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Abstract

trans-Acyltransferase assembly lines possess enzymatic domains often not observed in their better
characterized cisacyltransferase counterparts. Within this repertoire of largely unexplored
biosynthetic machinery is a class of enzymes called the pyran synthases that catalyze the
formation of five- and sixmembered cyclic ethers from diverse polyketide chains. The 1.55 A
resolution crystal structure of a pyran synthase domain excised from the ninth module of the
sorangicin assembly line highlights the similarity of this enzyme to the ubiquitous dehydratase
domain and provides insight into the mechanism of ring formation. Functional assays of point
mutants reveal the central importance of the active site histidine that is shared with the
dehydratases as well as the supporting role of a neighboring semiconserved asparagine.

Abstract

"Corresponding Author: adriankc @utexas.edu.

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acschembio.8b00049.
Figures S1-S7, Tables S1 and S2, and the details of chemical synthesis (PDF)

Accession Codes
The coordinates for SorPS9 have been deposited in the Protein Data Bank as entry 6B2V.

The authors declare no competing financial interest.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Wagner et al.

Page 2

Polyketide natural products offer rich examples of the molecular complexity that can be
biosynthetically generated from simple metabolites. This sophistication is realized through
the action of megadalton enzymatic assembly lines called modular polyketide synthases
(PKSs).!=# Their multidomain modules perform the two-carbon chain extension and
functionalization of a growing acyl chain to help construct molecules with bioactivities that
are relevant to the microbes harboring them as well as human health (e.g., erythromycin and
mupirocin). PKS modules catalyzing extension minimally include an acyltransferase (AT),
an acyl carrier protein (ACP), and a ketosynthase (KS) that select, transfer, and fuse together
a-carboxyacyl extender units. They also generally contain a set of processing domains such
as ketoreductases (KRs), dehydratases (DHs), and enoylreductases (ERs) that can transform
the ketone introduced by the KS into a hydroxyl, a double bond, or a methylene.

trans-AT PKSs are a relatively recently discovered type of PKS that, unlike the cis-AT PKSs,
primarily relies on ATs encoded on polypeptides not embedded within the assembly line.>3
Much remains to be learned about the chemistry performed within these systems. In addition
to the processing domains they share with their cis-AT counterparts (KR, DH, and ER),
trans-AT modules house largely uncharacterized processing enzymes such as those
catalyzing O-methyl transfer, double-bond isomerization, and pyran formation. These
additional enzymes allow for greater chemical diversity in the products of trans-AT

assembly lines.>

Pyran synthases (PSs) catalyze the formation of many of the five- and six-membered cyclic
ethers in the products of trans-AT assembly lines (Figure 1A). They are similar in sequence
to DHs but can often be distinguished by an Hx4P motif in place of the DH HxgP motif. The
pyrans in the products of cis-AT assembly lines, such as ambruticin and salinomycin, are not
formed by enzymes dedicated to pyran formation. In ambruticin biosynthesis, a DH domain
(AmbDH4; the updated module nomenclature is used throughout this report®)performs a
sequential dehydration and cyclization to form a pyran ring.® A structural comparison
between AmbDH4 and typical DHs shows only slight differences between their active sites.’
A tailoring enzyme from the salinomycin pathway (SalBIII) homologous to epoxide
hydrolase/cyclases is responsible for generating the pyran ring of salinomycin.® How the
pyran in the product of the herboxidiene cis-AT assembly line is installed is unknown.’

PSs are present in the bryostatin (Bry), diaphorin (Dip), luminaolide (Lum), misakinolide
(Mis), oocydin (Ooc), pederin (Ped), phormidolide (Phm), psymberin (Psy), sorangicin
(Sor), spliceostatin (Fr9), thailanstatin (Tst), and tolytoxin (Tto) trans-AT assembly lines (all
of the currently sequenced PS-containing pathways), with the thailanstatin and sorangicin
assembly lines harboring two and three PSs, respectively (Figure 1B,C). Within their
biosynthetic pathways, each of these catalyzes the formation of six-membered dihydropyran
or tetrahyropyran (oxane) rings through the conjugate addition of a C-hydroxyl group to C B
except for the oocydin and phormidolide PSs, which produce five-membered
tetrahydrofuran (oxolane) rings through an e-hydroxyl group installed by a frans-acting
monooxygenase.!%!1 Another unusual nucleophile for the PS reaction is the threonine side
chain installed by a nonribosomal peptide synthetase (NRPS) module within the
spliceostatin and thailanstatin NRPS/PKS hybrid pathways.!213 Possibly equivalent to the
bifunctional AmbDH4, a DH in the fifth module of the misakinolide frans-AT assembly line
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(MisDHS5) may perform both dehydration and pyran formation. In the currently
characterized frans-AT assembly lines, PSs appear in three modular contexts: DH+PS +KR
+ACP+KS (BryPS9, DipPS9, FrOPS7, MisPS16, LumPS16, OocPS8, PedPS9, PhmPS12,
PsyPS8, SorPS16, SorPS20, TtoPS16, and TstPS7), DH+PS+ACP+KS (Fr9PS13 and
TstPS13), and PS+ACP+KS (SorPS9).

