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Abstract

The polyketide synthases found in a variety of plants and fungi provide a varied source of 

biologically active compounds of pharmacological and medicinal interest. Stilbene synthase and 

chalcone synthase catalyze the formation of a common tetraketide intermediate, but use different 

cyclization mechanisms to produce distinct and separate natural products. While key structural 

differences have been identified to explain this functional diversity, a fuller explication of the 

factors responsible for this mechanistic disparity is required. Based on the energetics of our 

models of the bound tetraketides, and our structural analysis of the active sites we propose that a 

key tautomeric conversion provides a mechanistic framework common to both cyclizations. A 

previously unidentified active water molecule facilitates cyclization in chalcone synthase through a 

Claisen mechanism. Such a “Claisen switch” is comparable to the previously characterized “aldol 

switch” mechanism proposed for the biosynthesis of resveratrol in stilbene synthase.
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1. Introduction

Stilbene synthase (STS) and chalcone synthase (CHS) are plant polyketide synthases that 

catalyze the formation of a tetraketide intermediate (Fig. 1A) through successive additions of 

acetyl groups from malonyl-CoA to a p-coumaryl starter fragment. While STS and CHS 

share over 75% sequence identity STS cyclizes the tetraketide via an aldol condensation 

mechanism (Fig. 1B), yielding the hydroxystilbene resveratrol (RSVL, Fig. 1C), but CHS 

utilizes a Claisen condensation (Fig. 1D) of the same intermediate to generate chalcone (Fig. 

1E), which can then be converted to the flavanone naringenin (Fig. 1F). In both enzymes the 

conserved residues Cys164, Phe 215, His303 and Asp336 define an active site where the 

cysteine functions as an attachment site for the polyketide intermediate, while the asparagine 

and histidine facilitate polyketide extension through nucleophilic attack by the malonyl 

fragment. The residues Ser133, Glu192, Thr194, Thr197 and Ser338 define a binding pocket 
that surrounds the p-coumaryl portion of the tetraketide. Finally Thr132, Phe215, Ile254, 

Gly256, Phe265 and Pro375 define the cyclization site, which facilitates the proper folding of 

the tetraketide either through the aldol (STS) or Claisen (CHS) condensation mechanisms. 

This site is also bounded by the Met137 residue from an adjoining monomer. Together these 

domains provide a cavity to facilitate and control chain elongation through successive 

acetylations of the bound coumaryl ligand. The growing polyketide is alternately attached 

and detached from the Cys164 residue by successive nucleophilic substitutions, and 

ultimately cyclized to the natural product.

Given that STS and CHS share substantial sequence identity without any significant 

insertions or deletions it is not unexpected that their mechanisms of product formation 

should be very similar. But while they do share a common method for ketide elongation, 

cyclization of the final tetraketide occurs using different mechanisms, namely the aldol 

condensation for the production of RSVL (Fig 1B) and a Claisen condensation in CHS (Fig 

1D) that results in the production of either chalcone or nargenin. Several structural features 

have been identified that correlate with the observed selectivities. The most notable of these 

is what is termed an “aldol switch”, a modulation of the cyclization mechanism mediated by 

an active water molecule unique to STS crystal structures [1]. Through hydrolysis of the 

thioesterase this active water facilitates the base catalysis necessary for the aldol mechanism. 

However no equivalent base capable of catalyzing the Claisen condensation has been 

identified, and in the absence of a discrete proton abstraction step the current mechanism for 

cyclization in CHS requires that “the intermediate itself provide the driving force for 

carbanion formation” [2]. The Phe256 residue, positioned between the binding pocket and 

the cyclization site, is thought to function as a “steric gate” [2], mediating polyketide 

elongation and cyclization. This residue is disorderd in the ligand-free STS crystal structure, 

but adopts a well-defined conformation when RSVL is bound, a conformation however 

distinct from that characterized in CHS structures [3]. Most dramatically, whereas in CHS 

the cyclization mechanism results in cleavage of the Cys16-tetraketide thioester linkage, in 

