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Abstract

Polycyclic polyether natural products have fascinated chemists and biologists alike owing to their
useful biological activity, highly complex structure and intriguing biosynthetic mechanisms.
Following the original proposal for the polyepoxide origin of lasalocid and isolasalocid® and the
experimental determination of the origins of the oxygen and carbon atoms of both lasalocid and
monensin, a unified stereochemical model for the biosynthesis of polyether ionophore antibiotics
was proposed?. The model was based on a cascade of nucleophilic ring closures of postulated
polyepoxide substrates generated by stereospecific oxidation of all-frans polyene polyketide
intermediates?. Shortly thereafter, a related model was proposed for the biogenesis of marine
ladder toxins, involving a series of nominally disfavoured anti-Baldwin, endo-tet epoxide-ring-
opening reactions3-2, Recently, we identified Lsd19 from the Streptomyces lasaliensis gene
cluster as the epoxide hydrolase responsible for the epoxide-opening cyclization of
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bisepoxyprelasalocid AS to form lasalocid A”-8. Here we report the X-ray crystal structure of
Lsd19 in complex with its substrate and product analogue® to provide the first atomic structure—
to our knowledge—of a natural enzyme capable of catalysing the disfavoured epoxide-opening
cyclic ether formation. On the basis of our structural and computational studies, we propose a
general mechanism for the enzymatic catalysis of polyether natural product biosynthesis.

Epoxide-opening cascades, including those using the disfavoured anti-Baldwin cyclization
(Fig. 1a), have emerged as an important synthetic strategy in the field of organic
chemistryl0. Whereas little is known about ladder polyether biosynthesis, biosynthesis of
ionophore polyethers (Fig. 1b) has been studied extensivelyll. Although most cyclic ethers
in ionophore polyethers are the favoured exo-cyclization products (Fig. 1b, in blue), several
compounds, including lasalocid A, contain six-membered rings presumably formed via a
disfavoured endo-tet cyclization (Fig. 1b, in red).

Lsd19 was co-crystallized with the substrate analogue at pH 4.6, and the crystal structure
was determined to 1.59 A resolution (Supplementary Table 1). Lsd19 consists of two highly
homologous domains (Fig. 2a) that belong to the nuclear transport factor 2 (NTF2)-like
superfamily2, which includes A5-3-ketosteroid isomerases (KSIs)13 and limonene-1,2-
epoxide hydrolase (LEH)!4. Each domain consists of three a-helices and a cone-like six-
stranded B-sheet whose cavity forms a deep substrate-binding pocket. The amino- and
carboxy-terminal domains (Lsd19A and Lsd19B, respectively) are linked by a short loop
and are oriented in a head-to-tail fashion, resembling the homodimer structure of single-
domain NTF2-like proteins!3. Lsd19A and Lsd19B have identical backbone conformations;
their respective 117 core Ca atoms have a root-mean-squared deviation of just 0.79 A.
There are two significant differences between Lsd19A and Lsd19B. First, Lsd19B has an
additional 18-residue-long loop-helix—loop near the entrance to its substrate-binding pocket
(Fig. 2a, in green). Second, the active site of Lsd19A contains an uncyclized bisepoxide
substrate (Fig. 2b), whereas the active site of Lsd19B contains a doubly cyclized
tetrahydrofuran—tetrahydrofuran (THF-THF) product. This difference in active sites is
consistent with our previously reported results that indicated that Lsd19A catalyses a single
round of cyclization of the bisepoxide substrate, whereas Lsd19B cyclizes the initially
formed THF ether/monoepoxide intermediate, predominantly to a tetrahydrofuran—
tetrahydropyran (THF-THP) product!l.

