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The cyanobacterium Microcystis aeruginosa is widely known
for its production of the potent hepatotoxin microcystin. This
cyclic heptapeptide is synthesized non-ribosomally by the thio-
template function of a large modular enzyme complex encoded
within the 55-kb microcystin synthetase gene (mcy) cluster. The
mcy gene cluster also encodes several stand-alone enzymes,
putatively involved in the tailoring and export of microcystin.
This study describes the characterization of the 2-hydroxy-acid
dehydrogenase Mcyl, putatively involved in the production of
p-methyl aspartate at position 3 within the microcystin cyclic
structure. A combination of bioinformatics, molecular, and bio-
chemical techniques was used to elucidate the structure, func-
tion, regulation, and evolution of this unique enzyme. The
recombinant Mcyl enzyme was overexpressed in Escherichia
coli and enzymatically characterized. The hypothesized native
activity of Mcyl, the interconversion of 3-methyl malate to
3-methyl oxalacetate, was demonstrated using an in vitro spec-
trophotometric assay. The enzyme was also able to reduce a-ke-
toglutarate to 2-hydroxyglutarate and to catalyze the intercon-
version of malate and oxalacetate. Although NADP(H) was the
preferred cofactor of the Mcyl-catalyzed reactions, NAD(H)
could also be utilized, although rates of catalysis were signifi-
cantly lower. The combined results of this study suggest that
hepatotoxic cyanobacteria such as M. aeruginosa PCC7806 are
capable of producing methyl aspartate via a novel glutamate
mutase-independent pathway, in which Mcyl plays a pivotal
role.

The hepatotoxic microcystins compose the largest and most
structurally diverse group of cyanobacterial toxins. Over 65 iso-
forms of microcystin varying by degree of methylation,
hydroxylation, epimerization, peptide sequence, and toxicity
have been identified (1). Underlying the extraordinary hetero-
geneity present among the microcystins is their common cyclic
structure and possession of several rare nonproteinogenic
amino acid moieties. Collectively, the microcystins may be

* This work was supported by the Australian Research Council and the Coop-
erative Research Centre for Water Quality and Treatment. The costs of pub-
lication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1 The on-line version of this article (available at http://www jbc.org) contains
supplemental Fig. S1.

" To whom correspondence should be addressed. Tel.: 612-9385-3235; Fax:
612-9385-1591; E-mail: b.neilan@unsw.edu.au.

FEBRUARY 16, 2007 «VOLUME 282+NUMBER 7

described as monocyclic heptapeptides containing both p- and
L-amino acids plus N-methyldehydroalanine and a unique 3-a-
mino acid side group, 3-amino-9-methoxy-2,6,8-trimethyl-10-
phenyldeca-4,6-dienoic acid (Fig. 1) (2). Although various
amino acid substitutions can occur within the microcystin
cyclic structure, the most common toxin isoform, microcystin
LR, contains lysine and arginine at positions 2 and 4, respec-
tively (Fig. 1).

The microcystin biosynthesis (mcy) gene cluster was the first
complex metabolite gene cluster to be fully sequenced from a
cyanobacterium. In Microcystis aeruginosa PCC7806, the mcy
gene cluster spans 55 kb and comprises 10 genes arranged in
two divergently transcribed operons, mcyA—C and mcyD-J.
The larger of the two operons, mcyD-J, encodes a modular
polyketide synthase (McyD), two hybrid enzymes comprising
non-ribosomal peptide synthetase (McyE) and polyketide syn-
thase (McyG) modules, and enzymes putatively involved in the
tailoring (Mcyl, Mcy], and McyF) and transport (McyH) of the
toxin. The smaller operon, mcyA—C, encodes three non-ribo-
somal peptide synthetases (McyA—C) (3).

Although most open reading frames within the mcy gene
cluster have been assigned a function based on homologous
entries in the data bases, no obvious function could be assigned
to the 1014-bp gene mcyl. Preliminary sequence analysis of the
inferred primary peptide sequence of mcyI by Tillett et al. (3)
revealed a 41% identity to the catalytic region of the serA-en-
coded Dp-3-phosphoglycerate dehydrogenase (PGDH?* EC
1.1.1.95) from Methanobacterium thermoautotrophicum (4).
Although this archaeal PGDH homolog has not yet been char-
acterized, extensive research has been carried out on PGDH
homologs from other organisms, including mammals, plants,
and bacteria.

PGDH belongs to the 2-hydroxy acid family of dehydroge-
nases and catalyzes the first committed step in the phosphoryl-
ated serine biosynthesis pathway: the oxidation of 3-phospho-
glycerate (3-PGA) to 3-phosphohydroxypyruvate, with the
concomitant reduction of NAD to NADH. Interestingly, PGDH
is also capable of catalyzing the interconversion of a-ketoglut-

2 The abbreviations used are: PGDH, p-3-phosphoglycerate dehydrogenase;
3-PGA, 3-phosphoglycerate; a-KG, a-ketoglutarate; 2-HGA, 2-hydroxyglut-
arate; LDH, p-lactate dehydrogenase; MDH, malate dehydrogenase; Mal,
malate; OAA, oxalacetate; MeAsp, methyl aspartate; 3-MeMal, 3-methyl
malate; MES, 4-morpholineethanesulfonic acid; 3-MeOAA, 3-methyl oxala-
cetate; ACT, aspartokinase chorismate mutase and TyrA (prephenate
dehydrogenase).
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FIGURE 1. Structure of the cyanobacterial hepatotoxins microcystin and
nodularin. The general numbering of residues is indicated. The two variable
amino acids in microcystin are indicated by X and Y. The most common iso-
form is microcystin LR, where Xis L-Leu and Y is L-Arg. MeDha, N-methyldehy-
droalanine; Adda, 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-
dienoic acid; MeDhb, methyldehydrobutyrine.

arate (a-KG) and 2-hydroxyglutarate (2-HGA) (5). The p-2-
hydroxy-acid dehydrogenase family also includes p-lactate
dehydrogenase (LDH; EC 1.1.1.28) and malate dehydrogenase
(MDH; EC 1.1.1.37), which catalyze the conversion of lactate to
pyruvate and malate (Mal) to oxalacetate (OAA), respectively.
The family members share an overall sequence identity of
~22% and a similarity of ~50% (6). These enzymes also possess
a conserved nucleotide-binding motif that preferentially binds
to either NAD(H) or NADP(H).

Despite its similarity to PGDH and other 2-hydroxy-acid
dehydrogenases, Mcyl was originally predicted to function as a
dehydratase enzyme, playing a role in microcystin biosynthesis
by catalyzing the dehydration of serine to dehydroalanine (3).
The recently sequenced nodularin gene cluster of Nodularia
spumigena NSOR10 also encodes a 2-hydroxy-acid dehydro-
genase homolog, NdaH. Like McylI, this enzyme was originally
predicted to catalyze a dehydration reaction: the conversion of
threonine to dehydrobutyrine (7). Although the microcystin
and nodularin biosynthesis pathways may involve serine/
threonine dehydration reactions, it is unlikely that these
reactions are catalyzed by Mcyl and NdaH, as originally pre-
dicted. Mcyl and NdaH are homologous to 2-hydroxy-acid
dehydrogenases, and this family of enzymes is neither struc-
turally nor functionally related to the family of dehydratase
enzymes known to convert serine to dehydroalanine in other
secondary metabolite pathways (8). Whereas dehydrogenases
such as PGDH catalyze redox reactions (i.e. the transfer of elec-
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trons involving pyridinium nucleotides), the amino-acid dehy-
dratases catalyze dehydration and rehydration reactions (i.e.
the removal or addition of H,O). The chemical nature of these
reactions and their respective substrates are very different.
Therefore, alternative putative functions for Mcyl and NdaH in
hepatotoxin production needed to be investigated.

