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ABSTRACT: The remarkable degree of synthetic selectivity
found in Nature is exemplified by the biosynthesis of paralytic
shellfish toxins such as saxitoxin. The polycyclic core shared
by saxitoxin and its relatives is assembled and subsequently
elaborated through the installation of hydroxyl groups with
exquisite precision that is not possible to replicate with
traditional synthetic methods. Here, we report the identi-
fication of the enzymes that carry out a subset of C—H
functionalizations involved in paralytic shellfish toxin biosyn-
thesis. We have shown that three Rieske oxygenases mediate
hydroxylation reactions with perfect site- and stereoselectivity.
Specifically, the Rieske oxygenase SxtT is responsible for
selective hydroxylation of a tricyclic precursor to the famous
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natural product saxitoxin, and a second Rieske oxygenase, GxtA, selectively hydroxylates saxitoxin to access the oxidation
pattern present in gonyautoxin natural products. Unexpectedly, a third Rieske oxygenase, SxtH, does not hydroxylate tricyclic
intermediates, but rather a linear substrate prior to tricycle formation, rewriting the biosynthetic route to paralytic shellfish
toxins. Characterization of SxtT, SxtH, and GxtA is the first demonstration of enzymes carrying out C—H hydroxylation
reactions in paralytic shellfish toxin biosynthesis. Additionally, the reactions of these oxygenases with a suite of saxitoxin-related
molecules are reported, highlighting the substrate promiscuity of these catalysts and the potential for their application in the

synthesis of natural and unnatural saxitoxin congeners.

B INTRODUCTION

Saxitoxin (STX, 9) has received significant attention due both
to its biological activity and its remarkable architecture. STX is
a paralytic shellfish toxin (PST) naturally produced by
freshwater cyanobacteria as well as marine dinoflagellates."”
The toxic effect of STX and related PST's stems from their high
affinity for voltage-gated sodium channels (VGSC).> This
ability to control cellular action potential has made STX an
indispensable tool in the fundamental study of VGSC and the
lead compound in the development of pharmaceutical agents
that are specific for targeted VGSC isoforms associated with
disease and pain.” A number of studies indicate that the VGSC
affinity and subtype specificity of STX and related natural
products are dramatically altered based on the level and
pattern of oxidation of the tricyclic scaffold."*~° For example,
VGSC affinity decreases as STX (9) is oxidized to neosaxitoxin
(neoSTX, 4, Figure 1A), and further decreases with the
addition of sulfate or sulfonamide groups at C11, which are
present in gonyautoxins (GTXs, 2, 3, 5, 6 and 8, Figure 1A)." 0
Thus, access to STX analogs that vary in their oxygenation
pattern would provide valuable tools for VGSC character-
ization and drug development. However, a unified synthetic
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strategy that provides access to such a panel of compounds
challenges existing methods for selective oxygenation. To
address this demand, we have identified the catalysts Nature
has evolved for selective C—H hydroxylation of the STX
tricyclic core.

Proposals on the biosynthetic route to STX are built upon
feeding studies,”® isolation of putative intermediates,”'® and
bioinformatics analysis of gene clusters from STX-producing
cyanobacteria.'"'> However, data verifying enzymatic trans-
formations responsible for such proposals have been scarce.
We recently demonstrated that STX biosynthesis is initiated by
the conversion of arginine and malonyl-CoA to ethyl ketone
10, providing the first biochemical link between STX and the
genes proposed to encode for its biosynthesis (Figure 1B) and
disproving the long-standing hypothesis that acetyl-CoA is the
initial substrate in STX biosynthesis.”'® This linear inter-
mediate (10) is anticipated to undergo the installation of an
amidino group and a number of oxidation and cyclization
events to afford decarbamoylated tricycle 11.”*'*~"7 The
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Figure 1. (A) Natural products derived from saxitoxin (STX, 9). The molecules with the highest and lowest K, are outlined. *The Ky of 11-f-
hydroxysaxitoxin (7) has not been determined, but its ICy, value ranks the molecule below saxitoxin in terms of affinity. (B) Previously proposed
STX (9) biosynthetic pathway. (C) Saxitoxin gene cluster and potential enzymes involved in late-stage oxygenation.

timing of carbamoylation is unknown as it might occur before
or after oxygenation to generate dideoxysaxitoxin (ddSTX, 12)
or STX (9), respectively. Finally, it has been suggested that a
sequence of selective hydroxylation events of deoxygenated
tricycles 11 or 12, could lead to STX (9) and higher oxidation
level analogs, such as neoSTX (4) and GTXs (2, 3, S, 6 and 8,
Figure 1A).””">7"7 This series of late-stage hydroxylation
events is supported by the LC-MS detection of deoxygenated
tricycle 11 in cell extracts of toxic cyanobacteria and
dinoflagellates;” however, these proposed oxidations have not
been experimentally validated.

