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Abstract

2-epi-5-epi-Valiolone synthase (EEVS), a C7-sugar phosphate cyclase (SPC) homologous to 3-
dehydroquinate synthase (DHQS), was discovered during studies of the biosynthesis of the C;N-
aminocyclitol family of natural products. EEVS was originally thought to be present only in
certain actinomycetes, but analyses of genome sequences showed that it is broadly distributed in
both prokaryotes and eukaryotes, including vertebrates. Another SPC, desmethyl-4-deoxygadusol
synthase (DDGS), was later discovered as involved in the biosynthesis of mycosporine-like amino
acid sunscreen compounds. Current database annotations are quite unreliable, with many EEVSs
reported as DHQS, and most DDGSs reported as EEVS, DHQS, or simply hypothetical proteins.
Here, we identify sequence features useful for distinguishing these enzymes, report a crystal
structure of a representative DDGS showing the high similarity of the EEVS and DDGS enzymes,
identify notable active site differences, and demonstrate the importance of two of these active site
residues for catalysis by point mutations. Further, we functionally characterized two
representatives of a distinct clade equidistant from known EEVS and known DDGS groups, and
show them to be authentic EEVSs. Moreover, we document and discuss the distribution of genes
that encode EEVS and DDGS in various prokaryotes and eukaryotes, including pathogenic
bacteria, plant symbionts, nitrogen-fixing bacteria, myxobacteria, cyanobacteria, fungi,
stramenopiles, and animals, suggesting their broad potential biological roles in nature.

2-epi-5-epi-Valiolone synthase (EEVS) is a member of the sugar phosphate cyclases (SPCs),
a group of homologous enzymes that catalyze the cyclization of sugar phosphates to cyclic
compounds in primary and secondary metabolism.: 2 Members of the SPC family (Figure 1)
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share significant sequence and structural similarity with 3-dehydroquinate synthase
(DHQS).3: 4 DHQS converts 3-deoxy-D-arabinoheptulosonate 7-phosphate (DAHP) to 3-
dehydroquinate (DHQ), the first committed step in the shikimate pathway, which leads to
aromatic amino acids, folates, ubiquinones, and many secondary metabolites. Other
members of the SPC family include aminodehydroquinate synthase (aDHQS, a variant of
DHQS),5 2-deoxy-scyllo-inosose synthase (DOIS),8 desmethyl-4-deoxygadusol synthase
(DDGS)! 7 and 2-epi-valiolone synthase (EVS).8 2 aDHQS converts amino-DAHP to
amino-DHQ, the precursor of 3-amino-5-hydroxybenzoic acid, which is involved in the
biosynthesis of important polyketide antibiotics, such as rifamycin, geldanamycin,
mitomycin, and ansamitocin.19-13 DOIS catalyzes the conversion of glucose 6-phosphate to
2-deoxy-scyllo-inosose, which is the precursor of deoxystreptamine-containing
aminoglycoside antibiotics, e.g., butirosin, neomycin, kanamycin, and tobramycin.14 Finally,
EEVS, DDGS, and EVS use sedoheptulose 7-phosphate (SH7P; a pentose phosphate
pathway intermediate) as substrate to give 2-epi-5-epi-valiolone, 2-desmethyl-4-
deoxygadusol, and 2-epi-valiolone, respectively. 2-epi-5-epi-Valiolone and 2-epi-valiolone
are precursors of aminocyclitol natural products, such as the antidiabetic drug acarbose and
the antifungal agent validamycin A, 15 16 whereas desmethyl-4-deoxygadusol is the
precursor of the mycosporine-like amino acid sunscreen compounds.’ Of particular interest
is that EEVS is also involved in the formation of gadusol, another sunscreen-like compound
found in fish, and possibly in other vertebrates, e.g., amphibians, reptiles, and birds, but not
mammals.1’

For catalysis, all SPC superfamily members require NAD* and a metal ion, either Zn2* or
Co?*, as prosthetic groups. Among them, DHQS has been particularly well-studied because
of its involvement in primary metabolism; thus, it is a potential target for antibacterial drug
development. The primary amino acid sequences of EEVSs and DDGSs are highly similar to
each other, and to some extent to those of DHQSs, 1 8 and we have noticed that these
enzymes are often misannotated in genome databases, particularly involving the
misassignment of DDGS as EEVS or DHQS. This inconsistent/inaccurate functional
assignment of these enzymes has hampered correct prediction of their roles in nature.

