
Dissection of Malonyl-Coenzyme A Decarboxylation from Polyketide Formation in
the Reaction Mechanism of a Plant Polyketide Synthase†

Joseph M. Jez, Jean-Luc Ferrer,‡ Marianne E. Bowman, Richard A. Dixon,§ and Joseph P. Noel*

Structural Biology Laboratory, The Salk Institute for Biological Studies, 10010 North Torrey Pines Road,
La Jolla, California 92037, and Plant Biology DiVision, Samuel Roberts Noble Foundation, P.O. Box 2180,

Ardmore, Oklahoma 73402

ReceiVed June 29, 1999; ReVised Manuscript ReceiVed October 21, 1999

ABSTRACT: Chalcone synthase (CHS) catalyzes formation of the phenylpropanoid chalcone from one
p-coumaroyl-CoA and three malonyl-coenzyme A (CoA) thioesters. The three-dimensional structure of
CHS [Ferrer, J.-L., Jez, J. M., Bowman, M. E., Dixon, R. A., and Noel, J. P. (1999)Nat. Struct. Biol. 6,
775-784] suggests that four residues (Cys164, Phe215, His303, and Asn336) participate in the multiple
decarboxylation and condensation reactions catalyzed by this enzyme. Here, we functionally characterize
16 point mutants of these residues for chalcone production, malonyl-CoA decarboxylation, and the ability
to bind CoA and acetyl-CoA. Our results confirm Cys164’s role as the active-site nucleophile in polyketide
formation and elucidate the importance of His303 and Asn336 in the malonyl-CoA decarboxylation reaction.
We suggest that Phe215 may help orient substrates at the active site during elongation of the polyketide
intermediate. To better understand the structure-function relationships in some of these mutants, we also
determined the crystal structures of the CHS C164A, H303Q, and N336A mutants refined to 1.69, 2.0,
and 2.15 Å resolution, respectively. The structure of the C164A mutant reveals that the proposed oxyanion
hole formed by His303 and Asn336 remains undisturbed, allowing this mutant to catalyze malonyl-CoA
decarboxylation without chalcone formation. The structures of the H303Q and N336A mutants support
the importance of His303 and Asn336 in polarizing the thioester carbonyl of malonyl-CoA during the
decarboxylation reaction. In addition, both of these residues may also participate in stabilizing the tetrahedral
transition state during polyketide elongation. Conservation of the catalytic functions of the active-site
residues may occur across a wide variety of condensing enzymes, including other polyketide and fatty
acid synthases.

The polyketides produced by bacteria, fungi, and plants
offer a rich source of biologically active compounds of
pharmacological interest. Many of the polyketide synthases
are large assemblies of multifunctional or monofunctional
proteins (1, 2). For example, 6-deoxyerythronolide B syn-
thase, a modular polyketide synthase, functions as a complex
of multifunctional proteins that use a different active site
for each catalytic step, and shuttle substrates between active
sites via acyl carrier proteins (3). However, the plant
polyketide synthases, including chalcone synthase (CHS)1

and stilbene synthase (STS), function as dimeric proteins
(monomer size of 42-45 kDa) that do not use acyl carrier
proteins but act directly on coenzyme A (CoA)-thioesters
of carboxylic acids (4, 5). Also, unlike the larger polyketide
synthases, CHS and related proteins use a single active site
to perform a series of decarboxylation, condensation, cy-
clization, and aromatization reactions (5-7).

As a pivotal enzyme in the flavonoid branch of the
phenylpropanoid biosynthetic pathway, CHS supplies 4,2′,4′,6′-
tetrahydroxychalcone (chalcone) to an array of downstream
enzymes that produce anthocyanin pigments, anti-microbial
phytoalexins, and flavonoid inducers ofRhizobiumnodula-
tion genes (8-10). The natural products produced by this
pathway are of interest as potential cancer chemopreventive
and pharmacological agents (11-15) and are constituents
in plant-rich diets associated with a reduced incidence of
cardiovascular disease and some forms of cancer (16, 17).

