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Abstract

Harmful cyanobacterial blooms (cyanoHABS) cause recurrent toxic events in global watersheds.
Although public health agencies monitor the causal toxins of most cyanoHABSs and scientists in
the field continue developing precise detection and prediction tools, the potent anticholinesterase
neurotoxin, guanitoxin, is not presently environmentally monitored. This is largely due to its
incompatibility with widely employed analytical methods and instability in the environment,
despite guanitoxin being among the most lethal cyanotoxins. Here, we describe the guanitoxin
biosynthesis gene cluster and its rigorously characterized nine-step metabolic pathway from
L-arginine in the cyanobacterium Sphaerospermopsis torques-reginae ITEP-024. Through
environmental sequencing data sets, guanitoxin (gni) biosynthetic genes are repeatedly detected
and expressed in municipal freshwater bodies that have undergone past toxic events. Knowledge
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of the genetic basis of guanitoxin biosynthesis now allows for environmental, biosynthetic gene

monitoring to establish the global scope of this neurotoxic organophosphate.
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INTRODUCTION

Freshwater is essential for drinking and agriculture, yet potable watersheds are increasingly
impacted by the undesirable high-density growth of algae and/or cyanobacteria.l-3
Understanding, monitoring, and remediating harmful algal/cyanobacterial blooms (HABs/
cyanoHABs) and their associated toxins are essential to reducing their societal impact.*
Recent scientific and technological advances continue to improve environmental cyanoHAB
detection and prediction;>= however, the vast cyanotoxin structural chemodiversity

creates challenges in their comprehensive detection and quantification using standard
analytical chemistry assays. In contrast, quantitative molecular biological detection of
biosynthetic genes via PCR provides a multiplexable and cost-effective monitoring strategy
to identify the toxic potential of blooms independent of active toxin synthesis.® The
biosynthetic gene clusters (BGCs) for important freshwater cyanotoxins like microcystin,®
cylindrospermopsin,10 saxitoxin,!! and anatoxin-al? have been defined and applied toward
detection over the past decades. However, the biosynthetic pathway and genes for guanitoxin
(2), the only known natural organophosphate neurotoxin, have yet to be described.

Previously known as anatoxin-a(s),2 guanitoxin is an irreversible inhibitor of
acetylcholinesterase,* sharing an identical mechanism of action with organophosphates

like the synthetic chemical warfare agent sarin and the banned pesticide parathion (Figure
1A). Guanitoxin induces acute neurological toxicity that can lead to rapid death, showing
comparable lethality (LDsg = 20 z/kg i.p.)!® to saxitoxin, the most potent known cyanotoxin.
Sporadic detection in the Americas,'® Europe,16 and Middle East!’ coupled with bloom-
related animal deaths consistent with guanitoxin exposure suggests that this toxin could be
an under-recognized threat in global watersheds.

While its unique pharmacology8 and chemical structurel® have been known for decades,
guanitoxin remains largely unmonitored in the environment; this is mainly due to
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its incompatibility with commonly used analytical detection methods and chemical
instability.29 Although previous L-arginine-derived metabolites have been isolated from
guanitoxin-producing cyanobacteria and incorporated in vivo via stable isotope labeling
experiments (Figure 1B),21:22 a lack of knowledge regarding guanitoxin biosynthesis and
accessibility to its stable metabolites as standards has hampered an understanding of its
environmental significance. Herein, we describe the complete guanitoxin BGC and pathway,
identify its diagnostic intermediates, validate them with synthetic and chemoenzymatic
standards, and survey environmental metatranscriptomic and metagenomic data sets to
reveal the global prevalence of guanitoxin biosynthetic capability in both rural and populated
watersheds. We anticipate that these discoveries will accelerate the understanding of the
distribution and impact of this lethal, yet essentially unmonitored toxin.

RESULTS AND DISCUSSION

Discovery of the Guanitoxin Biosynthetic Gene Cluster.

