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ABSTRACT: A key step in the biosynthesis of numerous polyketides is the stereospecific formation of a spiroacetal (spiroketal). 

We report here that spiroacetal formation in the biosynthesis of the macrocyclic polyketides ossamycin and oligomycin involves 

catalysis by a novel spiroacetal cyclase. OssO from the ossamycin biosynthetic gene cluster (BGC) is homologous to OlmO, the 

product of an unannotated gene from the oligomycin BGC. Deletion of olmO abolished oligomycin production and led to the isolation 

of oligomycin-like metabolites lacking the spiroacetal structure. Purified OlmO catalyzed complete conversion of the major metabo-

lite into oligomycin C. Crystal structures of OssO and OlmO reveal an unusual 10-strand -barrel. Three conserved polar residues 

are clustered together in the -barrel cavity, and site-specific mutation of any of these residues either abolished or substantially 

diminished OlmO activity, supporting a role for general acid/general base catalysis in spiroacetal formation.  

INTRODUCTION 

The specialized polyketide metabolites produced by 

Streptomyces and allied bacteria constitute an impres-

sive natural pool of potential drugs and drug leads.1,2 

This chemical diversity is due in large part to the action 

of specific cyclases and other auxiliary enzymes that 

act on the initial products of polyketide chain assem-

bly.3-5 A particularly striking feature of a number of 

complex polyketides is the presence of a 6,6-spiroace-

tal (also referred to as a 6,6-spiroketal) moiety,6-9 as 

shown in Figure 1 for the cytotoxic compounds oligo-

mycin 1 and ossamycin 2. The configuration of the 

spiro carbon in natural polyketide metabolites is almost 

invariably that predicted to be the most thermodynam-

ically stable, taking into account both steric effects and 

anomeric effects.7 Until fairly recently, therefore, it 

was a tenable hypothesis that spiroacetal formation is 

a late-stage non-enzyme-catalyzed process in polyke-

tide biosynthesis.  
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Figure 1. Cytotoxic macrocyclic spiroacetals. The structures of ol-

igomycin C (1a), oligomycin A (1b) and ossamycin (2).  

 

 

The first evidence for the existence of specific spirocy-

clase enzymes came from the examination of the bio-

synthetic pathway to the cell cycle inhibitor reveromy-

cin A.10 In the presence of spirocyclase RevJ, dehydra-

tive cyclization of an acyclic 11,19-dihydroxy-15-ke-

tone precursor gave the natural (15S) configuration of 

reveromycin; while in its absence, non-enzymatic cy-

clization yielded a mixture of (15R) and (15S) isomers. 

Similarly, in the biosynthetic pathway in Streptomyces 

avermectinius to the antiparasitic compound avermec-

tin,11 AveC is required for the stereospecific spiroa-

cetalization of a C17, C25-dihydroxy C21-ketone 

polyketide precursor to yield the 21R configuration at 

the spiro atom. A third example is the putative spirocy-

clase SalE/SlnM in the pathway to the polyether iono-

phore salinomycin A.12,13 There is no sequence similar-

ity between RevJ, AveC and SalE/SlnM, and it appears 

that spirocyclase enzymes have independently evolved 

several times (Supplementary Figure 1). No crystal 

structure has been determined for any of these en-

zymes.  

We recently identified OssO, in the biosynthetic gene 

cluster for the 24-membered macrocyclic polyketide 

ossamycin from Streptomyces ossamyceticus as a puta-

tive spirocyclase,14 on the basis that phylogenetic anal-

ysis showed significant sequence similarity between 

OssO and several other proteins, each associated with 

a polyketide biosynthetic gene cluster, one of which is 

the product of the unidentified gene olmO in the gene 

cluster for the spiroacetal oligomycin.15 We show here 

that OlmO and OssO are indeed representatives of a 

newly-recognized spirocyclase family, having no se-

quence similarity either to RevJ, AveC or SalE/SlnM; 

and on the basis of their crystal structures and the re-

sults of site-specific mutagenesis of OlmO, we suggest 

a catalytic mechanism for spiroacetal formation. 