Mechanistically, CHS orchestrates the condensation of one
p-coumaroyl-CoA and three malonyl-CoA molecules into
chalcone (18) (Figure 1a). The reaction begins with the
transfer of ap-coumaroyl-moiety from the CoA-linked starter
molecule to Cys164 at the active site (6-7, 19). Next, the
sequential condensation of three acetate units derived from
three malonyl-CoA molecules with the enzyme-bound cou-
maroyl moiety forms a tetraketide intermediate. Inherent in
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the condensation reaction is decarboxylation of malonyl-CoA
to an acetyl-CoA carbanion that serves as a nucleophile
during the chain extension reactions (Figure 1B) (20). The
tetraketide intermediate then cyclizes by an intramolecular
Claisen condensation into a hydroxylated aromatic ring
system. In plants, chalcone isomerase (CHI) rapidly and
stereospecifically converts chalcone to (-)(2S)-5,7,4′-trihy-
droxyflavanone (naringenin); however, in the absence of
CHI, chalcone spontaneously forms mixed enantiomers of
naringenin through a nonstereospecific ring closure in
solution (21).

The crystal structure of CHS provides a view of the
architecture supporting the chemistry of polyketide formation
in plants (22). The overall fold of CHS (Figure 2a) resembles
that ofâ-ketoacyl synthase (KAS) II (23) and thiolase (24).
The structure of the CHS‚CoA complex showed that the
pantetheine arm of CoA presents substrates to a buried active-
site cavity comprised of two distinct pockets. In the structures
of CHS complexed with naringenin or resveratrol, the
coumaroyl-derived portions of both molecules bind inside
one of these pockets termed the coumaroyl-binding pocket.
The other pocket, designated the cyclization pocket, is
adjacent to the coumaroyl-binding site and the boundary of
both regions approximately defined by the catalytic cysteine
(6, 19). Since the malonyl-derived portions of naringenin
and resveratrol reside in this pocket, this site likely accom-

modates the elongating polyketide and is the location where
cyclization of the tetraketide intermediate into a hydroxylated
aromatic ring system occurs. Remarkably, few chemically
reactive amino acids are present at this active site to catalyze
a series of decarboxylation, condensation, cyclization, and
aromatization reactions upon a continually changing set of
intermediates. Four amino acids (Cys164, Phe215, His303,
and Asn336) situated at the intersection of the CoA-binding
site, the coumaroyl-binding site, and the cyclization pocket
likely play essential and distinct roles during malonyl-CoA
decarboxylation and chalcone formation (Figure 2B). These
residues are conserved in the known CHS-related enzymes
from plants (Figure 2C), including stilbene synthase [STS
(25)], bibenzyl synthase [BBS (26)], acridone synthase [ACS
(27)], and 2-pyrone synthase [2-PS (28)], and a number of
bacterial CHS-like genes (29-31).

Overall, the functional and structural studies presented here
establish the role of Cys164 as the nucleophile in the reaction
and as the attachment site of the elongating polyketide
intermediate. These studies also demonstrate that His303 and
Asn336 serve as the catalytic machinery responsible for
malonyl-CoA decarboxylation. Finally, the positional con-
servation of the CHS active-site residues with those of KAS
II suggests that the roles of these residues are likely
conserved in other polyketide and fatty acid synthases.

EXPERIMENTAL PROCEDURES

Materials. Alfalfa (Medicago satiVa) CHS2was cloned
in the lab of R.A.D. (32). The pET-28a(+) expression vector
andEscherichia colistrain BL21(DE3) were purchased from
Novagen. All oligonucleotides were ordered from Operon,
Inc. NuSieve GTG agarose was obtained from FMC Bio-
Products. Restriction endonucleases, T4 DNA ligase, and
dNTPs were from New England Biolabs. The QuikChange
polymerase chain reaction (PCR)-based site-directed mu-
tagenesis kit was from Stratagene. Ni2+-NTA was bought
from Qiagen. Benzamidine-Sepharose and the Superdex-200
FPLC column were from Pharmacia. The [2-14C]malonyl-
CoA (45.8 mCi/mmol) and [14C]acetyl-CoA (53.0 mCi/
mmol) were purchased from NEN and Amersham, respec-
tively. Thrombin, naringenin, CoA, acetyl-CoA, and malonyl-
CoA were purchased from Sigma. Reagents for the synthesis
of p-coumaroyl-CoA were purchased from Aldrich or Sigma.