The annotation of four putative STX gene clusters by Neilan
and co-workers includes a number of enzymes conserved
across these clusters with the potential to carry out C—H bond
oxygenation reactions (Figure 1C).">~"” For example, SxtD is
related to fatty acid hydroxylases known to carry out
hydroxylation reactions as well as dehydrogenation chemistry,
whereas SxtS is related to a-ketoglutarate-dependent nonheme
iron enzymes capable of mediating a variety of reactions,
including hydroxylation and epoxidation.'® Finally, a pair of
Rieske nonheme iron-dependent oxygenases, SxtH and SxtT,

are conserved among the four gene clusters, with a third
Rieske-type oxygenase, GxtA (previously SxtDiox), annotated
in the STX gene cluster from Microseira wollei (formerly
Lyngbya wollei)."”> These oxygenases contain a Rieske [2Fe—
2S] cluster as well as a mononuclear nonheme iron domain
where the substrate binds and can undergo reactions including
C—H hydroxylation, amine oxidation, dihydroxylation, and
oxidative cyclization.'"” Though several Rieske oxygenases are
well studied for their role in the oxidative degradation of
aromatic and steroidal compounds,'®”™**
reactions of six Rieske oxygenases associated with secondary
metabolism have been biochemically characterized. These
include the RedG/McpG-catalyzed oxidative cyclizations in
prodiginine bios,ynthesis,23 the PrnD-mediated arylamine
oxidation in pyrrolnitrin biosynthesis,”***
chlorophyll a to chlorophyll b by chlorophyllide a oxygenase,26
and the hydroxylation of salvigenin by flavone-8-hydroxylase.””
The Rieske oxygenases SxtH, SxtT, and GxtA have been
proposed to act exclusively on late-stage substrates in STX
biosynthesis. Specifically, SxtT and SxtH have been implicated
in the sequential dihydroxylation of ddSTX (12) to form STX

only four unique

the oxidation of
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(9). This hypothesis has been supported by the isolation of
metabolites containing the C12 a-hydroxyl group (14) but
lacking the C12 f-hydroxyl group (13), suggesting that one
enzyme installs the a-hydroxyl group on 12 to generate 14 and
a second enzyme is responsible for the oxidation to STX (9).
Herein the reactions performed by SxtT, SxtH, and GxtA in
paralytic shellfish toxin biosynthesis are disclosed, highlighting
an unanticipated sequence of oxidation events leading to STX.

B RESULTS AND DISCUSSION

Intrigued by the high sequence identity across the three STX
Rieske oxygenases (between 82% and 87%), we hypothesized
that these enzymes could be responsible for site-selective
hydroxylation of the STX tricyclic core required to transform
dideoxysaxitoxin (ddSTX, 12) into STX (9) and further
oxygenated natural products such as the GTXs (2, 3, §, 6, and
8) and neoSTX (4). Others have speculated that SxtH and
SxtT are involved in the oxidation of the C12-methylene of
ddSTX (12) to the C12 ketone hydrate moiety present in STX
(9) and related natural products through two sequential
oxidation events.'”~"” For example, ddSTX (12) could first
undergo hydroxylation at C12 to afford either S-saxitoxinol (/-
STOH, 13) or a-saxitoxinol (a-STOH, 14, Figure 1B) from
which a second hydroxylation could take place that would lead
to STX (9). Alternatively, it is possible that one STX Rieske
oxygenase is responsible for the hydroxylation of ddSTX (12)
at C12 and that the resulting secondary alcohol could be
oxidized to the ketone oxidation state by any of a number of
enzymes to afford STX (9) upon hydration, mimicking
established chemical methods.” We anticipated that these
Rieske oxygenases could also mediate hydroxylations at C11 or
NI1.

To date, there have been no reports of heterologous
overexpression or functional characterization of any oxygenase
associated with paralytic shellfish toxin biosynthesis. Our initial
experiments focused on proteins from M. wollei."> We achieved
successful overexpression of maltose binding protein (MBP)
fusions of SxtH, SxtT and GxtA in Escherichia coli by
employing established protocols for heterologous expression
of iron—sulfur cluster containing proteins.””***’ Based on
absorbance spectrum, iron content, and gel filtration elution
profiles of the purified proteins relative to known Rieske
oxygenase characteristics, successful purification of each
protein was achieved (Supporting Information, Figures S4—
S8).