We sequenced the genome of the guanitoxin-producing cyanobacterial strain
Sphaerospermopsis torques-reginae I TEP-024 (GenBank accession no. CP080598)28
acquired from a toxic cyanoHAB in the Tapacura Reservoir, Pernambuco, Brazil (Figures S1
and S2).2% Bioinformatic analysis of the resulting 5.24 Mbp genome with prediction tools
such as antiSMASH?23 identified 11 natural product BGCs (Figure 2A and Table S1). None,
however, were consistent with guanitoxin biogenesis involving predicted amino acid and
organophosphate biochemistry.

To identify candidate guanitoxin BGCs, we initially focused on genes associated with the
arginine metabolites (S)-4-hydroxy-L-arginine (2) and L-enduracididine (3). Both 2 and 3
were previously isolated from guanitoxin-producing Anabaena flos-aquae®l-?2 and converted
in vivo to guanitoxin via stable isotope labeling experiments (Figure 1B).22 We subsequently
identified 3 in S. forques-reginae ITEP-024 extracts, further supporting its intermediacy in
guanitoxin biosynthesis (Figure S3). As amino acid 3 and its epimers are incorporated in
actinobacterial non-ribosomal peptide antibiotics such as mannopeptimycin,30 teixobactin,3!
and enduracidin32 and constructed via pyridoxal-5-phosphate (PLP)-based enzymatic
transformations, we queried the S. forques-reginae ITEP-024 genome for homologous

genes to known 3-producing enzymes mppFP/mppQ/mppR from the mannopeptimycin
biosynthetic pathway.33-35 While this strategy did not locate close homologs, it did identify
a candidate BGC encoding three PLP-dependent enzymes embedded within a unique 12.5
kb gene cluster consisting of 10 metabolic enzymes (gntA-J) and a putative transporter
(gntT) (Figure 2B). This candidate gntBGC is unique and not found in any reference
cyanobacterial genome currently available in the NCBI database nor in the metagenome-
assembled genomes (MAGs) of the JGI Earth Microbiome Project.3¢ While most of the
encoded enzymes did not have high sequence similarity to characterized homologs (Figure
S4), initial sequence and structural homology analyses identified multiple biosynthetic
functions consistent with guanitoxin assembly; these included oxidation (gntA, gntB, gntD),
PLP-dependent reactions (gntC, gntE, gntG), S-adenosylmethionine (SAM)-dependent
methylations (gntFand gntJ), and phosphate biochemistry (gnt/ and gntH) (Figures 2B

and S4). We therefore constructed a putative guanitoxin biosynthetic pathway based on
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previously isolated chemical intermediates and gntbioinformatic annotations (Figure 2C).
To experimentally link candidate Gnt enzymes to toxin biosynthesis, we synthesized the
gntgenes and then expressed and purified the majority to homogeneity as Escherichia coli
codon-optimized A-terminal Hisg fusion proteins (Figure S5).

Reconstitution of the Complete Guanitoxin Biosynthetic Pathway.

We first sought to confirm a diagnostic guanitoxin biosynthetic reaction and focused on the
presumed N, N-dimethylation of 6 to pre-guanitoxin (7) by predicted A-methyltransferase
GntF. The chemical structures of putative intermediates 6 and 7 are novel molecules yet

to be observed in other characterized biosynthetic pathways, so their interconversion would
strongly implicate the gnt BGC. Intermediates 6 and 7 were chemically synthesized from
(S)-Garner’s aldehyde in six and five steps, respectively; upon incubation of synthetic 6 with
GntF in the presence of excess SAM, we observed its efficient conversion to dimethylated
7 following hydrophilic interaction liquid chromatography mass spectrometry (HILIC-MS)
analyses (Figure 3). We also observed 7 in S. forques-reginae ITEP-024 extracts, lending
further physiological relevance to its role in guanitoxin biogenesis (Figure S3). With this
encouraging result in hand, we next sought to connect these key biosynthetic intermediates
to their primary metabolic precursors and the mature toxin itself.