The PS mechanism is currently not well understood. Biosynthetic models for trans-AT
pathways predict that the natural substrates of PSs contain a frans-a/B-unsaturated double
bond, whose SB-carbon is thought to be attacked through an oxa-Michael addition- (Figure
1C). Some PSs activate a D-hydroxyl group as the nucleophile, while others activate an L-
hydroxyl group as the nucleophile. Some PSs catalyze addition to the re face of the double
bond, while others catalyze addition to the si face. Studies of excised PSs from the
misakinolide and pederin assembly lines (MisPS16 and PedPS9, respectively) demonstrated
cyclization activity on trans-a/B-unsaturated, G-hydroxyacyl N-acetylcysteamine (NAC)
thioester substrates (NAC mimics the phosphopantetheine prosthetic group of ACP), with
both PSs generating more anti than syn products.!413 Chiral analysis of the pyrans
generated by PedPS9 shows that while the L-C-hydroxy substrate is slightly preferred over
the D-C-hydroxy substrate, the S-carbon atom of each substrate is stereoselectively attacked
at its si face. Structural studies are required to learn the PS catalytic mechanism and how
stereocontrol is mediated.

Here, we report the 1.55 A resolution structure of SorPS9 from the Sorangium cellulosum
trans-AT assembly line that is responsible for the production of the sorangicin antibiotics
(Figure 1B).>16-18 The SorPS9 active site contains a histidine and an asparagine at positions
equivalent to those of the catalytic histidine and active site aspartate of DHs. Functional
assays of SorPS9 point mutants with trans-a/B-unsaturated, C-hydroxyacyl NAC thioester
substrates reveal the critical activity of the histidine and the ancillary role of the neighboring
asparagine. At the positive end of a helix dipole, a backbone amide and a water molecule
may coordinate the thioester carbonyl of the substrate to facilitate conjugate addition.
Restraints provided by the position of the catalytic histidine and the oxyanion hole as well as
the stereochemistry of the SorPS9 substrate enabled the construction of a model for ring

formation.

RESULTS AND DISCUSSION

Expression and Structure Determination of a PS.

The boundaries for SorPS9 (residues 1360—-1641 of SorB) were selected by comparing the
sequences of PSs with those of structurally characterized DHs. The DNA encoding this
region was amplified from S. cellulosum SoCel2 genomic DNA and cloned into the pET28b
expression vector for protein purification from Escherichia coli BL21(DE3) and crystal
screening. After optimization, crystals diffracted to a resolution of 1.55 A. The SorPS9
structure was determined by molecular replacement using a DH from the curacin cis-AT
assembly line as a search model [CurDHY, Protein Data Bank (PDB) entry 3KG9] (Table
S1).19
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Architecture of SorPS9 in Comparison with That of DHs and Related Enzymes.

SorPS9 crystallized as a monomer like half of the structurally characterized trans-AT
enzymes with a double hotdog fold [DH, enoyl-isomerase (EI), branching domain (B)] but
unlike all of the solved DHs from cis-AT assembly lines, which crystallized as dimers
(Figure 2).19-24 The dimeric interaction of trans-AT DHs is slightly different from that of
cis-AT DHs and apparently weaker (e.g., PDB entries 5IL6, 5J60, and SHQW) (Figure S1).
The overall structure of SorPS9 resembles that of canonical DHs, with C, root-mean-square
deviation values of 1.4 and 1.6 A when compared with two recently solved frans-AT DHs
(PDB entries SHST and 5IL6, respectively) (Figure S2).20-22.23 Despite its origins from an
unusual PS+ACP+KS module rather than the more conventional DH+PS+KR+ACP+KS
module, SorPS9 appears to be representative of all sequenced PSs based on sequence
alignments (Figures 1B, 3, and S3).12’14’15’25