In Lsd19A, the uncyclized substrate analogue is seen in the active site. This observation is
consistent with the fact that Lsd19 is inhibited by the low pH of the crystallization buffer
(Supplementary Fig. 1a). This characteristic is shared by many EHs516, The electron
density for the oxazolidinone portion of the substrate analogue is ill-defined and therefore
omitted from the final model (Fig. 2b). As the oxazolidinone is not present in the natural
substrate, disorder in this region is not unexpected. In contrast, the portion of the substrate
that contains the two epoxide groups that eventually undergo cyclization is clearly defined in
the electron density map (Fig. 2b). The terminal 22,23-epoxide sits at the bottom of the
pocket and is surrounded by hydrophobic residues, protected from potential non-specific
nucleophilic attack. The putative nucleophilic 15-hydroxyl oxygen is hydrogen bonded to
Asp 38, whereas the oxygen atom of the electrophilic 18,19-epoxide that undergoes ring
opening lies within hydrogen-bonding distance to Tyr 14 and Glu 65. Arg 54 is hydrogen-
bonded to the catalytic Asp 38 via a water molecule, presumably promoting deprotonation
and favourable positioning of the side-chain carboxylic acid of Asp 38 for ensuing proton
abstraction from the 15-hydroxyl group. This active-site configuration is homologous to that
of KSI13 and LEH4, which perform similar acid/base catalysis (Fig. 3b). Unlike KSI or
LEH, however, Lsd19 must perform conformationally sensitive intramolecular cyclizations
on a flexible substrate. Additional interactions between Lsd19A and the 3-methylsalicylate
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side of the native substrate can help fix the ligand conformation for the ensuing cyclization.
Here, a water molecule hydrogen bonded by Thr 100 and Trp 128 forms a hydrogen bond
with the carbonyl oxygen of the bound substrate analogue (Fig. 2d). An equivalent oxygen
atom is present in the natural substrate, bisepoxyprelasalocid A.

In Lsd19B, an isolasalocid-like THF—=THF compound is seen in the active-site pocket
instead of the expected lasalocid-like THF—THP reaction product. This unexpected reaction
compound is presumably a consequence of the acidic crystallization condition
(Supplementary Fig. 1b). We have identified His 146, Asp 170, Glu 197 and Tyr 251 as
primary candidates for the catalytic residues in Lsd19B (Fig. 2e). Like in Lsd19A, a
hydrogen bond between Asp 170 and His 186 could raise the pKj of His 186. The 13-
carbonyl oxygen is hydrogen bonded to Arg 177, providing an additional enzyme—substrate
interaction. The binding pocket of Lsd19B is shallower than that of Lsd19A due to the
presence of Met 253 at the bottom of the pocket (Fig. 2g). This allows only the singly
cyclized monoepoxide to bind in a catalytically relevant orientation, and promotes the
critical substrate selectivity in these highly structurally similar domains. Although the
shallower binding pocket in Lsd19B affords less substrate-binding energy available for
confining the flexible substrate into the catalytically relevant conformationl’, the additional
loop-helix-loop structure (Fig. 2a, e, in green) seems to compensate for the lost substrate-
binding surface.

Analysis of known polyether biosynthetic gene clusters reveals that two copies of polyether
epoxide hydrolase (PEH)-encoding genes are present within each cluster: monB/, monBlI/
(monensin)!® and nigBI, nigBI/ (nigericin)1®. For /sd19 (lasalocid)®” and nan/
(nanchangmycin)2%, two copies are encoded as a single gene. The tetronomycin gene
cluster?! carries a single copy of PEH gene #mnB, presumably because tetronomycin
contains only one epoxide-derived THF ring. Sequence alignment of PEHSs indicates that the
catalytic residues identified in Lsd19 are highly conserved (Supplementary Fig. 2). This
alignment also reveals that PEHs can be divided into two groups: PEH-A (Lsd19A-like) and
PEH-B (Lsd19B-like). Only PEH-B has a bulky residue at position 104 that makes the
binding pocket shallower, and only PEH-B contains a loop—helix—loop insertion that
provides additional ligand-binding surface.

