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Background: Polyketide synthases (PKSs) generate molecular diversity by
utilizing different starter molecules and by controlling the ¢nal length of the
polyketide. Although exploitation of this mechanistic variability has produced
novel polyketides, the structural foundation of this versatility is unclear. Plant-
speci¢c PKSs are essential for the biosynthesis of anti-microbial phytoalexins,
anthocyanin £oral pigments, and inducers of Rhizobium nodulation genes.
2-Pyrone synthase (2-PS) and chalcone synthase (CHS) are plant-speci¢c PKSs
that share 74% amino acid sequence identity. 2-PS forms the triketide
methylpyrone from an acetyl-CoA starter molecule and two malonyl-CoAs. CHS
uses a p-coumaroyl-CoA starter molecule and three malonyl-CoAs to produce the
tetraketide chalcone. Our goal was to elucidate the molecular basis of starter
molecule selectivity and control of polyketide length in this class of PKS.

Results: The 2.05 Aî resolution crystal structure of 2-PS complexed with the
reaction intermediate acetoacetyl-CoA was determined by molecular replacement.
2-PS and CHS share a common three-dimensional fold, a set of conserved
catalytic residues, and similar CoA binding sites. However, the active site cavity of
2-PS is smaller than the cavity in CHS. Of the 28 residues lining the 2-PS
initiation/elongation cavity, four positions vary in CHS. Point mutations at three of
these positions in CHS (T197L, G256L, and S338I) altered product formation.
Combining these mutations in a CHS triple mutant (T197L/G256L/S338I) yielded
an enzyme that was functionally identical to 2-PS.

Conclusions: Structural and functional characterization of 2-PS together with
generation of a CHS mutant with an initiation/elongation cavity analogous to 2-PS
demonstrates that cavity volume in£uences the choice of starter molecule and
controls the ¢nal length of the polyketide. These results provide a structural basis
for control of polyketide length in other PKSs, and suggest strategies for further
increasing the scope of polyketide biosynthetic diversity.
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Introduction
Polyketide synthases (PKSs) from bacteria, fungi, and
plants produce an array of natural products with different
biological activities [1^3]. Despite the structural diversity
of polyketides, the PKSs share a common chemical strat-
egy for assembly of polyketide scaffolds [4^6]. After load-
ing of a starter molecule onto an active site cysteine, a
decarboxylative condensation reaction extends the polyke-
tide chain. Repetition of the elongation step continues
until the polyketide chain reaches an appropriate length
and the reaction product is released. Elongation of the
polyketide occurs through either a modular or an iterative
approach [7,8]. Modular PKSs, typi¢ed by 6-deoxyerythro-
nolide synthase, are macromolecular complexes of multiple
proteins that use an assembly line with an active site for
each elongation step to build the polyketide chain. Itera-
tive PKSs catalyze multiple condensation reactions at a
single active site to yield polyketides ranging in size

from triketide to decaketide. The ability of different
PKSs to use various starter groups (acetyl, propionyl, or
other aliphatic and aromatic moieties) and extender mole-
cules (malonyl, methylmalonyl, or ethylmalonyl groups)
and to control the ¢nal size of the polyketide generates a
broad range of molecular scaffolds.

Structurally and mechanistically, the simplest PKSs are the
homodimeric iterative PKSs [1,3]. These enzymes, also
termed type III PKSs [8], use coenzyme A (CoA) esters
of simple carboxylic acids, instead of acyl carrier proteins
(ACPs), to deliver substrates to the active site (Figure 1).
The modular and heterodimeric iterative (or aromatic)
PKSs use multiple active sites or accessory proteins for
additional chemical modi¢cations of the polyketide. In
contrast, the homodimeric iterative PKSs are trimmed-
down assembly systems with each monomer employing
an active site that loads the starter unit onto a catalytic
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cysteine, catalyzes multiple decarboxylative condensation
reactions, and modulates cyclization of the polyketide
product. As such, the plant-speci¢c PKSs, including 2-py-
rone synthase (2-PS) and chalcone synthase (CHS), pro-
vide a simpli¢ed system for elucidating the structural fea-
tures that govern starter molecule selectivity and the
ultimate length of the polyketide.

