ORF, Mcyl, is shown as an inverted triangle. KS, B-ketoacyl synthase; AT, acyltransferase; CM,
C-methyltransferase; ACP, acyl carrier protein; A, aminoacyl adenylation; C, condensation; NM, N-methyltransferase; Ep, epimerization; TE,
thioesterase; AMT, aminotransferase. The NRPS thiolation motif is shown in black. Aminoacyl activation and condensation order is
predicted: L-Z-Adda, L-glutamate, L-methylserine, p-alanine, L-leucine, p-methyl-aspartate, L-arginine, cyclization.

mains (Figure 6). The amino-terminal domain has been
functionally identified by sequence alignment with known
condensation domains as catalyzing peptide bond forma-
tion between L- and D-aminoacyl residues [17]. This is in
agreement with the expected acceptance of the carboxy-
terminal D-alanyl-peptidyl intermediate from McyA. From
the structure of microcystin, the second activation domain
would be expected to activate L-leucine and is in agree-
ment with the predicted activation domain substrate pock-
et specificity. In M. aeruginosa PCC7806 the two major
microcystins contain L-leucine and L-arginine at the varia-
ble amino acid positions (Figure 1) [40]. Minor forms of
the toxin in this strain detected by MALDI-TOF mass
spectrometry reveal either tyrosine or arginine replacement
of the variable leucine residue [12].

The second condensation domain of McyB aligns closely
to domains of surfactin and lichenysin synthetases [27,28]
involved in peptide bond formation between leucyl and
glutamyl or glutaminyl residues. The predicted binding
pocket of the adjacent adenylation domain maps to a group

of domains specific for aspartic acid or asparagine. Although
the expected D-B-MeAsp acid pocket is well predicted, the
activation of the B-carboxyl group cannot yet be related to
sequence data. It should be noted that the a-carboxyl
group is not activated, and thus the condensation domain
does not belong to the cluster of L-D-peptide bond forming
domains [26].

The third ORF, mcyC, is located 4 bp upstream of the TGA
stop codon of mcyB, starting with an ATG codon 7 bp
downstream of a putative RBS. This 3876 bp ORF en-
codes a 147 781 Da peptide synthetase with a carboxy-ter-
minal thioesterase (TE) domain (Figure 6). The final acti-
vation domain is expected to activate predominately L-
arginine, however, this domain fails assignment attempts.
This residue is invariant in microcystins isolated from .
aeruginosa PCC7806 [40]. The specificity-conferring region
has some similarity with serine-specific domains of McyA
and syringomycin synthetase, as well as the glutamine-spe-
cific domain of tyrocidin synthetase [41]. The TE domain
of about 240 amino acid residues is highly similar (26.6—
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29.3% identity) to a group of integrated domains involved
in the cyclization of various peptidyl intermediates. These
include the systems forming surfactin, bacitracin, lichen-
ysin, fengycin, tyrocidin, and gramicidin S. Additionally,
the respective thioesterase motifs GXSXG and GXH [16]
present in McyC (GHSAG and ATGIHREM) are unique.

Analysis of the region downstream of me¢yC revealed the
presence of six ORF's transcribed in the opposing direction
to the meyABC gene cluster (Figure 2). Although no func-
tion can be assigned to wmal—6, it appears unlikely that
these ORFs are involved in microcystin synthesis as they
are present in both toxic and nontoxic Microcystis strains
[42]. Interestingly, wma4 encodes a 47465 Da peptide
with 45% identity (65% similar) to T'npA, a transposase
isolated from Anabaena sp. PCC7120. Speculatively, this
ORF may have played a role in the acquisition of this
biosynthetic cluster by M. aeruginosa PCC7806.

Disruption of mcyA and mcyD

To confirm the function of meyA and meyD in microcystin
synthesis, we disrupted these genes by homologous inte-
grative transformation. The meyA and meyD disruption con-
structs, pMCYASC and pMCYD7C, were introduced into
M. aeruginosa PCC7806 by both natural transformation and
electroporation. Transformation of M. aeruginosa PCC7806
by electroporation resulted in approximately 150-fold more
disruption mutants per Qg of plasmid DNA than that ob-
tained by natural transformation (data not shown). Two
clones were randomly selected from each disruption ex-
periment and studied further. PCR amplification of meyA
and mcyD from the respective PCC7806 Cm" mutant clones
showed the stable chromosomal integration of either
pMCYAS5C or pMCYD7C as single homologous double
crossover recombination events (data not shown).

