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Abstract

This highlight covers a family of enzymes of growing importance, the sedoheptulose 7-phosphate
cyclases, initially of interest due to their involvement in the biosynthesis of pharmaceutically
relevant secondary metabolites. More recently, these enzymes have been found throughout
Prokarya and Eukarya, suggesting their broad potential biological roles in nature.

Graphical Abstract

We highlight a family of enzymes of growing importance, which are found throughout Prokarya
and Eukarya and are involved in primary and secondary metabolism.

1. Scope and purpose

This highlight focuses on a subgroup of emerging importance among enzymes that catalyze
the cyclization of Cs-sugar phosphates to cyclic compounds as a part of primary and/or
secondary metabolism. Related to the well-studied 3-dehydroquinate synthases (DHQS)
from the shikimate pathway, this subgroup of cyclases use sedoheptulose 7-phosphate
(SH7P) as a substrate. There are now three known sedoheptulose 7-phosphate cyclases
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(SH7PC), which convert their common substrate to three different cyclic products.! They are
2-epi-5-epi-valiolone synthases (EEVS), converting SH7P to 2-ep/-5-epi-valiolone;
desmethyl-4-deoxygadusol synthase (DDGS), converting SH7P to desmethyl-4-
deoxygadusol; and 2-epF-valiolone synthase (EVS), converting SH7P to 2-gpi-valiolone.
EEVS was originally thought to be present only in certain actinomycetes where it is part of
the pathways to CyN-aminocyclitol natural products; however, analyses of genome
sequences revealed that EEVS is broadly distributed in both prokaryotes and eukaryotes,
including bacteria, fungi, stramenopiles, and animals.2 A recent study demonstrated that the
role of EEVS in animals and some algae is to produce the sunscreen-like compound
gadusol.3 DDGS was originally discovered based on its role in the biosynthesis of
mycosporines and mycosporine-like amino acids (MAAs),* another class of sunscreen
compounds believed to play a critical role in ecology, whereas EVS was found to be
involved in the biosynthesis of bioactive C7N-aminocyclitol natural products.® In this
highlight, we describe the discovery, biochemistry, and structure-function relationships of
SH7PCs and discuss the distribution and the emerging roles of these less characterized sugar
phosphate cyclases (SPCs) in biology and ecology.

2. Sugar phosphate cyclases and their roles in primary and secondary

metabolism

As noted above, SPCs catalyze the cyclization of six- and seven-carbon sugar phosphates to
a variety of cyclitol products, which are part of primary and secondary metabolism. The one
SPC superfamily member directly involved in primary metabolism is DHQS, which
catalyzes one of the rate limiting steps of the shikimate pathway — the cyclization of 3-
deoxy-D-arabinoheptulosonate 7-phosphate (DAHP) to 3-dehydroquinate (DHQ) — and is
necessary for the synthesis of aromatic amino acids.® Seminal work by Floss and others have
shown that a close homolog of DHQS, known as aminoDHQS, is involved in secondary
metabolism (e.g., in the biosynthesis of rifamycin and mitomycin), but it follows the
template of DHQS in the cyclization of an amino sugar phosphate.” AminoDHQS uses
aminoDAHP to form aminoDHQ, which is further modified to 3-amino-5-hydroxybenzoic
acid (AHBA).8 The latter compound is then usually used as a starter unit for polyketide
synthases. In its own right, DHQS can also be linked to secondary metabolism through
aromatic amino acid-derived compounds, such as esmeraldic acid and scytonemin (Figure
1).

Other known SPCs use intermediates of the pentose phosphate pathway, which is a key
primary metabolic pathway that serves as a source of NADPH, ribose 5-phosphate, and
erythrose 4-phosphate. 2-Deoxy-scy/flo-inosose synthase (DOIS) uses glucose 6-phosphate
as substrate and generates 2-deoxy-scy//o-inosose (DOI), a key scaffold in aminoglycoside
antibiotics (e.g., neomycin and kanamycin). The sedoheptulose 7-phosphate cyclases
(SH7PCs) catalyze the cyclization of SH7P to give 2-ep/-5-epi-valiolone (EEV),
desmethyl-4-deoxygadusol (DDG), or 2-epi-valiolone (EV). These cyclitol molecules can be
modified and functionalized further to generate molecules that are both diverse in terms of
structure and function, such as the fungicide validamycin, the cytotoxin cetoniacytone A,
and the UV-absorbant MAAs. In a sense, SPCs can be considered to be a gateway between
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primary and secondary metabolism, as they convert intermediates from the pentose
phosphate pathway to secondary metabolites. Due to the diversity of these secondary
metabolites and the organisms that synthesize them, it is also possible that aside from their
functions as secondary metabolites they may have a larger role in primary metabolism than

what is currently known.