This has prompted us to evaluate the genes and their encoded protein sequences with the
goal of establishing parameters for more accurately annotating EEVS, DDGS, and other
SPCs. Here, we describe a bioinformatics study and an approach to more accurately assign
putative functions to EEVS and DDGS encoding genes in databases. We also report a crystal
structure of a representative DDGS, Ava_3858 from Anabaena variabilis (ADDGS),8
compare it with those of EEVS and DHQS, identify notable active site differences, and
demonstrate the importance of two of these active site residues for catalysis.* 8 In addition,
we confirm through biochemical experiments the function of two putative EEVS proteins
that form a separate clade from the previously characterized EEVSs, and demonstrate the
broad distribution of EEVS and DDGS in prokaryotes and eukaryotes.
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RESULTS AND DISCUSSION

Bioinformatics analysis and reassignment of EEVS and DDGS

During the past decade, there has been a significant upsurge in deposition of genes annotated
as EEVS or DHQS-like proteins in public databases, and as noted in the introduction, many
of them have been incorrectly annotated. To address this in a comprehensive manner, we
have gathered for evaluation all genes that had e-values < 7e—68 in a BLAST search of the
NCBI database using the known EEVS from the validamycin A pathway (ValA or SHEEVS)
and the DDGS from the shinorine pathway (Npun_R5600) as queries. The 630 amino acid
sequences were aligned using MUSCLE and the phylogenetic tree (Figure 2) was
constructed using FastTree, employing the JTT model of protein evolution and the CAT
approximation. From the 630 proteins studied, we preliminarily concluded based on the
phylogenetic tree (Figure 2) that 335 of them are EEVS and 295 are DDGS. As expected,
ValA groups together with other known EEVS proteins: AchC, CetA, PyrA, BE-Orf9, and
SalB.1 19-22 Apout 30% of the EEV'S proteins had been annotated as DHQS or hypothetical
proteins (Table S1). All (i.e. 100%) of the DDGS proteins had been misannotated, most
commonly as DHQS, EEVS, or hypothetical proteins (Table S2; the new annotations are
also available on our website at http://people.oregonstate.edu/~mahmudt/?page_id=396).

Conserved motifs for EEVS and DDGS

Through detailed comparative bioinformatics analysis of these preliminary groupings, we
identified two stretches of residues that appeared most useful for distinguishing the enzymes
from each other. In these segments, the conserved amino acid sequences for EEVS were
MLEELXPNLXE and xxRxxDxGH, which were recognizably different from the DHQS
sequences, and also adequately distinguishable from those of DDGS [MLELEXPNLHE and
LDRVIAXGH] (Figure 3). Specifically, in the first conserved regions, the EEVS proteins
contain an MLEEL motif, whereas the DDGS proteins contain a MLELE motif. In the
second conserved regions, the EEVS proteins contain an Asp, in place of an Ala in the
DDGS proteins. Some proteins have slight variations from these conserved motifs, for
example KL instead of EL for EEVS. However, the overall conserved motif can still
sufficiently distinguish EEVS and DDGS enzymes despite the sequence variations.

Independent analysis and comparison of crystal structures of SHEEVS and A/DDGS also
identified these characteristic residue differences as a means to differentiate EEVS and
DDGS. Leu267 in SHEEVS versus Glu254 in AVDDGS (part of the first conserved region
MLEEL/MLELE) and Asp281 in ShEEVS versus Ala268 in AVDDGS (part of the second
conserved region xxRxxDxGH/xxRxxAXxGH) contribute to the active site pocket where they
may also be responsible for the different activities of these enzymes (see below).