Multiple characterized biosynthetic pathways employ PLP-dependent enzymes to explore
their dehydrogenation, oxidation, and transamination chemistries on L-arginine.3” However,
none of the three PLP-dependent enzymes (GntC, GntE, GntG) nor the soluble a-
ketoglutarate Fe2*-dioxygenase GntD showed any clear activity toward this amino acid
(Figures S6 and S7). We therefore initiated our in vitro enzymology efforts with known
biosynthetic intermediates 2 and 3, which were chemically synthesized following adaptation
of previously established synthetic procedures.38:3% To our surprise, GntC catalyzed

the highly diastereoselective PLP-dependent cyclodehydration of 2 into 3, without any
additional enzymes or cosubstrates (Figure S8). The stereochemical differences between
the chemically synthesized substrate and product diastereomers were magnified via 1-
fluoro-2,4-dinitrophenyl-5-L-alanine amide (L-FDAA, Marfey’s reagent) derivatization and
ultra-performance liquid chromatography mass spectrometry (UPLC-MS) analysis, enabling
us to determine that GntC was highly diastereoselective for the (S)-hydroxy sterecisomer
of 4-hydroxy-L-arginine while exclusively generating 3 over its L-a//o-enduracididine
epimer (Figure S8). While transmembrane protein GntB proved intractable to soluble
protein expression, the in vivo expression of a gntB-gntC-containing plasmid in £. coli
successfully produced 3 (Figures S9 and S10), thus corroborating GntB’s initiating role

in the construction of 2. Cyanobacterial 3 biosynthesis presents a divergent reaction
strategy to known actinobacterial cyclic arginine biosyntheses that either rely on multiple
PLP-dependent enzymes33-35 or form six-membered capreomycidine rings from linear 5
hydroxylated arginine precursors (Figure S11).40-43

We next established GntD as an enduracididine g-hydroxylase in converting 3to 4 in

the presence of Fe2*, a-ketoglutarate, and L-ascorbate as previously reported for the
Streptomyces enzyme MppO (Figure $12).44 To connect 4 with diagnostic intermediate

6, we proposed a two-enzyme cascade with aldolase GntG and transaminase GntE excising
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glycine and converting the resultant aldehyde to a primary amine, respectively. We validated
this GntE/GntG cascade by performing the reaction in reverse to construct 4 from 6, glycine,
a-ketoglutarate, PLP, and the two PLP-dependent enzymes (Figure S13). Applying all

four biosynthetic enzymes and their requisite cofactors and cosubstrates simultaneously

in one pot converted 2 to 6 and the glycine byproduct, with intermediate aldehyde 5 not
observed due to its presumed instability and the absence of a primary amine for L-FDAA
derivatization (Figures 4 and S14). Exclusion of individual enzymes halted progression
along this four-step pathway in a manner consistent with our biosynthetic proposal (Figure
S14).

After assembling the guanitoxin carbon backbone via six biosynthetic transformations,

we focused on the enzymatic construction of the A-hydroxylated methyl phosphate that
functions as the anticholinesterase pharmacophore (Figure 5A). In the presence of the
unusual heme-containing GntA and excess NADPH under ambient aerobic conditions,

we observed the selective mono-oxygenation of tertiary amine 7 to product 8 (Figure

S15). This reaction is reminiscent of the homologous heme-oxygenase acsA gene-encoded
N®-hydroxylation of L-arginine that initiates a specialized pathway to p-cycloserine in
Streptomyces bacteria.* Ultrafiltration of the GntA reaction mixture, followed by the
addition of kinase Gntl, O-methyltransferase GntJ, and their cofactors and cosubstrates,
generated phosphorylated intermediate 9 and guanitoxin, with identical HILIC-MS
properties to those observed in S. torques-reginae ITEP-024 extracts (Figures 5B and S3,
S16, and S17). GntA, Gntl, and GntJ in vitro reactions were performed following the
stepwise addition of individual enzymes and cosubstrates to the reaction mixture, largely
due to the differing ionic strength requirements of A-hydroxylase GntA and kinase Gntl. We
subsequently investigated recombinant human acetylcholinesterase inhibition with in situ
generated 8, 9, and guanitoxin (Figure 5C). Only the mature neurotoxin possessed inhibitory
activity, establishing that the GntJ-catalyzed G-methylation is crucial for toxicity.