Analysis of both the meyA and meyD disruption mutants by
both MALDI-TOF mass spectrometry and PP inhibition
showed both mutants produced no detectable levels of
microcystin (Figure 7). Neither disruption mutation af-
fected the production of cyanopeptolin A and D, the other
non-ribosomal peptides of M. aeruginosa PCC7806 [43].
MALDI-TOF mass spectrometry revealed not only the
absence of all four wildtype microcystin isoforms (micro-
cystin-LLR, demethyl-LLR, -RR and -YR), but also the ab-
sence of any partial, truncated or linear forms of microcys-
tin (Figure 7). These results confirm the specific
involvement of me¢yA and mcyD in microcystin production.
This is in accordance with the previously described meyB
mutants [12].

Partial purification of microcystin synthetase

Partial purification of the microcystin synthetase was per-
formed from both wildtype M. aeruginosa PCC7806 and the
previously described meyB disruption mutant cell extracts
[12]. SDS-PAGE analysis revealed several high molecular
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Figure 7. MALDI-TOF mass spectrometry analysis of whole cells
from (A) wild-type and (B) mcyA mutant. Major peaks in the
wildtype include microcystin-LR and demethylated microcystin-LR
(m/z 995 and 981) and cyanopeptolins A and D (m/z 939 and
957) [43]. Both microcystin peaks are absent from the mutant
strain, whereas the cyanopeptolins are still present. No partial
peptides derived from microcystin were detected.

weight proteins absent from the m¢yB mutant (Figure 8A).
No protein above 200 kDa can be seen in the mutant.
However, on the basis that the disruption is in the meyABC
cluster, McyD, McyE and McyG should be present.

Western blotting was performed with an antibody raised
against gramicidin synthetase 2 [44]. This NRPS-specific
antibody identified four wildtype proteins that are absent
from the m¢yB mutant (Figure 8B). While direct evidence
for the involvement of these four proteins in microcystin
synthesis requires amino-terminal sequencing, they do cor-
respond approximately to the predicted masses of McyC,
McyB, McyA, and McyE. Interestingly, the gramicidin syn-
thetase 2 antibody did not appear to identify the NRPS
domain of McyG. However, given the high sequence di-
vergence identified within the McyG NRPS domain, this is
unsurprising. Finally, the sixth high molecular weight pro-
tein encoded by the mcy gene cluster, McyD, was not
identified by the gramicidin synthetase 2 antibody. This
is not unexpected given the absence of any NRPS-like
regions within the PKS modules of McyD.

Transcript analyses have shown that the transcription of
the meyABC operon is unaffected by disruption of mcyB
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Figure 8. (A) Partial purification of microcystin synthetase by
AcA22 gel filtration. Samples were run on a 5% SDS-PAGE gel.
High molecular weight protein fractions of the wildtype PCC78086.
The following sizes were determined for the high molecular weight
bands: 210+ 30 kDa; 270+ 50 kDa; 310+ 50 kDa; 440+ 80 kDa;
500+ 100 kDa. (B) Western blot of AcA22 filtrates probed with the
GS2 antibody. Three of the high molecular weight bands and an
additional band of 150+ 10 kDa gave clear signals probably
corresponding to McyE, McyA, McyB and McyC, respectively. The
AcA22 fractions obtained from the mcyB mutant are missing
these high molecular weight bands.

(data not shown). It is therefore somewhat surprising that
all detectable multifunctional proteins of the mey cluster
are absent from the mc¢yB mutant (Figure 8). While in
agreement with the lack of partial microcystin products
within the meyB [12], meyA and meyD mutants, this does
suggest that the stability of the microcystin synthetase
complex requires the formation of the complete complex.
Such degradation of partial synthetase complexes has been
previously observed in the rifamycin synthase system [45]
and may be a general feature of these complex systems.

Discussion

M. aeruginosa PCC7806 produces the potent inhibitor of
eukaryotic PP 1 and 2A, microcystin. In this report we
describe the identification and sequencing of the gene
cluster that specifies the synthesis of this cyclic peptide—
polyketide hybrid. Genetic disruption of genes within the
mey cluster abolished microcystin production, but did not
affect the production of the cyanopeptolins.