3. Sedoheptulose 7-phosphate cyclases (SH7PCs)

3.1. 2-Epi-5-epi-valiolone synthases (EEVSS)

The identification of this new class of enzymes was first reported in 1999 when feeding
experiments revealed that the valienamine moiety of acarbose, an a-glucosidase inhibitor
used for treating type 11 diabetes, was derived from EEV.® Furthermore, biochemical
characterization of a DHQS-like protein (AcbC) within the acarbose pathway in
Actinoplanes sp. 50/110 demonstrated that the protein could convert SH7P to EEV.10
Multiple sequence alignments and the crystal structure of DHQS, showed that AcbC and
DHQS matched for 7 of 13 key residues associated with catalysis and substrate binding,
metal binding, and NAD* binding, and with notable differences postulated to be localized
around the varying substituents of their SH7P and DAHP substrates. Based on this, the
catalytic mechanism for EEVS was proposed to be similar to DHQS involving 5 step
reactions: dehydrogenation by NAD®, elimination of the phosphate group, reduction of the
C-5 ketone, ring opening and rotation along the C5 — C6 bond, and intramolecular aldol
cyclization (Figure 2A).10

After the initial identification of the AcbC protein as an enzyme that uses SH7P to make
EEV, subsequent work showed 2-epi-5-epi-valiolone is incorporated into the secondary
metabolites validamycin,1! cetoniacytone A,12 and pyralomicin,3 suggesting these
biosynthetic pathways also contain an AcbC-ortholog. The corresponding AcbC-ortholog
genes found within the biosynthetic gene clusters of validamycin (ValA),14 cetoniacytone A
(CetA),12 BE-40644 (BE-Orf9),12 salbostatin (SalQ),5 acarbose in Streptomyces
glaucescens (GacC),16 and pyralomicin (prlA),17 were identified and shown to be EEVSs.

While originally thought to be limited to bacteria, EEVS genes have recently been identified
in algae, marine invertebrates, non-mammalian vertebrates, and a fungus, and are implicated
in the de novo production of gadusol in some of these organisms.3 Based on heterologous
expression and characterization of this gene from zebrafish, this too is an authentic EEVS —
using SH7P to make EEV. And still more recently, a group of phylogenetically distinct,
bacterial EEVS (referred to as EEVS*), have been identified and shown to have EEVS
activity.?

3.2. Desmethyl-4-deoxygadusol synthases (DDGSs)

The identification of DDGSs in a number of cyanobacteria as a distinct group of SPCs was
first reported in 2007.12 In 2010, Balskus and Walsh experimentally demonstrated that a
DDGS, as well as an O-methyltransferase (O-MT), a ATP-grasp protein, and a NRPS-like
protein, are responsible for the synthesis of MAAS, contradicting the longstanding
assumption that MAAs are synthesized via the shikimate pathway.* DDGS, e.g., Ava_3858
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of Anabaena variabilis and Npun_5600 of Nostoc punctiforme, converts SH7P to DDG. A
proposed mechanism for DDGS is similar to those of other SPCs, but with additional
enolization, dehydration, and tautomerization steps (Figure 2B).1

In addition to these DDGSs, other putative and divergent DDGSs? have been identified and
characterized to varying degrees.18-22 Likewise, these genes are found with an O-MT or
even fused with an O-MT and have been shown to be responsible for MAA production via
heterologous expression and characterization.22 Many of these proteins contain N-terminal
extensions or plastid targeting sequences and in some cases evidence supports horizontal
gene transfer as part of the evolutionary history of these enzymes8-21. 23 (see section 6:
Evolution of SH7PC by horizontal gene transfer).

3.3. 2-Epi-valiolone synthases (EVS)

EVSs appear to be the least common among the SH7PC family of enzymes and were only
identified and differentiated from other SPCs in 2012.1 Only two EVSs have been
heterologously expressed and characterized for their activity, showing they use SH7P as
substrate to make EV, but more EVS were identified through bioinformatics studies.1=3 Prior
to the characterization of EVS, its product (EV) had not been identified in nature. Despite its
similarity in function to EEVS and DDGS, EVSs appear to be more similar to DHQS in
their active site.! The catalytic mechanism for EV'S was proposed to be very similar to those
for DHQS and EEVS, but accounted for the difference in configuration at C-5 between EEV
and EV by requiring a 180° rotation prior to ring closing. In an alternative hypothesis, EEVS
and EVS differ by the anomer of SH7P they bind (see section 4.2).24

EVSs continue to remain to be the most elusive and least well-understood members of the
SH7PC family, in part due to their more recent identification, the greater challenge in
differentiating EVS from DHQS, and the apparent limited presence of EVS in nature.
However, EVS has been identified as replacing EEVS in some C7N-aminocyclitol gene
clusters.> For instance, gene knockout and comparative metabolomics with the wild-type
Actinosynnema mirum identified Amir_2000 as being involved in the biosynthesis of
validoxylamine A, a precursor to validamycin A. This was both the first CzN-aminocyclitol
identified in A. mirum, and represented a new route for the biosynthesis of validoxylamine
A

4. Structural aspects of SH7PCs

Until recently, most inferences about structure-function relations for SH7PCs have been
based on the well-studied DHQS.1: 4 10. 12 |n 2014, Kean et al.24 published the first structure
of an SH7PC, that of ValA, the EEVS from S. hygroscopicus in the validamycin pathway. In
2017, the structure of a DDGS, Ava_3858 from A. variabilis involved in the production of
MAAs, was published.? These structures are highly similar to each other and reveal features
shared among the SPC superfamily as well as features unique to the SH7PCs and the
individual enzymes EEVS and DDGS. Unfortunately, no structural information is yet
available for the third SH7PC, EVS, which surprisingly has more similarity to DHQS than to
the other SH7PCs. Also no complexes of ligand-bound structures have been solved.
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4.1. Overall structures and active site

In terms of the fold and broad aspects of active site organization, EEVS and DDGS are quite
similar to DHQS. Both form functionally obligatory homodimers, with both chains of the
dimer contributing to each active site. Each chain contains bound NAD and Zn prosthetic
groups and consists of an N-terminal NAD-binding domain with a parallel p-sheet core and
a C-terminal, mostly a-helical metal-binding domain (Figure 3). The active site is in a cleft
formed where N and C-terminal domains come together. Among the SPC superfamily, the
identities of the metal-binding residues are conserved as 1 Glu and 2 His residues. A
structural feature observed in EEVS and DDGS but not in DHQS is a domain swapping
interaction in which the N-terminal residues make an extended p-strand (labeled p1/p2) that
reaches across the back of the dimer and contributes a p-strand to the opposite monomer of
the dimer (Figure 3), rather than forming a p-hairpin as observed in DHQS.