Although 2-PS and CHS share 74% amino acid sequence
identity, the overall reactions catalyzed by these enzymes
differ in both choice of starter molecule and the number of
condensation reactions. Gerbera hybrida (daisy) 2-PS forms a
triketide from an acetyl-CoA starter molecule and two ace-
tyl-CoA K-carbanions, derived from decarboxylation of two
malonyl-CoAs; this triketide then cyclizes into 6-methyl-4-
hydroxy-2-pyrone (methylpyrone; Figure 1) [9]. This com-
pound provides the pyrone backbone for anti-pathogen
glucosides like gerberin and parasorboside [9^11]. In com-
parison, Medicago sativa (alfalfa) CHS2 condenses p-cou-
maroyl-CoA and three acetyl-CoA K-carbanions, derived
from decarboxylation of three malonyl-CoAs, into a tetra-
ketide that cyclizes into 4,2P,4P,6P-tetrahydroxychalcone
(chalcone; Figure 1) [12]. Subsequent metabolism of chal-

cone yields anthocyanin £oral pigments, anti-microbial iso-
£avonoid phytoalexins, and £avonoid inducers of Rhizobium
nodulation genes [13^15].

Recent structural and functional studies have elucidated
the basic chemical mechanism for polyketide formation
in CHS [16,17]. In the three-dimensional structure of
CHS, a 15 Aî long CoA binding tunnel provides access to
the active site residues (Cys 164, His 303, and Asn 336)
that catalyze the loading of the coumaroyl starter unit and
the decarboxylative condensation reactions that extend the
polyketide. A large bi-lobed internal cavity of CHS termed
the initiation/elongation cavity includes these catalytic res-
idues. One lobe of this cavity forms a coumaroyl binding
pocket, and the other likely accommodates the growing
polyketide chain before cyclization into chalcone occurs.
A homology model of 2-PS based on the structure of
CHS suggested that the 2-PS initiation/elongation cavity
is smaller than that of CHS and would account for forma-
tion of a triketide by 2-PS [16].

We now describe the 2.05 Aî resolution crystal structure of
2-PS complexed with the reaction intermediate acetoace-

Fig. 1. Diversity of starter molecule and number of condensation steps in reactions catalyzed by CHS-like PKSs. The overall reactions of
2-PS, CHS, Ruta graveolens acridone synthase (ACS), and the Streptomyces griseus rppA protein are shown. The starter molecule and
portions of each product derived from the starter molecule are indicated in red.
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tyl-CoA. This structure demonstrates that the initiation/
elongation cavity of 2-PS is smaller than the CHS active
site cavity with four amino acid differences that reduce
cavity volume. Functional conversion of CHS into 2-PS
by site-directed mutagenesis veri¢es the functional impor-
tance of three of these substitutions. Kinetic characteriza-
tion of the CHS mutants and identi¢cation of their reaction
products demonstrates that the volume of the initiation/
elongation cavity in£uences starter molecule selectivity
and dictates polyketide length. This work elucidates the
structural basis for control of polyketide formation and sug-
gests strategies for further increasing the scope of polyke-
tide biosynthetic diversity.

Results
Overall 2-PS structure
The structure of 2-PS complexed with acetoacetyl-CoA
(Figure 2) was determined by molecular replacement using
CHS as a search model and re¢ned to 2.05 Aî resolution

(Table 1). The overall fold of 2-PS is the K-L-K-L-K motif
found in CHS, thiolase, and fatty acid L-ketoacyl synthases
I, II, and III (KAS I, II, III) [16,18^22]. In addition, the
positions of the catalytic residues of 2-PS (Cys 169, His
308, and Asn 341), CHS (Cys 164, His 303, Asn 336),
and KAS II (Cys 163, His 303, and His 340) are structurally
analogous. As expected from sequence homology (Figure
3), the structures of 2-PS and CHS are nearly identical and
superimpose with an r.m.s. deviation of 0.64 Aî for the two
proteins' CK-atoms. Similar to CHS, the 2-PS dimerization
surface buries 1805 Aî 2 of surface area per monomer, and a
loop containing a cis-peptide bond between Met 142 and
Pro 143 allows the methionine of one monomer to protrude
into the adjoining monomer's active site (Figure 2). Thus,
dimerization allows formation of the structurally complete
2-PS active site.

Acetoacetyl-CoA is a reaction intermediate of 2-PS (Figure
1) [9]. Well-de¢ned electron density for the ligand in the

Fig. 2. Overall structure of 2-PS. Each monomer is colored blue and gold, respectively, in this ribbon diagram. The N- and C-termini for
each monomer are indicated. The catalytic cysteine is shown in relation to the acetoacetyl-CoA molecule. Also, the methionine that forms
part of the back wall of the initiation/elongation cavity is shown.
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2-PS active site showed that the acetoacetyl moiety extends
from the CoA pantetheine arm into a large internal cavity
next to the catalytic residues (Figure 4a). Phe 220 and Phe
270 mark the boundary between the CoA binding site and
the initiation/elongation cavity of 2-PS. The electron den-
sity map also reveals oxidation of the catalytic cysteine's
(Cys 169) sulfhydryl to sul¢nic acid (-SO2H) during crys-
tallization. This oxidation state prevents formation of a
covalent acetoacetyl^enzyme complex but allows trapping
of the bound acetoacetyl-CoA intermediate.