As Mcyl shares sequence homology with PGDH, the first
committed step in the phosphorylated serine biosynthesis
pathway, it is conceivable that this enzyme may also play a role
in serine metabolism. However, as no other serine biosynthesis
enzymes (e.g. phosphoserine transaminase and phosphoserine
phosphatase) are encoded within the mcy gene cluster, it is
unlikely that McylI is involved in the production of this non-
polar amino acid.

An alternative hypothesis is that Mcyl is involved in the pro-
duction of the methyl aspartate unit (MeAsp®) of the microcys-
tin cyclic structure. A feeding study with [1,2-'*CJacetate sug-
gested that the MeAsp residues in microcystin and nodularin
are synthesized via a condensation reaction between acetyl-
CoA and pyruvic acid. 2-Hydroxy-2-methylsuccinic acid is
then converted to 2-hydroxy-3-methylsuccinic acid, oxidized
to 2-oxo-3-methylsuccinic acid, and finally transaminated to
MeAsp (9). As Mcyl is a 2-hydroxy-acid dehydrogenase homo-
log, we predict that this enzyme catalyzes the interconversion
of 2-hydroxy-3-methylsuccinic acid (3-methyl malate) to
2-ox0-3-methylsuccinic acid (3-methyl oxalacetate), the penul-
timate step in methyl aspartate biosynthesis (Fig. 2).

This study describes the bioinformatics, genetic, and enzy-
matic characterization of Mcyl. The results of these experi-
ments are discussed with respect to the role of this unique
methyl-malate dehydrogenase in microcystin biosynthesis.

EXPERIMENTAL PROCEDURES

Cyanobacterial Strains and Cultures—The microcystin-pro-
ducing strain M. aeruginosa PCC7806 was kindly provided by E.
Dittmann (Institute for Biology, Humboldt University, Berlin).
Other cyanobacteria were obtained from the Institute for Biol-
ogy, the Microbiology Division of the Biocenter at the Univer-
sity of Helsinki (Helsinki, Finland), and the cyanobacterial cul-
ture collection (University of New South Wales).

Cyanobacteria were grown as batch cultures in BGI11
medium (Fluka) under 16 wmol photons m~> s~ ' white light.
Light intensities were measured using a LI-COR LI-250 light
meter (LI-COR Biosciences). The absorbance (A,5,) of the cul-
tures was measured using an Ultrospec II spectrophotometer
(Biochrom Ltd.).

Cyanobacterial DNA Extractions—DNA was isolated from
cyanobacteria according to the xanthogenate-SDS method of
Tillett and Neilan (10).

Screening Various Strains of Cyanobacteria for mcyl
Orthologs—The degenerate oligonucleotide primers mcy-
IdegenF (5'-TGTGCGTTATCCTAMTAA-3") and mcylde-
genR (5'-GGCTTCTCDCCCTGAAGC-3') were designed to
amplify, via PCR, an ~790-bp sequence within the mcyl
locus of M. aeruginosa PCC7806 and Anabaena sp. 90. These
primers were used to screen chromosomal DNA samples
from several toxic and nontoxic strains of cyanobacteria for
mcyl orthologs (see Table 1).
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FIGURE 2. Putative reaction pathway to MeAsp in microcystin and nodularin biosynthesis. Adapted from
Moore (Ref. 37). Step 3 is putatively catalyzed by Mcyl (or NdaH in the case of nodularin production).

Sequence Analysis—The 1011-bp DNA sequence of mcyl
(complement of nucleotides 2004—3017; GenBank™" acces-
sion number AF183408) was analyzed using several different
computer programs accessed via the ExPASy proteomics
server. Codon usage within the mcyl sequence was assessed
with the Countcodon program (Kazusa DNA Research Insti-
tute). The percentage similarity and identity scores of Mcyl and
other peptide sequences were determined using the PSI-
BLAST program (NCBI). Conserved domains within Mcyl
were detected using CD-Search (NCBI) and ScanProsite
(ExPASy).

Phylogenetic Analysis—A PSI-BLAST search with the Mcyl
sequence returned 26 sequences with BLAST scores >200 (see
Table 2). These sequences were subsequently used to generate a
multiple sequence alignment and corresponding phylogenetic
tree (ClustalX). Four reference sequences from characterized
enzymes (PGDH, LDH, MDH, and formate dehydrogenase)
were also included, as was Escherichia coli NAD-independent
D-lactate dehydrogenase. The latter was designated as an artifi-
cial outgroup because it is a membrane-bound FAD flavoen-
zyme and does not belong to the p-isomer-specific 2-hydroxy-
acid dehydrogenase family (11). Phylogenetic trees were
generated using the neighbor-joining method with gaps
removed. Trees were displayed graphically using NJplot and
AppleWorks Version 6 (Apple Computer, Inc.).

Overexpression of Histidine-tagged Mcyl—Expression cul-
tures were inoculated with 1% overnight starter culture
(Rosetta(DE3)pLysS plus pET30(mcyl)) and grown in Tryptone
phosphate medium supplemented with kanamycin (50 pg/ml)
and chloramphenicol (34 pg/ml). Cultures were grown with
vigorous shaking (160 rpm) at 37 °C to A4, = 0.6 and either
retained at 37 °C or transferred to 30 or 25 °C and incubated for
an additional 20 min (or until A, ~ 1.0). Expression of Mcyl
was subsequently induced with 1 mwm isopropyl B-p-thiogalac-
topyranoside for 0—18 h at 25-37 °C. Cell pellets were har-
vested by centrifugation 5000 X g for 10 min at 4 °C, washed
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with phosphate buffer (0.5 m NaCl
and 20 mM sodium phosphate (pH
7.4)), and stored at —80°C until
required.

Purification of Histidine-tagged
Mcyl—Cell pellets were thawed on
ice, resuspended in 2% of the origi-
nal culture volume of cold phos-
phate buffer containing 1 mm phen-
ylmethylsulfonyl fluoride, passed
several times through an 18-gauge
needle, and then briefly sonicated
(Branson Sonifier model 250; ampli-
tude of 25, 50% duty cycle, pulsed).
The lysate was cleared by centrifu-
gation at 20,000 X g for 30 min at
4°C and precipitated on ice using
40% ammonium sulfate. The final
pellet was resuspended in 0.4% of
the original culture volume of cold
phosphate buffer containing 100
mM imidazole, filtered through a
22-um membrane, and applied to a 5-ml HiTrap column
(Amersham Biosciences) charged with Ni**. The column was
washed with 10 column volumes of phosphate buffer contain-
ing 100 mM imidazole and eluted with 2 column volumes of
phosphate buffer containing 300 mm imidazole. The wash and
eluate were collected in 1-ml volumes and analyzed by SDS-
PAGE (12% polyacrylamide gels) and Western blotting using a
nickel-nitrilotriacetic acid-alkaline phosphatase conjugate
(Qiagen Inc.) with 5-bromo-4-chloro-3-indolyl phosphate/
nitro blue tetrazolium staining (Sigma). Purified protein
samples intended for enzyme assays were desalted by size
exclusion filtration using Amicon Ultra 10-kDa cutoff col-
umns and 50 mMm HEPES exchange buffer (pH 7).