In preparation for reactions with these oxygenases, we
considered options for generation of the active oxidant
(Fe(IIl)-hydroperoxo species, Figure 2). Rieske oxygenases
can have two modes of catalysis depending on the
stoichiometric oxidant employed, molecular oxygen or hydro-
gen peroxide (Figure 2).°”*" Natively, Rieske oxygenases
utilize molecular oxygen, requiring the formation of a head-to-
tail trimer complex, in which two electrons are delivered from a
protein redox partner to the [2Fe—2S] cluster of one monomer
and then to the mononuclear iron center of an adjacent
monomer for the reduction of O, (Figure 2A)."”*” For initial
studies, we opted for a simplified system employing hydrogen
peroxide as the stoichiometric oxidant to circumvent the need
for reconstituting effective electron transport (Figure 2B).

To probe the biosynthetic hypothesis that tricycle 12 is
selectively hydroxylated en route to STX (9) and other PSTs,
ddSTX (12) was subjected to SxtT in the presence of H,0,.
LC-MS analysis of the reaction mixture indicated that in

A. Enzymatic electron transfer
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Figure 2. Methods for Fe(IIl)-hydroperoxo generation in Rieske
oxygenases. (A) Electrons supplied by a protein redox partner to the
Rieske iron—sulfur cluster and subsequent reduction of O, at the
mononuclear iron binding site. (B) Direct generation of Fe(III)-
hydroperoxo species from hydrogen peroxide.

addition to remaining starting material, a single hydroxylated
product was formed, a-STOH (14), with no detectable further
oxidation to STX (9, Figure 3A). Control reactions lacking
SxtT or with denatured SxtT contained no detectable a-STOH
(14) or other hydroxylated products (Figure 3A).

Identifying a substrate for SxtT using H,O, laid the
groundwork for evaluating potential protein redox partners.
First, we assessed the activity of SxtT with the putative 2[4Fe—
48] ferredoxin, SxtW, and L-aspartate oxidase-type flavoen-
zyme, SxtV, which were previously assigned the function of
Rieske redox partners based on bioinformatic analysis."> ™"
However, no reaction was observed when 12 was incubated
with SxtT in the presence of SxtW, SxtV, and relevant cofactors
(Figure 3B). This result was unsurprising as SxtW and SxtV do
not belong to enzyme classes known as redox partners for
Rieske oxygenases.”> > As an alternative, we considered
emplogring redox ?artners of closely related Rieske oxygenases:
VanB,”® NdmD,>” DdmA1 and DdmB,*® as well as phthalate
dioxygenase reductase (PDR)** (Supporting Information,
Table S3). In reactions with SxtT, all four of the selected
redox partners were effective for achieving the electron
transport required for catalysis, generating varying amounts
of the @-STOH (14) product (Figure 3B). The redox partner
of the most closely related Rieske oxygenase system, VanB, an
FMN-dependent [2Fe—2S] cluster containing enzyme (Sup-
porting Information, Figure S9), generated the most product,
whereas the partner from the more distantly related phthalate
dioxygenase system, PDR, afforded the lowest relative yield of
a-STOH (14). Using VanB as a redox partner, we
demonstrated that the activity of SxtT from M. wollei was
conserved across SxtT homologues from other known STX
gene clusters. SxtT homologues from STX producers
Cylindrospermopsis raciborskii, Aphanizomenon sp. NH-S, and
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Figure 3. Reactions of SxtT and GxtA. (A) Productive hydroxylation
of ddSTX (12) with SxtT in the presence of H,0,. (B) Efficiency of
the SxtT hydroxylation of ddSTX (12) with non-native redox
partners. (C) Reactivity of SxtT homologues. (D) GxtA hydroxylation
of STX (9).
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STOH (14, Figure 3C).