In the ValA active site, it was noted that many features are well conserved with DHQS. One
conserved feature that had apparently not been highlighted in the DHQS literature was a
conserved pair of Asp residues (Asp138 and Asp165 in ValA) which have their carboxylate
oxygens positioned to electrostatically stabilize the oxidized form of the nicotinamide ring
during catalysis (See Fig 2 of 24). Also, key active site differences have been identified in
EEVS, DDGS, and EVS, which differentiate them from each other and from the broader
SPC superfamily. Based on sequence comparisons, EEVS and DDGS are the more similar
members of the SH7PC family, and the structures of ValA and Ava_3858 confirmed two
previously identified pairs of residues predicted to differ in their active sites (Asp281 and
His360 in ValA vs. Ala268 and Thr347 in Ava_3858), and identified a third difference
(Leu267 in ValA vs. Glu254 in Ava_3858).2 24 To assess how these differences contribute to
the different catalytic activities of EEVS and DDGS, a series of mutants were generated and
activity assays showed that Asp281 and Leu267 in ValA and the equivalent residues Ala268
and Glu254 in Ava_3858 are essential for activity.2 However, the specific roles these
residues play in catalysis and how they lead to differential activity are not yet understood.

The comparison of the ValA structure (an EEVS) with DHQS also revealed an important
surprise related to an active site Arg located at the beginning of helix 4 in the C-terminal
domain.?* This Arg is also present in DDGS, but does not correspond to that found in the
DHQS active site; instead it is the next residue. This alternate Arg is associated with a robust
difference in a loop conformation and the sequence of EVS implies that it will conserve the
Arg found in DHQS (See Fig. 7 of 24). Interestingly, these Arg residues are positioned near
where we expect the substituents of the anomeric carbon (C2) of SH7P to bind, making it
plausible that this arginine is involved in differential anomer recognition between EVS and
EEVS/DDGS.

4.2. An anomeric selection hypothesis

In light of these structures and conservation patterns among the SPC superfamily, we
proposed a new hypothesis to explain how the SH7PCs can generate such different products
from the same substrate.24 The SH7PCs had previously been viewed as binding a single
substrate, the a-pyranose form of SH7P, and this meant that the mechanism proposed for
EVS required a portion of the ring-open enzyme bound intermediate to undergo a 180°
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rotation after ring opening so that the C-C bond formation ring-closure step would yield the
product with the correct stereochemistry.! However, in reality, SH7P can readily interconvert
in solution between a ring and open form and the a and § and pyranose and furanose forms.
Based on the EEVS structure, and specifically the fact that EEVS and DDGS conserved a
different Arg residue than did EVS, we proposed that a more structurally compelling
hypothesis would be that these enzymes bind different anomers of SH7P that correspond to
the stereochemistry of their final product (Figure 4). This would allow each enzyme to
produce the correct product without requiring a dramatic rotation within the spatial
constraints of the active site pocket.

4.3. A speculative proposal for SH7P binding to DDGS/EEVS

General features of substrate binding by the SH7PCs have been proposed based on what was
seen for DHQS, but it has been acknowledged that the DHQS complex (PDB code 1DQS)
cannot match in detail the substrate binding by the SH7PCs, in part because of the
stereochemical differences in key metal-binding hydroxyls of their substrates (Figure 5A): in
DAHP and its substrate analogue, CBP, both metal-coordinating hydroxyls are equatorial
while in SH7P one metal-coordinating hydroxyl is equatorial while the other is axial. As part
of preparing this highlight, we thought it would be valuable to better define what can be
reasonably predicted about how the a-pyranose form of SH7P might bind to the DDGS and
EEVS active sites. We created an idealized chair conformation of the substrate and manually
docked it into the DDGS active site using the positions of ordered solvent molecules (water
and a sulfate) to approximate the locations of the SH7P hydroxyl and phosphoryl
substituents. Gratifyingly, this led to a unique and plausible binding mode shown in Figure
5B.

In this docked model, both the axial C4-hydroxyl and the equatorial C5-hydroxyl of SH7P
are positioned well to coordinate the Zn. Also, the phosphoryl group matches well with the
bound sulfate and many of the substituent hydroxyls are positioned to form hydrogen bonds
with the protein. Especially notable is that the hydroxymethyl of the anomeric carbon (C2) is
positioned to hydrogen bond with both Lys156 and Arg265 (the above mentioned Arg
distinguishing EEVS and DDGS from EVS), consistent with this Arg being responsible for
anomer recognition. The arginine conserved in EVS would be in a different position,
consistent with EVS binding the opposite anomer. Important to note is that side chain
positions, especially of Lys156 and Arg265, should be taken as very rough because upon
substrate binding, we expect that the DDGS structure used for modeling will undergo some
domain closure similar to that observed in DHQS.25