The mey gene cluster contains 55 kb of DNA encoding 10
ORFs, mcyA—meyJ. These ORFs are flanked on both sides
by genes not involved in microcystin biosynthesis which
show high similarity to genes localized on the chromosome
of Synechocystis sp. PCC6803. 'This strongly suggests the mcy
gene cluster is located on the chromosome and not on a

large plasmid as previously proposed [46]. Although the
overall structure of the mcy cluster resembles that of other
NRPS and type I PKS, the six ORFs (McyA-E and G)
exhibit a number of interesting features. The initiating
adenylation domain of McyG is unusual. This domain ap-
pears to activate phenylacetate in an NRPS manner before
feeding it into the Adda PKS pathway. Activation of starter
aryl or polyketide-derived carboxylic acids has been found
in both integrated (rifamycin, FK506, rapamycin, and a
second uncharacterized PKS system from Streptomyces
hygroscopicus [47]) and non-integrated systems (pristinamy-
cin, actinomycin, yersiniabactin, mycobactin). The McyG
adenylation domain displays only a limited similarity of
less than 25% identity to the activation domains of these
enzymes. This is comparable to the similarity found within
the acyl-CoA synthetase superfamily [26]. However, this
domain revealed higher identities with an uncharacterized
adenylate domain of the PKS] cluster of unknown function
from B. subtilis (43.2%) and the putative serine activating
domain of McyA (31.1%). Binding pocket analysis groups
the McyG activation domain with the yet uncharacterized
alanine/glycine activating domains [25]. Interestingly, the
adjacent carrier domain appears more closely related to the
NRPS thiolation domains than the PKS ACP domains.

The proposed assembly of Adda by McyG, McyD and
McyE is illustrated in Figure 4. The first step involves
the activation of phenylacetate by McyG in an ATP-de-
pendent reaction. The activated phenylacetate is trans-
ferred to the 4-phosphopantetheine cofactor of the first
carrier domain. The structural divergence of this domain
from other ACPs, together with its assumed function in the
transfer of an aromatic carboxylic acid, suggests that this
thiolation domain could be termed an aryl carrier protein.
The AT domain loads the second ACP domain with a
malonyl group derived from malonyl-CoA, and is coupled
to the phenylacetate thioester in a decarboxylative conden-
sation reaction catalyzed by the KS domain. §-Adenosyl-L-
methionine (SAM)-dependent C-methylation of the Adda
Cg and keto reduction are catalyzed by the CM domain
and KR domain, respectively. Subsequent O-methylation
of the Cy hydroxyl is performed by Mcy] in a SAM-depen-
dent fashion. We assume this modification to take place at
this early stage by interaction between the methyltransfer-
ase and the PKS since all known microcystins carry this
modification. Chain elongation proceeds by transfer to the
KS domain of McyD, followed by two rounds of malonyl
additions and dehydration/keto reduction reactions. Both
AT and DH domains from the first module of McyD con-
tain significant deletions, but appear to be still functional.
The SAM-dependent C-methylation of Cq is catalyzed by
the single CM domain of McyD. The B-ketoacyl chain is
transferred to McyE where a fourth malonyl group is added
before being converted to a B-aminoacyl thioester via a
transamination reaction catalyzed by the AM'T domain of
McyE. A similar AMT domain has been recently reported
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for the hybrid PK/NRPS mycosubtilin synthetase [21].
The origin of the transferred amino group is unknown,
although glutamate is implicated. The formation of the
Adda intermediate differs from the precursor synthesis of
the PKS-derived B-amino acid Bmt ((4R)-4-[(£)-2-buten-
yl]-4-methyl-L-threonine) involved in cyclosporin biosyn-
thesis. In the case of cyclosporin synthesis the Bmt residue
is produced as a free intermediate, while the Adda residue
is retained. In addition, microcystin synthetase combines
the synthesis of a pentaketide in a type I PKS system with
the addition of a further six amino acids. In the recently
described mycosubtilin system an acyl-CoA precursor is
elongated once before being transformed into the B-amino-
acyl intermediate [21].

McyE forms an integrated NRPS/PKS structure, where
both types of modules are fused into a single polypeptide.
Three types of integrated NRPS/PKS systems have been
described. The first type combines both PKS and NRPS
multienzymes in direct transfer of intermediates. Examples
of this type include rapamycin, FK506, mycobactin and
epothilon [18]. The second type contains integrated genes
where both NRPS and PKS domains are found within a
single protein peptide. These systems include mycosubti-
lin [21], the antibiotic TA [19], yersiniabactin [20], and
microcystin synthetase. Systems using polyketide-derived
free intermediates as CoA derivatives, for example, Bmt
residue in cyclosporin and the acyl precursors of surfactin,
are a third type of interacting systems.