Additionally, a new putative DDGS gene whose product shows low sequence similarity to
the known DDGS was recently reported in the halotolerant cyanobacterium Aphanothece
halophytica.?® nactivation of this gene in this organism resulted in mutants that no longer
produce MAAs. In our phylogenetic analysis, forty-one proteins formed a new clade with
the A. halophytica DDGS (Figure 2) with their predicted protein sequences having some
conserved motifs (e.g. YXXXEY (G)XNXXET and QC(D)RPHA(G)YGHTWSP) distinct from
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the mainstream DDGS sequences (Figure 3). This “divergent DDGS” clade includes
proteins from cyanobacteria, algae, and marine invertebrates (Table S3). Some of the
divergent DDGS genes (e.g. that of A. halophytica?3) are not clustered with the other MAA
biosynthetic genes, but others are (e.g. that of Anabaenasp. 90).

As can be seen in Figure 3, there is more variation in the conserved regions of bacterial
EEVSs than DDGSs. This could be due to the differences in the reaction performed by these
enzymes. EEVSs perform a cyclization reaction through a mechanism similar to those of
DHQS and DOIS, involving five step reactions (Figure 4).18: 19. 24 On the other hand,
DDGSs perform a cyclization and a dehydration reaction, involving a more complex
mechanism.’ Due to this, more residues in the conserved region of DDGS may play key
roles, and/or the spatial requirements for DDGS catalysis may be more stringent. Thus
mutations in DDGS enzymes could negatively impact its catalysis more so than would
changes in the EEV'S enzymes. On the other hand, the relatively low sequence divergence
observed among the vertebrate EEVSs is consistent with a recent report describing
decelerated amino acid substitution in modern vertebrates.2> Also, the transfer of EEVS
gene from microorganisms to vertebrates is predicted to occur later during evolution.1’

Crystal structure of AvDDGS

To investigate the catalytic pocket and unique features of a representative DDGS, we solved
the X-ray crystal structure of AVDDGS. Crystals of recombinant His-tagged AVDDGS
yielded diffraction data to 1.7 A resolution and the structure was easily solved by molecular
replacement using the SAEEVS structure. The final refined model contains two chains,
making up one dimer, in the asymmetric unit (Figure 5a); each chain included 400 of the
444 expected residues, one Zn2*, one NAD*, and a sulfate in the active site with a final R/
Riree Of 15.6/18.3% (Table S5). The N-terminal tag and residues 1-2 and 403-410 are not
modeled in either chain, but otherwise the main chain is well-ordered with clear density in
both chains. Zn?* and NAD™ were not added during sample preparation or crystallization,
but fortuitously are both present and have clear, unambiguous electron density in the
electron density maps (Figure 5b). In both chains, the estimated occupancies of Zn?* and
NAD™ are 0.5 and 0.75, respectively, and a sulfate (at occupancy 0.25) binds at the NAD*
pyrophosphate position when NAD™ is not there.

The dimer seen in the asymmetric unit (Figure 5a) is consistent with those observed in other
SPC family enzymes and thus is thought to be biologically relevant. The overall structure is
highly similar to SHEEVS (rmsd = 0.9 A for 353 C, atoms). All core secondary structural
elements are conserved (Figure S1), and this includes a domain-swapped interaction
observed in SAEEVS (PDB 4P53). In what appears to be a common feature of this subset of
sedoheptulose 7-phosphate cyclases (SH7PCs), instead of having a p-hairpin near position
31 in AVDDGS, the N-terminal residues continue in a linear direction, making an extended
B-strand (here called B1/B2 as it combines what are two B-strands in other SPC enzymes like
DHQS) that reaches across the back of the dimer, and effectively contributes a -strand to
each monomer of the dimer (Figure 5A). In AVDDGS, a B-hairpin near residue 12 means
that one short B-strand (80) adds an 8t strand to the typically 7-stranded B-sheet observed in
other SPC family members.
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Each chain of AvDDGS consists of the expected N-terminal NAD*-binding domain and C-
terminal metal-binding domain seen in the SPC family (Figure S1). The N-terminal NAD™-
binding domain has a core 8-stranded B-sheet surrounded by 5 a-helices, 2 short 31 helices,
and 1 B-hairpin (strands 7 and 8). The C-terminal metal-binding domain is primarily a-
helical and consists of 8 a-helixes, 1 B-hairpin and 1 31 helix. The Zn-coordinating
residues as well as most of the residues making up the active site cavity come from the
metal-binding domain although the active site itself is located in the cleft between the two
domains.