Determining the Subunit Organization of Native Mcyl—The
molecular masses of the individual subunits of Mcyl were esti-
mated by size exclusion chromatography using an AKTA Basic
900 series fast protein liquid chromatography apparatus fitted
with a Frac-920 fraction collector, a UV detector, and a Super-
dex 200 10/300 GL column (Amersham Biosciences). The col-
umn was equilibrated with wash buffer (50 mMm sodium phos-
phate (pH 7) and 150 mm NaCl) and calibrated with ~1 mg each
of seven molecular mass standards (Sigma) (see Fig. 6). One
milligram of purified Mcyl was subsequently loaded. All sam-
ples were run at a flow rate of 0.5 ml/min. Eluted proteins were
detected spectrophotometrically (220280 nm) and collected
in 250-ul fractions. Standard curves (log of subunit molecular
mass versus volume eluted) were based on the molecular
masses of the protein standards. The eluted Mcyl fractions
were diluted to 5 ug/ml and checked for activity by performing
an OAA reductase assay (see below).

Chemical Synthesis of 2-Hydroxy-3-methylsuccinic Acid—
2-Hydroxy-3-methylsuccinic acid (3-methyl malate (3-Me-
Mal)) was synthesized by reduction of diethyl oxalpropionate
(10 g, 0.05 mol; Aldrich) in 95% ethanol (100 ml) by the addition
of an 8-fold excess of sodium borohydride (3.8 g, 0.1 mol). After
the mixture was stirred at room temperature for 24 h, 4 m HCI

OH

O S NH;

Methylaspartic acid
(MeAsp)
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(20 ml) was slowly added, and the most of the ethanol evapo-
rated under reduced pressure. Saturated sodium chloride solu-
tion (100 ml) was added, and the mixture was extracted five
times with ethyl acetate (100 ml). The combined extracts were
filtered, dried (MgSO,), and evaporated, yielding a viscous oil
(4.5 g, ~45%). The 'H NMR spectrum (CDCl,) showed signals
for the threo-isomer (6 1.07 (d, /] = 7.2 Hz, 3-Me) and 2.9 (m,
H-3)) and the erythro-isomer (6 3.0 (m, H-3)). The ratio of the
threo- to erythro-isomers was 1:6. The other signals of the two
isomers (erythro and threo H-2 and erythro 3-Me signals) are
underneath the CH, resonances (6 4.1-4.3) and the CHj reso-
nances (6 1.1-1.2) of the ethyl ester groups (data not shown).

Hydrolysis of the crude esters (2.0 g) was carried out by
refluxing with 4 M HCI (50 ml) for 4 h. The cooled mixture was
diluted with water (100 ml) and extracted with ethyl acetate
(2 X 50 ml) to remove any unhydrolyzed esters and some unsat-
urated acids formed. The aqueous phase was evaporated to dry-
ness, giving an oil (1.2 g). This was left to stand at —20 °C for
72 h after approximately half had crystallized. The oily crystals
were washed briefly with cold chloroform, in which hydroxym-
ethylsuccinic acids are insoluble, leaving a colorless crystalline
solid (0.54 g). The 600-MHz 'H NMR (*H,O) spectrum now
showed only the clearly resolved resonances for the two iso-
mers (threo/erythro ratio of 1:6): threo-isomer, 6 4.54 (d, ] =
4.05Hz, H-2),2.91 (m, H-3),and 1.0 (d, / = 7.14 Hz, 3-Me); and
erythro-isomer, 6 4.28 (d, ] = 4.17 Hz, H-2), 2.97 (m, H-3), and
1.05(d,] = 7.20 Hz, 3-Me). The latter assignments are identical
to those reported for the erythro-isomer (12). The resonances
are also consistent with earlier NMR data recorded at lower
fields and thus lacking some of the dispersion reported here for
both the free acids and some derivatives (13—15). No attempts
were made to separate these two isomers, and they were used as
inhibitors in the ratio indicated above.

Oxidoreductase Assays—The dehydrogenase and reductase
activities of recombinant Mcyl were analyzed in triplicate in
1-ml cuvettes. The production or disappearance of NAD(P)/H
was monitored spectrophotometrically at 340 nm using a Cary
100 UV spectrophotometer (Varian, Inc.). Reactions were ini-
tiated by the addition of substrate or enzyme.

The dehydrogenase activities of Mcyl were measured by
monitoring the conversion of NADP to NADPH. Each reaction
contained 1 mm NADP, 0.1-10 mm substrate (3-MeMal, p-Mal,
L-Mal, D-2-HGA, p-3-PGA), and 50 ug of purified Mcyl in 1 ml
of assay buffer. The production of NADPH was monitored
spectrophotometrically at 340 nm for 0.5-1 min at 37 °C.

The reductase activities of Mcyl were measured by monitor-
ing the conversion of NADPH to NADP. Each reaction con-
tained 0.25 mM NADPH, 0.1-5 mwm substrate (a-KG or OAA),
and 2-5 ug of purified Mcyl in 1 ml of assay buffer. The disap-
pearance of NADPH was monitored spectrophotometrically at
340 nm for 0.5-1 min at 37 °C.

End Product Analysis—The end products of the Mal/OAA
oxidoreductase reactions were analyzed by NMR spectroscopy.
NMR spectroscopy was carried out on a Bruker Advance DMX-
600 spectrometer using a triple broadband inverse probe. 'H
NMR spectra were acquired at 600.13 MHz with a 90° pulse of 9
ws, a spectral width of 8992 Hz, 33,000 data points and a 2-s
delay between pulses. Samples were run in 0.5 ml of 95% potas-
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sium phosphate (pH 7) and 5% *H,O. The standard Bruker
water saturation pulse program was used. The free induction
decay was zero-filled to 64,000 data points and processed with a
line-broadening factor of 1 Hz before Fourier transformation.

Determining the Optimal pH of the Mcyl OAA Reductase
Assay—The pH optimum for the Mcyl OAA reductase assay
was determined by monitoring the disappearance of NADPH at
340 nm over a pH range of 5.5-9 at 25 °C. Each 1-ml reaction
contained 0.25 mm NADPH, 0.8 mm OAA, and 5 ug of purified
Mcyl in 1 ml of assay buffer (1.0 mm dithiothreitol, 0.1 mm
phenylmethylsulfonyl fluoride, and 100 mm buffer (MES at pH
5.5-6.5, HEPES at pH 7-8, or Tris-Cl at pH 8.5-9)).

Determining the Optimal Temperature and Thermostability
of the Mcyl OAA Reductase Assay—The temperature optimum
for the Mcyl OAA reductase assay was determined by monitor-
ing the disappearance of NADPH at 340 nm over a temperature
range of 25-60°C. Each 1-ml reaction contained 0.25 mm
NADPH, 0.8 mm OAA, and 5 ug of purified Mcyl in 1 ml of
assay buffer (pH 7). The stability of Mcyl at different tempera-
tures was determined by incubating the enzyme for 3 min at
25-60 °C and then chilling it immediately on ice prior to per-
forming the OAA reductase assay at 37 °C as described above.

Mecyl Specificity—Various structurally related compounds
(lactate, pyruvate, D-Ser, L-Ser, L-Phe, oxalic acid, cinnamate,
phenyl acetate, phenyl lactate, phenylalanine, and diethyl oxal-
propionate; 0.1-10 mm) were tested as substrates of Mcyl in the
forward (dehydrogenase) or reverse (reductase) direction at
37 °C for 1 min at pH 7 as described above. To test whether
Mocyl is able to use non-phosphorylated cofactors, the 3-Me-
Mal, Mal, OAA, and «-KG oxidoreductase assays were
repeated using NAD/H in place of NADP/H.