5. Natural distribution of SH7PCs
5.1. SH7PCs in bacteria

Bacterial SH7PCs have been found in Gram-(+) and Gram-(-) bacteria isolated from soils,
aquatic systems (fresh and salt), symbionts, pathogens, and extreme environments.1=3 This
diversity suggests SH7P-derived natural products have many biological roles, which will be
discussed later in this Highlight. The majority of identified bacterial SH7PCs are from
actinobacteria (EEVS) and cyanobacteria (DDGS).2 Bacterial EEVS have been reported in a
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number of C;N-aminocyclitol gene clusters (e.g., acarbose and validamycin), whereas
DDGS has only been found in MAA gene clusters.2 EVS appears with much fewer
frequency and is limited to soil actinobacteria and myxobacteria.l Divergent DDGS and
EEVS* sequences have also been identified through phylogenetics studies, although only
EEVS* was enzymatically characterized.13

The bulk of known EEV'S sequences are from the genus Streptomyces, in which the C7N-
aminocyclitol gene clusters, usually resembling the acarbose and validamycin gene clusters,
are widespread.2 However, EEVS is also found in diverse Gram-(+) bacteria, including
marine bacteria (e.g., Salinispora spp.), pathogenic bacteria (e.g., Rhodococcus fascians,
Mycobacterium marinum, and Clostridium botulinum), other soil-dwelling bacteria (e.g.,
Amycolatopsis, Nonomuraea, Nocardia, Kitasatospora) and plant symbionts (e.qg., Frankia
alni).1=3 Of these, only C. botulinum is not an actinobacteria. Likewise, few EEVS* genes
are found outside of actinobacteria and myxobacteria, most notably in Bacillus cereus.
EEVS is also found in Gram-(-) bacteria, which include the genera Burkholderia,
Paraburkholderia, Pseudomonas, and Rhodanobacter. The EEVS of £ kirkiiis involved in
the biosynthesis of kirkamide (Figure 6), an aminocyclitol with cytotoxicity towards aquatic
anthropods and insects, while the gene clusters including EEVS in other Gram-(-) bacteria
remain uncharacterized.? 26

Cyanobacteria have the most species with DDGS encoded in their genome and are found in
MAA gene clusters. MAAs have been found in cyanobacteria from fresh and salt water, high
salt conditions, and terrestrial environments.2: 22: 27 Compared to products deriving from
EEVS-containing gene clusters, the products of MAA gene clusters are easier to detect due
to the structural similarity that essentially only diverges by which amino acids are attached
to the 4-deoxygadusol core. However, this similarity likely requires further structural
elucidation to identify individual MAAs. Interestingly, to date, only one putative EEVS has
been identified in cyanobacteria, Gloeocapsa sp. PCC 7428, which interestingly lacks a
DDGS.2 This EEVS is located in an uncharacterized gene cluster.

In actinobacteria, DDGS and other MAA biosynthetic genes were first identified through
genome mining of Actinosynnema mirum DSM 43827 and Pseudonocardia sp. P1.28
Heterologous expression of both gene clusters in S. avermitilis SUKA22 revealed that
shinorine was the primary MAA made by each gene cluster, but the A. mirum cluster also
produced a new MAA mycosporine-glycine-alanine (Figure 6).28 This opened the door to
exploring actinobacterial MAA gene clusters as sources of novel MAAs, especially now that
more DDGS have been identified in other actinobacteria.2? Although DDGS and EEVS have
been identified in actinobacteria, it is rare for both to exist in the same organism. The lone
exception in actinobacteria is R. fascians, a plant pathogen.

5.2. SH7PCs in fungi

Other than one putative EEVS in a yeast (Saitoella complicata), all SH7TPCs in fungi are
predicted to be DDGS and are present in Ascomycota and Basidiomycota.2 While
mycosporines, MAA analogs with only one amino acid attached to a 4-deoxygadusol core,
were first found in fungi, the corresponding gene clusters in fungi have not yet been
characterized experimentally. Since mycosporines may be involved in inhibiting sporulation,
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it may not be surprising to see mycosporine genes broadly distributed in fungi.2® Fungi that
have mycosporine genes includes many important plant fungal pathogens, such as Botrytis
cinerea, Colletotrichum spp., Fusarium graminearum, F. oxysporum, Magnaporthe oryzae,

and Ustilago maydis.

More recently, mycosporines and MAAs have been identified in yeast and lichen. In
basidiomycetous yeast, the ability to make mycosporines appears to be taxonomically split,
where five of the seven Pucciniomycotina classes produced mycosporine-glutaminol-
glucoside.3% Cyanobacterial lichens and a tripartite lichen containing a green alga can make
a suite of MAAs, suggesting they contain DDGS.3!

5.3. SH7PCs in marine organisms

MAAs and their corresponding gene clusters have been identified in marine invertebrates,
dinoflagellates, and algae.? 18 19. 32 These organisms have a fused divergent DDGS and O-
MT, unlike traditional MAA gene clusters where the DDGS and O-MT are discrete.
Phylogenetic analysis suggests that multiple horizontal gene transfer (HGT) events spread
this fusion protein, with origins in cyanobacteria and dinoflagellates.1® Organisms that have
this fused divergent DDGS include cyanaobacteria from the genus Synechoccocus, the
dinoflagellates Oxyrrhis marina and Heterocapsa triguetra, and the sea anemones
Nematostella vectensis and Aiptasia pallida, and the coral Acropora digitifera. These fusion
proteins also had an N-terminal addition that was proposed to target these proteins to the
plastid in dinoflagellates, though all homologs seem to have this addition.20