The overall conformation of acetoacetyl-CoA in 2-PS is
similar to that observed for different CoA molecules com-
plexed to CHS [16,17]. Although the mode of CoA binding
is similar in both enzymes, more residues de¢ne the CoA
binding site of 2-PS than in CHS. In CHS, only the resi-
dues corresponding to Lys 60, Arg 63, Lys 67, and Ala 313
contribute hydrogen bonds to CoA binding. 2-PS maintains
this set of hydrogen bonds with additional contacts pro-
vided by Leu 272, His 273, Arg 274, Gly 310, and Arg

Table 1
2-PS data collection and re¢nement statistics.

Max. resolution (Aî ) 2.05
Total re£ections/unique re£ections 179 623/60 824
Completeness of data (highest shell) (%) 98.2 (98.1)
I/c (highest shell) 21.7 (4.5)
Rsym (highest shell)a 0.042 (0.206)
R-factorb (%) 19.2
Rfree-factorc (%) 24.3
No. of protein atoms 5 805
No. of acetoacetyl-CoA atoms 106
No. of water molecules 542
R.m.s. deviation from ideal bond lengths (Aî ) 0.014
R.m.s. deviation from ideal bond angles (³) 2.0
Average B-factor ^ protein (Aî 2) 22.0
Average B-factor ^ acetoacetyl-CoA (Aî 2) 32.9
Average B-factor ^ solvent (Aî 2) 26.8
aRsym =gMIh3GIhfM/gIh, where GIhf is the average intensity over
symmetry equivalent re£ections.
bR-factor =gMFobs3FcalcM/gFobs, where summation is over the data
used for re¢nement.
cRfree-factor is the same de¢nition as for R-factor, but includes
only 5% of the data excluded from re¢nement.

Fig. 3. Secondary structure of 2-PS and sequence alignment of 2-PS, CHS, ACS, and the rppA protein. K-Helices (blue rectangles) and
L-strands (gold arrows) of 2-PS are diagrammed. Numbering for each protein is indicated in parentheses. Every 10th position is dotted.
Catalytic residues (red), cis-peptide turn (orange), CoA binding residues (pink), and residues of the active site cavity that are structural
(yellow), control polyketide size (green), or determine substrate speci¢city (blue) are highlighted.
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312 (Figure 4b). This set of interactions positions the CoA
molecule at the entrance to the 2-PS active site and orients
the acetoacetyl moiety at the end of a 15 Aî long tunnel
that opens into a cavity that de¢nes the initiation and
elongation steps of polyketide formation.

Catalytic mechanism of 2-PS
The 2-PS active site cavity consists of 27 residues from one
monomer and Met 142 from the adjoining monomer (Fig-
ure 3). Near the CoA thioester, Cys 169, His 308, and Asn
341 form the catalytic center of 2-PS. These residues are
conserved in all CHS-like PKSs (Figure 3). Based on this,
we propose catalytic roles for each residue that are analo-
gous to the corresponding residues in CHS (Figure 5)
[16,17]. Cys 169 acts as the nucleophile in the reaction
and as the attachment site for the elongating polyketide
chain. Interaction between His 308 and Cys 169 stabilizes
the negatively charged thiolate required for the acyltrans-
ferase activity that loads the starter unit onto the cysteine.
Thus, His 308 and Asn 341 catalyze malonyl-CoA decar-

boxylation and stabilize the transition states during the
condensation steps by forming an oxyanion hole that ac-
commodates the negatively charged tetravalent transition
state. Following the ¢rst condensation reaction, a diketide
remains attached to Cys 169. The second malonyl-CoA
then binds, undergoes decarboxylation, and the resulting
nucleophilic acetyl-CoA K-carbanion performs a second
condensation reaction with the enzyme bound diketide,
ultimately generating the triketide that cyclizes into meth-
ylpyrone.

Initiation/elongation cavity of 2-PS
2-PS and CHS maintain identical catalytic residues and
highly conserved CoA binding sites, but form structurally
distinct reaction products. Comparison of the initiation/
elongation cavities of 2-PS and CHS reveals four amino
acid differences between these two proteins that may ac-
count for each protein's individual chemistry. In 2-PS, Leu
202, Met 259, Leu 261, and Ile 343 replace Thr 197, Ile
254, Gly 256, and Ser 338, respectively, of CHS. The tri-

Fig. 4. 2-PS^acetoacetyl-CoA complex. (a)
Stereo-view of the acetoacetyl-CoA binding
site. The orientation is the same as in
Figure 2. The SIGMAA-weighted M2Fo3FcM
electron density (1.2 c) for acetoacetyl-
CoA and the oxidized catalytic cysteine is
shown in blue cage. (b) Schematic of
interactions between 2-PS and acetoacetyl-
CoA. Hydrogen bonds are indicated with
distances in Aî .