Mcyl Kinetic Analysis—Kinetic analysis of the a-KG and
OAA reductase activities of Mcyl was carried out in 1-ml reac-
tions each containing 0.25 mm NADPH, 5 ug of purified
enzyme, and various amounts of substrate in reaction buffer
(pH 7). Initial velocities were measured by monitoring the dis-
appearance of NADPH at 340 nm for 0.5 min at 37 °C.

Kinetic analysis of the NADPH oxidase activity of Mcyl was
performed in 1-ml reactions each containing 5 ng of purified
enzyme, 0.8 mm OAA, and various amounts of NADPH in reac-
tion buffer (pH 7). Initial velocities were measured as described
above.

Inhibition Assays—The inhibitory effects of various sub-
stances on the OAA and a-KG reductase activities of Mcyl were
tested. Assays were performed in 1 ml of reaction buffer (pH 7)
containing 0—-100 mm putative inhibitor (L-Ser, 3-MeMal,
L-Mal, b-Mal, L-Asp, D-Asp, D-2-HGA, or p-3-PGA), 0.25 mMm
NADPH, 5 ug of enzyme, and 0.2 mm OAA or 1 mm a-KG. The
disappearance of NADPH was monitored spectrophotometri-
cally at 340 nm for 0.5-1 min at 37 °C.

RESULTS

Distribution of mcyl Orthologs in Various Species of
Cyanobacteria—To assess the distribution of mcyl orthologs
among toxic and nontoxic cyanobacteria, DNAs from 24 differ-
ent strains were screened by PCR with degenerate oligonucleo-
tide primers. The results are presented in Table 1. All micro-
cystin-producing strains, except for Planktothrix agardhii
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TABLE 1

Distribution of mcyl orthologs among toxic and nontoxic
cyanobacteria

Strain Ref./source Microcystin® mcyldegenF/R"
Anabaena cylindrica PCC7122 Ref. 38 - -
Anabaena flosaquae UTEX® - -
Anabaena PCC7108 Ref. 39 - +
Anabaena sp. 90 Ref. 40 + +
M. aeruginosa HUB 5.3 Ref. 41 - +
M. aeruginosa NIES298 NIES® + +
M. aeruginosa PCC7005 PCC + +
M. aeruginosa PCC7804 PCC + +
M. aeruginosa PCC7806 Ref. 42 + +
M. aeruginosa PCC7820 Ref. 42 + +
M. aeruginosa UWOCC MR-A Ref. 43 + +
M. aeruginosa UWOCC MR-C Ref. 43 - +
M. aeruginosa UWOCC MR-D Ref. 43 + +
M. aeruginosa UWOC CBS Ref. 44 - +
M. aeruginosa UWOCE7.GC Ref. 44 + +
Microcystis viridis NIES102 Ref. 45 + +
Microcystis wesenbergii NIES107 NIES + +
Microcystis PCC7840 PCC + +
Microcystis sp. UTEX2664 UTEX + +
Microcystis ssp. UTEX2667 UTEX + +
Nodularia harveyana PCC73104  PCC N¢ -
N. spumigena NSOR10 Ref. 46 N -
P. agardhii CYA126 Ref. 22 + -
Synechocystis PCC6803 PCC - -

“ Production of toxins was detected by mouse bioassay, high pressure liquid chro-
matography, or enzyme-linked immunosorbent assay.

® meyl orthologs were detected by PCR using mcyldegenE/R.

¢ UTEX, University of Texas; NIES, National Institute for Environmental Studies;
PCC, Pasteur Culture Collection; N, nodularin-producing strain.

CYA126, tested positive for mcyl. However, mcyl orthologs
were not detected in the nodularin-producing strains. Interest-
ingly, nearly half of all the nontoxic cyanobacteria screened also
tested positive for mcyl.

Sequence Analysis of mcy—The 1014-bp mcyl open reading
frame was predicted to encode a 36.71-kDa peptide with a pI of
5.62. Although dense alignment surface (DAS) method analysis
indicated two possible membrane-spanning domains within
Mcyl (between residues 123 and 125 and residues 163 and 164),
these were in the low confidence range. The Kyte-Doolittle plot
(ProtScale) suggested that the Mcyl peptide is largely hydro-
philic, although several small hydrophobic regions were identi-
fied (data not shown).

PSORTD gave a cytoplasmic localization score of 9.26, indi-
cating that Mcyl is a cytoplasmic protein. The mcyl sequence
contains 32 rare codons, including several repeated and/or con-
secutive rare codons. Subsequent heterologous expression
studies were therefore carried out in the Rosetta(DE3)pLysS
expression strain containing the pRARE plasmid encoding
these rare E. coli tRNA codons.

Comparison of the inferred primary peptide sequence of
mcyl with other sequences in the NCBI Database revealed
significant similarity (up to 72% identity and 84% similarity
using PSI-BLAST) to putative and experimentally character-
ized enzymes, mainly PGDHs, of bacterial (mostly cyanobac-
terial), archaeal, and eukaryotic origins. The top five PSI-
BLAST results were sequences from N. spumigena (71%
identity and 84% similarity), Anabaena sp. (72% identity and
84% similarity), Methanopyrus kandleri (43% identity and 64%
similarity), Rubrobacter xylanophilus (42% identity and 60%
similarity), and Methanothermobacter thermautotrophicus
(41% identity and 61% similarity) (see Table 2 for accession
numbers). A genomic BLAST search was also performed to
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identify previously characterized E.coli homologs. The
returned sequences included 2-keto-p-gluconate reductase,
PGDH, LDH, and erythronate-4-phosphate dehydrogenase,
although scores were generally quite low (=32% identity and
50% similarity). BL2SEQ analysis was also performed for Mcyl
and E. coli PGDH (NCBI accession number P08328) and
returned scores of 31% identity and 48% similarity. The individ-
ual domains of Mcyl (putative nucleotide and substrate
domains) were also analyzed by blastp; however, the results
generally reflected those of the full-length blastp search, i.e. no
new sequences were returned.

A ScanProsite pattern search also identified p-isomer-spe-
cific 2-hydroxy-acid dehydrogenase NAD-binding signatures
(LIVMA)(AG)(IVT)(LIVMEY)(AG)XG(NHKRQGSAC)(LIV)
GX,5.14(LIVMFT)X,(FYWCTH)(DNSTK) at residues 158 —
186 of the McylI peptide (Fig. 3). Enzymes possessing these sig-
natures are structurally related and have similar enzyme activ-
ities (16—18).

The sequence alignment of Mcyl with other cyanobacterial
homologs and E. coli PGDH revealed that Mcyl from M. aerugi-
nosa and Anabaena sp. and NdaH (N. spumigena) lack ~72
amino acids that compose the corresponding C-terminal regu-
latory (ACT) domain, making them, on average, 18% shorter
than E. coli PGDH. Several other sequence variations between
Mcyl and PGDH were also apparent (Fig. 3).

To gain an overview as to the relative phylogenetic position
of Mcyl within the 2-hydroxy-acid dehydrogenase family, a
phylogenetic analysis was performed. Sequence lengths used in
the analysis ranged from 306 to 624 amino acids (Table 2). The
phylogenetic tree (Fig. 4) partitioned into three main sub-
groups. Subgroup A, which contains Mcyl, is composed exclu-
sively of sequences from the hepatotoxin biosynthesis gene
clusters of cyanobacteria. Subgroup B is composed of putative
dehydrogenases from Arabidopsis thaliana, several species of
cyanobacteria, and the thermophilic actinobacterium R. xyl-
anophilus. Subgroup C consists mostly of archaeal proteins,
with the exception of two eubacterial sequences, Thermoanaer-
obacter tengcongensis (order Clostridiales) and Oceanobacillus
iheyensis (order Bacillales).