Active Site of AvDDGS

The active site is well defined (Figure 5b) with the Zn?* and NAD* bound as in DHQS,
DOIS, and SAEEVS, with some key residues briefly noted here (and highlighted in Figure
S1). The Zn2* ion is coordinated by Glu198, His271, His287, and two waters. For NAD*
binding, the adenosine ribose 02’ hydroxyl hydrogen bonds with Asp56 and Asn58, located
at the end of B3, and the adenine forms hydrogen bonds with the Thr186 and Thr143 side
chains and backbone carbonyls of Thr143 and Leul83. The pyrophosphate oxygens (and the
sulfate oxygens found in their place) hydrogen bond with the backbone amides of Gly119
and Leu120 in the glycine-rich turn connecting B5 and H3, as well as with the Thr144 side
chain. The nicotinamide ribose hydroxyls hydrogen bond with the side chains of Glu87,
Lys90, Lys165, and Asn166, and the nicotinamide amide group hydrogen bonds with the
Asp123 carboxylate and the backbone carbonyl of Lys156. Also, as observed in SHEEVS,*
the carboxylates of Asp150 and Asp123 (Figure 5b) are roughly in the plane of the
nicotinamide ring where they can make interactions with atoms C2 and C4 of the positively
charged NAD™. In addition, the nicotinamide amide oxygen and pyrophosphate oxygens
hydrogen bond with ordered waters.

The SH7P Binding Site in AvDDGS

Although this structure of AVDDGS is unliganded, we are able to make inferences about
substrate binding via a comparison to DHQS with its bound substrate analog,
carbaphosphonate (CBP) (Figure 6a). Supporting the value of this comparison, the bound
sulfate in AVDDGS overlays well with the CBP phosphate and A/DDGS ordered water sites
overlay well with the CBP C2, C4, and C5 hydroxyls. As these substituents are also present
in AVDDGS'’s substrate, SH7P, we hypothesize that it will bind in a similar way.

One difference between SH7P and CBP occurs at the second substituent of C2, where in
place of the CBP carboxylate, SH7P has a hydroxymethyl group. In the AVDDGS structure,
one ordered water overlays roughly with one of the CBP carboxylate oxygens, perhaps
indicating the position of the hydroxymethyl in SH7P. Notably, this is also the site of major
differences between the DHQS and EEVS/DDGS active sites. In DHQS, Arg264 and
Lys250 hydrogen bond with the C2-carboxylate (Figure 6a) and in DDGS (and EEVS)
neither residue is conserved. The Lys is replaced by Met250 and the residue equivalent to
Arg is not positionally conserved (even when it remains an Arg), greatly decreasing the local
positive charge. Also the Lys—Met change allows Asp150 to be closer to the pocket and it
binds to the water that may mimic the C2-hydroxymethyl substituent (Figure 6a). As we
noted in describing the EEVS structure,? a different Arg that is one position later in the
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sequence (Arg265 in AVDDGS) is conserved in SAEEVS and AVDDGS. This alternate Arg
hydrogen bonds with the water noted above that mimics the C2-hydroxyl in CBP (Figure
6a).