CHBIOL 40 18-12-00 Cyaan Magenta Geel Zwart

Research Paper Structural control of polyketide formation Jez et al. 923



ketide methylpyrone was modeled into the 2-PS initiation/
elongation cavity, based on the position of acetoacetyl-CoA
(Figure 6). When viewed next to the active site cavity of
the CHS^naringenin complex structure [16], the changes
are signi¢cant. Clearly, the 2-PS active site cavity cannot
accommodate the larger chalcone product. The four amino
acid substitutions reduce cavity volume from 923 Aî 3 in
CHS to 274 Aî 3 in 2-PS. Leu 202 and Ile 343 occlude
the region of the 2-PS cavity corresponding to the cou-
maroyl binding site of CHS. Replacement of Gly 256 in
CHS by Leu 261 in 2-PS severely reduces the size of the
elongation cavity. Substitution of Met 259 in 2-PS for Ile

254 in CHS produces only a modest alteration in cavity
volume. The X-ray crystal structures of 2-PS and CHS
unambiguously identify the structural differences between
these two PKSs and imply that the size of the active site
cavity controls starter molecule selectivity and limits the
chain length in polyketide products.

Probing differences between the initiation/elongation
cavities of 2-PS and CHS
The enzymatic activities of 2-PS, wild-type CHS, and a
series of CHS mutants (T197L, I254M, G256L, and
S338I) were determined using either p-coumaroyl-CoA or

Fig. 5. Proposed 2-PS reaction mechanism.

Fig. 6. Comparison of the 2-PS (left) and
CHS (right) active site cavities. Each
molecular surface, generated by GRASP,
only includes residues lining the cavity.
Phe 220 and Phe 270 in 2-PS (Phe 215
and Phe 265 in CHS) were removed for
clarity. Methylpyrone was modeled into the
2-PS structure and the CHS^naringenin
complex structure was previously
determined [16]. The catalytic cysteine
(red), the three positions that convert CHS
into 2-PS (green), and the substitution that
does not affect product formation (blue)
are highlighted.
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acetyl-CoA as the starter molecule and radiolabeled malon-
yl-CoA as the extender molecule to assess the functional
importance of the amino acid differences in the active site
cavities of 2-PS and CHS (Figure 7). In addition, character-
ization of the enzymatic reaction products con¢rmed these
activities.

With p-coumaroyl-CoA and malonyl-CoA, wild-type CHS
generates the tetraketide chalcone, which spontaneously
cyclizes into 5,7,4P-trihydroxy£avanone (naringenin)
[12,17,23]. LC/MS/MS analysis con¢rmed that CHS pro-

duced naringenin (Figure 8a) [24]. Acetyl-CoA is an inef¢-
cient starter molecule for wild-type CHS, resulting in for-
mation of a small amount of methylpyrone (Table 2 and
Figure 7). This result is consistent with a previous study
reporting formation of a triacetic acid lactone by CHS with
acetyl-CoA as the starter molecule [25].

2-PS does not accept p-coumaroyl-CoA as a starter mole-
cule [26], but uses acetyl-CoA and malonyl-CoA to pro-
duce the triketide methylpyrone, as veri¢ed by thin layer
chromatography (TLC) and LC/MS/MS analysis (Figures 7
and 8d). 2-PS also produces methylpyrone in assays con-
taining p-coumaroyl-CoA and malonyl-CoA. As previously
observed, 2-PS catalyzes malonyl-CoA decarboxylation to
form acetyl-CoA, which then serves as the starter molecule
in these reactions to produce methylpyrone from three
malonyl-CoA molecules [9].

The 2-PS and CHS structures provide an explanation for
the starter molecule preference of both enzymes. The con-
stricted 2-PS active site acts as a size-based ¢lter that steri-
cally excludes the bulky p-coumaroyl-CoA starter molecule
but allows access of the smaller acetyl-CoA into the initia-
tion/elongation cavity. In comparison, the larger initiation/
elongation cavity of CHS permits both binding of differ-
ent-sized aliphatic and aromatic starter molecules to initiate
the reaction and the formation of polyketide products with
varying ef¢ciencies [25]. For example, the CHS active site
selects against the use of long aliphatic CoAs, such as
octanoyl-CoA, as starters. However, smaller CoAs, i.e. ace-
tyl-CoA, ¢t into the active site but are inef¢cient starter
molecules. The openness of the CHS active site, compared
to that of 2-PS, allows the acetyl moiety greater conforma-
tional £exibility that limits ef¢cient transfer to the catalytic
cysteine.