Approximately one-third of all sequences in the phylogenetic
tree possess amino acid C-terminal regulatory domains.
Although these regulatory domains are present in each orga-
nismic lineage, they are most prevalent in the plant and
archaeal subgroups. Clustering of ACT domain-possessing
proteins within each organismic lineage is apparent.

The tree also demonstrates that subgroups B and C share a
common ancestor that had an earlier divergence leading to the
subgroup A lineage of cyanobacterial proteins. The distribution
of the reference sequences within the tree supports the predic-
tion that the subgroup A/B/C lineage evolved from a common
PGDH ancestor rather than the ancestral MDH, LDH, or for-
mate dehydrogenase.

Overexpression and Purification of Histidine-tagged Mcyl—
Mcyl was overexpressed in E. coli with an N-terminal hexahis-
tidine fusion tag. The recombinant peptide was highly
expressed under all culture/induction conditions tested. West-
ern blot analysis confirmed that Mcyl was expressed without
truncation at the expected molecular mass of ~40 kDa. Maxi-
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TABLE 2
Sequences used to create the phylogenetic tree in Fig. 4

Organism Protein Primary function” Length® Accession no.’
Anabaena sp. Mcyl 337 AA062580
A. thaliana 602 NP_195146
A. thaliana PGDH D-3-Phosphoglycerate dehydrogenase 624 T52296
A. thaliana PGDH D-3-Phosphoglycerate dehydrogenase 603 AAM60833
Archaeoglobus fulgidus 527 NP_069647
Crocosphaera watsonii 525 ZP_00179809
E. coli LDH (LdhA) Fermentative D-lactate dehydrogenase 329 AAB51772
E. coli PGDH (SerA) D-3-Phosphoglycerate dehydrogenase 410 P08328
E. coli DLD p-Lactate dehydrogenase (NADH-independent) 571 AAC75194
Flaveria trinervia MDH D-Malate dehydrogenase 385 AAA87008
Methanocaldococcus jannaschii 524 NP_248012
M. kandleri 522 NP_613584
Methanothermobacter thermoautotrophicus 525 NP_276105
M. aeruginosa Mcyl 337 AAF00955
M. aeruginosa Mcyl 337 AB032549
N. spumigena NdaH 341 AA064409
Nostoc punctiforme 526 ZP_00112058
Nostoc sp. 526 NP_485930
O. iheyensis 319 NP_693766
Pseudomonas sp. FDH NAD-dependent formate dehydrogenase 401 P33160
Pyrococcus abyssi 307 NP_126444
Pyrococcus furiosus 306 NP_579123
R. xylanophilus 527 ZP_00199880
Synechococcus elongatus 529 ZP_00164567
Synechocystis sp. 554 NP_441198
Synechocystis sp. 528 NP_896628
T. tengcongensis 533 NP_624129
Thermosynechococcus elongatus 527 NP_681115
Trichodesmium erythraeum 527 ZP_00327083

“ Primary enzymatic function is given for experimentally characterized proteins only.

? The values indicate the lengths of the amino acid sequences.

¢ These are the NCBI accession numbers. References can be found in the corresponding data base files.

mal yields of soluble protein (up to 10% total protein) were
obtained after overnight induction at 25 °C. However, a 2.5-h
induction at 30 °C also provided sufficient yields (5-10% total
protein) for enzyme assays.

The recombinant Mcyl protein precipitated in the presence
of 40% ammonium sulfate and eluted from the Ni**-charged
affinity column at an imidazole concentration of ~300 mm. The
recombinant protein eluate was of >95% purity and was eluted
at concentrations of 1-2.5 mg/ml (Fig. 5).

Subunit Composition of Mcyl—The purified Mcyl protein
eluted from the size exclusion column at 27.8 min, correspond-
ing to a molecular mass of 85 kDa (dimeric form) (Fig. 6). The
collected elution fractions (25-30 min) displayed OAA reduc-
tase activity of ~12.5-14 umol/min/mg, which was compara-
ble with that of the unfractionated enzyme (data not shown).

Biochemical and Kinetic Properties of Mcyl—Mcyl was stable
for >2 weeks at 4 °C without significant loss of activity and for
atleast 6 months at —20 °Cin 15% glycerol. Plots of Mcyl OAA
reductase activity after 1-min incubations at various tempera-
tures were bell-shaped with an optimum of ~45 °C at pH 7.
However, Mcyl was relatively unstable at higher temperatures
(90% drop in activity following preincubation at 50 °C). The pH
optimum for the Mcyl OAA reductase activity was 71 however,
the enzyme maintained at least 80% of its activity between pH
6.5 and 7.5 at 25 °C (Fig. 7).

Mcyl displayed weak 3-MeMal, p-Mal, and L-Mal oxidase
activities (~0.2—0.7 umol/min/mg of protein under the
described conditions). However, oxidation of b-2-HGA or D-3-
PGA could not be detected. Because of strong product inhibi-
tion and the high concentration of enzyme required for each
assay, we were unable to obtain kinetic constants for the oxi-
dase reactions.
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The reduction of OAA was the major in vitro activity
observed for Mcyl, with ViPP = 15.2 umol/min/mg of protein
at 37 °C (Fig. 8). However, high concentrations of substrate
(>0.8 mwm) inhibited the reaction. The enzyme was also able to
reduce a-K@G, although the rates of catalysis were much lower
(VebP ~ 3.6 wmol/min/mg of protein). The OAA and a-KG
reductase reactions both obeyed regular Michaelis-Menten
kinetics (Table 3).

Mcyl was able to utilize phosphorylated and dephosphoryl-
ated dinucleotide cofactors, although the rates of catalysis for
NADH were ~90% lower than those obtained for NADPH
(VebP ~ 6.5 umol/min/mg of protein) with equivalent amounts
of enzyme. Detailed kinetic data could therefore not be
obtained using NADH.

End Product Analysis—NMR spectroscopic analysis con-
firmed that malate was the product of the OAA reductase reac-
tion (supplemental Fig. S1).

Inhibition Assays—The OAA reductase activity of Mcyl was
inhibited by p-Mal (I, = 2.2 mm) and 3-MeMal (I, = 0.7 mm)
in a negatively cooperative manner. Interestingly, L.-Mal did not
inhibit the reaction, nor did L-Ser, D-Asp, L-Asp, D-2-HGA, or
D-3-PGA. The a-KG reductase activity of Mcyl was inhibited by
3-MeMal (I, = 2.3 mm) and p-2-HGA (I, = 20.5 mm) (Fig. 9
and Table 3).