Much can be learned by comparing the active site of SorPS9 with those of DHs (Figure 2).
A histidine (H33) is in the same location and orientation as the DH catalytic histidine. A
backbone NH and water molecule (Wat1l) at the N-terminal end of al are positioned
equivalent to those of a DH from the phthiocerol cis-AT assembly line (PpsDH4) observed
forming hydrogen bonds with the thioester carbonyl of a frans-a/B-unsaturated acyl thioester
(PDB entry SNJI).24 An asparagine (N186) is equivalent to the strictly conserved DH
aspartate thought to form a hydrogen bond with the S-hydroxyl group of DH substrates,
although it is in a different orientation. The SorPS9 active site is more expansive than the
DH active site for several reasons. The Hx4P motif of PSs lacks the B-hairpin of the HxgP
motif that in DHs helps form a lid that covers the active site, a loop substitutes for a S-strand
(B8) that in DHs forms a small B-sheet with the B-hairpin and contains bulky aromatic
residues that project toward the active site, and the residue analogous to the DH aspartate
(N186) rotates away from the active site compared to the aspartate. In contrast to the active
site, the tunnel equivalent to that housing the polyketide tail in the PpsDH4 complex
structure is relatively constricted in SorPS9, primarily because of a significant bend in a2
and interactions made between it and residues on the following loop, including a tryptophan
(W205).24

The presumed PS catalytic histidine is invariant, residing within an Hx4P motif (conserved
in all sequenced PSs except the spliceostatin and thailanstatin PSs that possess HxgP
motifs;L. can subsitute for the P, as in MisPS16) (Figures 3 and S3). Like the catalytic
histidine of DHs, the histidine of SorPS9 stacks with the proline at the end of the motif
(Figure 2). Within the related double bond-shifting Els, the valine or leucine in the same
position as this proline does not stack with the EI histidine and may be largely responsible
for the different position of the histidine (~1.7 A from where it resides in DH and PS) (PDB
entry 4U3V).21 N186 of SorPS9 is equivalent to the DH aspartate and adjacent to the
presumed catalytic histidine. While this residue is an asparagine in half of the sequenced
PSs, other residues such as histidine and serine (but apparently not aspartate) can substitute
for it.12 Although in the same position on the second long helix, N186 and the DH aspartate
are in different rotameric conformations. The carboxylate of the DH aspartate is oriented
through a hydrogen bond with a glutamine or histidine four residues downstream, whereas
the amide of N186 cannot be oriented by the equivalent residue in SorPS9 because it is a
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valine (leucine in most PSs). N186 of SorPS9, the equivalent asparagine in Els, and the
equivalent aspartate in DHs all share a hydrogen bond with Wat1.2!

The region of SorPS9 adjacent to the active site that is expected to bind the
phosphopantetheinyl arm based on the complex structure of PpsDH4 (PDB entry SNIJI) is
equivalent to that of DH and EI (Figure 2). The phosphopantetheine NH closest to the
thioester is anticipated to form a hydrogen bond with the carbonyl of an invariant proline
(P208). The phosphopantetheine carbonyl closest to the thioester is anticipated to form
hydrogen bonds with two water molecules: one bound by the carbonyl of the residue before
the Hx,P proline (F37), the side chain of the residue four residues after the Hx,P proline
(Y42, highly conserved), and the backbone NH of a structured loop residue (L69) and the
other bound by the backbone carbonyl of a histidine (H100).

PS Substrates.

All known PSs are predicted to naturally operate on frans-a/B-unsaturated intermediates
(Figure 1C). The configuration of the double bond of the SorPS9 substrate can be inferred
from the orientation of the fhydroxy intermediate generated by the upstream KR because
trans-a/p olefins are generated from D-fB-hydroxy intermediates and cis-a/ olefins are
generated from L-B-hydroxy intermediates.2® As each of these KRs possesses an aspartate
diagnostic of a B-type KR that generates a D--hydroxy group, the accompanying DH will
generate a frans-a/ olefin for the PS (Figure $4).27-28 SorPS9 seems to be an exception to
this trend as the KR preceding it is an A-type KR. However, this KR belongs to a type C
dehydrating bimodule (KR+ACP+KSO+DH+ACP+DI +KS; the diene isomerase, DI, that
isomerizes the cis-a/B, trans- y/6 diene intermediate contains a cysteine in place of the DH
aspartate), which generates a trans-a/p, cis- /5 diene.20-2% The presence of the type C
dehydrating bimodule immediately upstream of the ninth module of the sorangicin assembly
line may help explain the unusual PS+ACP+KS module architecture in which SorPS9 is
embedded.