The PKS system of the mey cluster shows a number of
deviations from known PKS type I structures. The AT
domains of type I modular PKS can be arranged, on the
basis of conserved sequence motifs, into two substrate-spe-
cific groups which load either acetate or propionate precur-
sors [48]. TIkeda et al. [49] compared 57 PKS AT domains
involved in the synthesis of erythromycin, pikromycin, ty-
losin, niddamycin, rapamycin, and avermectin, and identi-
fied a number of invariant AT residues for either acetate or
propionate activation (Figure 3). Previous labeled precursor
studies suggested that acetate units are exclusively incor-
porated during Adda biosynthesis [11]. While examination
of the mcy AT domains supports acetate activation, many of
the proposed invariant residues are not conserved. Most
striking is the first AT domain of McyD where 14 of the
19 proposed invariant residues are missing (Figure 3). This
domain also contains a novel serine acyl-CoA complex mo-
tif where the highly conserved GHS motif is replaced by a
GSG motif.

The three integrated C-methyltransferase domains (CM)
show a high degree of sequence conservation between
themselves, comparable to that between the CM domains
from Sorangium cellulosum (epothilon cluster), Aspergillus ter-
reus (lovastatin cluster), or Yersinia pestis (yersiniabactin
cluster). Three core motifs have been identified by Kagan
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Figure 9. Alignment of the SAM-dependent methyltransferase
domains of McydJ, McyD, McyE, McyG and McyA. The consensus
SAM-dependent methyltransferase motifs of Kagan and Clarke
are indicated [50]. Residues matching the consensus motifs are
shown in bold.

and Clarke in the large class of SAM-dependent methyl-
transferases [50]. Structurally, motif I and post-I have been
shown to interact directly with SAM, with all three motifs
involved in the formation of a central parallel B-sheet struc-
ture [51]. Alignments of the putative O-methyltransferase,
Mcy], the three CM domains of McyD, McyE and McyG,
and the NM'T domain of McyA with other SAM-depen-
dent methyltransferase sequences revealed that the three
methyltransferase core motifs are slightly altered in form in
all five putative methyltransferases (Figure 9).

The subsequent microcystin NRPS biosynthesis pathway
is illustrated in Figure 6. According to this model, Adda is
condensed with the y-carboxyl-activated glutamate. The D-
glutamate residue is presumably supplied by epimerization
of L-glutamate by McyF. This racemase shows similarities
to a group of aspartate/glutamate racemases, but is mark-
edly different from the alanine racemases previously iden-
tified in the NRPS systems forming cyclosporin or HC
toxin [52]. The activation of the y-carboxyl group of D-
glutamate has no related example in the pool of adenylate
forming domains identified so far [25]. Pocket analysis sur-
prisingly maps the specificity of this region to glutamate
and glutamine activating domains. This suggests that ste-
reospecificity may not be selected at the adenylation step,
but at later stages of the NRPS process.

The condensation of Adda and L-glutamate is presumably
catalyzed by the first condensation domain of McyE, link-
ing the PKS and the NRPS modules. This condensation
domain shows divergent core motifs C3-CS5, a feature also
shared by a number of other condensation domains of the
mey cluster (Figure 5). These divergent condensation do-
mains are involved in the condensation of either B- or y-
amino acids, and are expected to differ structurally from
domains involved in the condensation of a-amino acids.
Similarly, the condensation domains of ACV synthetases
acting on the Aad &-carboxyl group cluster together in
the alignment of NRPS condensation domains [17]. The
carboxy-terminal location of the second condensation do-
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main of McyE is unusual. This arrangement implies the
formation of a complex between McyE and McyA to ac-
complish condensation between the y-carboxyl group of L-
glutamate and the following N-methyl-serine intermediate.
A second unusual feature of this step is the dehydration of
the seryl side chain to dehydroalanine. Catalysis and tim-
ing of this step remain unclear. Similarly, the related dehy-
drothreonine formation in the syringomycin system is like-
wise not understood. It had been proposed that
dehydrothreonine is activated and condensed directly,
but this appears unlikely with respect to reactivity of the
of the enamine structure [25]. While the uncharacterized
Mecyl is tentatively proposed as catalyzing this step, it re-
mains to be shown if Mcyl, the condensation domain itself,
or an additional protein is involved.