To extend the structural knowledge gained from Lsd19, homology models of other PEHs
were constructed. In these models, a direct correlation is observed between the depth of the
binding pocket and the length of the substrate chain (Supplementary Fig. 3), leading us to
propose a general mode of cyclic ether formation in polyether biosynthesis. With the deeper
binding pockets, PEH-As are probably responsible for the formation of internal cyclic
ethers. Interestingly, PEH-As that act on longer substrates, such as nigericin, carry extra
PEH-A-specific C-terminal residues (Supplementary Fig. 2) positioned at the opening of the
binding pocket (Supplementary Fig. 3a), possibly providing additional binding surface for
the longer substrates. In contrast, PEH-Bs with shallower binding pockets probably catalyse
the formation of terminal cyclic ethers. As seen in Lsd19B, the extra PEH-B-specific loop-
helix—loop domain can provide the binding surface for the portion of the substrate
protruding out from the shallow substrate-binding pocket.

As the current Lsd19B structure does not address the formation of THP directly, we used
computational studies to understand how this enzyme catalyses the disfavoured 6-endo
cyclization (Methods and Supplementary Tables 2—4). Quantum mechanical density
functional calculations were performed to locate each transition structure for both 5-exo and
6-endo epoxide openings?2:23 under acid- and base-catalysed conditions using model
substrates, and to calculate the energy difference between the two processes (Fig. 3a and
Supplementary Table 2). As expected?3, 5-exo-tet cyclization is favoured with both acid and
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base catalysis. However, the preference for the five-membered ring is reduced under base-
catalysed conditions, due to the increased steric hindrance of nucleophilic attack at the more
substituted epoxide terminus, as well as the more product-like transition structure with
shorter forming O—C bond lengths. The six-membered product is indeed thermodynamically
favoured. This provides an indication of how Lsd19B may achieve the six-membered ring
formation. We then explored how Lsd19B would influence the regioselectivity of the ring-
opening transition state. Docking studies on the Lsd19B structure indicated that Asp 170,
Glu 197 and Tyr 251 maintain close contact with the bound ligand. Similarities between the
active site organization of Lsd19B and KSI13 (Fig. 3b) further support the idea that Asp 170
acts as a general base, whereas Glu 197 and Tyr 251 act as general acids stabilizing the
developing transition structure oxyanion. This arrangement is also remarkably similar to the
‘theozyme’ derived from computations for the anti-Baldwin-cyclization antibody?3, which
was eventually found to be closely related to the antibody structure?4. To test this idea
quantitatively, competing 5-exo and 6-endo transition structures were optimized in the
presence of Asp 170 and Tyr 251, whose geometry was constrained to the crystal structure
coordinates. From this model, values of the activation energy and Gibbs free energy changes
for ring closure were computed. These predict a preference for the 6-endo pathway of 2.5
kcal mol~1, enough to achieve nearly 100:1 selectivity (Fig. 3c). The positioning of the
catalytic general acid and general base groups causes the 6-endo transition state to be
favoured, leading to the thermodyamically more stable THP product.

The structural knowledge gained here has provided a generalized view of the biosynthetic
pathway involved in producing polyether natural products using only a pair of epoxide
hydrolases. Furthermore, computational studies have provided an explanation for the
regiochemical preference for the Lsd19-catalysed cyclization. Active-site pre-organization
and general-base catalysis provides enzymatic control to overcome otherwise disfavoured
chemical transformations. Similarly, stereo-chemically complex polyether ladder structures
can be generated from a simple polyepoxide substrate by Lsd19B-like EHs that can form
templating THP unit(s) that facilitate the subsequent cascade of step-wise endo-tet-selective
epoxide-opening cyclizations.