Marine red algae are a major source of MAAs, however, few genome sequences are
publically available; thus, the identification of algal SH7PCs is hindered. Nevertheless,
divergent DDGS has been identified in the marine red algae Pyropia haitanensis and
Chonairus crispus.? Currently, more EEVS sequences (12) have been identified in algae than
DDGS/divergent DDGS (4).2 Most organisms have EEVS or DDGS, and not both, yet two
algae do have both: C. crispus also has an EEVS, while the pelagophyte Aureococcus
anophagefferens, which causes harmful brown tides, has an EEVS and DDGS. The EEVS
from A. anophagefferens is more closely related to the vertebrate EEV'S, which is involved
in gadusol biosynthesis (see below), than other algal EEVS sequences. 3 While there has
been no direct evidence that algae can produce gadusol, the terrestrial green alga Prasiola
calophylla, does produce an unusual MAA, prasiolin, which consists of glutamic acid
attached to a gadusol core.33 No publically available genome exists for 2 calophylla, so
EEVS is not known to exist in its genome. In addition, it remains possible that prasiolin is
formed from a 4-deoxygadusol core, which is then hydroxylated, rather than being derived
from gadusol.

5.4. SH7PCs in vertebrates

MAAs have been found in the skin mucus and eyes of marine fishes, and since they are
produced by microbes and found in marine invertebrates, are proposed to be acquired by
fishes through their diet.3* A structurally similar compound named gadusol was isolated
from the roes of Gadus morhua (Atlantic cod).3° Due to this similarity, it was also suggested
to be acquired through the diet. More recently, however, a surprising discovery was made on
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the presence of EEVS-like genes in the genomes of fish, amphibians, reptiles, and birds.3
Since vertebrates lack DHQS and the shikimate pathway, it was thought they would not have
any DHQS-related SPCs. Clustered with the EEVS-like gene was a methyltransferase/
oxidoreductase (MT-Ox), and together they work to make gadusol, a possible sunscreen
compound.3 The majority of EEVS-like sequences known so far come from fish and birds.2
To date, EEVS has been identified in 99 vertebrates.? However, the presence of the gadusol
genes does not mean they are functional in all organisms. A recent bioinformatics analysis
identified mutations in the EEVS and MT-Ox genes in four crocodylians.38 These mutations
in both genes were predicted to occur ~190 million years ago, and their concurrent loss is
consistent with their function. The crocodilian EEVS has multiple deletions and insertions,
including a chompy repeat element, two premature stop codons, and a splice-donor
mutation.3® The MT-Ox also has multiple deletions. This raises the possibility that not all
non-mammalian vertebrates have active gadusol genes, thus the ability to make gadusol
needs be confirmed in more vertebrate species.

6. Evolution and distribution of SH7PCs by horizontal gene transfer

While HGT events are often difficult to identify and characterize, multiple independent
studies looking at SH7PCs and MAA biosynthesis in cyanobacteria, dinoflagellates, and
cnidarians have provided phylogenetic evidence for the transfer of what we now call
divergent DDGSs across diverse genera by HGT. These enzymes have been particularly
useful to study because the divergent DDGS always exist with a downstream O-MT or fused
O-MT. In 2006, Waller et al.18 presented a rare and surprisingly well-defined case of HGT
of a divergent DDGS and O-MT in which the donor (cyanobacteria) and recipient
(dinoflagellates) are clear. Interestingly, both a fusion and subsequent fission of these two
genes can be tracked through evolution of the dinoflagellates. Phylogenetic analysis also
revealed a second, separate HGT event of these genes between terrestrial cyanobacteria and
fungi. The physical association of terrestrial cyanobacteria with fungi and marine
cyanobacteria with dinoflagellates are consistent with HGT events.18

Additional support for HGT involving a SH7PC has also been observed in some marine
holobionts.1? For instance, the sea anemone Anthopleura elegantissima contain the same
MAAs regardless of the absence of its dinoflagellate symbiont or diet,3”- 38 suggesting that
A. elegantissima is capable of synthesizing MAAs independently. Furthermore, the sea
anemone Nematostella vectensis, the first basal metazoan with its genome sequenced, had a
divergent DDGS:O-MT, suggesting that it could synthesize MAAs.19 Interestingly, the
closest relatives of the N. vectensis divergent DDGS:O-MT were the fusion proteins from
the dinoflagellates Oxyrrhis marina (~65% identical DDGS part of fusion protein) and
Heterocapsa triquetra, which strongly suggests that the cnidarian divergent DDGS was
derived through HGT from a symbiotic dinoflagellate to an ancestral cnidarian. This type of
HGT event has also been proposed to occur between cyanobacteria, dinoflagellates, and
metazoans.20 21

Likewise, work by Osborn et al.3 suggests that the EEVS and genetically linked MT-Ox
found in vertebrates has arisen by HGT. The only non-vertebrate organisms found to have
orthologous adjacent EEVS and MT-Ox genes are two algae, the stramenophile A.
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anophagefferens and the microalgae Coccomyxa subellipsodisea. As in a phylogenetic tree
these genes group closely with those of vertebrates, it is proposed that they are the source for
these genes in non-mammalian vertebrates. Recently, the only known fungal EEVS (from S.
complicata) was also found to clade with the algae in the vertebrate EEVS clade.? Thus, it is
possible that algae also transferred this EEVS to S. complicata. The exact time point of
when vertebrates gained the genes encoding gadusol production remains unknown, but they
appear to have gained the gadusol genes during the evolution of bony fishes, while certain
lineages (e.g., mammals and coelacanths) lost them again. Even early diverging mammals,
like the duck-billed platypus, lack the gadusol genes. If gadusol does biologically function
as a UV-protectant, mammals may have lost these genes during the nocturnal bottleneck.3