Next, we considered the role of the remaining Rieske
oxygenases, SxtH and GxtA, in STX biosynthesis. Employing
the conditions used in reactions with SxtT, SxtH was tested
with a panel of tricyclic substrates (1, 4,9, 11—14, 15, and 16).
No hydroxylated products were observed in reactions of SxtH
with this panel of substrates with either VanB or H,O,,

all converted 12 exclusively to a-

suggesting that SxtH does not play a role in the hydroxylation
of the STX tricycle. Interestingly, the gene that encodes GxtA
is not conserved across all identified STX gene clusters.'"'”
Thus, we anticipated that GxtA is not essential for STX
biosynthesis, but rather, is involved in the production of
further oxidized STX congeners. Indeed, when GxtA was
combined with STX (9) under the conditions developed for
SxtT reactions, a single hydroxylated product was observed.
We anticipated that hydroxylation could take place at either
the N1 or C11 position of STX (9), installing the hydroxyl
group required for neoSTX (4) or GTX natural products (2, 3,
6, and 8), respectively. To determine the site of hydroxylation
in the reaction of GxtA with STX (9), the product was first
compared to a standard of the NI-hydroxylated natural
product, neoSTX (4) (Supporting Information, Figure S20).
LC-MS analysis indicated that the retention time of neoSTX
(4) was distinct from the reaction product. Upon comparison
of the reaction product to a standard containing 11-a-
hydroxysaxitoxin (11-a-hydroxySTX, S1) and 11-f-hydrox-
ysaxitoxin (11-f-hydroxySTX, 7) formed by hydrolysis of a
GTX3/GTX2 mixture (Supporting Information, Figure $40),
it was clear that the product of the reaction was identical to
one of the C11-hydroxylated products (Supporting Informa-
tion, Figure $20). 11-$-hydroxySTX (7) was confirmed as the
product by comparison to an authentic standard of the
compound formed by hydrolysis of a mixture of GTX3/GTX2
mixture and separation of the 11-a-hydroxySTX isomer (S1,
Figure 3D). This assignment was further supported by MS/MS
data, highlighting the identical fragmentation patterns between
11-f-hydroxySTX (7) and the reaction product (Supporting
Information, Figure S32). These results support the hypothesis
that 11-f-hydroxySTX (7), which has been isolated from PST-
contaminated mussels,” is the biosynthetic precursor to GTX3
(3) and GTX4 (8).

The site- and stereoselectivity exhibited by SxtT and GxtA
for hydroxylation of a single C—H bond on the complex STX
tricycle inspired us to probe the reactivity and selectivity of
these biocatalysts with a panel of substrates. Impressively, GxtA
hydroxylates a number of substrates while maintaining
exquisite selectivity for the C11 # C—H bond. For example,
we measured a total turnover number (TTN) of 27 for the
reaction of GxtA with dc-STX (1) and a TTN of 45 for the
corresponding reaction with STX (9). GxtA performed a single
hydroxylation reaction on a number of substrates that varied in
the pattern of oxygenation at C12 and N1, converting neoSTX
(4), STX (9), ddSTX (12), f-STOH (13), and a-STOH (14)
to the corresponding products with a C11 S-hydroxyl group
enabling access to novel STX derivatives (Figure 4B).
Reactions with GxtA afford consistent results when scaled
from microgram to milligram quantities and products can be
isolated in sufficient purity to conduct subsequent biological
assays (see Supporting Information for full details).

SxtT also operated on a range of tricyclic substrates while
maintaining exquisite selectivity for the C12 a-C—H bond
(Figure 4A). For example, SxtT selectively hydroxylated
decarbamoyl dideoxysaxitoxin (dc-ddSTX, 11), decarbamoyl
[-saxitoxinol (dc-f-STOH, 16), and f-STOH (13) in addition
to ddSTX (12), installing the C12 a-hydroxyl group to afford
decarbamoyl a-saxitoxinol (dc-a-STOH, 15), decarbamoyl
saxitoxin (dc-STX, 1), and STX (9), respectively (Figure 4A).
Interestingly, the total turnover number (TTN) for SxtT with
B-STOH (13) is significantly higher than the TTNs with
ddSTX (12) and the corresponding decarbamoylated sub-
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Figure 4. (A) Reactions of SxtT with various substrates: hydroxylation of dc-ddSTX (11) to dc-a-STOH (15), hydroxylation of dc-f-STOH (16)
to dc-STX (1), hydroxylation of ddSTX (12) to a-STOH (14), and hydroxylation of f-STOH (13) to STX (9). (B) Reactions of GxtA with
various substrates: hydroxylation of dc-ddSTX (11) to decarbamoyl 11-f-saxitoxinol (17), hydroxylation of dc-a-STOH (15) to decarbamoyl 11-f-
hydroxy-a-saxitoxinol (18), hydroxylation of dc-f-STOH (16) to dc-11-f-hydroxy-p-saxitoxinol (19), hydroxylation of dc-STX (1) to dc-11-4-
hydroxysaxitoxin (20), hydroxylation of ddSTX (12) to 11-$-saxitoxinol (21), hydroxylation of a-STOH (14) to 11-B-hydroxy-a-saxitoxinol (22),
hydroxylation of -STOH (13) to 11-f-hydroxy-f-saxitoxinol (23), hydroxylation of STX (9) to 11-f-hydroxysaxitoxin (7), and neoSTX (4) to
11-f-hydroxy neosaxitoxin (24). TTNs were determined using reactions consisting of 2.5 uM SxtT or GxtA, S uM VanB, 200 uM substrate, S00