Point mutations in the initiation/elongation cavity of CHS
(T197L, I254M, G256L, and S338I) affected enzymatic
activity to various degrees (Figure 7 and Table 2). The
I254M mutant was kinetically similar to wild-type CHS

Fig. 7. TLC analysis of CHS, 2-PS, and CHS mutant enzymes.
The radiogram shows the radiolabeled products produced by
incubation of each protein with [14C]malonyl-CoA and either
p-coumaroyl-CoA (C) or acetyl-CoA (A) as the starter molecule.
Numbering of mutants corresponds to CHS with 2-PS numbering
in parentheses. Spontaneous cyclization of chalcone produces
naringenin. Positions of naringenin and methylpyrone are
indicated by arrows. The position of a new reaction product is
indicated by the question mark.

Table 2
Steady-state kinetic constants for wild-type and mutant CHSs and 2-PSa.

p-Coumaroyl-CoA Acetyl-CoA

kcat (min31) Km (WM) kcat/Km (s31 M31) kcat (min31) Km (WM) kcat/Km (s31 M31)

CHS 5.14 þ 0.30 6.1 þ 1.3 14 043 0.19 þ 0.02 8.4 þ 0.4 376
I254M 4.23 þ 0.20 5.0 þ 0.9 14 100 0.64 þ 0.04 7.3 þ 0.3 1 461
T197L 3.98 þ 0.28 7.1 þ 1.7 9 342 1.84 þ 0.22 6.5 þ 0.9 4 717
S338I 3.41 þ 0.28 10.7 þ 2.7 5 311 0.58 þ 0.01 5.0 þ 0.5 1 933
G256L 1.06 þ 0.13 11.8 þ 3.4 1 497 0.53 þ 0.03 4.0 þ 0.7 2 208
3Xb ^c ^ ^ 2.04 þ 0.26 6.4 þ 1.3 5 312
2-PS ^ ^ ^ 1.47 þ 0.04 3.2 þ 0.4 7 656
aAll reactions were performed using the radiometric assay in potassium phosphate buffer (pH 7.0) as described in Materials and methods.
All kcat and Km values are expressed as a mean þ S.E.M. for n = 3.
b3X = CHS T197L/G256L/S338I mutant.
cActivity not detected.
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and showed a similar product pro¢le for both starter mol-
ecules. Surprisingly, the T197L, G256L, and S338I mu-
tants produce methylpyrone with 5^13-fold improvements
in catalytic ef¢ciency (kcat/Km) for acetyl-CoA over the re-
action catalyzed by wild-type CHS. Each mutant also re-
tains activity with p-coumaroyl-CoA as the starter mole-
cule. The T197L and S338I mutants exhibit a 2:1 ratio
of kcat/Km for p-coumaroyl-CoA versus acetyl-CoA com-
pared to the 30:1 ratio of wild-type CHS. However, the
G256L mutant displays a 2-fold preference for acetyl-CoA.
This experiment demonstrates that single point mutations

in the active site cavity alter the functional behavior of
CHS.

Interestingly, the CHS T197L and S338I mutants produce
a compound from p-coumaroyl-CoA and malonyl-CoA that
does not migrate with naringenin (Figure 7). LC/MS/MS
analysis identi¢ed this product as p-coumaroyltriacetic acid
lactone (CTAL) by comparison with the reaction product
of CTAL synthase (CTAS; J. Schro«der, unpublished work;
Figure 8b,c). Mechanistically, CTAL formation occurs
through the same tetraketide that leads to chalcone pro-

Fig. 8. Product identi¢cation by LC/MS/MS analysis. (a) Naringenin produced by CHS. (b) CTAL generated by CTAS. (c) The CHS T197L
reaction product. (d) Methylpyrone formed by 2-PS. (e) The CHS T197L/G256L/S338I reaction product. The MS/MS fragmentation of each
product is shown. Retention times are indicated in Materials and methods. The chemical structure of each product is shown.
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duction, but without the Claisen condensation that cyclizes
the intermediate into chalcone [27]. The positions of Thr
197 and Ser 338 in the active site cavity of CHS (Figure 6)
suggest that mutation of these residues may prevent chal-
cone formation by distorting how the tetraketide inter-
mediate folds within the active site cavity. Formation of
lactones as derailment products of PKSs suggests that
these compounds result from non-enzymatic ring closure
following hydrolysis of the polyketide from the enzyme
active site cysteine or CoA [23,25,28^30].