STS the biosynthesis of RSVL involves separate thioester cleavage followed by cyclization 

and subsequent decarboxylation [1].
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Because of its antioxidant and biomedical properties resveratrol has been co-crystallized 

with a variety of enzymes including transthyretin [4], quinone reductase [5], leukotriene-A4-

hyrolyase [6], the cardiac regulatory protein troponin C [7] and, not surprisingly, stilbene 

synthase [3]. In all of these structures RSVL is planar or just slightly distorted from 

planarity. The notable exception is STS itself, where the dihedral angle between the π-bond 

and the aromatic rings is 60° (Fig. 2A), despite the fact that both NMR data and theoretical 

calculation confirm that the planar conformation is an energy minimum. Even a mutant 

chalcone synthase crystallized with a bound RSVL yields a conformation for RSVL with 

only a marginal, less than 3°, deviation from planarity [1]. Using the STS-bound RSVL 

ligand as a template we have developed a model for the STS-bound tetraketide intermediate. 

Quantum mechanical (QM) and quantum mechanical-molecular mechanical (QM-MM) 

calculations on this, and an analogously derived CHS-Bound tetraketide model has allowed 

us to develop a common mechanistic framework for the production of both the 

hydroxystilbenes and flavanones. Our analysis points to an energetically favored enol-keto 

tautomerism as a common element in both cyclizations, with the isomerism catalyzed by the 

previously characterized active water in the case of STS, and by a previously overlooked 

active water in the case of CHS. For the Claisen condensation in CHS the reaction enthalpy 

indicates a late transition, that is one most closely resembling the ketone. This in turn favors 

a concerted mechanism, one where formation of the enolate coincides with nucleophilic 

attack by the nascent carbanion at C2 on the thioester carbonyl, Fig 1D. Such a mechanism 

obviates the need for proton abstraction as the carbanion is formed by general base catalyzed 

tautomerization to the enolate.

2. Methods

The crystal structures for ligand free STS [1Z1E], STS with RSVL bound [1Z1F], 18xCHS 

mutant with RSVL [1U0W], transthyretin with RSVL [1DVS], quinone reductase with 

RSVL [1SG0], leukotriene-A4-hyrolyase with RSVL [3FTS], troponin C with RSVL 

[2L98], and CHS bound to naringenin [1CGK] are available from the RCSB 

(www.rcsb.org). After adding hydrogens all proteins were subjected to a short energy 

minimization using the CHARMm force field [8]. Protein alignments and superimposition 

were done using the MODELER protocol as implemented in the Discovery Studio program 

suite. Using the carbon backbone of the RSVL ligand co-crystallized with STS as a 

template, a model for the STS-bound tetraketide intermediate was constructed. After 

applying harmonic constraints to the ketide backbone and fixed atom constraints to the 

Cys164 side-chain the protein and bound ligand were subjected to energy minimization using 

the the CHARMm force field (Fig 2A). A similar process for CHS complexed with nargenin 

yielded a model for the CHS-bound tetraketide intermediate (Fig 2B).

Quantum Mechanical-Molecular-mechanical (QM/MM) calculations on the bound 

tetraketide were carried out at the DFT (B3LYP/DNP)/CHARMm level, using the Becke, 

three-parameter, Lee-Yang-Parr (B3LYP) exchange-correlation functional, the double 

numerical polarized (DNP) basis set, and the CHARMm force field, where the QM region 

was defined as the Cys164 side chain, as well as the bound ligand. QM calculations on the 

free tetraketide, where the SCoA-linkage is modelled as CH3S-, were performed as B3LYP/

6-31G+(d,p) single point calculations for both tautomers of the tetraketide-bound 
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conformations, and both tautomers of the CH3S-tetraketide optimized using the AM1 

semiempirical Hamiltonian [9]. These calculations yielded the relative tautomeric stabilities 

reported in Table 1. Finally highest occupied (HOMO) and lowest unoccupied (LUMO) 

molecular orbitals were generated for the C6 anion responsible for Aldol cyclization (Fig 3A 

and 3B), and the C2 anion leading to the Claisen condensation (Fig 3C and 3D).

Cavity volumes for the cyclization sites and binding pockets of both STS and CHS were 

calculated using the CASTP utility available at the http://cast.engr.uic.edu/castp portal [10]. 