Comparison of AvDDGS with ShEEVS

The active sites of S/FEEVS and AVDDGS are quite similar but have key “fingerprint”
differences?: 4 8 that are putatively responsible for their differences in activity. Two binding
pocket differences that had been previously identified are Asp281 in SAEEVS vs. Ala268 in
AVDDGS and His360 in SAEEVS vs. Thr347 in AYDDGS. As noted above, here we have
added a third active site fingerprint residue: Leu267 in SHEEVS vs. Glu254 in AVDDGS. An
active site overlay of these two enzymes (Figure 6b) reveals just a few notable differences
that essentially involve these three residues. In AVDDGS, the Glu254 side chain vs. Leu267
in SAEEVS displaces an ordered water and hydrogen bonds directly to Arg265. Interestingly,
the presence of Ala 268 vs. Asp281 in SAEEV'S opens room for a unique ordered water in
AVDDGS that also hydrogen bonds to Arg265. The presence of Thr347 vs. His360 in
SHEEV'S opens room near the putative binding site. For each of these changes it is not
immediately obvious how it may contribute to the different catalytic activity of ADDGS.

Looking beyond the active site, two of these positions, Glu254 and Ala268, are part of the
sequence motifs we have used for distinguishing DDGS from EEVS (Figure 3). As seen in
Figure S2, despite their variation in amino acid sequence, in the folded protein the two
segment have the same secondary structure in DDGS and EEVS and orients the side chains
in similar directions.

Point mutations in ShEEVS and AvDDGS

To test the importance of the three active site residues noted in the previous section as being
characteristic to S/EEV'S or AVDDGS, we generated a total of 14 mutants of S/HEEVS
(ValA) and AVDDGS (Ava_3858), consisting of six single point mutants (L267E, D281A,
and H360T for SAEEVS; A268D, E254L, and T347H for AVDDGS), six double point
mutants (D281A/H360T, L267E/D281A, and L267E/H360T for SHEEVS; E254L/A268D,
E254L/T347H, and A268D/T347H for AVDDGS), and two triple point mutants (L267E/
D281A/H360T for SAEEVS; E254L/A268D/T347H for AYDDGS). All proteins were
recombinantly produced in Escherichia coli and characterized for their activity under the
conditions previously described.8 For consistency between the proteins, they were tested
fresh upon cell disruption and centrifugation without additional purification steps (Figure
S3). Also, we developed a thin layer chromatography (TLC) protocol that separates the EEV
and DDG products, and a staining reagent, p-anisaldehyde, that differentiates EEV and DDG
as yellow and purple spots, respectively (Figure S4). The results revealed that SFEEVS
Leu267 and Asp281 are critical for its activity, and the equivalent AVDDGS residues Ala268
and Glu254 are as well (Figure S4). This is consistent with their high conservation in the
two sequence motifs we used for distinguishing DDGS from EEVS. Interestingly, we found
that SAEEVS His360 and the equivalent ADDGS Thr347 do not directly contribute to their
respective catalytic activity. Yet, our bioinformatics studies revealed that these residues are
highly conserved among proteins from their respective classes (94% of EEVS have His360
and 96% of DDGS have Thr347).
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The lack of activity of A268D and E254L mutants of AVDDGS may suggest that one or both
of these residues play a role in the early ring opening and aldol cyclization steps or in the
unique dehydratase reaction by AvDDGS (Figure 4b). However, as there are no detectable
intermediates produced by either of these mutants, their actual role(s) in ADDGS catalytic
activity are still unclear. Further elucidation of the DDGS catalytic mechanism, including the
residues responsible for its proposed dehydratase activity, will be a subject of future
investigations.

Phylogenetically distinct putative EEVS genes in some Gram-(+) and Gram-(-) bacteria

Phylogenetic studies also revealed a group of putative EEVSs (indicated as EEVS™ here)
that are arranged in a separate clade from the known EEVS clade and more similar to
DHQSs (Figure 2). Those include GacC, a putative EEVS in the acarbose pathway from
Streptomyces glaucescens GLA.O and Staur_1386, from the myxobacterium Stigmatella
aurantiaca DW 4/3-1. A previous report has noted that although the gac cluster in S.
glaucescens GLA.O has similarity to the acarbose cluster in Actinoplanes sp. SE50/110, but
with enough differences to be uncertain of their equivalence.28 Staur_1386 is part of a
cryptic biosynthetic gene cluster in S. aurantiaca DW 4/3-1 with notable similarity to a
cluster in a phylogenetically distant bacterium, Cellvibrio japonicus Uedal07 (Figure 7).
Our discovery of putative pseudoglycosyltransferase genes within these clusters2’-29 has
allowed us to predict their involvement in pseudo-oligosaccharide biosynthesis, but the exact
end products remain unknown.