Conversion of CHS into 2-PS
Although the CHS T197L, G256L, and S338I mutants
accept p-coumaroyl-CoA as a starter molecule, each produ-
ces methylpyrone using an acetyl-CoA starter more ef¢-
ciently than wild-type CHS. This result suggested that a
combination of mutations would convert CHS into 2-PS.
The resulting CHS T197L/G256L/S338I mutant is func-
tionally identical to 2-PS. The CHS triple mutant does not
accept p-coumaroyl-CoA as a starter molecule but produces
methylpyrone from a triketide intermediate (Figure 7) and
is kinetically similar to wild-type 2-PS (Table 2). In addi-
tion, LC/MS/MS analysis con¢rmed the reaction products
of both the CHS triple mutant and wild-type 2-PS as
methylpyrone (Figure 8d,e). These results establish that
changing the volume of the active site cavity through
site-directed mutagenesis confers starter molecule speci¢c-
ity and modulates between triketide and tetraketide for-
mation in 2-PS and CHS.

Discussion
Functional diversity among other type III or homodimeric
iterative PKSs (Figure 1), including acridone synthase
(ACS), and the rppA protein or 1,3,6,8-tetrahydroxynaph-
thalene synthase from Streptomyces griseus, likely results
from variations of residues lining the initiation/elongation
cavity (Figure 3). Certain differences in residues lining the
cavity may account for starter molecule speci¢city. For ex-
ample, CHS and ACS generate tetraketides but each en-
zyme accepts a different starter molecule. ACS uses an N-
methylanthraniloyl-CoA as the starting substrate to pro-
duce the alkaloid acridone (Figure 1) [31]. Three substitu-
tions between the initiation/elongation cavities of CHS
(Thr 132, Ser 133, and Phe 265) and ACS (Ser 132, Ala
133, and Val 265) may dictate starter molecule speci¢city.
In ACS, these changes likely widen the portion of the
active site cavity corresponding to the p-coumaroyl binding
site in CHS to accommodate N-methylanthraniloyl-CoA
binding.

As demonstrated, a combination of three amino acid sub-
stitutions (T197L/G256L/S338I) modulates between for-
mation of a tetraketide product derived from a ¢nal Claisen
condensation and a triketide product derived from lactoni-
zation. However, changes in the active site cavity may also
allow formation of longer polyketides. The rppA protein

forms a pentaketide from ¢ve acetyl-CoA K-carbanions de-
rived from malonyl-CoA decarboxylation [32]. Thr 137, Ala
138, Thr 199, Leu 202, Met 259, Leu 261, Leu 268, Pro
304, and Ile 343 of 2-PS are replaced by Cys 106, Thr 107,
Cys 168, Cys 171, Ile 228, Tyr 230, Phe 237, Ala 261, and
Ala 295, respectively, in the rppA protein (Figure 3). These
changes in the initiation/elongation cavity may permit gen-
eration of the pentaketide instead of a triketide. A homol-
ogy model of the rppA protein, based on the 2-PS and
CHS structures, suggests that the active site cavity volume
is 1145 Aî 3 in the rppA protein versus 274 Aî 3 in 2-PS (or
923 Aî 3 in CHS).

Nature has capitalized on the versatility of the CHS/2-PS
fold to generate PKSs with diverse activities [3]. Overall,
the molecular architecture of the homodimeric iterative
PKSs, like 2-PS and CHS, maintains structurally and func-
tionally independent active site cavities in each monomer
that act as ketoacyl synthases for the assembly of triketide,
tetraketide, or pentaketide reaction products (Figure 9)
[16,33]. The results presented here and sequence compar-
isons between these proteins indicate that variations in the
amino acids lining the initiation/elongation cavity alter sub-
strate preference and the length of the polyketide product.
Therefore, manipulation of active site volume through spe-
ci¢c amino acid substitutions offers a hitherto unexplored
strategy for increasing the molecular diversity of polyketide
formation by broadening starter molecule selectivity and
by varying the number of condensation steps that lengthen
the polyketide chain.

The structural link between volume of the active site cav-
ity and ¢nal polyketide length may extend to other itera-
tive PKSs, such as actinorhodin (act) PKS and tetraceno-

Fig. 9. Proposed model of active site cavities in homodimeric
(left) and heterodimeric (right) iterative PKSs. KS = ketosynthase;
CLF = chain length factor; CoA = coenzyme A; ACP = acyl carrier
protein. The yellow and orange colors represent potential
structural differences between the enzymes that accommodate
CoA versus ACP.
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mycin (tcm) PKS. These PKSs are heterodimers of a L-
ketoacyl synthase (KS) that catalyzes polyketide formation
and a second subunit, originally described as a chain length
factor (CLF) [1,6,8]. CLF has since been shown to serve as
an initiation factor for polyketide formation and catalyzes
the decarboxylation of malonyl-ACP [34]. Nevertheless,
the mechanism by which the KS-CLF heterodimer partic-
ipates in polyketide formation remains unclear as the KS-
CLF heterodimer in£uences both the chain length and the
cyclization pattern of the polyketide product [35^37]. In
addition, accessory proteins, i.e. ketoreductases, cyclases,
and aromatases, may also affect product formation [38^
40]. The act PKS and tcm PKS generate an octaketide
and a decaketide, respectively [1], suggesting that the ac-
tive site cavities of these PKSs differ in size and must be
larger than those of 2-PS and CHS.