uM NADH, 100 M Fe(NH,),(SO,),, and S0 mM Tris—HCI pH 7.0 incubated at 30 °C for 2 h.

Table 1. Steady-State Kinetic Parameters of SxtT with ddSTX and f-STOH

Substrate Ky (uM) Vae(#UM min~")
ddSTX (12) 2+2 0.78 + 0.02
B-STOH (13) 54+ 07 3.1+ 02

keo/ Kt (M_l 5_1)
(59 £ 0.2) x 10*
(1.0 £ 0.1) x 10*

ke (S_l)
(1.30 + 0.03) x 107>
(52 +03) x 1072

strates, dc-ddSTX (11) and dc-f-STOH (16). Additionally,
steady-state kinetic analysis comparing ddSTX (12) with -
STOH (13) revealed kinetic parameters consistent with /-
STOH (13) as the preferred substrate over ddSTX (12) with a
100-fold higher specificity (k../Ky, Table 1). These data
suggest that f-STOH (13) is the native substrate for SxtT in
STX biosynthesis, directly generating STX (9).

To answer the outstanding question of when and how the
C12 p-hydroxyl group is installed, we reconsidered the role of
the third Rieske oxygenase, SxtH (Figure S). With evidence
that SxtH does not react with tricyclic substrates, we
considered the possibility that SxtH could react with an
intermediate earlier in the pathway and tested SxtH with
arginine methyl ester (25), a readily available derivative of the
early pathway intermediate, arginine ethyl ketone (10)."
Treatment of arginine methyl ester (25) with SxtH and VanB
led to the formation of a hydroxylated product. To confirm the
site of hydroxylation, we chemoenzymatically generated 26

. ) . .40
employing a known enzymatic hydroxylation of arginine
followed by esterification (see Supporting Information for full
details). Comparison of a standard of 26 to the SxtH product
by LC-MS and MS/MS analysis confirmed the identity of the
SxtH product as 26. Taken together, the lack of reactivity
observed on tricyclic substrates and the selective SxtH-
mediated hydroxylation of 25 to 26 suggests that SxtH is
responsible for installation of C12 f-hydroxyl group present in
STX (9) at an earlier stage in STX biosynthesis than previously
9,T0,15-17
proposed (Scheme 1).”™

B CONCLUSIONS

In summary, we have characterized the functions of three
Rieske oxygenases from the STX biosynthetic pathway that
operate with excellent site- and stereoselectivity, providing new
insights on the natural assembly and further elaboration of this
famous molecule. These biocatalysts are each responsible for a
single site- and stereoselective hydroxylation event. Contrary to
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Figure S. (A) Reaction of SxtH with arginine methyl ester (25) to
generate hydroxylated arginine methyl ester (26) and LC/MS trace
compared to standard. (B) MS/MS comparison of 26 standard and
product of the SxtH reaction. (C) Scheme mapping a hypothetical
SxtH product (27) onto STX (9), highlighting the position of
hydroxylation in the final product.

Scheme 1. Revised Biosynthetic Hypothesis
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previous biosynthetic proposals, our data indicates that SxtH
performs a hydroxylation at an early stage in the biosynthetic
pathway, calling into question previous reports that ddSTX
(12) is a biosynthetic intermediate.”'*~"” Further, two late-
stage modifications of the STX tricycle have been elucidated.
SxtT hydroxylates f-STOH (13) to STX, and GxtA converts
STX to a GTX precursor, 7. Additionally, this study constitutes
the first in vitro report of oxygenases involved in C—H bond
hydroxylation within paralytic shellfish toxin biosynthesis. The
impeccable site- and stereoselectivity exhibited by SxtT, SxtH,
and GxtA presents the opportunity to exploit these biocatalysts
in the chemoenzymatic synthesis of saxitoxin analogs.
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