To confirm the catalytic function of GacC and Staur_1386, we cloned the corresponding
genes from S. glaucescens GLA.O and S. aurantiaca DW 4/3-1 and heterologously
expressed them in E. coli. There are two possible start codons in the gacC gene that would
result in proteins with 388 and 410 amino acids. As the smaller protein is similar in size to
AchC from the acarbose pathway!® and the larger protein is similar to ValA from the
validamycin pathway,3° we produced both versions of GacC. The recombinant GacC-388,
GacC-410, and Staur_1386 proteins (unpurified, Figure S5) were characterized using SH7P
as substrate in the presence of NAD™ and Zn2* or Co?*. Analysis of the products by TLC
and GC-MS revealed the production of 2-epi-5-epi-valiolone by all of these proteins (Figure
S6), and this EEV'S activity was further confirmed by assays of the purified recombinant
GacC-388 and Staur_1386.

Unexpectedly, our phylogenetic analysis revealed that S. Aygroscopicus subsp.
hygroscopicus strain NRRL B-1477 had an EEVS* (WP_030827434.1) (Table S4), and only
shared 41% identity with ValA from S. hygroscopicus subsp. jinggangensis. A recent
analysis of Streptomyces lineages showed that Strepfomyces from this clade descended from
multiple lineages.3! So we propose that the EEVS* gene or the gene cassette has spread
through horizontal gene transfer (HGT)32 and, since homologous recombination is not
uncommon in Streptomyeces, possibly formed through homologous recombination events.
Interestingly, 14 of the total 51 known EEVS* proteins have a common insertion (Figure
S7), and all were from Gram-(-) bacteria (i.e. 14 of the 19 Gram-(-) bacterial EEVS¥*).

In our phylogenetic analysis and in previous analyses,1” this EEVS* clade branches off
before the main EEVS clade and DDGS branches split. This implies a gene duplication
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event followed by divergence of paralogs, which may explain why DDGS appears to be
more closely related to one EEVS clade than the other. However, alternative routes of
evolution and/or convergent evolution cannot be entirely ruled out. For example, another
plausible scenario is that the ancestor of EEVS and DDGS underwent a gene duplication
event, followed by those paralogs diverging into EEVS and DDGS enzymes. Whereas the
evolutionary history of EEVS and DDGS remain uncertain, based on their unequal
distributions across kingdoms of life (see Figures 2 and 8), it appears that both enzymes may
have spread through multiple speciation and HGT events.

Distribution of EEVS and DDGS genes in bacteria and eukaryotes

EEVS catalyzes the first committed step in the biosynthesis of bacterial-derived C7N-
aminocyclitol natural products,? 33-35 and was long thought to be present only in certain
secondary metabolite-producing bacteria. However, the present study reveals a broad
distribution of EEVS in various Gram-(+) and Gram-(-) bacteria, including gliding bacteria
(myxobacteria) and cyanobacteria (Table S1). Some of them are clustered with other major
biosynthetic enzymes such as terpene synthases, polyketide synthases, and non-ribosomal
peptide synthetases, suggesting involvement in diverse natural products biosynthesis (data
not shown). Strikingly, EEV'S genes are also present in vertebrates, e.g., fish, amphibians,
reptiles, and birds.1” These genes are always paired with a methyltransferase-oxidase gene
and together they are responsible for the biosynthesis of the sunscreen compound gadusol.1”
Interestingly, despite that many reports of putative EEV'S genes in fungal genomes, based on
our bioinformatics analysis EEVS is conspicuously absent in fungi. Except a putative EEVS
in the yeast Saitoella complicate, we would reclassify all of the annotated fungal EEVS
proteins as DDGSs (Table S2).