Because of its proximate position as an overhang to the bound ligand the Thr132 residue was 

included in the calculation of the size of both the coumaryl-binding pocket and the 

cyclization site. Defining a cavity as an interior void not accessible to a solvent probe the 

CASTP methodology uses computational geometry to measure cavity volume. Using a 

variety of algorithms, including describing the molecular interior space through a collection 

of convex polygons, this protocol generates an analytically derived volume for a given 

protein domain. Volumes calculated for the cyclization sites and binding pockets for both 

STS (1Z1F) and CHS (1CGK) are shown in Fig 2C and 2D respectively.

3. Results and discussion

As identified in [11] polyketide elongation occurs through successive acetylations of the 

coumaryl ligand, driven by decarboxylation of the malonyl-CoA substrate and catalyzed by 

the residues of the active site. As such the growing polyketide is alternately attached and 

detached from the Cys164 residue by successive nucleophilic substitutions until ultimate 

formation of the bound tetraketide. Prior to the final attachment therefore the tetraketide, Fig 

1A, is present as a free ligand. Geometry optimization with the semi-empirical AM1 

Hamiltonian yields the extended conformation as the minimum energy structure for the 

CH3S-tetraketide. Single point energy calculations at the B3LYP/6-31G+(d,p) level for both 

enol and keto tautomers yielded the relative tautomeric stabilities reported in Table 1. For 

the C1 carbonyl the dual benefits of an intramolecular hydrogen bond and the extension of 

the conjugated π-system combine to overcome the more stable bond energies typical of the 

keto form. The QM results in Table 1 indicate that for the free tetraketide enolisation at C1 is 

favored by nearly 5 kcals mol−1.

The modeled structures for the bound tetraketide in STS and CHS are shown in Figs 2A and 

2B respectively. While both models differ dramatically from the extended conformation 

predicted for the free structure, the 60° torsion identified in the x-ray structure of the RSVL 

template means that the carbonyls are predicted to be substantially more distorted from 

planarity when bound in STS than in CHS. Given that the conjugative benefit from 

enolization demands effective p-orbital overlap it is not surprising that QM/MM calculations 

predict that both structures favor the keto tautomer at C1, with the keto-enol difference 

substantially greater for the STS-bound tetraketide, Table 1. Frontier molecular Orbital 

(FMO) theory highlights the benefit of such conformations. FMO analysis of the C6 anion of 

the STS-bound tetraketide shows that in addition to bringing the C6 and C1 condensation 

sites into proximity, this conformation gives a highest occupied molecular orbital (HOMO) 

with the largest orbital coefficient at C6, Fig 3A, and a lowest unoccupied molecular orbital 

(LUMO) with the largest orbital coefficient at C1, Fig 3B. FMO analysis of the C2 anion of 
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the CHS-bound tetraketide conformation gives a HOMO with the largest orbital coefficient 

at C2, Fig 3C, and a LUMO with the largest orbital coefficient at C7, Fig 3D. The HOMO-

LUMO gap is quite similar for both, 28 kcal mol−1 for the aldol in STS versus 31 kcal mol−1 

for the Claisen in CHS. Thus both the topology and energetics of the FMOs, as well as the 

proximity of key reaction sites, combine to favor an aldol condensation in STS and a Claisen 

condensation in CHS.

How these bound conformations correlate with the binding pocket and cyclization sites in 

STS and CHS can be seen in Figs 2C and 2D respectively. Since the aldol condensation, 

unlike the Claisen, spans the methylene group at C2 there is a mechanistic need for the 

cyclization site to be larger in STS than in CHS. Comparing the cavity volumes one sees that 

indeed the site is over twice as big in STS. Key to this enlargement is the proximate 

positioning of the Phe265 and Thr197 residues, thus at once enlarging the cyclization site by 

over 100%, while at the same time reducing the size of the binding pocket by about 20% 

relative to the size in CHS. This tradeoff is facilitated by the fact that in the STS-bound 

tetraketide the portion of the p-coumaryl fragment that is conjugated, and therefore planar, is 

substantially smaller than for the bound tetraketide in CHS. Whether the Phe265 

conformational switch in STS favors the aldol condensation by enlarging the cyclization site, 

or whether the repositioning forces the dihedral twist found in the x-ray structure, is just a 

matter of perspective. A conformational tilt of Thr132 towards the Thr197 residue also serves 

to enlarge the cyclization site in STS at the expense of the binding pocket, and tracing the 

origin of this differential serves to connect the protein structure to the organic mechanism.