 

RESULTS AND DISCUSSION 

Deletion of Putative Spirocyclase Genes ossO and 

olmO.  

 

To assess the role of ossO in the biosynthesis of os-

samycin, the gene was deleted in-frame from the S. os-

samyceticus chromosome using inactivation plasmid 

pYH716 carrying 2-kbp regions of flanking DNA, as 

previously described (Supplementary Figure 2).14 The 

correctness of the deletion was confirmed by PCR 

analysis and DNA sequencing. However, there was no 

difference, as judged by HPLC-linked mass spectrom-

etry, between the metabolites in crude extracts from the 

wild-type strain and from S. ossamyceticus ΔossO, 

apart from a slight decrease in production levels. The 

presence of OssO is not essential in vivo for spirocy-

clization of ossamycin, presumably because of a non-

enzymatic ring closure under these conditions (Supple-

mentary Figure 2c).  

In contrast, deletion of olmO from Streptomyces aver-

mectinius very significantly reduced oligomycin pro-

duction. Inactivation of olmO was carried out in the 

avermectin-producing strain S. avermectinius 

VL1001.11 The gene was inactivated via a double 

crossover event and the integrity of the ΔolmO in-

frame deletion mutant (S avermictinius ΔolmO) was 

confirmed by PCR analysis and sequencing (Supple-

mentary Figure 2b). LC-ESI-MS analysis of extracts 

from the culture medium of the mutant showed the 

presence of only minor amounts of oligomycin C (12-

deoxyoligomycin A) 1a (m/z 797.5174 [M+Na]+) (ap-

prox. 5% of wild-type levels) (Figure 2). In trans com-

plementation of the mutant with a copy of olmO, sup-

plied on a plasmid vector and transcribed from the con-

stitutive ermE* promoter, fully restored oligomycin 

production. Expression of ossO under the same condi-

tions had no effect, suggesting high substrate specific-

ity of these enzymes (Figure 2). Analysis of the ex-

tracts from the ΔolmO mutant showed the appearance 

of two new metabolites, the major one 3a (m/z 

815.5280 [M+Na]+) eluting at 15 min, and the minor 

one 3b (m/z 831.5229 [M+Na]+) eluting at 12.5 min 

(Figure 2). 

The difference from the ossamycin case, where non-

enzymic spirocyclization seems to occur, may be be-

cause 3a is slower to cyclize non-enzymically due to 

steric hindrance from the extra methyl groups on the 

spirocyclic rings of 1a. 



3 

 

OlmO Catalyzes Spiroacetal Formation in vitro.  

Optimization of the purification conditions and re-

duced handling time enabled substantial purification of 

both 3a and 3b in yields of 8.1 mg and 2.4 mg respec-

tively, starting from 6 L of fermentation medium. In the 

presence of trace amounts of formic acid 3a and 3b 

were completely converted into 1a and 1b, respec-

tively, as expected of hemiacetal analogues of oligo-

mycin C and A (Supplementary Figure 3). High-reso-

lution mass analysis of 3a gave the formula C45H76O11 

with a molecular ion of m/z 815.5274 (calc. m/z 

815.5280 [M+Na]+, Supplementary Figure 4). The ob-

served mass corresponds precisely to that expected for 

a hemiacetal of oligomycin C (Figure 2), with five hy-

droxy groups present instead of the four in oligomycin 

C. High-resolution mass analysis of 3b gave the for-

mula C45H76O12 and a molecular ion of m/z 831.5225 

(calc. 831.5229 [M+Na]+, Supplementary Figure 5) 

corresponding to a hemiacetal form of oligomycin A. 

These results clearly established the identity of 3a and 

3b as oligomycin hemiacetals. This suggests that for-

mation of the spiroacetal is not required for hydroxyla-

tion at C-12. 