The structural similarity of the 2-PS, CHS, and KAS II
active sites [16,18^22] and the sequence homology of
KAS II and the act and tcm PKS ketosynthases [37,41,42]
argue a common structural foundation for these condensing
enzymes. In addition, homology modeling of the act L-ke-
toacyl synthase based on the KAS II structure implies that
the active site includes residues from the CLF [42]. This
work suggests a hypothetical model for assembly of the
active site in heterodimeric iterative PKSs that consists of
residues from both the KS and CLF subunits (Figure 9).
In addition, recent demonstration that point mutations in
the active site of the related KAS II alter size of the pre-
ferred substrate strengthens the link between cavity vol-
ume and product length [43]. These observations imply
that alteration of residues lining the active site cavities of
act and tcm PKSs may yield new polyketide products. Ul-
timately, structural differences among PKSs that alter the
volume of the initiation/elongation cavity allow discrimina-
tion between starter molecules and the number of elonga-
tion steps to direct the nature and length of the polyketide
product.

Signi¢cance
PKSs produce an array of natural products with different
biological activities and pharmacological properties, includ-
ing anti-microbial, immunosuppressant, and anti-cancer
uses. PKSs generate amazing molecular diversity by vary-
ing the starter and extender molecules that form the reac-
tion product. Genetic approaches that exploit the mecha-
nistic variability of PKSs have produced novel polyketides,
but the structural basis of this biosynthetic versatility is
unclear. Structurally and mechanistically, the simplest
PKSs are the homodimeric iterative enzymes that are es-
sential for the biosynthesis of anthocyanin £oral pigments,
anti-microbial iso£avonoid phytoalexins, and £avonoid in-
ducers of Rhizobium nodulation genes. 2-PS and CHS are
plant-speci¢c PKSs that exhibit 74% amino acid identity.
2-PS forms the triketide methylpyrone from an acetyl-CoA
starter molecule and two malonyl-CoAs. CHS forms the

tetraketide chalcone using a p-coumaroyl-CoA starter mol-
ecule and three malonyl-CoAs. Together these enzymes
provide a simpli¢ed system for elucidating the structural
features that govern starter molecule selectivity and the
ultimate length of the polyketide.

Comparison of the three-dimensional structures of 2-PS
and CHS reveals that the volume of the internal cavity
in each protein that accommodates the growing polyketide
is dramatically different. The 2-PS cavity is smaller than
the CHS cavity, implying that the size of the active site
cavity controls starter molecule selectivity and limits poly-
ketide length between the two PKSs. To demonstrate this
principle, the initiation/elongation cavity of CHS was
modi¢ed to resemble that of 2-PS by site-directed muta-
genesis. Kinetic characterization and identi¢cation of reac-
tion products con¢rm that three amino acid substitutions in
CHS alter starter molecule preference from p-coumaroyl-
CoA to acetyl-CoA and modulate formation of a triketide
instead of a tetraketide product. These results provide a
structural basis for control of polyketide length in other
PKSs, and suggest strategies for further increasing the
scope of polyketide biosynthetic diversity.

Materials and methods
Protein expression, puri¢cation, and mutagenesis
G. hybrida 2-PS [9] was sub-cloned into the pHIS8 expression vector
[17]. Heterologous expression and puri¢cation of 2-PS used the same
procedure as described for CHS [17]. Alfalfa CHS2 mutants were gen-
erated using the QuikChange system (Stratagene), expressed in Esche-
richia coli, and puri¢ed to homogeneity as detailed elsewhere [17].

Crystallization and data collection
2-PS crystals grew at 4³C in hanging-drops containing a 1:1 mixture of
25 mg ml31 protein and crystallization buffer (1.5 M ammonium sulfate,
50 mM succinic acid (pH 5.5), and 5 mM dithiothreitol (DTT)). Before
freezing at 105 K, crystals were stepped through stabilizer (50 mM
succinic acid (pH 5.5), 50 mM ammonium sulfate, and 5 mM DTT)
containing 5 mM acetoacetyl-CoA and increasing amounts of glycerol
{30% (v/v) ¢nal). Crystals grew in space group P3121 (unit cell dimen-
sions of a = b = 82.15 Aî , c = 241.33 Aî ; K=L= 90³, Q= 120³) with one 2-PS
dimer per asymmetric unit. Diffraction data (Table 1) were collected
using a DIP2030 imaging plate system (Mac-Science Corporation) and
CuKK radiation produced by a rotating anode operated at 45 kV and 100
mA and equipped with double focusing Pt/Ni-coated mirrors. All images
were indexed and integrated using DENZO [44] and the re£ections
merged with SCALEPACK [44].