METHODS

Lsd19 expression and purification

Production of Lsd19 was performed partly according to the procedure described elsewhere®.
Briefly, pCold-based pKW®620 carrying the /sdZ9 gene and the chaperone-encoding vector
pG-KJE8 (Takara Bio) were introduced into Escherichia coli BL21(DEJ) strain. The culture
was grown in Luria Broth medium to ODggg nm Of 0.6, and the production of N-terminal
His-tagged Lsd19 was induced by 100 M isopropyl-B-D-galactoside, 0.5 mg mI~1 L-
arabinose and 5 ng ml~1 tetracycline. The culture was incubated for another 20 h at 15 °C.
Cells were harvested by centrifugation, resuspended in 50 mM sodium phosphate pH 7.4,
300 mM sodium chloride, 10 mM imidazole, 10% (v/v) glycerol and lysed by sonication.
After centrifugation at 15,000¢ for 45 min, the cleared supernatant was mixed with cobalt-
agarose beads (Thermo Fisher Scientific). The mixture was incubated for 1 h at 4 °C with
moderate shaking. After incubation, the mixture was loaded onto a column and washed with
a wash buffer containing 50 mM sodium phosphate pH 7.4, 300 mM sodium chloride, 10
mM imidazole and 10% (v/v) glycerol. Lsd19 was eluted with a wash buffer supplemented
with 150 mM imidazole. Fractions containing Lsd19 were pooled and exchanged into a
buffer containing 20 mM Tris pH 8.5, 1 mM EDTA and 15 mM p-mercaptoethanol. Lsd19
was further purified by anion exchange chromatography using a HiTrapQ XL column
followed by gel filtration on a Superdex200 10/300 GL column (GE Healthcare Life
Sciences) in 50 mM potassium phosphate pH 7.0, 1 mM EDTA and 15 mM -
mercaptoethanol. The final protein was >95% pure as judged by polyacrylamide gel
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electrophoresis, and the yield was approximately 2 mg per litre of culture. The sample was
further concentrated to 12 mg ml~1 for storage.

Crystallization, data collection and structure determination

Crystals were obtained by the hanging-drop vapour diffusion method. The bisepoxide
substrate analogue was prepared as described8. After combining Lsd19 (6 mg mI™1) with the
substrate analogue (100 mM in methanol) at 12.5:1 ratio (v/v) on ice, the sample was mixed
with an equal volume of 0.1 M sodium acetate pH 4.6 and 1.6 M sodium formate and
equilibrated at 18 °C. Crystals were further optimized using an additive 1,5-diaminopentane
dihydrochloride in the presence of 200-700 I Al’s oil in the well. Before flash freezing,
Lsd19 crystals were transferred for about 1 min to a cryoprotectant solution comprised of
the crystallization buffer supplemented with 35% glycerol. X-ray diffraction data were
collected from a single crystal to a 1.59 A resolution at beam line 7-1 of Stanford
Synchrotron Radiation Lightsource (SSRL; SLAC National Accelerator Laboratory). Data
collection was performed on a single crystal at 100 K using a monochromatic X-ray at a
wavelength of 0.9795 A Data were indexed and integrated using XDS2°. Structure factor
was obtained by CTRUNCATE?O, The structure of Lsd19 was determined by molecular
replacement with the program MOLREP3! using the Pseudomonas putida biotype B KSI
structure (PDB accession 1DMN)37 as a search model. The model was built by Coot32 and
ARP/WARP33 and refined by CNS26 and REFMACS5 (CCP4)%7. Ramachandran plot of the
refined model indicated that all of the residues assumed allowed backbone conformation
with 98.2% within the favoured conformation. Other relevant data and refinement statistics
are given in Supplementary Table 1.

Computation

Quantum chemical calculations were performed using Gaussian 09, revision A.228. All
geometries were fully optimized. Transition structures were identified by a single imaginary
harmonic vibrational frequency. Optimizations were performed with default convergence
criteria at the B2PLYP/6-31G(d) level of theory using a fine grid for numerical integration.
Free energies were computed in the harmonic approximation at 298 K and 1 atm, with
unscglged zero-point vibrational energies. Docking Studies were performed with Autodock
Vinas®.