DISCUSSION

To assess the role of mcyl in microcystin production, a variety of
hepatotoxic and nontoxic strains of cyanobacteria were screened
for mcyl orthologs. With the exception of P. agardhii CYA126, the
degenerate primers successfully amplified an ~790-bp PCR frag-
ment from all microcystin-producing strains tested (Table 1).
Interestingly, nearly half of all the nontoxic cyanobacterial strains
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TI IYPPK NF PS KTKNH KV IGKMYDE IG EK BLAE.Y VEIIK. EPKQ HQIHE ABODV
TAIFP.Q FS TV NLKNQ KV IGRMYDE TG EK BLEE .Y IQILK. DPTK NEINQ ABOEA
TTTSP.K TL TM DIQKP RV IGKMYDE AG QK BLEE.S IEILS. NPTL EEINE ABQEV
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Lys-39
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[
Trp-139 Lys-141

Anabaena sp. YVPSG KADTV RATL oD LDY PELTDE licE MFD LEAFK K
N.spumigena YVLPS QAEAV GGTL EN LDY PELTDE livE MFALEAFK K
M. aeruginosa P YVPAS KAETV GATW KD LDV TE LTSE FN ISVFK K
E. coli (PGDH) . ..IEN KLPLG NATQ MOHLSD PENPS GAKEIS L,

Anabaena sp. SA FENT VTAIRE KLIA IBNE P PAINN.. .. YE FDEMTF
N.spumigena TA FENT I VVAIGE KWIS IBNE P PCQDN. . .. YD FDMTL
M. aeruginosa TA FNT GIALNQ KLIA [Mca LBFP PALDN. . .. YNFERMMTIL
E. coli (PGDH) GSL TV CDALAS KHLA I PT TNSDPF TS CE FDljT.L
| | R
Arg-240 Glu-269
Anabaena sp. s P GMAAALS AA NQ ILOVL QGE KPPYITM.BK M....... .. .. ..... ...
N.spumigena s P IAATLS AA NQ ILOVL QGQ KPPYIVM.BE M.. ..... .. .. ..... ...
M. aeruginosa s P SLAAAVS AA NQILQVLQGE KPPYMIN.BE M....... .. .. ..... ...
E. coli(PGDH) (o] OENIGLE VA GK LIKYS DNG S TLSAV NF SL PLHGG RR LM HIHEN RPG

(N
Gly-336/337 Arg-338/339

1l
His-292 Gly-294/295

Anabaena sp. L =2
N.spumigena CLDNFPH LQ. & v ttet teie tteee eeete eeeee et e e e e e e
M. aeruginosa L

E. coli (PGDH) VLTALNK IFA E QGVNI AAQY LQTSA QMGYV VIDIE ADEDV AEKA LQAMK A IPG TIRAR LLY
|1 [

Arg-405/407Tyr-410

FIGURE 3. Alignment of Mcyl (M. aeruginosa, NCBI accession number AAF00955; and Anabaena sp., AA062580), NdaH (N. spumigena, AA064409), and
PGDH (E. coli,P08328). Structurallyimportantamino acid residues and the NAD-binding signature are indicated (see “Results” for details). Consensus residues
are highlighted. Colored regions define the three domains of PGDH: the nucleotide-binding domain (residues 108 -294; blue), the substrate-binding domain
(residues 7-107 and 295-336; red), and the regulatory domain (residues 338 -409; yellow).

reverted to a nontoxic phenotype because of mutations within
their mcy biosynthesis genes or within ¢y regulatory regions. Pre-
vious studies have demonstrated that the mcy gene cluster does

examined tested positive for mcyl. These results reflect those of
previous studies that identified mcy genes in several nontoxic
Microcystis strains (3, 19, 20). It is likely that these strains have
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FIGURE 4. Phylogenetic tree incorporating Mcyl and similar dehydrogenases. The phylogenetic tree
encompasses PGDH homologs from cyanobacteria (boldface) and other organisms. An E. coli b-lactate dehy-
drogenase (DLD) constitutes the artificial outgroup. Asterisks indicate sequences with ACT (regulatory)
domains. For a detailed list of the sequences used, see Table 2. Bootstrap values derived from 1000 replicates
are given. The scale at the top of the tree corresponds to 5% divergence between sequences.
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FIGURE 5. Purification of Mcyl. Hexahistidine-tagged Mcyl was eluted from a
Ni>*-charged HiTrap column. Lane 1, broad-range molecular mass standards
(shown in kilodaltons); lanes 2-10, Mcyl elution fractions 2-10.

not well tolerate mutations with respect to toxin biosynthesis; in
fact, the mutation of several individual #icy genes (mcyA, mcyB,
mcyD, mcyE, mcyF, and mcyH) has led to the production of mutant
strains with nontoxic phenotypes (3, 19, 21).
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[NP 681115]
5p2 932 _|:Nostoc sp. [NP_485930]
1000 N. punctiforme |ZP_00112058]

959
_I:C. watsonii|ZP_00179809]
o7l Synechocystis sp. [INP_441198]

867 M. kandleri [NP 613584]
798 P abyssi [NP 126444
1000 I:R furiosis [NP 579123]
E. coli (PGDH) [P08328]*

E. coli (LDH) [AAB51772]

Pseudomonas sp. (FDH) [P33160]

E. coli (DLD) [AAC75194]

yet it is still capable of producing
A microcystin (22). mcyl is therefore
not critical for all types of microcystin
production, but may be required for
the biosynthesis of certain microcys-
tin isoforms. The most frequently
reported microcystin isoforms con-
tain D-MeAsp at position 3, yet
P. agardhii CYA126 produces only
the less toxic [p-Asp®lmicrocystin
p variants (1). mcyl may therefore
be specific to strains producing
[D-MeAsp®|microcystin. The fact
that mcyl has been sequenced only
from strains that are capable of pro-
ducing [p-MeAsp®|microcystin (i.e.
M. aeruginosa and Anabaena sp. 90)
further supports this supposition. If
mcyl genes can be identified specifi-

955

cally in other P. agardhii strains that
O. iheyensis [NP 693766] produce [p-MeAsp®]microcystin, a
854 A. fulgidus [NP_069647]* strong argument could be made in
>0 T tengcongensis [NP 624129]* support of the involvement of Mcyl in

D-MeA: iosynthesis. It m: 1
P M. jannaschii [NP 2480121 . MeAsp biosynthesis. It may aso
prove valuable to screen nodularin-

933 M. thermoautotrophicus [NP 276105]*

producing cyanobacteria for ndaH
homologs, as only a few different iso-
forms of this toxin have been
reported, one of which contains
D-Asp in place of D-MeAsp at position
1(23).

Homology-based searches indi-
cated that Mcyl is a cytosolic enzyme
belonging to the 2-hydroxy-acid
dehydrogenase family. Although its
closest characterized relative, A.
thaliana PGDH, is involved in Ser
metabolism, sequence data suggest an
alternative function for Mcyl. An
immediately  obvious difference
between the peptide sequence of Mcyl and those of bacterial
PGDHs is its lower subunit molecular mass (37 versus 44 kDa).
This is largely due to the fact that Mcyl lacks an ACT domain
(residues 338-409 in E.coli PGDH) (24). These regulatory
domains have been linked to a wide range of metabolic enzymes
that are controlled by amino acids in a concentration-dependent
fashion (25).

An alternative regulatory mechanism such as transcriptional
control may negate the need for an ACT domain in Mcyl and other
cyanobacterial enzymes (e.g. those present in the phylogenetic tree
in Fig. 4). The fact that McyI has two promoters, i.e. its own indi-
vidual promoter as well as the central mcyD—J promoter, strongly
supports this hypothesis (26, 27).

A close comparison of the primary peptide sequence of Mcyl
with those of other 2-hydroxy-acid dehydrogenases in the data
bases revealed further interesting characteristics of the protein. A
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FIGURE 6. Determination of Mcyl subunit organization. A, elution standard
curve for protein molecular mass standards; B, chromatogram of purified
recombinant Mcyl. The peak at 27.8 min corresponds to the Mcyl dimer (85
kDa, including the His tag). All samples were run on an AKTA Basic 900 series
fast protein liquid chromatography apparatus fitted with a Superdex 200
10/300 GL column.

large proportion of amino acids in Mcyl are highly conserved
among most of the other dehydrogenases examined, including the
NAD(P)-binding signature encompassing residues 158 —186 of the
Mcyl sequence. This nucleotide-binding domain is conserved
among all 2-hydroxy-acid dehydrogenases, including PGDH,
MDH, LDH, and glycerate dehydrogenase. The identification of a
nucleotide-bindingdomainwithin McylIsuggeststhatitisaNAD(P)-
dependent enzyme with an oxidoreductase function similar to that
of PGDH.