7. The biology and ecology of SH7PCs and their products

While SH7PCs are widely distributed in different environments and organisms, the
biological function of the final secondary metabolites is generally unknown or unclear. In
soil bacteria, EEVS- and EVS-derived C;N-aminocyclitols are the most common SH7P-
derived natural products. The amino-pseudooligosaccharides (e.g., acarbose, oligostatins,
and trestatins), which have potent a-glucosidase inhibitory activity, could play a role in
preventing the utilization of sugars by surrounding organisms, and may also function as
‘carbophores’ that tag and import extracellular glucose.3° Validoxylamine A, which strongly
inhibits the fungal enzyme trehalase, can prevent the fungi from accessing its energy
storage.*? Thus, some C7N-aminocyclitols seem to be used for self-defense, competition for
food, or niche protection.

The most common SH7PC in marine and freshwater organisms is DDGS, and the known
biological functions of MAAs are constantly expanding. MAAs have features of keystone
molecules, due to their presence throughout many trophic levels, yet their function differs
not only by organism but also within single organisms.32 In bacteria, production of MAAs
has been associated with providing protection against UV damage, salt stress, and high
ammonium due to increased MAA levels under these conditions.22: 28. 41,42 |n the
cyanobacterium Microcystis aeruginosa, shinorine was found in the slime layer, where it
appears to have a primary structural role in the sheath and a limited role in UV protection.*3
Stronger evidence for MAAs primarily acting as sunscreen exist in other cyanobacteria, e.g.,
A. variabilis, where shinorine production is directly linked to UV exposure.2”: 42 However,
MAAs may still have multiple functions in those cyanobacteria, possibly observed only
under stressful conditions (e.g., sulfate deficiency, salt shock, and UV exposure). 22: 28, 41, 42
Additionally, the location of MAASs could also signify their different roles, possibly by
organism, as MAAs can be found in the cytoplasm and/or in the outer sheath.27: 43,44

The major marine ecological source of MAAs are macro- and microalgae, which are capable
of producing a wide range of MAAs.27: 45,46 Algae can serve as the dietary source of MAAS
for marine invertebrate herbivores, which is one route for MAA bioaccumulation up the food
chain (Figure 7).32 47 UV light exposure increases production of MAA:s in algae, and has
been reviewed previously.2”: 34 This matches the tendency of elevated MAA concentrations
in red algae that live closer to the ocean’s surface than those at increased depth.46
Microalgae (e.g., dinoflagellates) can be the source of MAAs during symbiosis.*8
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The functions of MAAs in marine invertebrates are even more diverse than in bacteria and
algae; in addition to UV protection, MAAs have been implicated in alarm cues and vision.
MAAs can be acquired by marine invertebrates through their diet or symbionts, and can be
produced de novo. 32 47-51 |n corals, MAAs accumulate with exposure to UV light,
suggesting MAAs contribute to UV protection.*8: 49 In the sea hare Aplysia californica,
MAAs (which are acquired through diet) have been identified as a component of the sea
hare’s defensive secretion, opaline, which elicited a behavior response in juvenile sea
hares.32 Moreover, MAAs are found in the eyes of the mantis shrimp Neogonodactylus
oerstedii, where they function as part of the shrimp’s complex color vision that includes a
UV visual system.>2 Beyond diet, symbiosis, and de novo synthesis, MAASs can also be
inherited, as evidenced by the slipper limpets Crepipatella peruvianaand C. dilatata.>!
Females of these two species have different MAA levels in general and pass MAAS to their
embryos through two different mechanisms, i.e., through the embryonic yolk and nurse eggs,
respectively. MAAs have also been quantified in intertidal egg masses of mollusks and
polychaetes, where the adult diet, phylogeny, and egg viability impact MAA composition.>3
Eggs from mollusk herbivores had higher MAA concentrations than carnivores, likely
because herbivores are directly consuming MAAs in their diet.3

Fish are incapable of making MAAs, yet they have been found in the skin mucus of fish and
in fish eyes, where they may act as sunscreens, UV vision, and/or UV

communication.34 54 55 Some reef fish and cleaner fish increase UV absorption in their
mucus when UV-B exposure is increased. Depth and sampling location also effect MAA
accumulation in the skin mucus.®® Since mollusk herbivores had more MAAs than
carnivores, it is tempting to speculate that a similar phenomenon will occur with marine
fishes.