Microbial DDGS are mostly distributed in cyanobacteria, fungi, and Gram-(+) bacteria.
However, we identified Gram-(-) bacteria of the genus Lewinellaand Halomonas as
containing the divergent DDGS protein (Table S3). Recent reports also suggest the presence
of DDGS in some marine invertebrates and stramenopiles (Figure 8).38 In our analysis, the
putative marine invertebrate DDGS groups with the divergent DDGS clade. However, the
stramenopiles have representatives in both the main DDGS clade and the divergent DDGS
clade.

Figure 8 also shows that EEV'S and DDGS enzymes are distributed quite differently. For
example, while DDGS is widely distributed among fungi, there is only a single fungus, S.
complicate, with an EEVS (Table S1 and S2). The EEVS encoded by this fungus, clades
with the vertebrate EEVS branch. Given that most fungi lack EEVS genes and the vertebrate
EEVS appears to be gained through HGT, it seems reasonable to suggest that S. complicate
also gained its EEVS gene through HGT.

Interestingly, the available genomes usually either contain an EEVS or a DDGS instead of
having both. The few exceptions include Rhodococcus fascians (Gram-(+) bacteria),
Chondrus crispus (alga), and Aureococcus anophagefferens (alga). It is not uncommon for
organisms to have multiple SPCs, as many organisms have some combination of DHQS,
DOIS, EVS, or aDHQS in addition to an EEVS or DDGS. This strong anti-correlation
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between the presence of EEVS and DDGS genes within the same organism is an oddity that
warrants further investigation.

METHODS

Molecular Phylogenetic Analysis

Publically available amino acid sequences were obtained from the NCBI. Sequences were
aligned using MUSCLE.37 Approximate maximum likelihood phylogenetic analysis was
performed using FastTree 2.1.3 with a JTT+CAT model.38¢ MUSCLE and FastTree were
performed on the Center for Genome and Biocomputing (Oregon State University) server.
Sources of proteins for the analyses are listed on Tables S1-S4. Archaeopteryx was used to
view and edit the phylogenetic tree.39 Amino acid sequences were analyzed and viewed
using the software Geneious (Biomatters).

Expression, Purification, and Crystallization of AvDDGS

The protein was expressed and purified as previously described.8 For details of AvDDGS
crystallization, see the Supporting Information.

X-ray Diffraction Data Collection

For diffraction data collection at —170 °C, crystals were briefly passed through a solution
containing 30% (v/v) glycerol and then cryo-cooled by being plunged into liquid nitrogen.
Data were collected from three crystals using A = 0.976 A and Ap=1° steps at beamline
5.0.3 at the Advanced Light Source (Berkeley, CA). For details, see the Supporting
Information. The atomic coordinates have been deposited in the Protein Data Bank (PDB
entry 5PTR).

Structure Determination

The phase problem was initially solved by molecular replacement using MR Rosetta with
default settings.* The search model was SHEEV'S (PDB entry 4P53), the closest structurally
known homolog with 39% sequence identity, and resulted in a preliminary solution with R
and Rgee Values of 0.20 and 0.22 with 772 residues built (two chains in the asymmetric
unit). All manual model building was done in Coot.! Refinements were done using
Phenix“2 with TLS refinement and riding hydrogens. For details, see the Supporting
Information.

AvDDGS and ShEEVS Mutagenesis and Characterization

For details, see the Supporting Information.

Cloning and Expression of gacC and staur_1386, Protein Purification, Enzyme Assay, and
GC-MS Analysis

For details, see the Supporting Information.

Supplementary Material

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

Six sugar phosphate cyclase family members, their substrates and products, and their
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connections to the Pentose Phosphate Pathway. DOIS, 2-deoxy-scy//o-inosose synthase;
EVS, 2-epi-valiolone synthase; EEVS, 2-epi-5-epi-valiolone synthase; DDGS, desmethyl-4-
deoxygadusol synthase; aDHQS, aminodehydroquinate synthase; DHQS, 3-dehydroquinate

synthase.
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DHQS

» Bacterial
EEVS*

Eukaryote
EEVS

Radial cladogram of the sugar phosphate cyclase superfamily. A group of putative bacterial
EEVS (drawn in purple and designated “EEVS*”) occurs as a separate clade from the
known EEVS clades (drawn in blue and red). Numbers show local support values. Black
circles show sedoheptulose 7-phosphate cyclases (EEVS, EVS, and DDGS) that have been
biochemically characterized. Red circles identify the two bacterial EEVS* (GacC and