Functional Assays of SorPS9 and Point Mutants.

To assay the conversion of a frans-a/B-unsaturated thioester substrate to a pyran product,
SorPS9 was incubated with substrate mimic 1 overnight at 22 °C (Figure 4). Liquid
chromatography/mass spectrometry (LC/MS) analysis of the reaction revealed the
disappearance of 1 and the appearance of a new peak not observed in negative control
reactions. Consistent with pyran formation, the new compound displayed an m/z[M + Na]*
of 268 (the same as 1, expected for an isomeric pyran product) and a maximal absorbance at
230 nm, distinct from from the maximal absorbance of 265 nm of the frans-a/B-unsaturated
thioester substrate (Figure S5). These results are consistent with SorPS9 catalyzing pyran
ring formation and indicate that the excised domain is an effective biocatalyst. To probe its
substrate tolerance, SorPS9 was challenged with the racemic 3a+3b mixture with secondary
G- hydroxyl groups rather than the primary C-hydroxyl group of 1. LC/MS analysis of the
reaction showed the disappearance of 3a 4+3b and the appearance of two new peaks roughly
equal in size and with the same m/z as the substrates. The disappearance of 3a+3b reveals
that SorPS9 generates pyran products from both D- and L-C-hydroxy substrates. When
SorPS9 was incubated with potential products of these reactions (2a+2b and 4a+4d), no
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activity was detected, implying that the equilibrium heavily favors pyran formation (Figure
S6).

To help elucidate the roles of the SorPS9 active site histidine and asparagine (all other
residues in the active site are nonpolar), H33A, N186H, N186A, and N186D mutants were
generated (Figure S7). Each was incubated with 1 or 3a+3b and analyzed by LC/MS (Figure
4). For each of the substrates, no discernible activity was detected for the H33A mutant,
indicating this histidine is indeed catalytic. The N186H mutant retained significant activity,
while the N186A and N186D mutants displayed minimal and no activity, respectively.

Mechanism of PS and Related Enzymes.

Understanding how PSs catalyze ring formation will also help elucidate the mechanisms of
other double hotdog fold enzymes such as DH, EI, and DI. To model the SorPS9 reaction, L-
G-hydroxy- trans-a/-cis- y/6-octadienyl- S-NAC (a mimic of its natural substrate; it is
unknown when the hydroxyl group that closes the sorangicin macrolactone is inserted®) was
positioned in the active site (Figure SA). Its thioester carbonyl was placed like that of the
trans-a/B-dodecenyl-S-CoA substrate bound to PpsDH4, in a putative oxyanion hole formed
by the NH of A39 and Watl at the positive end of a helix dipole. The L-C-hydroxy group
was placed as close as possible to Cp. For the conjugate addition to take place on the re face
and be assisted by the catalytic histidine, both the bond between C, and the thioester
carbonyl and the bond between Cgand C,, must be in the s-trans geometry. The terminal
portion of the phosphopantetheinyl arm was positioned as in the PpsDH4 complex structure.
While the tail of the natural polyketide was not modeled, if it binds similarly to the
dodecenyl substrate in the PpsDH4 complex structure alongside the a helix, the W205 side
chain would need to shift to accommodate it (SorPS20 is the only other known PS with a
tryptophan at this position) (Figures 2 and S3).