Structure determination and re¢nement
The 2-PS^acetoacetyl-CoA complex structure was solved by molecular
replacement with EPMR [45] (correlation coef¢cient of 0.54) using a
homology model of 2-PS generated in MODELLER [46] from the struc-
ture of CHS [16]. After rigid body re¢nement with REFMAC [47], the
model was rebuilt using O [48]. The experimental map allowed modeling
of residues 20^395 of monomer A and residues 20^394 of monomer B.
The quality of the electron density revealed a sequencing error at Met
259, which was originally reported to be a valine [49]. Density for ace-
toacetyl-CoA was apparent in the initial experimental map and modeled
as such. Water molecules were introduced using ARP [50]. After itera-
tive rounds of rebuilding and re¢nement, the R-factors converged to
those in Table 1. A total of 93.6% of the residues in 2-PS are in the

CHBIOL 40 18-12-00 Cyaan Magenta Geel Zwart

928 Chemistry & Biology 2000, Vol 7 No 12



most favored regions of the Ramachandran plot, 6.1% in the additional
allowed region, and 0.3% in the generously allowed region. Calculation
of surface areas and cavity volumes was performed with GRASP [51].
All structural illustrations were prepared with MOLSCRIPT [52] or
GRASP and rendered with POV-Ray [53]. Coordinates and structure
factors have been deposited in the Protein Data Bank (1EE0).

Enzyme assays and determination of kinetic constants
Activities of 2-PS, CHS, and the CHS mutants (0.5^2.5 Wg) were deter-
mined by monitoring product formation using a TLC-based radiometric
assay [17]. Standard assay conditions were 100 mM HEPES (pH 7.0),
30 WM starter-CoA (either p-coumaroyl-CoA or acetyl-CoA), and 60 WM
[14C]malonyl-CoA (50 000 cpm) in 100 Wl at 25³C. Reactions were
quenched with 5% acetic acid, extracted with ethyl acetate, and applied
to TLC plates and developed as described [17]. Due to the spontaneous
cyclization of chalcone into the £avanone naringenin, activities of CHS
are referenced to naringenin formation. Steady-state kinetic constants
were determined from initial velocity measurements, in which product
formation was linear over the time periods monitored, using standard
assay conditions with a ¢xed malonyl-CoA concentration (120 WM;
50 000 cpm) and either varied p-coumaroyl-CoA concentrations (0.5^
100 WM) or varied acetyl-CoA concentrations (0.5^50 WM). Reactions
were quenched and extracted as above. Quantitation and ¢tting of data
were as previously described [17].

LC/MS/MS analysis
Scaled-up assays (2 ml reaction volume) with 2-PS, CHS, CTAS, the
CHS T197L mutant, and the CHS T197L/G256L/S338I mutant were
performed under standard assay conditions using either p-coumaroyl-
CoA or acetyl-CoA as the starter molecule and malonyl-CoA as the
extender molecule. Reactions were quenched with 5% acetic acid and
extracted with ethyl acetate. Product analysis was performed by the
Mass Spectroscopy facility of the Scripps Research Institute. Extracts
were analyzed on a Hewlett-Packard HP1100 MSD single quadrupole
mass spectrometer coupled to a Zorbax SB-C18 column (5 Wm, 2.1
mmU150 mm). High performance liquid chromatography conditions
were as follows: gradient system from 0 to 100% methanol in water
(each containing 0.2% acetic acid) within 20 min; £ow rate 0.25 ml
min31. LC/MS/MS data: 6-methyl-4-hydroxy-2-pyrone, Rt = 9.62 min;
[M3H]3 125 (100); [M3H3CO2]3 81 (92). Naringenin, Rt = 15.6 min;
[M3H]3 271 (100); [M3H3CO2]3 227 (5); 151 (50), 119 (72). CTAL,
Rt = 13.76 min; [M3H]3 271 (100); [M3H3CO2]3 227 (12);
[M3H3CO23CH23CO]3 185 (15); 161 (40); 145 (50); 125 (50); 119
(30). The numbers show m/z values in atomic mass units with relative
intensities in parentheses. The observed fragmentation for each product
matches previously published data for each compound [9,24,27].
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