Staur_1386) that are characterized in this study.
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Fungal DDGS

Gram-(+) bacterial
DDGS

Divergent DDGS
Clade

Comparisons of partial amino acid sequences of the sugar phosphate cyclases. Conserved
amino acid residues in two fingerprint segments are shown from bacterial DHQS,
aminoDHQS, DOIS, and EVS and various EEVS and DDGS groups as labeled. Black
circles above the sequences indicate residues found in the catalytic pocket of the enzymes.
Stars above the EEV'S and DDGS sequence groups indicates residues that differentiate

DDGS from EEVS.
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Proposed catalytic mechanisms for EEVS (a) and DDGS (b).
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Figureb.

Overall structure and active site of AVDDGS. a. Ribbon diagram of the two chains of the
AVDDGS dimer are show in cyan and magenta tones, respectively, with the N-terminal
NAD™*-binding domains in light hues and the C-terminal metal-binding domains in dark
hues. The NAD™, Zn?* with its coordinating residues, and sulfate bound in the active site are
shown. Secondary structural elements and domains of one monomer are labeled. The
extended B-strands involved in the domain-swapped interaction (labeled p1/82 and p2/p1)
represent 1 and B2, respectively, in the labeled monomer. b. Stereoview of the AYDDGS
active site residues (cyan carbons), waters (red spheres), sulfate bound in the active site
(yellow), NAD* (grey carbons), and Zn2* (silver sphere). Coordination bonds (black lines),
select hydrogen bonds (black dashes), or approaches of interest (grey dashes) and 2F,-F
electron density (orange, contoured at 1pms) are also shown.
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/181

Figure6.
Comparisons of the A/DDGS active site region with the DHQS<CBP complex and with

SHEEVS. a. Stereoview of select active site residues in AVDDGS (cyan carbons) with NAD*
(grey carbons) overlaid on DHQS in complex with CBP (salmon carbons; PDB 1DQS).
Hydrogen bonding interactions (dashed lines) and coordination bonds with Zn2* (solid lines)
in the AVDDGS (black) and DHQS (grey) active sites are shown. The sulfate (yellow) and
waters (red spheres) in the active site of ADDGS in agreement with components of CBP or
water (salmon sphere) in the active site of DHQS as well as the zinc ions (silver spheres) are
shown. Labels for Arg265 (AVDDGS) and Arg264 (DHQS) are separated due to their
disparate positions in the active site and in the sequence alignment. A prime on a residue
number means it is from the other subunit of the dimer. View of active site is rotated roughly
90° counter-clockwise with respect to the view in Figure 5b and 6b. b. Stereoview of active
site residues in AVDDGS (cyan carbons) with NAD* (grey carbons), sulfate bound in the
active site (yellow), and select waters (red spheres) overlaid on SAEEVS with NAD* (both
purple carbons) and select waters (purple spheres). Hydrogen bonds (dashed) and
coordination bonds (solid) are shown in the AVDDGS active site (black lines) and SHEEVS
active site (light pink lines). A prime on a residue number means it is from the other subunit
of the dimer.
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Streptomyces glaucescens GLA.O (Gram-positive soil bacterium)
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Figure 7.

Biosynthetic gene clusters in Streptomyces glaucescens GLA.O, Stigmatella aurantiaca

DW4/3-1, and Cellvibrio japonicus UedalQ7 (previously known as Pseudomonas
fluorescens subsp. cellulosa).
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Invertebrates

Stramenopiles Gram-(-) bacteria

/ Cyanobacteria

DDGS

Distribution of EEVS and DDGS in the sequenced microorganisms. With the exception of a
fungus and seven stramenopiles, all eukaryotic EEVS are from vertebrates (fish, amphibians,

reptiles, and birds).
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