NMR analysis of 3a was also undertaken, to gain in-

formation about the predominant form of the hemiace-

tal, and in particular, which of the rings that will form 

the spiroacetal remains open. The NMR spectra ob-

tained (Supplementary Figures 6-9, Supplementary Ta-

ble 2 and Supplementary Note 2) closely resembled 

those of oligomycin A as a reference (Supplementary 

Figure 6, Supplementary Table 1 and Supplementary 

Note 1), the obvious differences being attributable to a 

significant fatty acid impurity remaining in the sample 

of 3a; and to expected differences due to the additional 

Figure 2. Functional characterization of spirocyclase OlmO in oligomycin biosynthesis. a) HPLC-MS analysis of the production of 

oligomycin C 1a (m/z = 797.5174 [M+Na]+)  and oligomycin A 1b (m/z = 813.5123 [M+Na]+), and of hemi-acetals of oligomycin C 3a 

(m/z = 815.5280 [M+Na]+) and oligomycin A 3b (m/z = 831.5229 [M+Na]+), from S. avermectinius VL1001 (wild type (WT)), a S. aver-

mectinius VL1001 gene deletion mutant, and the deletion mutant complemented with either OlmO or OssO. Data representative of three 

independent experiments. b) The proposed role of the OlmO spirocyclase in oligomycin biosynthesis. 
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-OH at C-12 in oligomycin A. There are some further 

differences possibly due to one of the rings of the acetal 

being open, but these are difficult to interpret. One 

clear observation however is that the couplings to the 

H next to the ester oxygen (H-25) at ~5.00 ppm are the 

same in 3a and in oligomycin A (dd, J = 5.0 and 11.3). 

The large 11.3 Hz coupling is to H-26 in oligomycin A 

and is expected because H-25 and H-26 are both axial 

and trans to each other; and since the same large cou-

pling is observed in the sample of 3a, it suggests that 

these protons are also in a six-membered ring, meaning 

that the predominant form of the hemiacetal has the 

other ring open (C-27 to C-31) (Supplementary Figure 

10).  

Putative spirocyclases OlmO and OssO were overex-

pressed in Escherichia coli and purified using metal 

ion affinity and anion exchange column chromatog-

raphy. Freshly purified 3a and 3b were incubated with 

either OlmO or OssO (each at 5 μM) at 30 °C for 1 h. 

Assays in which OlmO was present showed complete 

conversion of 3a into 1a and of 3b into 1b (Figure 3, 

Supplementary Figure 11). In contrast, in the presence 

of OssO, 3a showed less than 1% conversion into 1a 

(Figure 3).  

Figure 3. Spirocyclase activity of OlmO in vitro. a) conversion of 

hemiacetal 3a into oligomycin C 1a. b) conversion of hemiacetal 

3b into oligomycin A 1b. OssO showed little or no spirocyclase 

activity against oligomycin substrates. c) conversion of hemiacetal 

3a into oligomycin C 1a by wild-type OlmO and by site-specific 

mutants of OlmO. The y-axis represents the relative intensity (%)  

 

OlmO- and OssO-Related Enzymes Represent a 

New Enzyme Family.  

BLAST searches17 of public databases uncovered nu-

merous sequences of proteins, from Streptomyces or 

closely allied genera, with significant sequence simi-

larity to OlmO and OssO. The multiple sequence align-

ment18 of 28 of these proteins with OlmO and OssO is 

shown in Supplementary Figure 12, and a phylogenetic 

tree19 is shown in Figure 4. The genomic context of 

each gene was also analyzed and compared with the 

gene arrangement in well-characterized biosynthetic 

gene clusters. In almost all cases, the candidate spiro-

cyclase was found associated with neighboring genes 

for modular polyketide synthase multienzymes, and 

with auxiliary genes typical of specific classes of com-

plex polyketide. 