Although fish cannot make MAAs, evidence implies that most can synthesize gadusol.3
Gadusol was thought to be derived from 4-deoxygadusol in MAA producing organisms and
obtained only through the diet, but a recent study has shown that fish can synthesize gadusol
de novo using an EEVS.3 This represents a transition from DDGS derived products to EEVS
derived products in the marine environment. Like MAAS, gadusol has UV-protective and
antioxidant activities and likely provides protection from UV light and/or oxidative stress,
but gadusol may also play a physiological role during embryonic development. In zebra fish
(Danio rerio), the EEVS and MT-Ox genes were expressed during development with
maximum expression at 72 hours post fertilization. Thus, gadusol may provide some
function for hatching embryos or newly hatched larvae. Other than the various live-birthing
guppy species, the non-mammalian vertebrates with gadusol genes are oviparous; however,
gadusol may not be linked to oviparity. The platypus, an egg laying mammal that diverged
early in mammalian evolution, does not have the gadusol genes,3 and crocodylians appear to
have non-functional gadusol genes.38 While MAAs have been identified in fish, it is possible
that MAA-like compounds derived from gadusol exist. In fact, prasiolin, a mycosporine
from the terrestrial green algae Prasiola calophylla, contains a gadusol core.33 However,
homologs of the amino acid-attaching MAA genes, the ATP-grasp-like and D-Ala D-Ala
ligase-like or NRPS-like genes, have not been identified in vertebrate genomes.
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8. SH7PCs and Their Products in Modern Symbiotic Relationships

As described above, perhaps the most studied symbiotic relationship involving MAAs is that
of corals and dinoflagellates. In this mutualistic symbiotic relationship, corals provide
shelter and inorganic nutrients for dinoflagellates and dinoflagellates provide their hosts
with photosynthetic and secondary metabolites, such as MAAs. Coral susceptibility to
bleaching is partially dependent on the presence as well as the type of its dinoflagellate
symbionts,’ the latter which may be related to the repertoire of MAAs different
dinoflagellates are capable of synthesizing. Due to the threat to coral reefs posed by global
warming, understanding these relationships is especially important and could aid us in
developing strategies to promote coral reef health. MAAs are essential for protecting these
coral from environmental factors, especially UV radiation. There is evidence that cnidarians
can synthesize MAAs de novo,1° but their symbiotic dinoflagellates are also potential source
of these protective compounds.*® Coral dinoflagellates also have symbiotic relationships
with other marine invertebrates that involve MAAs.5” Regardless of the source, UV
protection by MAAs (and therefore DDGS) is essential for maintaining this delicate but
ecologically important marine habitat.

SH7PCs and their products have been implicated in other, diverse symbiotic relationships,
including lichen communities, fish cleaning, leaf nodules, and kleptoplasty, where they are
intimately involved in the dynamics and maintenance of these delicate relationships. The
studies of these more diverse relationships are limited but we provide brief vignettes
detailing the potential roles of SH7PCs and their products in symbiosis below.

Lichens are composite organisms arising from algae and/or cyanobacteria living among
fungi in a symbiotic relationship. Lichens are tolerant of many different environmental
conditions, such as high altitudes with high UV exposure. Cyanobacterial lichens are known
to produce MAAs and four different cyanobacteria-containing lichen species belonging to
the genus Peltigera, Stereocaulon, or Lobaria were analyzed for MAA production.3! Despite
being collected from a similar high altitude in the Himalayas, each species produced a
unique suite of MAAs. Since free-living algae, cyanobacteria, and fungi make different
MAAs and mycosporines, each symbiont could be contributing to the suite of MAAs
produced. The production of MAAs may protect this delicate symbiotic community and
contributes to the adaptability and survival of lichens under extreme environmental
conditions.

Cleaning behaviors in fish serve as a model system for understanding cooperative
relationships. In these relationships, cleaner fish benefit the client fish by removing harmful
gnathiid isopods but also remove epidermal mucus, perhaps at the detriment of the client
fish. The dynamics surrounding these relationships are complex and one aspect of interest is
what determines food preference of mucus over gnathiids by cleaner fish.5® The epidermal
mucus of representative client fish contains varying amounts of MAAs, which may be
sequestered to the mucus of cleaner fish. While the mucus load varies among client fish
species, overall epidermal mucus has greater caloric value than gnathiid isopods and also
contains more MAAs, providing the added bonus of a UV protective compound to cleaner

Nat Prod Rep. Author manuscript; available in PMC 2018 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Osborn et al.

Page 13

fish which may contribute to the feeding preference of cleaner fish for mucus and the
dynamics of this mutualistic relationship.

Bacteria from the genus Burkholderia and species from the Rubiaceae and Primulaceae plant
families share a unique symbiotic relationship in which neither species can thrive on its own;
the bacteria cannot survive independently but are critical for plant development and are
vertically inherited. The secondary metabolite kirkamide, a C7N-aminocyclitol with
cytotoxic effects on aquatic antropods and insects, was isolated from the leaf nodules of the
plant Psychotria kirkii.2® Genomic evidence revealed that kirkamide is synthesized by 2
Kirkir's bacterial symbiont, Candidatus Burkholderia kirkii, utilizing a biosynthetic gene
cluster including an EEVS.23 All but one of the eight leaf nodule symbionts considered
contain a functional EEVS and more than half are capable of synthesizing kirkamide,
indicating kirkamide has a beneficial defensive role, but is not solely responsible for the
obligate nature of the symbiosis. However, the acquisition of the kirkamide biosynthetic
cluster may have enabled the shift in lifestyle in bacterial leaf nodule symbionts from
commensal to mutualistic.

Kleptoplasty is the process in which non-photosynthetic host cells engulf algae and utilize
their chloroplasts, referred to as kleptoplasts, for energy production. The active lifespans of
these kleptoplasts vary dramatically but the reasons why are not understood. On one end of
the spectrum are Ross Sea dinoflagellates, which are capable of engulfing and maintaining
active kleptoplasts for a remarkably long time. A comparative study of Ross Sea
dinoflagellates and free algae identified both differential profiles and localization of
MAAs.58 Based on the excitation spectra of chlorophyll a, it was suggested that MAAs in
kleptoplasts may serve as a non-chlorophyll sensitizer, reducing the dependence of the
organism on chlorophylls for light harvesting. In fact, Ross Sea dinoflagellates cells were
found to have diminished Photosystem I1 activity. Therefore, the reduction in photosynthetic
activity and reactive oxygen species production, along with supplementary light-harvesting
by MAAs, was thought to be the source of the long active lifespan of kleptoplasts involved
in this symbioatic relationship.