The cationic residues that are thought to form an electro-
static environment for the binding of the negatively charged
substrate at the active site of PGDH include Lys®®, Arg®,
Arg®, Lys'*!, and Arg®*°. The results of mutating these res-
idues in PGDH showed that Arg®, Arg®?, Lys'*', and Arg>*°
play distinct roles in the binding of the substrate to the active
site (28). Arg®*°is conserved in McyI and all other sequences
in the alignment. This basic residue plays an important role
in anchoring the C-1 hydroxyl group of 3-PGA during catal-
ysis. Similar basic residues are present in MDH and LDH.
The additional basic residues (Arg®* and Lys'*') are unique
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FIGURE 7. Biochemical properties of the Mcyl OAA reductase activity.
Aand B, OAAreductase activity of Mcyl at different pH values and different
temperatures, respectively; C, Mcyl thermal stability. See “Results” for
details regarding reaction conditions. The data are presented as the
means of two to three separate experiments.

to PGDH and may interact with an acidic group at the distal
end of the substrate (28). The fact that McyI possesses Arg>*°
but lacks Arg®* and Lys'*' suggests that a 2-hydroxy acid
other than 3-PGA is the substrate of this cyanobacterial
enzyme.

In PGDH, Arg®®, Arg®? and Lys'*! work in tandem to bind
the phosphate group of the substrate (28). In the M. aerugi-
nosa, Anabaena sp., and N. spumigena sequences, Arg® is
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FIGURE 8. Kinetic plots for the Mcyl OAA reductase activity. A, V versus [S]
plot; B, Lineweaver-Burk plot. [S] equals millimolar substrate (OAA). The data
presented are from a single experiment using 5 ug of purified Mcyl and 0.25
mm NADPH at pH 7 (see “Results” for details). These results were reproducible
(at least four times on separate days) within an error margin of 10%.

TABLE 3
Kinetic and inhibition parameters of reactions catalyzed by Mcyl
Reaction” KPP vare Inhibition (I,)°
M umol/min/mg protein mm
OAA 97.3* 15 152 0.2 0.7 = 0.01 (3-MeMal),
2.2 + 0.03 (p-Mal)
NADPH 358 1.8 6.5 0.3 Not tested
a-KG 2886.6 £ 116.2 36=*01 2.3 * 0.06 (3-MeMal),

20.5 + 0.2 (D-2-HGA)

“ Kinetic analysis of the o -KG and OAA reductase activities of Mcyl was carried out
in 1-ml reactions each containing 0.25 mm NADPH, 5 pg of purified enzyme, and
various amounts of substrate in reaction buffer (pH 7). Kinetic analysis of the
NADPH oxidase activity of Mcyl was performed in 1-ml reactions each containing
5 pg of purified enzyme, 0.8 mm OAA, and various amounts of NADPH in reaction
buffer (pH 7). Initial velocities were measured by monitoring the disappearance of
NADPH at 340 nm for 0.5 min at 37 °C. No deviations in linearity were observed
on plots of kinetic data. The data presented are from a single experiment; however,
each experiment was reproduced at least four times with <10% deviation in
results between trials.

Assays were performed in 1-ml of reaction buffer (pH 7) containing 0—8 mm
inhibitor (L-Ser, 3-MeMal, L.-Mal, b-Mal, L-Asp, b-Asp, D-2-HGA, or p-3-PGA),
0.25 mm NADPH, 5 ug of enzyme, and 0.2 mm OAA or 1 mm a-KG. I, is the
concentration of inhibitor required for 50% inhibition in standard enzyme assays
with saturating substrate. The data are presented as the means of two to three
separate experiments performed consecutively.

b

conserved; however, Arg®® and Lys'*! are not. In Mcyl and
NdaH, Arg® is replaced by Pro. This cyclic amino acid,
which can markedly influence protein architecture, also
lacks the hydrophilic charged side chain of Arg. Despite this
non-conservative substitution, the secondary structures of
Mcyl, NdaH, and PGDH did not appear to differ at this site,
with each protein possessing a helix-loop-sheet composi-
tion. The fact that A. thaliana PGDH contains glycine in
place of Arg®?, as do most of the other cyanobacterial dehy-
drogenases, suggests that certain substitutions at this posi-
tion may not be critical to activity because the A. thaliana
PGDH can complement E. coli PGDH (serA) mutants (29).
Lys'*!' is replaced by Arg in Mcyl as well as in most other
sequences in the alignment. This is a conservative substitu-
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FIGURE 9. Inhibition of Mcyl reductase activities. A, inhibition of OAA
reductase activity by b-Mal and 3-MeMal; B, inhibition of a-KG reductase
activity by 3-MeMal. The x axes correspond to inhibitor concentration, and
the y axes correspond to percentage enzyme activity remaining. One-hun-
dred percent activity corresponds to activity in the absence of inhibitor.
The data are presented as the means of two to three separate
experiments.

tion (both amino acids are positively charged) and probably
has little effect on the overall structure and function of the
enzyme. In summary, in PGDH, Arg®®, Arg®? and Lys'* are
critical for binding the phosphate group of the substrate (28).
Although the overall architecture of Mcyl and NdaH may
not be affected by substitutions in this region, the results
suggest that these cyanobacterial enzymes preferentially
bind non-phosphorylated 2-hydroxy acids.

In E. coli PGDH, Trp**® participates in intersubunit contact
near the active-site catalytic residues, where it fits within a
hydrophobic pocket created by Pro*’°, Pro®**, and Phe*”” (28,
30). Although the hydrophobic binding pocket is generally con-
served in Mcyl, Trp'®® is replaced by tyrosine. This may have
several implications for the structure and function of the
enzyme. Although Trp and Tyr are both aromatic amino acids,
Tyr lacks an indole ring and has a phenolic group. It has been
recently demonstrated that, upon removal of the indole ring of
Trp'*°, PGDH dissociates into dimers (30). We therefore
hypothesized that Mcyl functions as a dimer. Subsequent anal-
ysis of Mcyl by size exclusion chromatography supported this
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hypothesis. As Trp** also plays a key role in the cooperativity

of Ser binding and inhibition, we predict that Mcyl is a non-
cooperative enzyme.

His?>*? is important for catalyzing the interconversion of
3-phosphohydroxypyruvate and 3-PGA in PGDH. In addition,
Glu?*? acts in tandem with His**? to form a proton shuttle, as
seen in many dehydrogenases (28). The conservation of these
residues within Mcyl again supports an oxidoreductase func-
tion for this enzyme.

In PGDH, Gly*** and Gly*** form the link between the sub-
strate-binding and nucleotide-binding domains, which form
the active-site cleft of the enzyme. Mutations of these residues
affect the K_,, of the enzyme without appreciably affecting sen-
sitivity to serine (31). Although Gly**” is conserved in Mcyl and
NdaH, Gly***is replaced by Ala. Mutational studies have shown
that G294A substitutions do not affect the catalytic capacity of
PGDH (31), and therefore, this conservative substitution
should not influence the K_,, of Mcyl or NdaH. Indeed, homol-
ogous enzymes can tolerate a number of different amino acids
at this position, as evidenced by the alignment (Fig. 3) in which
several sequences have either Ser or Glu in the first position and
Lys, Arg, or Asn in the second position.