A total of seven spirocyclase candidates grouped phy-

logenetically with OssO (Figure 4) and were found en-

coded in ossamycin-like gene clusters, although the ex-

act products encoded by those clusters remain to be 

identified. Likewise, all hypothetical and candidate 

spirocyclases whose sequences grouped with OlmO 

were found in oligomycin-like clusters. Intriguingly, 

the three oligomycin-like clusters most closely resem-

bling the authentic oligomycin cluster of S. avermec-

tinius (formerly S. avermitilis)15 are also flanked by a 

set of genes encoding the F0F1-ATP synthase, the tar-

get of inhibition by oligomycin in eukaryotic cells. A 

further member of this subgroup of spirocyclases 

(AOS63731.1) is found within an oligomycin-like 

modular PKS gene cluster in the fully-sequenced ge-

nome of the marine sponge-associated actinomycete 

Actinoalloteichus hymeniacidonis.20 The product of 

this cluster is unknown, but scrutiny of the sequence 

suggests the use of more than one type of unusual ex-

tender unit in the polyketide chain, which is the hall-

mark of the oligomycin-like neomaclafungins previ-

ously reported from the marine strain Actinoalloteichus 

sp. NPS702A. 21 

t/min  

t/min  t/min  
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Other spirocyclases that group phylogenetically with 

NigO (formerly ORF9) from the biosynthetic gene 

cluster for the [6,5]-spiroacetal-containing polyether 

ionophore nigericin22 are found in polyether gene clus-

ters also predicted to produce nigericin or a close ana-

logue. One such NigO-like enzyme, MadU, is located 

in a known gene cluster in Actinomadura sp. J1‑007 for 

production of the [6,5]-spiroacetal-containing poly-

ether antibiotic maduramicin.23 Several putative spiro-

cyclases were identified related to Aln8, a protein of 

unknown function from the alnumycin biosynthetic 

pathway in Streptomyces sp. CM020.24 Alnumycin is 

an isochromanequinone polyketide antibiotic structur-

ally related to actinorhodin, which features a highly un-

usual acetal in the form of a 4-hydroxymethyl-5-hy-

droxy-1,3-dioxan moiety. It seems plausible that Aln8 

might play a hitherto-unsuspected role in the final step 

of acetal formation.25, 26 Another OlmO/OssO homo-

logue is the product of the uncharacterized schU2 gene 

from the biosynthetic gene cluster of Streptomyces 

chartreusis governing the production of the pyrrole 

polyether antibiotic calcimycin (A23187).27 SchU2 

may likewise play a role in the formation of the spiro-

acetal of calcimycin. These findings, taken together, 

suggest that enzyme-controlled spiroacetal formation 

is a widespread feature in polyketide antibiotic biosyn-

thesis, rather than being restricted to specific examples 

Figure 4. Phylogenetic tree of spirocyclases in the OlmO/OssO structural family. The sequences of 28 hypothetical candidate spirocyclases 

were obtained from public databases and compared with OlmO and OssO. The maximum-likelihood tree demonstrates the existence of 

distinct clades of spirocyclases:  OssO-like spirocyclases are highlighted in green, OlmO-like in pink, NigO-like in blue, Aln8-like in yellow 

(Some of the enzymes, e.g. NigO, are hypothesized to catalyze the production of a 6,5-spiroacetal moiety instead a 6,6-system. Names with 

asterisks in the green and salmon areas are the strains and sequences for OssO and OlmO, respectively. 

 

* 

* 
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of [6,6]-spiroacetal formation. Apart from the obvious 

catalytic benefit of accelerating the formation of a sin-

gle stereoisomer, and of suppressing side-reactions of 

the initially-formed polyketide chain, it is conceivable 

that acquisition of a spiroacetal synthase activity dur-

ing evolution might be a key step in diverting an exist-

ing biosynthetic pathway to produce a radically differ-

ent structure.28  

 

OlmO and OssO Crystal Structures reveal a 

calycin-like β-Barrel Fold. 