Two activation and a single peptide condensation reactions
are predicted to be performed by McyA, incorporating L-
serine and L-alanine. Analysis of the substrate specificity of
both adenylation domains identifies the first domain as
serine-specific, while the predicted contact side chains of
the second domain are identical with those of the saframy-
cin Mx1 synthetase B glycine activating domain, and show
some similarity to several cysteine activating domains [25].
This is not unexpected, as the similar size of the side
chains on glycine (H) and alanine (CHj3) suggested that
these binding sites may lack a defined pocket structure.
Current data available on the predicted pocket residues are
unable to resolve this question [25]. It is worth noting that
no microcystin analogs with glycine at this position have
been observed [1,2].

N-Methylation of the serine residue is catalyzed by the
NMT module within the first domain of McyA. This
methyltransferase shows high similarity to the NRPS
NM'Ts of the virginiamycin, pristinamycin, and less simi-
larity to the fungal domains involved in biosynthesis of
enniatin, cyclosporin, and SDZ214-103. r-Alanine is con-
verted to the D-form by the Ep domain contained in the
carboxy-terminal region of McyA.

Two further rounds of peptide chain elongation are cata-
lyzed by McyB, which activates and condenses L-leucine
and D-MeAsp into the growing peptide chain. The McyA-
McyB interaction represents the common transfer of D-
peptidyl intermediates involving a carboxy-terminal Ep do-
main and an N-terminal condensation domain. The con-
densation domain maps well by alignment with domains
involved in D-L peptide bonds [17]. The predicted pocket
of the putative leucine-specific adenylation domain is iden-
tical to a large number of leucine activating domains. Anal-
ysis of the second adenylation domain, which presumably
binds D-MeAsp, shows only weak similarities with a num-
ber of acidic amino acid specific activation domains [25].

The final transfer of the hexapeptidyl intermediate is un-

usual, with the B-carboxyl group being the target of the
condensation reaction preceding cyclization. Interestingly,
the condensation domain of McyC does not cluster with
previously described D-1. condensing domains [17], but
rather with the non-o—a-condensing domains of microcys-
tin synthetase. This cluster of non-a—o-condensing do-
mains from microcystin synthetase forms a subcluster with-
in the larger group of peptide synthetase o~o-condensing
domains (alignment not shown) and the core motifs of the
condensation domains (C1-C7) are fairly well conserved
allowing their designation (Figure 5) [16,17]. Significant
deviations from the core motifs are found within the do-
mains condensing the N-methylated or epimerized resi-
dues.

On the basis of the microcystin-ILR structure, the final
adenylation domain is predicted to activate L-arginine.
Binding pocket analysis revealed no similarity to any
known arginine activating domain, but weak similarity to
those activating hydrophobic amino acids. This position is
known to be frequently occupied by hydrophobic residues
in microcystin analogs, indicating a possible change in spe-
cificity by mutational transition. However, in this case the
predictive model failed.

Final cyclization and release of the completed peptide
chain in a condensation reaction is presumably performed
by the TE domain encoded at the carboxy-terminus of
McyC. A number of expected biosynthetic functions are
missing from the mcy gene cluster. No discernible enzy-
matic functions are present within the cluster for the syn-
thesis of phenylacetate, which is assumed to be synthe-
sized from phenylalanine via phenylpyruvate in a manner
similar to that identified in the non-microcystin producing
cyanobacterium, Synechocystis [11]. Additionally, no pathway
appears present for the biosynthesis of bD-MeAsp. Based on
labeled precursor studies Moore et al. [11] proposed a
complex biosynthetic pathway involving condensation of
acetyl-CoA and pyruvic acid to 2-hydroxy-3-methylsuccinic
acid, oxidation to 2-oxo-3-methylsuccinic acid, and final
transamination to D-MeAsp. Alternatively, the D-MeAsp
could be the formed from glutamate by a methylaspartate
mutase. Finally, no phosphopantetheine transferase is as-
sociated with the me¢y gene cluster to catalyze the post-
translational modification of the holo-NRPS thiolation
and PK ACP domains [53].