Single point energy calculations were performed to ensure basis set convergence at the
B2PLYP/6-311++G(d,p)//B2PLYP/6-31G(d) level. Calculations were performed at the
‘double-hybrid’ density functional level of theory with the B2PLYP functional34. This
method replaces a fraction of the semi-local correlation energy by a non-local correlation
energy expression that uses the Kohn-Sham orbitals in second-order perturbation theory and
delivers improved energetics over hybrid density functionals. Results obtained at this level
were also compared with the hybrid meta-generalized gradient approximation M06-2X
density functional. B2PLYP and M06-2X calculations are in accord, both qualitatively and
quantitatively, over the preference for 5-exo-tet over 6-endo-tet in the acid- versus base-
catalysed cyclization of the model systems. Absolute barriers showed some variations;
however, the energy differences between the two cyclization modes were consistent.
Changing between double and triple zeta-valence polarized basis sets showed only small
effects (Supplementary Table 2).

The effects of solvation were treated with single point energy calculations on the gas-phase
geometries using a conductor-like polarizable continuum (CPCM) model®® of water (o =
78.36) and dichloromethane (o = 8.93), defining the solute cavity by UFF radii. As for gas-
phase values, B2PLYP and M06-2X results are in accord over preferred reaction pathway
(Supplementary Table 3).
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“Theozyme’ calculations were performed using a truncated model of the active site,
constraining the positions of the non-hydrogen atoms in the catalytic residues Glu 197 and
Tyr 251 in their crystal structure coordinates. All other atom positions are optimized.
Electrostatic effects of the protein interior were described with a CPCM model of low
dielectric constant, using diethyl ether as solvent (o = 4.24)36. A variety of methods show
consistent energy differences between 5-exo and 6-endo pathways (Supplementary Table 4).
Absolute energies and Cartesian coordinates for all species in the text are given in the
Supplementary Data. Absolute gas-phase energies and free energies (1 atm, 298 K) from
B2PLYP/6-31G(d) optimization, B2PLYP/6-311++G(d,p) single point energies, single point
energies including CPCM solvation (UAKS solute radii) are all given in kcal mol1.
Imaginary harmonic vibrations are in cm™1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Polyether natural products and proposed stepsin the cyclic ether formation

a, An example of a cascade epoxide ring closure implicated in the biosynthesis of ladder
polyether. b, Structures of representative ionophore polyethers. c, Plausible mechanism of
epoxide-mediated cyclic ether formation leading to the formation of lasalocid A,
isolasalocid A and the product analogues.
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Figure2. Crystal structure of Lsd19

a, The overall fold of Lsd19. The extra loop—helix—loop in Lsd19B and the corresponding
insertion site in Lsd19A are shown in green. b, ¢, Lsd19A (b) and Lsd19B (c) electron
density for the ligand (simulated-annealing omit map contoured at 2.0o, green mesh) and
protein side chains (24, — /. map contoured at 1.5¢, blue mesh). Carbon atoms of the bound
ligands and protein are shown in yellow and orange, respectively. Oxygen, nitrogen and
sulphur atoms are shown in red, blue and green, respectively. Green broken lines represent
hydrogen bonds. d, e, Lsd19A (d) and Lsd19B (€) active-site hydrogen-bonding interactions
between the ligand and protein side chains. The a1 helix (as labelled in panel a) was
removed to clarify the view. f, g, Lsd19A (f) and Lsd19B (g) molecular surface cross-
section, showing residues that determine the pocket size and shape.
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Figure 3. Computational studies of the L sd19-catalysed epoxide-opening cyclization reactions

a, Acid- versus base-catalysed cyclization of a model system via 5-exo or 6-endo
cyclization, and the respective calculated lowest-energy competing transition structures.
B2PLYP/6-311++G(d,p)//B2PLYP/ 6-31G(d) activation free energies (kcal mol=1) and
forming/breaking bond distances (in Angstroms, shown in blue) are given. b, Comparison of
active-site geometries in Lsd19B and KSI (PDB accession 1E3V24). ¢, “Theozyme’
calculations, optimizing the competing 5-exo-tet and 6-endo-tet transition structures
surrounded by fixed catalytic residues. Relative energies obtained by B2PLYP/6-311+
+G(d,p)/M06-2X/6-31G(d) (kcal mol~1) and forming/ breaking bond distances are given.
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