The previously characterized “aldol switch” [1] involves a Ser338-stabilized crystallographic 

water connected through a hydrogen bonding network to Thr132 and Glu192. The position of 

this active water relative to Thr132 and Glu192 is shown in Fig 4C, and in relation to the 

cyclization site and binding pockets of STS in Fig 2C. Key to the thioesterase hydrolysis 

catalyzed by this water is a subtle displacement of the conserved Thr132 side-chain relative 

to that found in CHS, a displacement that facilitates the proton transfer mechanism 

necessary for hydrolysis. This displpacement is caused by a conformational change in the 

loop spanned by residues 131–137, a change which positions the Thr132 sidechain proximate 

to a Ser338-stabilized crystallographic water at an O-O distance of 2.88 Å [1]. By 

comparison in CHS the Thr132 sidechain oxygen is 4.27 Å from the Ser338-stabilized water, 

a distance similar to that found in PDB id 1C8U, an E. coli thioesterase II that produces over 

95% chalcone but less than 3% of the stilbene [12]. And while this water is somewhat 

dynamic any movement to facilitate a hydrogen bond to the Thr132 in CHS would displace it 

from the active site and remove it as a nexus of the previously chatacterized hydrogen 

bonding network [11]. Analysis of this Thr132 displacement was undertaken by 

conformational sampling of the loop through a systematic search of the backbone dihedrals 

ϕ and ψ and optimization of the side chain conformations, using the LOOPER algorithm 

[13]. After energy minimization using CHARMm, including solvation energy calculated 

using the generalized Born approximation, scoring and ranking of the area 2 loops found in 

CHS (T131TSGVDH137) and STS (CHS (S131TTTPDL137) yield very different dynamic 

profiles. Whereas for CHS all 15 of the lowest energy conformers cluster around structures 

with O-O distances, from Ser338 stabilized water to Thr132O(H), of 6–7.5 Å, a majority of 

the STS low energy conformers adopt backbone conformations that permit hydrogen 
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bonding to the Ser338 stabilized water. Four of these conformers cluster with a conformation 

nearly identical to the x-ray structure, another four adopt conformation with the Thr132 side-

chain rotated by eighty degrees but still maintaining hydrogen-bonding contact with the 

Ser338 stabilized water through an O-O distance of 3.39 Å. As well as confirming that loop 

repositioning facilitates the “aldol switch” this result also reflects the findings that S131A 

and T132A mutants both exhibit increased chalcone production at the expense of stilbene 

production [1].

Structurally this displacement also contributes to the enlargement of the cyclization site in 

STS at the expense of reducing the volume of the binding pocket. However as can be seen in 

Fig 4B this water molecule is also proximate to the C1 in the STS-bound tetraketide, a 

tetraketide that prior to binding to Cys164 is predicted to favor enolization at C1, Fig 4B. 

And while the STS-bound keto tautomer is substantially more thermodynamically stable 

than the enol, the activation barrier for such conversions has been calculated to be as much 

as 60 kcals mol−1 in vacuo for simple linear β-diketones [14]. However theoretical 

calculations on β-cyclopentanedione showed that a chain of three proton transfers utilizing 

two active waters, in weakly acidic conditions, can reduce the barrier for tautomerization to 

just 7.9 kcal mol−1[15]. Based on the calculation results summarized in Table 1 we now have 

the possibility of a common mechanistic framework to explain cyclization in both STS and 

CHS, and just as importantly to provide an explicit mechanism to explain the “drive” for 

carbanion formation in CHS.

Given an energy difference of 4.6 kcal mol−1 in the free tetraketide, the STS-bound ligand 

will predominantly reflect a structure favoring an enol at C1. Given the proximate position of 

the active water and the necessary displacement of the Thr132 side-chain, a Glu192-Thr132-