The mecy gene cluster illustrates the remarkable modular
nature of both the NRPS and PKS systems, with the var-
ious functional domains arranged in an almost ‘mix-and-
match’ fashion to form the functional synthetase. The
manner of integration of the PKS and NRPS via the
AMT domain, together with the use of carboxy-terminal
peptide bond condensation, opens new opportunities in
the rational engineering of these systems to produce novel
metabolites. Finally, the highly divergent nature of many
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of the NRPS and PKS domains encoded by the mcy cluster
reiterates how much we have to learn about these fascinat-
ing biosynthetic systems.

Significance

The microcystins are a family of polyketide/peptide-de-
rived environmental toxins produced by diverse genera
of cyanobacteria. Their complex biosynthetic pathway is
one of many multienzyme-linked modular systems involv-
ing domains of PKS and NRPS. Cyanobacteria are a prom-
inent source of such compounds, and will provide informa-
tion on the functional organization of complex systems,
their plasticity and evolution, and strategies for manipula-
tion to generate new bio-products by combinatorial biol-
ogy. At the same time possible clues are expected to
emerge on the functional role of these metabolites in the
ecosystem, and factors controlling their expression and
thus promoting their environmental hazard.

We have analyzed the microcystin biosynthetic gene clus-
ter of M. aeruginosa PCC7806, a producer of microcystin-
LR, which is composed of the B-amino-polyketide moiety
Adda, linked into the cyclic heptapeptide D-Glu-N-Me-de-
hydro-Ala-p-Ala-Leu-D-methyl-iso-Asp-Arg. This region
spans 55 kb consisting of two oppositely transcribed gene
clusters, encoding 10 proteins, six being multifunctional
enzymes composed of PKS and NRPS domains. Two de-
fined knock-out mutants were generated proving the in-
volvement of this cluster in microcystin biosynthesis. Com-
parative sequence analysis assigns almost all of the 48
catalytic functions required for microcystin synthesis to
this cluster and allows the identification of the primary
precursors as phenylacetate, malonyl-CoA, SAM, gluta-
mate, serine, alanine, leucine, D-methyl-iso-aspartate, and
arginine. Among the reactions involved are peptide bonds
between B- and y-carboxyl groups, SAM-dependent C-, N-
and O-methyl transfers, and dehydration of a seryl side
chain. The modular architecture of microcystin synthetase
provides new insights on the organization of these complex
systems.

Materials and methods

Cloning and sequencing of the microcystin synthetase operon
Chromosomal DNA was isolated from M. aeruginosa PCC7806 as de-
scribed [54]. Lambda Zap Il library (Stratagene, La Jolla, CA) construc-
tions and screenings were performed using the supplied protocol. PCR
gene walking was performed using the hemidegenerate PCR technique
to flanking peptide synthetase domains [22] and a modified version of
the suppression PCR approach [23]. DNA sequencing was performed
for both strands as described [55].

Insertional inactivation of meyA and mcyD

The plasmid pMCYAS5 was constructed by cloning a PCR-amplified 5 kb
fragment of mcyA into the pGEM-T vector (Promega, Madison, WI,
USA). The 1.4 kb BsaAl fragment from pACYC184 containing the chlor-
amphenicol resistance cassette was inserted into the Ball site of
pMCYA5. The plasmid pMCYD7 was constructed by cloning a PCR-
amplified 7.6 kb fragment of mcyD into the pCR2.1-TOPO vector (Invi-
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trogen, Carlsbad, CA, USA). The 0.8 kb HinClII fragment from pUCBM20
containing the chloramphenicol resistance cassette was inserted into the
Xmnl site of pMCYD7. The plasmids pMCYA5C and pMCYD7C were
used to perform homologous recombinational inactivation of mcyA and
meyD in M. aeruginosa PCC7806 via natural transformation [12] and
electroporation (14 kV/cm, 25 uF, 200 Q), respectively.

Partial purification of microcystin synthetase and Western

blotting

Partial purification of microcystin synthetase was performed essentially
as described previously [12]. The Western blot was performed using
standard procedures as described previously with the nitrocellulose
membrane blocked with bovine serum albumin for 1 h at 37°C and
the GS2 antibody as the primary antibody [44].

Microcystin analysis
Analysis of microcystin content was performed as described previously
by the PP inhibition assay [56] and MALDI-TOF mass spectrometry [12].

Data deposition
The sequence reported in this paper has been deposited in GenBank
under accession number AF183408.
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