The details of the nine-step enzymatic biosynthesis of guanitoxin from arginine represent
just the second example of an in vitro reconstitution of a cyanotoxin after the recent total
enzyme synthesis of aetokthonotoxin from another amino acid, tryptophan.*6 Overall, our
chemical, biochemical, and metabolomic analyses strongly connect guanitoxin biosynthesis
to the gnt BGC and provide a genetic handle to investigate this cyanotoxin environmentally.

Guanitoxin Biosynthetic Genes Are Present in Geographically Diverse Environments.

After validating the guanitoxin biosynthetic genes in S. forques-reginae ITEP-024,

we next explored their environmental distribution. As we previously found no gnt

BGC homologs in publicly available assembled genomes and metagenomes, we instead
queried raw, unassembled environmental sequencing data. Specifically, we searched all
available (108,465) NCBI Sequence Read Archive (SRA) metagenomic (metaG) and
metatranscriptomic (metaT) data sets using the SearchSRT tool. This search identified 13
data sets with at least one read aligning to the gnt BGC with >90% translated-nucleotide
to protein sequence identity, even though the computationally efficient SearchSRA tool
is sensitivity-limited to detect only highly abundant (metaG) or highly expressed (metaT)
genes. Through independent de novo assembly, we confirmed the complete or nearly
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complete gnt BGC from six of these SRA data sets (Figure 6), including two metaT
samples. In the metaT samples, the gnt BGC was discovered as a polycistronic transcript
including all genes except gntJ. This polycistronic structure suggested that even limited
transcriptomic detection of the gnt genes could be diagnostic for active guanitoxin
biosynthesis. Therefore, to explore the feasibility of metaT data for environmental gntBGC
surveys, we comprehensively queried all 2,610 freshwater metatranscriptomic SRA data
sets using a custom full-sensitivity SRA search pipeline and ultimately identified 78 gnt
BGC hits from Lake Erie, Ohio, USA; Lake Mendota, Wisconsin, USA; the Amazon River,
Brazil; the Columbia River, Oregon, USA; and the Delaware River, Delaware, USA (Figure
6 and Table S2). These detections occur in independent sequencing data sets within the
same watershed over multiple years, such as in Lake Mendota from 2010 to 2016, indicating
the long-term undetected presence of guanitoxin biosynthetic capacity in publicly accessible
freshwater sources.

Intriguingly, we were unable to link the known guanitoxin producer genera as the source
taxa of the two environmental metaG-derived gnt BGCs. Guanitoxin producer strains have
been rarely isolated in the literature, and the taxonomy of guanitoxin producer genera has
been unstable, suggesting that the full taxonomic extent of guanitoxin production is not yet
known. To explore if other cyanobacterial genera could harbor gntbiosynthetic capacity,
we linked the two environmental metagenome-derived gnt BGCs to their best-supported
taxonomic origins. Via full MAG assembly, we connected the gnt BGCs from the Amazon
River and Lake Mendota data sets to the Cuspidothrix and Aphanizomenon cyanobacterial
genera, respectively (Figures S18 and S19). While these genera are known to produce
other cyanotoxins such as anatoxin-a, microcystin, and cylindrospermopsin,*’ they have not
yet been reported to produce guanitoxin. However, their genomic potential warrants future
environmental surveying for guanitoxin biosynthesis.

CONCLUSIONS

In conclusion, our detailed characterization of how guanitoxin is biochemically assembled
from the standard amino acid L-arginine represents the first biosynthetic report of a natural
organophosphate neurotoxin. Significantly, the discovery of the architecturally unique gnt
BGC enabled us to identify environmental hotspots in unaware rural and populated areas
for the potent yet unmonitored neurotoxin guanitoxin, suggesting that revised cyanoHAB
monitoring protocols are warranted in public watersheds vulnerable to toxic cyanobacterial
blooms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Guanitoxin (1) is a potent cyanobacterial organophosphate neurotoxin with an
anticholinesterase mechanism of action comparable to the pesticide parathion and the
chemical warfare agent sarin. (B) Retrobiosynthetic proposal to 1 from L-arginine via
previously isolated cyanobacterial metabolites 2 and 3.
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Figure2.
Discovery of a candidate gntbiosynthetic gene cluster (BGC) via sequencing a guanitoxin-