While OlmO and OssO have an identity of about 40%, 

the sequence alignment of all the spirocyclase candi-

dates in Supplementary Figure 12 shows that there is 

considerable variation in their N-termini, but also sev-

eral regions of very high sequence similarity. For ex-

ample, there is an almost wholly conserved sequence 

(D,E,Q)LDFLLG at residues 27-33 (OlmO number-

ing); and another conserved sequence motif 

YYDDWG at residues 95-100. The proteins in the 

NigO clade all have an additional 10 amino acids in-

serted between residues 123 and 124 of OlmO. To gain 

further insight into the structure and function of these 

enzymes, we have determined the crystal structure of 

both OlmO and OssO and deposited them in the Pro-

tein Data Bank with the entries 7SFN and 7SFP, re-

spectively. 

Recombinant OlmO and OssO behaved as homodi-

meric proteins in gel filtration, and for OlmO sedimen-

tation velocity experiments indicated a homodimer of 

42.5 kDa (Supplementary Figure 13). The X-ray crys-

tal structures of both OlmO and OssO were determined 

in their apo form at a resolution of 2.1 and 2.2Å reso-

lution, respectively (Supplementary Table 3). The 

asymmetric unit of OlmO crystals contains two pro-

tomers, corresponding to the homodimeric quaternary 

structure observed in solution. OssO has a single pro-

tomer, but the corresponding dimer can be readily ob-

tained using crystallographic symmetric operations. 

The spirocyclases have 43% amino acid sequence 

identity and the main chains superimpose with an 

r.m.s.d. of 1.12Å (Supplementary Figures 14 and 15, 

respectively). Both structures consist of a ten-stranded 

antiparallel β-barrel capped by a 310 α-helix at one end, 

while the other end is solvent-exposed (Figure 5). Elec-

tron density maps were well-defined and gave rise to 

good-quality models as judged using Molprobity29, ex-

cept for the N-termini (residues 1-15 for OlmO, 1-25 

for OssO) and for residues 123-128 in OlmO (Supple-

mentary Figure 16). The dimer interface in both OlmO 

and OssO is formed by hydrophobic interactions of res-

idues in β-strands β4-β6, positioned back-to-back with 

the adjacent subunit (Supplementary Figure 17), so di-

merization does not obstruct access to the interior of 

the barrel. 

Figure 5. The overall structure of spirocyclases. a) Ribbons and 

surface representation of OlmO. Each colour represents a different 

subunit. b) the cavity within the 10 stranded β-barrel, viewed from 

the open end, in ribbons and electrostatic potential surface. c) Rib-

bons and surface representation of OssO. Each colour represents a 

different subunit. d)  the cavity in OssO, viewed from the open end, 

represented in ribbons and electrostatic potential surface. The sur-

face charge was calculated using PyMOL (PyMOL Molecular 

Graphics System, Schrödinger, LLC) and is represented in eV-. 

Blue represents positive charge and red negative charge.  

Surprisingly, a search using either OlmO or OssO as a 

probe against the DALI server30 returned structures of 

proteins in the calycin superfamily, comprising 

lipocalins and fatty acid binding proteins (FABPs). 

These proteins are involved in recognition, transport, 

or storage of diverse small molecules.31, 32  They show 
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no sequence homology to OlmO or OssO although they 

feature the same antiparallel β-barrel surrounding a hy-

drophobic cavity, closed at one end by a 310 α-helix 

(Supplementary Figure 18). The mammalian lipocalin-

type prostaglandin D synthase is one of only a few en-

zymes known to adopt similar scaffold.33  

 