In an attempt to understand the evolution of Mcyl in the con-
text of other 2-hydroxy-acid dehydrogenases such as PGDH,
MDH, and LDH, a phylogenetic tree was constructed encompass-
ing sequences from plants, Archaea, and eubacteria, including sev-
eral species of cyanobacteria (Fig. 4). Interestingly, the cyanobac-
terial sequences cluster polyphyletically. Although the subgroup B
cyanobacterial proteins appear to share a common ancestor with
plant PGDHs, the hepatotoxin-associated proteins form a phylo-
genetically distinct subgroup (subgroup A). Mcyl and NdaH must
have therefore diverged early in the evolution of PGDHs, prior to
the divergence of the archaeal, plant, and subgroup B cyanobacte-
rial protein lineages.

In a similar phylogenetic study in which PGDHs from a
wide range of organisms were investigated, Ali et al. (32)
reported that sequences from the order Bacillales also dis-
play a polyphyletic distribution. They concluded that many
lateral gene transfer events, together with drastic insertion/
deletion events, occurred during the evolution of PGDH,
making the history of this superfamily very complex. The
distribution of ACT domains among 2-hydroxy-acid dehy-
drogenases contributes to this complexity. In the phyloge-
netic tree presented in Fig. 4, it appears that the ancestral
PGDH possessed an ACT domain, yet this domain was lost in
some (but not all) subsequent generations. It is interesting to
note that even proteins from closely related organisms (e.g.
Synechocystis sp. PCC6803 and Synechocystis sp. WH8102)
may differ when it comes to possession of an ACT domain.
These results suggest that alternative regulatory mecha-
nisms such as transcriptional control must be in place for
many of these enzymes.

Although none of the reference sequences (PGDH, LDH, MDH,
and formate dehydrogenase) partitioned within subgroups A-C,
the fact that PGDH from A. thaliana fell within subgroup B sug-
gests that the subgroup B cyanobacterial sequences, and probably
the archaeal sequences, also function in serine metabolism. Con-
versely, the distantly related subgroup A cyanobacterial proteins
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(McylI and NdaH) are likely to have evolved functions specific to
hepatotoxin biosynthesis.

To investigate the remarkable prospect that Mcyl may be a
PGDH, the recombinant enzyme was assayed for 3-PGA dehy-
drogenase activity in vitro. However, despite extensive experi-
mental variation, PGDH activity was not detected. The lack of
PGDH activity also reflects the phylogenetic data presented in
this study suggesting that Mcyl is evolutionarily distant to
PGDH and belongs to a separate clade of enzymes, uniquely
present in the hepatotoxic cyanobacteria. The comparative
sequence data also support this notion and predict distinct
functions for Mcyl and PGDH.

Although Mcyl is therefore clearly not involved in Ser metab-
olism, it is probable that M. aeruginosa possesses a true PGDH
elsewhere in its genome. Genome sequencing projects and/or
genetic screening studies should shed light on this topic in the
near future.

Interestingly, Mcyl was able to utilize «-KG/OAA and Mal as
substrates, but not lactate or pyruvate. As with most 2-hydroxy-
acid dehydrogenases, the major in vitro activity observed for
Mcyl was in the reductase direction, i.e. the reduction of OAA
to Mal. Oxalacetate showed a 30-fold decrease in KiPP over
a-KG and a 100-fold increase in VPP /K3PP. The higher catalytic
efficiency of OAA is consistent with the hypothesis that the
native substrate of Mcyl (3-methyl oxalacetate (3-MeOAA)) is
a structural analog of OAA.

Both phosphorylated and dephosphorylated dinucleotide
cofactors were utilized by Mcyl, yet NADPH was greatly pre-
ferred over NADH. It would be interesting to determine
whether the putative cyanobacterial PGDHs used in this phy-
logenetic study are also NAD-specific. If so, it is likely that the
nucleotide-binding domain of McyI evolved from a NAD-spe-
cific form to its current NADP-specific form.

As the reduction of OAA was the major in vitro activity
observed for Mcyl, we predicted that the true physiological sub-
strate of Mcyl must be a Mal/OAA analog. This led to the
hypothesis that Mcyl catalyzes the conversion of 3-MeMal to
3-MeOAA, with subsequent transamination to MeAsp. To test
this hypothesis, a racemic diastereomeric mixture of 3-MeMal
was synthesized and tested as a substrate in an in vitro dehydro-
genase assay. Unfortunately, the attempted synthesis of the
unstable 3-MeOAA to test the reverse reaction (3-MeOAA to
3-MeMal) was not successful. Mcyl was able to oxidize 3-Me-
Mal at a comparable rate to p- and L-Mal; however, there
appeared to be strong end product inhibition, which signifi-
cantly reduced the linear range of the assay (<30 s).

To understand the inhibitory effects of various substrates on
the Mcyl reductase reactions, several inhibition assays were
performed. Unlike PGDH, Mcyl was not allosterically regulated
by Ser or by any other compound tested. This result was not
surprising because Mcyl lacks an ACT regulatory domain.
3-MeMal and p-Mal inhibited Mcyl OAA reductase activity in
a negatively cooperative fashion. 3-MeMal was the strongest
inhibitor, with I, ~ 0.7 mm. Interestingly, L-Mal had no inhib-
itory effects, suggesting that, like other 2-hydroxy-acid dehy-
drogenases, Mcyl preferentially binds substrates with b-confor-
mations. It is therefore likely that the I, for 3-MeMal is
overestimated because the 3-MeMal compound was a racemic
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diastereomeric mixture. These results support the hypothesis
that Mcyl is a 3-MeMal/3-MeOAA oxidoreductase.

The nonproteinogenic amino acid 3-MeAsp is a common
intermediate of the mesaconate pathway for (S)-glutamate fer-
mentation in Clostridium spp. (33) and in members of the fam-
ily Enterobacteriaceae (34). This unusual amino acid residue
also occurs in the lipopeptide antibiotic friulimicin (35) and in
the cyanobacterial hepatotoxins microcystin and nodularin (3,
7). In the mesaconate and friulimicin pathways, the route to
MeAsp occurs via rearrangement of Glu to 3-MeAsp involving
glutamate mutase. However, genome sequencing efforts have
failed to identify glutamate mutase homologs in cyanobacteria.
We propose that the cyanobacteria utilize an alternative gluta-
mate mutase-independent biosynthetic pathway to 3-MeAsp,
in which McylI plays a pivotal role.

Labeled precursor feeding experiments by Moore et al. (9) sug-
gested that the MeAsp residues in microcystin and nodularin are
produced via the rearrangement of citramalic acid, yet the authors
were unable to identify the enzymes involved in this pathway. In
this study, we have provided evidence that the 2-hydroxy-acid
dehydrogenase Mcyl catalyzes the interconversion of 3-MeMal to
3-MeOAA. The final step in the MeAsp pathway, the conversion
of 3-MeOAA to MeAsp, is likely to be catalyzed by a promiscuous
Asp aminotransferase, as these enzymes occur in virtually all orga-
nisms, including cyanobacteria (36).

To our knowledge, Mcyl is the only reported example of a
3-MeMal/3-MeOAA oxidoreductase. On the basis of the data
presented in this study, it appears that Mcyl and its homolog
NdaH diverged from a PGDH ancestor to become NADP-de-
pendent enzymes with specific roles in hepatotoxin production.
Future mutagenesis experiments involving mcyl and ndaH will
undoubtedly offer further insight into the role of these unique
cyanobacterial enzymes.
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