producing cyanobacterium. (A) Annotation of the assembled 5.24 Mbp Sphaerospermopsis
torques-reginae ITEP-024 genome using antiSMASH v6.023 detected 11 candidate BGCs,
while a single candidate guanitoxin BGC was identified via colocalization of relevant
candidate enzyme activities. The figure was produced with Circos v0.69-8.24 The
background S. torques-reginae image?® is used with permission from Dr. Vera Werner.

(B) Organization of the guanitoxin BGC. The gntlocus figure was designed from NCBI
accession CP080598.1 (this work) using Clinker v0.0.21.26 gnt BGC deposited under
MIBIiG2 accession number BGC0002148. (C) Guanitoxin biosynthetic pathway in S.
torques-reginae ITEP-024. Individual Gnt enzymes are color-coded after their encoding gnt
gene as per (B).
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Figure 3.
GntF N, A-dimethylates primary amine substrate 6 to form pre-guanitoxin (7) in vitro.

Relative intensities of positive mode extracted ion chromatograms were extracted from
HILIC-MS traces for both GntF substrate 6 and product 7 masses as appropriate ([M + H]*
(115.0978, 143.1291) + 0.0100 m/ z, respectively). Asterisks indicate that the MS intensities
are increased 10-fold relative to other traces for improved visualization of compounds with
variable ionization efficiencies.
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Figure4.
Characterization of GntC/GntD/GntG/GntE biosynthetic enzymes with intermediate 2.

Relative intensities of positive mode extracted ion chromatograms were extracted

from UPLC-MS traces following 1-fluoro-2,4-dinitrophenyl-5-L-alamne amide (L-FDAA,;
Marfey’s reagent) derivatization of primary amine-containing intermediates 2, 3, 4, 6, and
glycine ([M + H]* (443.16; 425.15; 441.15; 367.15; 328.09) + 0.20 ml/ z, respectively)
after incubation of 2 with GntC, GntC/GntD or GntC/GntD/GntG/GntE and all necessary
cofactors and cosubstrates.
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Figure5.

(A) GntA, Gntl, and GntJ construct the anticholinesterase organophosphate pharmacophore
of guanitoxin. (B) Relative intensities of positive mode extracted ion chromatograms were
extracted from HILIC-MS for guanitoxin ([M + H]* 253.1060 + 0.0100 77/2) following
extraction from S. forques-reginae ITEP-024 and in vitro incubation of intermediate 7

with GntA/Gntl/GntJ and all necessary cofactors and cosubstrates. (C) Acetylcholinesterase
(AChE) inhibition was assessed via a Bio Vision Acetylcholinesterase Inhibitor Screening
Kit (Colorimetric), where AChE inhibition is coupled to the decreased formation of the
yellow 5-thio-2-nitrobenzoic acid (TNB) chromophore (412 nm absorbance) via the scheme
depicted. In vitro GntA/Gntl/GntJ reactions were carried out as previously described, diluted
between 10 and 200x%, and analyzed for AChE inhibition. In situ generated 8 and 9 showed
negligible AChE inhibition at all dilutions tested compared to the reversible inhibitor
donepezil positive control (gray trace). However, potent AChE inhibition was observed
following the addition of GntJ (in situ guanitoxin) and showed a decreasing inhibitory effect
at a higher reaction dilution, highlighting the significance of O-methylation for biological
activity.
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Figure 6.
Environmental detection of guanitoxin biosynthetic capability through metagenomic and

metatranscriptomic sequencing. (A) Geographic sites with literature reports of guanitoxin or
detection of the gnt BGC through environmental sequencing data sets. (B) grnt BGC gene
structure from metagenomic and metatranscriptomic de novo assemblies of environmental
samples. gnt BGC genes are color-coded as per Figure 1B. The two metagenomic samples
were successfully linked to their respective taxon of origin via a metagenome assembled
genome (MAG) approach (see Figure S19 for details).
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