Structural Comparison of OssO and OlmO  

The superimposition of OlmO and OssO shows that 

these enzymes have most elements of secondary struc-

ture conserved (Figure 5 and Supplementary Figure 

15). The highly conserved region 28-LDFLLG-33 

(OlmO numbering) noted in all analyzed spirocyclase 

sequences (Supplementary Figure 12) lies at the start 

of the β1 strand of the β-barrel, and other conserved 

residues are also concentrated in β strands. The major 

differences in the Cα-traces of OlmO and OssO are 

seen in the loops between β7 and β8, and between β9 

and β10 (Figure 5 and Supplementary Figure 15). In 

OlmO, these regions adopt a more open and flexible 

conformation and the loop between β7 and β8 does not 

show clear electron density. In addition, the β-turn be-

tween the β3 and β4 strands in OlmO has a more open 

conformation than in OssO and it is shifted by about 

1.9Å (Supplementary Figure 15). The lumen of the β-

barrel of OlmO and OssO provides a large and deep 

cavity for the spirocyclase active site. Its volume was 

calculated, using the webserver CASTp 3.049,34 as 

350Å3 and 513Å3 for OssO and OlmO, respectively 

(Supplementary Figure 19). The specific size and 

shape of the cavity for each enzyme is defined by dif-

ferent sets of residues with bulky hydrophobic 

sidechains: Trp39, Trp54, Phe80, Leu105, Phe117, 

Phe128 and Leu130 in OlmO (Supplementary Figure 

18A); and Tyr50, Leu78, Trp91, Phe116, Phe135, 

Phe141 and Phe145 in OssO (Supplementary Figure 

20B). However, OlmO/OssO also have a number of 

conserved polar and charged residues, including 

Asn41/52, Thr43/54, Gln69/80, Tyr95/106 and 

Asp97/108; and those previously observed in the mul-

tiple sequence alignment, including Glu132/143, 

Lys144/155 and Asp159/169 (Supplementary Figure 

20C-D), located in the β8, β9 and β10 strands, respec-

tively. The latter two residues are fully conserved in all 

14 sequences in OlmO and OssO clades, while 

Glu132/143 is conserved in all except four where it is 

conservatively replaced by Asp (Supplementary Figure 

12). The two acidic sidechains are close enough that 

they both form an ionic interaction with the lysine 

sidechain (Figure 6). We considered this conserved 

cluster of polar residues, on the same side of the β-bar-

rel cavity, as possible participants in the catalytic 

mechanism of the spirocyclase. To investigate this, we 

undertook docking, molecular dynamic simulations 

and site-directed mutagenesis. Docking simulations 

were performed using OlmO as receptor and 3a as lig-

and. We observed that 3a fits well in the OlmO active 

site, as judged by complementarity of shape and charge 

and the formation of the expected hydrogen bonds of 

carboxyl groups of Asp159 and Glu132 with the C27-

hydroxyl and the C31-hydroxyl groups from 3a, re-

spectively (Figure 6C-D and Supplementary Figure 

21). To validate the docking results, we have per-

formed a molecular dynamic simulation with a time in-

terval of 100 ns for both apo enzyme and the OlmO:3a 

complex. r.m.s.d. and r.m.s.f. plots for the trajectories 

were generated (Supplementary Figure 22 and supple-

mentary note for energy analysis of molecular dynam-

ics). The r.m.s.d. for OlmO in apo form showed a 

higher variation during the simulation compared to the 

OlmO:3a complex. However, the protein-substrate 

complex has a higher r.m.s.d. indicating greater flexi-

bility. Even so, the r.m.s.d. for the OlmO:3a complex 

showed a greater stability during the simulation in 

those subtrajectories which supports the catalytic 

mechanism proposed below. On the other hand, the 

r.m.s.f. analysis (Supplementary Figure 22) indicates 

that there are regions of high fluctuations that are ex-

pected to occur, including loop regions of the extremity 

of the β-barrel. However, the analysis of hydrogen 

bond formation and the r.m.s.f. plot also indicated that 

the charged residues, particularly Glu132, Asp159, and 

Lys144 (which correspond to the positions 116, 143, 

and 128 in the plot of Supplementary Figure 22c, re-

spectively), stay in close contact and forming hydrogen 

bonds during the molecular dynamic trajectories (Sup-

plementary Figure 22d-f), strongly suggesting that 

these residues participate in the spirocyclization reac-

tion.  

 

 Evidence for General Acid-General Base Catalysis 

at the Active Site of Spirocyclase OlmO.  