With the substrate in place, ring formation can occur. Except for H33, N186, and the
putative oxyanion hole made by the NH of A39 and Watl, the PS active site is hydrophobic,
similar to the EI active site in which only a histidine and an oxyanion hole are needed to
shift a double bond through the transfer of a proton from C, to C,. 21 Oxyanion formation
in the EI reaction suggests oxyanion formation in the PS reaction. An alternative hypothesis
is that a four-membered transition state is formed between the OH of the C-hydroxyl group
and C,/Cp, as proposed for eukaryotic hydratase 2 from the crotonase superfamily;3?
however, as several other crotonase enzymes, such as A3’5,A2’4-dienoyI-CoA isomerase, 4-
chlorobenzyl-CoA dehalogenase, and methylmalonyl-CoA decarboxylase, apparently
conduct catalysis through an oxyanion intermediate, eukaryotic hydratase 2 may also
proceed through this route. Without any experimental support for a concerted mechanism in
related systems, PS catalysis more likely proceeds through an oxyanion intermediate.3!
After the C-hydroxyl attacks C pto generate the oxyanion, H33 would transfer the proton
between the ether oxygen and C,. As a 7z bond is converted into a lower-energy o bond
through the reaction, pyran formation is essentially irreversible.

While N186 neighbors the C-hydroxyl group of the substrate, whether its side chain forms a
hydrogen bond with it is unclear. The main function of this residue (or the equivalent serine,
histidine, or threonine of other PSs) may be to form a hydrogen bond with the water
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molecule, Watl, that helps build the oxyanion hole. The DH aspartate is thought to form a
hydrogen bond with the S-hydroxyl group of its substrate. This residue had been
hypothesized to act as a general acid, donating a proton to the hydroxyl group to generate a
water leaving group.2® However, it has been argued that the pK, of the aspartate is not likely
higher than that of the histidine in the DH active site, and that a one-base mechanism may
instead be operative in DHs.3234 In this mechanism, the DH histidine abstracts the a-proton
to generate the oxyanion and then transfers it to the S-hydroxyl group so it can depart as
water.

During ring formation, PSs stereoselectively catalyze conjugate addition at Cgon its re or si
face (Figure 5B). While SorPS9 catalyzes addition on the re face, most PSs, including
SorPS16 and SorPS20, catalyze addition on the si face. For a hydroxyl group to attack the si
face of a substrate whose thioester carbonyl is in the oxyanion hole and for the histidine to
assist in the subsequent proton transfer, the bond between the thioester carbonyl and C,
must be in the s-cis geometry. Thus, the nature of a substrate and its preferred conformation
in the active site of its PS seem to dictate whether the s-cis or s-trans geometry is bound and
consequently whether the si or re face of Cg will be attacked. Sequence fingerprints that
indicate which face is attacked by a PS are not apparent.

The bifunctional DH/PSs AmbDH4 and MisDHS further inform the requirements for ring
formation (Figure 2). The main difference between the structures of AmbDH4 and canonical
DHs is how the lid covers the active site (PDB entry 5015).7 The B-strand that in canonical
DHs forms a small S-sheet with the S-hairpin of the HxgP motif and contains two conserved
tyrosines that project toward the active site is replaced by a loop. This additional space in the
active site may enable polyketide intermediates to bend back on themselves for the ring-
forming reaction. The active site aspartate of AmbDH4 is in the same orientation as the
canonical DH aspartate; however, none of the known PSs have an aspartate at this position,
and the N186D mutant of SorPS9 is inactive. During the likely evolution of PSs from DHs,
the aspartate may have been selected against. It has the potential to impede PS catalysis by
promoting the addition of water across the a/8 double bond and by forming a hydrogen
bond with the nucleophilic hydroxyl group (as the DH aspartate does with the S-hydroxyl
group in the DH dehydration reaction) so that the oxygen is held away from Cpg. The fact
that the N186 side chain of SorPS9 is relatively farther from the active site suggests that the
position of the DH aspartate may sterically inhibit ring formation. Interestingly, MisDH5
possesses an asparagine in place of the DH aspartate, indicating both that the DH aspartate is
not essential to dehydration and that the asparagine facilitates pyran formation. The short
tails of the intermediates cyclized by AmbDH4 and MisDHS could also help them access the
conformations necessary for catalysis.

The presented structural and functional studies of SorPS9 shed new light not only on the PS
domains from frans-AT assembly lines but also on several related double hotdog fold
enzymes from cis- and trans-AT systems. Mutagenic and bioinformatic analysis of SorPS9,
guided by the structures of SorPS9 and related enzymes, implicates the histidine in
mediating proton transfer and the asparagine in helping create the oxyanion hole through

ACS Chem Biol. Author manuscript; available in PMC 2018 September 07.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Wagner et al.