H2O proton transfer chain is predicted to catalyze the relatively facile conversion of the C1 

enol, Fig 4B, to the C1 keto tautomer, Fig 4C. The isomerism reconstitutes the active water 

allowing it to subsequently catalyze hydrolysis of the Cys164-thioester, with proton 

abstraction by the newly liberated Cys164 thiolate facilitating attack from the C6 anion to the 

lately tautomerized C1 carbonyl, Fig 4C. Similar logic for CHS, namely that enol-keto 

conversion occurs prior or in concert with cyclization, would necessitate a similar proton 

transfer scheme. Comparing Figs 2C and 2D it can be seen that in addition to a displacement 

of Thr132 in STS, there is also an equally subtle displacement of the Thr197 at the base of the 

binding pocket in CHS. Inspection of the x-ray crystal structure reveals that the Thr197 side-

chain displaces to a position intermediate between the C1 of the CHS-bound tetraketide and 

a crystallographic water. The water in turn is stabilized by a hydrogen bond to the side-chain 

of Arg199, creating a Arg199-H2O- Thr197 proton transfer chain. Analogous to the 

mechanism in STS this chain can catalyze tautomerization of the CHS-bound tetraketide 

from an enol at C1to a keto, Fig 4A. The lower exothermicity of this reaction, relative to that 

in STS, points to a later transition state (TS), one reflecting a greater buildup of charge at C2 

compared to the TS predicted for STS. In the absence of a proton source interior to C2 this 

nascent carbanion is available to attack the C7 carbonyl via nucleophilic substitution i.e. a 

Claisen condensation.

Both CHS and STS have recently been used as rational bioengineering platforms for the 

production of novel natural products. In one case a T197G STS mutant was used to 
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synthesize a novel C17 resorcyclic acid. This was achieved through the addition of an extra 

acetyl group to the tetraketide intermediate, which was facilitated by the elongation of the 

binding pocket caused by the steric-reducing site mutation [16]. In another rational approach 

homology modeling using the CHS crystal structure was used to alter the substrate 

specificity of benzophenone synthase (BPS), with which it shares 59% sequence identity 

[17]. Here a T135L variant was produced resulting in the protrusion of the leucine side chain 

into the active site, thus opening a new binding pocket for the phenyl group of the 

intermediate. It is to be hoped that this elucidation of the mechanistic details of both 

hydroxystilbene and flavanone biosynthesis can aid in the bioengineering of even more 

novel natural products.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• A unitary mechanism for the cyclization of tetraketides in stilbene and 

chalcone synthase

• The identification of an active water that functions as a “Claisen switch” in 

chalcone synthase

• QM-MM and FMO analysis of model tetraketide ligands highlighting 

common and disparate components of binding pockets and cyclization sites in 

stilbene and chalcone synthase
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Fig. 1. 
The common tetraketide intermediate (A) cyclized via an aldol condensation mechanism 

(B), yielding resveratrol (C), and cyclized via a Claisen condensation (D) to generate 

chalcone (E), which can then be converted to the flavanone naringenin (F).
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Fig. 2. 
Modeled structures for the bound tetraketide in STS (A) and CHS (B) are shown overlaid 

with the bound resveratrol and naringenin ligands, with the crystal structures for the ligands 

shown in inset; binding pockets, active sites and cyclization sites in STS (C) and CHS (C), 

showing the calculated cavity volumes for the cyclization sites and binding pockets.
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Fig. 3. 
Frontier molecular Orbital (FMO) analysis of the C6 anion of the STS-bound tetraketide 

showing the highest occupied molecular orbital (HOMO) (A) and the lowest unoccupied 

molecular orbital (LUMO) (B); FMO analysis of the C2 anion of the CHS-bound tetraketide 

showing the HOMO (C) and the LUMO (D).
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Fig 4. 
(A) The mechanism of enol-keto conversion and Claisen condensation of the CHS-bound 

tetraketide intermediate, catalyzed by a Arg199-H2O- Thr197 proton transfer chain; (B) the 

mechanism for enol-keto conversion of the STS-bound tetraketide intermediate catalyzed by 

a Glu192-Thr132-H2O proton transfer chain that reconstitutes the active water; (C) hydrolysis 

of the Cys164-thioester, with proton abstraction by the Cys164 thiolate facilitating aldol 

condensation.
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Table 1

Relative keto-enol tautomeric stabilities calculated by QM/MM for the CHS and STS-bound ligand; as well as 

the relative keto-enol stability for the free tetraketide, calculated by DFT after geometry optimization using the 

AM1 semiempirical Hamiltonian.

QM-MM
ΔEketo-enol (kcal mol−1)

DFT//AM1
ΔEketo-enol (kcal mol−1)

CHS-tetraketide −16.4

STS-tetraketide −36.2

CH3S-tetraketide 4.6
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