Based on the results of structural analysis, molecular 

docking and molecular dynamics simulations, site-di-

rected mutagenesis was used to mutate each of Glu132, 

Lys144 and Asp159 to alanine, as described in the 

Methods section (Supplementary Material). All three 

mutated enzymes were expressed in E. coli as soluble 

proteins at levels similar to the wild-type protein.  The 

purified proteins were tested for their ability to convert 

3a into 1a in in vitro assays. Alteration of either 
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Glu132 or Asp159 to Ala gave wholly inactive en-

zymes, while alteration of Lys144 to Ala markedly re-

duced enzyme activity with only 50% conversion be-

ing observed (Figure 3C). These findings support a role 

for these conserved acidic residues in catalysis. In the 

conversion of oligomycin hemiacetal 3a into oligomy-

cin C 1a (Figure 7) Asp159 may assist as a general acid 

in the initial dehydration to form the oxocarbenium 

ion, while Glu152 (as the carboxylate anion) may then 

assist as a general base in the subsequent nucleophilic 

attack by the C-31 hydroxy group to form the spiroa-

cetal.    

 

Figure 6. Spirocyclase active site. a) OlmO. The left and central figures show a section through the barrel from the side and the location 

of a proposed cluster of active site residues. The distances (in Å) between these residues are shown on the right. b) OssO. The figures 

are as in a), showing the conserved arrangement of the active site between OssO and OlmO. c), representation of electrostatic potential 

surface for OlmO with the proposed docking position of 3a. Regions in blue, red, and white have positive, negative and neutral charges, 

respectively. d), the interaction of 3a with OlmO based on docking simulation. 3a is represented with the carbons in dark blue and the 

amino acids proposed to be involved in the catalysis are presented with carbons in yellow. 
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CONCLUSION 

In summary, we have functionally and structurally 

characterized the unprecedented spirocyclases OlmO 

and OssO involved in the biosyntheses of oligomycin 

and ossamycin, respectively. The sequence analysis of 

these proteins indicates that numerous natural products 

containing spiroacetal ring systems might rely on en-

zymatic strategies as similar genes with undefined 

functions are present in their BGCs, including poly-

ether ionophore antibiotics, such as calcimycin and ni-

gericin. The crystal structures of OlmO and OssO re-

veal a calycin-like fold, which is common for eukary-

otic proteins involved in the binding and transport of 

liposoluble small molecules31, but not usually de-

scribed for enzymes. The unique enzyme previously 

identified as using a similar calycin-like barrel to house 

its active site is the mammalian lipocalin-type prosta-

glandin D synthase.33 However, PGDS has an entirely 

unrelated catalytic mechanism, dependent on an acti-

vated cysteine and the formation of an S-O adduct.35 

The mechanism delineated here for OlmO and OssO is 

unprecedented for this calycin protein family, and pro-

vides fresh insight into enzymatic strategies for the 

construction of spiroacetal moieties in natural prod-

ucts.  

 

Figure 7. Mechanistic proposal for oligomycin acetal formation 

catalysed by spirocyclase OlmO. The 6,6-spiroacetal is formed by 

the interaction of the C-23- and C-31-hydroxyl groups with the C-

27 keto group. The hemiacetal whose configuration is shown is as-

sumed to form spontaneously and to be in equilibrium with other 

alternative hemiacetal forms and with the open-chain form. On 

binding to OlmO, loss of water from the hemiacetal, assisted by 

Asp159 acting as a general acid, generates an oxocarbenium ion 

which adopts a conformation in which the large sidechains are 

pseudoequatorial. The second acidic residue, Glu132, may then act 

as a general base to promote the attack of the C31-OH on the oxo-

carbenium ion to form the spiroacetal. In this thermodynamically 

favoured spiroacetal configuration, large substituents occupy equa-

torial positions and both oxygen atoms of the spiroacetal occupy an 

axial orientation with respect to the other ring, providing dual ano-

meric stabilization. 
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The formation of the spiroacetal ring systems in oligomycin and ossamycin was found to involve an unprecedented spiro-

cyclase (OlmO and OssO, respectively). The crystal structures of these enzymes show an unusual β-barrel similar to those 

from the calycin protein family. Three charged amino acid residues clustered together in the lumen of the barrel were 

confirmed to be involved in the spirocyclase activity.  

 