9. Conclusions and Perspectives

The first enzyme known to cyclize the pentose phosphate pathway intermediate
sedoheptulose 7-phosphate to a cyclitol product was discovered less than two decades ago,
and research on these enzymes continues to thrive. Today, three highly homologous proteins
have been found to catalyze the cyclization of sedoheptulose 7-phosphate, but interestingly,
they produce distinct catalytic products. Recent efforts in protein crystallography and
structural studies are beginning to reveal how these enzymes use the same substrate but form
different products. Genome sequencing and bioinformatics studies showed that SH7PCs are
widely distributed throughout prokarya and eukarya, including pathogenic bacteria, plant
symbionts, nitrogen-fixing bacteria, myxobacteria, cyanobacteria, fungi, stramenopiles, and
animals. Acting as a bridge between a primary metabolic pathway (the Pentose Phosphate
Pathway) and secondary metabolism, SH7PCs lead to the production of various bioactive
natural products. DDGS appears to be involved only in the biosynthesis of a class of natural
products, 4-deoxygadusol and its related mycosporines/MAAS, and the role(s) of these
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compounds in symbiosis and ecology has been established. EEVSs appear to be involved in
the biosynthesis of more diverse bioactive natural products. While their wide distribution in
various organisms was not realized until recently, preliminary evidence has emerged to
suggest their function(s) for the producing organisms, including but not limited to defense
mechanism, competition for food, mutualistic symbiosis, and UV protection. While interest
began with their involvement in the biosynthesis of pharmaceutically relevant natural
products, their biochemistry, evolution, and expanding biological roles have continued to
make SH7PCs an alluring subject to study.
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Figure 1.
Sugar phosphate cyclases (SPCs), their products, and representative natural products

resulting from their pathways. GIc6P, glucose 6-phosphate; SH7P, sedoheptulose 7-
phosphate; E4P, erythrose 4-phosphate; iminoE4P, imino-erythrose 4-phosphate; EEV, 2-
epl-5-epi-valiolone, EV, 2-epi-valiolone, DDG, desmethyl-4-deoxygadusol; DHQ, 3-
dehydroquinate; aDHQ, 3-aminodehydroquinate; DOI, 2-deoxy-scy//o-inosose.
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Proposed catalytic mechanisms for EEVS and DDGS. (A) Proposed mechanism for EEVS.

(B) Proposed mechanism for DDGS.
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domain

Figure 3.
Overall structure and topology of known SH7PCs, EEVS and DDGS. (A) Overlay of the

dimers of the Ava_3858 (teal and orange; PDB code 5TPR) and ValA (purple and green;
PDB code 4P53) are shown with the N-terminal NAD*-binding domains in light hues and C-
terminal metal-binding domains in dark hues. The NAD* and Zn?* with its coordinating
ligands are shown for each. Secondary structural elements in each domain of one monomer
are labeled. (B) Topology diagram showing a-helices (cylinders), p-strands (arrows), 31
helices (triangular prisms) and r-helices (wider cylinder) common to EEVS and DDGS. The
domains are colored light and dark teal as indicated, and helices (H) and strands (B)
common to the SPCs are named within each domain. The domain swapped p-strand f1 from
the other subunit of the dimer but contributing to the NAD*-binding domain of the teal
subunit is colored in light orange. The three Zn2*-binding residues (red asterisks) and
glycine-rich turn and conserved aspartic acids (green asterisks) important for NAD* binding
are indicated.
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Figure 4.

Proposed enzyme-specific selection of forms of sedoheptulose 7-phosphate (SH7P). EEV, 2-
epl-5-epi-valiolone; DDG, desmethyl-4-deoxygadusol; EV, 2-gpf-valiolone.
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Substrate recognition by SH7PCs. (A) The boat conformation of DAHP as it coordinates

Zn2* in the DHQS active site has both Zn-ligating hydroxyls equatorial, yet in SH7P one
putative Zn-ligating hydroxyl is equatorial while the other Zn-ligating hydroxyl is axial. (B)
Speculative binding mode of SH7P in EEVS and DDGS. The a.-pyranose anomer of SH7P
(magenta) manually docked into the active site of Ava_3858 (teal) with bound zinc (silver
sphere). The electron density (grey, contoured at 1.3pyys) evidence for the bound waters (red
spheres) and sulfate (yellow) is shown along with proposed interactions of the docked SH7P
with the active site (dashed lines). While Lys156 and Arg265 have short approach distances
in this model, we expect these sidechains will move due to an anticipated conformation
change upon substrate binding. The coordination of Zn with its three ligating residues are
also shown (solid black lines). The carbons of SH7P the protein side chains and NAD™ are
labeled, with a prime symbol meaning the side chain comes from the other subunit of the
dimer.
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Figure 6.
Chemical structures of kirkamide, gadusol, and representatives of mycosporines and MAAs.

Some stereoconfigurations were not assigned.
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Figure7.

Distribution of gadusol and MAAs through different tropic levels of the marine environment.
Some microorganisms, algae, and corals can produce MAA de novo, where as gadusol is
mostly produced by non-mammalian vertebrates, such as fish.
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