Page 8

water molecule Watl. Structural comparison of canonical DHs with SorPS9, PksEI17, and
AmbDH4 helps to illustrate how slight alterations of the DH active site lead to diverse
chemistry. The expansion of the active site cavity seems to have been particularly important
in enabling the ring-forming PS reaction. Thus, modest evolutionary changes to a DH have
apparently repurposed this enzymatic scaffold that essentially consists of a histidine and an
oxyanion hole to conduct several new types of reactions, including double-bond shifting
reactions performed by Els, the diene isomerization reactions performed by DIs, the
bifunctional dehydration/cyclization reactions performed by certain DHs, and the dedicated
cyclization reaction performed by PSs.6-20-21.35

As the integration of structural, functional, and bioinformatic research continues to
demystify the numerous idiosyncratic features of frans-AT assembly lines, a clearer
relationship between their products and the enzymatic components that generate them is
emerging. Tapping into the large reservoir of biosynthetic potential of frans-AT assembly
lines will enable the employment of enzymes that conduct unusual chemistry as biocatalysts
and eventually as components in engineered assembly lines that produce new molecules and
medicines.

METHODS

Cloning, Expression, and Purification.

DNA encoding the SorPS9 domain was amplified from S. cellulosum So cel2 genomic
DNA with primers DW469 and DW470 and inserted into the pET28b expression vector
through Gibson Assembly (New England Biolabs).3% N-Terminally Hisq-tagged SorPS9 was
expressed in E. coli BL21(DE3) in 6 L of LB medium and grown to an ODg of 0.8 at

37 °C, and then the cells were induced with 500 uM isopropyl B-D-1-thiogalactopyranoside
and grown overnight at 15 °C. The protein was purified from the cell lysate using HisPur
nickel-NTA resin (Thermo Scientific) followed by gel filtration [GE Superdex 200 Increase
10/300 column equilibrated in 150 mM NaCl and 15 mM HEPES (pH 7.5)]. Active site
mutants of SorPS9 were generated using standard site-directed mutagenesis techniques with
primers DW504-DW513 (Table S2). Point mutants were purified as described for
unmutated SorPS9.

Crystallization and Structure Determination.

SorPS9 was concentrated to 12 mg mL~!, and crystals were obtained in 2—7 days by sitting-
drop vapor diffusion at 22 °C with a 1.7 M ammonium sulfate and 0.1 M Bis-Tris (pH 5.5)
crystallization condition (1 pL of protein/uL of crystallization condition). Crystals were
cryo-protected in the crystallization condition with 15% glycerol prior to being flash-frozen
in liquid nitrogen. The structure was determined by molecular replacement using a DH from
the curacin cis-AT assembly line as a search model (CurDH9, PDB entry 3KG9) and refined
to 1.55 A resolution with a combination of ARP/wWARP, Refmac, and Phenix Refine.37-40

Subtrate/Product Synthesis.

The syntheses of 1, 2a+2b, 3a+3b, and 4a+4d are described in the Supporting Information.
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Activity Assays.

All enzyme reaction mixtures were incubated with 15 mM substrate overnight at 22 °C in
150 mM NaCl and 20 mM HEPES (pH 7.5) at an enzyme concentration of 150 uM in 100
uL. After incubation, samples were thrice extracted with 100 uL of ethyl acetate, evaporated,
and brought up in 50 pL of methanol. From this methanol solution, 20 pL was diluted into
1.5 mL of LC/MS buffer (5% methanol) for LC/MS analysis (Agilent 1260 HPLC with an
Agilent 6120 Quadrupole ESI instrument in positive mode; ZORBAX Eclipse Plus 95 A
C18 column, 2.1 mm x 50 mm, 5 um; column temperature of 40 °C; flow rate of 0.7 mL/
min; gradient from 0 to 12 min of 5 to 100% methanol and from 12 to 15 min of 100%

methanol).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Rings formed by pyran synthases (PSs). (A) The products of frans-AT assembly lines often

contain cyclic ethers (indicated by arrows) forged by PS domains. (B) Biosynthetic model
for modules 7-9 of the sorangicin assembly line. When the hydroxyl group that forms the
ester of the sorangicin macrolactone is installed is unknown and consequently omitted here.
A triangle indicates the boundary between the SorA and SorB polypeptides. (C) Examples
of PS-catalyzed cyclizations. Either a D-oriented or an L-oriented hydroxyl group can serve
as a nucleophile, and either the re or the si face of the frans-a/B-unsaturated thioester can be
selectively attacked through conjugate addition. Some DHs are bifunctional, first catalyzing
dehydration and then ring formation. See the text for acronyms and abbreviations.
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Figure 2.
SorPS9 compared with related enzymes. (A) Stereodiagrams reveal the structural attributes

of PSs and DHs (PDB entries 6B2V, 5015, and 5NJI). The structure of PpsDH4 was
determined bound to a trans-a/B-unsaturated thioester that is similar to PS substrates and
may reveal how substrates bind to PSs. AmbDH4 is a bifunctional DH that catalyzes both
dehydration and ring formation. The lids of both SorPS9 and AmbDH4 are formed by loops
rather than the small B-sheet observed in canonical DHs. An Hx4P motif in PSs commonly
substitutes for the HxgP motif that helps form this B-sheet in canonical DHs. Residues
discussed in the text are labeled. PpsDH4 is shown with its catalytic histidine (the structure
of the phenylalanine mutant was actually determined). (B) A stereodiagram compares the
active sites of a trans-AT PS (SorPS9) and DH (MInDH3, from the third module of the
macrolactin synthase, PDB entry SHST). The PS active site is relatively open. Hydrogen
bonds and Watl from the MInDH3 structure are shown. While the DH aspartate is oriented
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by a neighboring glutamine, the PS asparagine is not oriented by an equivalent residue and is
rotated away.
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Figure 3.

Sequence alignment of double hotdog fold enzymes from #rans-AT assembly lines. The
sequences of three PSs, Els, and DHs are compared, with the secondary structure of SorPS9
depicted on the top and that of MInDH3 on the bottom.2> The asterisk indicates the
universally conserved catalytic histidine. It usually resides in an Hx4P motif in PSs, an HxgLL
motif in ElIs, and an HxgP motif in DHs. A circle indicates the position of the DH aspartate.
This residue is usually N or H in PSs, N in Els, and D in DHs. An HPLL motif is often
present at the N-termini of DHs and PSs. Abbreviations: SorPS9, sorangicin, S. cellulosum,
ADNG68477; MisPS16, misakinolide, Candidatus Entotheonella serta, AKQ22696; BryPS9,
bryostatin, Candidatus Endobugula sertula, ABM63528; RhiEI13, rhizoxin,
Paraburkholderia rhizoxinica, WP_013435478; NspEIS, nosperin, Nostoc sp. N6 (symbiont
of Peltigera membranacea), ADA69239; PksEI17, bacillaene, Bacillus subtilis,
WP_029317820; ChiDH7, chivosazol, S. cellulosum, AAY89050; RhiDHS5, rhizoxin, P.
rhizoxinica, WP_013435482; MInDH3, macrolactin, Bacillus amyloliquefaciens,
WP_060675406.
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Figure 4.

Activity assays of SorPS9 and point mutants. (A) LC/MS analysis of incubations with 1
revealed wild-type SorPS9 generated 2a and/or 2b, while the H33A mutant was inactive.
The N186H and N186A mutants showed some activity, but no activity was observed from
the N186D mutant. Traces show extracted ion current at 7/z 268. (B) LC/MS analysis of
incubations with 3a+3b revealed wild-type SorPS9 generated syn-pyran products (4a and/or
4d) and anti-pyran products (4b and/or 4c), while the H33 A mutant was inactive. Again, the
N186H and N186A mutants showed some activity, but no activity was observed from the
N186D mutant. Traces show extracted ion current at m/z282.
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Figureb.

Proposed mechanism of ring formation by PSs. (A) Stereodiagrams show relevant portions
of the SorPS9 substrate and product modeled in the SorPS9 active site. The thioester
carbonyl was positioned next to Watl and the NH of A39, as observed in the PpsDH4
complex structure (PDB entry SNJI), in a putative oxyanion hole.2* This would facilitate a
conjugate addition of the hydroxyl group to Cg. The catalytic histidine H33 is in position to
mediate proton transfer to C,. Whether N186 forms a hydrogen bond with the substrate is
not clear; it may interact with only Watl. As mentioned in Figure 1, the actual SorPS9
substrate may also possess a D-e-hydroxyl group. (B) For an attack at the re face, like that
mediated by SorPS9, the bond between the thioester carbonyl and C, must be in the s-trans
conformation. An attack at the si face may be enabled by positioning a substrate so that this
bond is in the s-cis conformation.
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