Construction of the pHIS8-CHS Expression Vector and
Site-Directed Mutagenesis. A set of three sense (5′-dCAT-
GAAACACCACCACCACCAC-3′, 5′-dCACCACCACGGT-
GGTCTG-3′, and 5′-dGTTCCGCGTGGTTCCCATGGCG-
3′) and three antisense (5′-dGATCCGCCATGGGAACC-
ACG-3′, 5′-dCGGAACCAGACCACCGTG-3′, and 5′-dGT-
GCTGGTGGTGGTGGTGGTGTTT-3′) overlapping oligo-
nucleotides were used to introduce anNcoI site after the
thrombin cleavage site of pET-28a(+) and to extend the
N-terminal hexahistidyl-coding sequence to eight histidines
(Figure 3a). The new sequence usesE. coli-preferred codons
and an AAA codon at the+2 site. The second and third
sense and the second and third anti-sense strands were
phosphorylated using T4 polynucleotide kinase, followed by
incubation of all six oligonucleotides with T4 ligase. The
62 bp fragment was isolated from a 3% NuSieve GTG
agarose gel. pET-28a(+) was cut withNdeI andBamHI, and
the resulting 5279 bp product gel purified. The synthetic 62

FIGURE 1: Reactions catalyzed by CHS. (A) The overall reaction
catalyzed by CHS produces chalcone, which spontaneously cyclizes
in a nonstereospecific manner in solution or stereospecifically via
CHI to form naringenin. (B) The decarboxylation reaction catalyzed
by CHS produces a resonance-stabilized carbanion intermediate
utilized during polyketide elongation.
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bp fragment was then ligated into theNdeI/BamHI-digested
pET-28a(+). Automated nucleotide sequencing (Salk Insti-
tute DNA sequencing facility) verified the sequence of the
pHIS8 construct. The alfalfaCHS2gene was amplified by
PCR using 5′-dCGCGTGGTTCCCATGGCATGGTGAGT-
GTGTCTGAAATT-3′ as the forward primer (NcoI site
underlined and the translation start site in bold), 5′-dGCTC-
GAATTCGGATCCTCATATAGCCACGCTACG-3′ as the
reverse primer (BamHI site underlined and the stop codon
in bold), and pBluescript as template. The 1.2 kb PCR
product was digested withNcoI and BamHI, gel purified,
and ligated withNcoI/BamHI-digested pHIS8 to generate the
expression vector. All site-directed mutants were constructed
using the QuikChange (Stratagene) PCR method. Either
single primers or a mixture of oligonucleotide primers were
used (Table 1). Automated nucleotide sequencing confirmed
the fidelity of the PCR products (Salk Institute DNA
sequencing facility).

Expression and Purification.Constructs of pHIS8-CHS
(wild-type and mutants) were transformed intoE. coli BL21-
(DE3). TransformedE. coli were grown at 37°C in Terrific
broth containing 50µg/mL kanamycin untilA600nm ) 1.2.
After induction with 0.5 mM isopropyl 1-thio-â-D-galacto-
pyranoside, the cultures were grown at 20°C for 4 h. Cells
were pelleted, harvested, and resuspended in 50 mM Tris-
HCl (pH 8.0), 500 mM NaCl, 20 mM imidazole (pH 8.0),

20 mM â-mercaptoethanol, 10% (v/v) glycerol, and 1% (v/
v) Tween-20. After sonication and centrifugation, the
supernatant was passed over a Ni2+-NTA column, the column
was washed with 10 bed volumes of lysis buffer and 10 bed
volumes of lysis buffer minus Tween-20, and then the His8-
tagged protein was eluted with lysis buffer minus Tween-
20 but containing 250 mM imidazole (pH 8.0). Incubation
with thrombin during dialysis for 24 h at 4°C against the
lysis buffer without Tween-20 removed the amino-terminal
His8-tag. Dialyzed protein was reloaded on a Ni2+-NTA
column and the flow-through depleted of thrombin using a
benzamidine-Sepharose column. Gel filtration on a Superdex-
200 FPLC column equilibrated with 25 mM Hepes (pH 7.5),
100 mM NaCl, and 5 mM dithiothreitol (DTT) was the final
step. Fractions containing CHS were pooled, concentrated
to 25 mg/mL, and stored at-80 °C in 5 mM Hepes (pH
7.5), 25 mM NaCl, and 5 mM DTT after buffer exchange.

Synthesis of p-Coumaroyl-CoA. The two-step synthesis of
coumaroyl-CoA involved generation of theN-hydroxysuc-
cinimide ester of 4-coumaric acid followed by a thioester
exchange with CoA as originally described by Stoeckigt and
Zenk (33).

Chalcone Synthase Assay.CHS activity was determined
by measuring the conversion ofp-coumaroyl-CoA and
[2-14C]malonyl-CoA into reaction products (18). The stan-
dard assay conditions contained 100 mM potassium phos-

FIGURE 2: Overall fold of CHS and the active site. (A) Ribbon trace of the CHS N336A dimer (monomer A in gold and monomer B in
blue) complexed with CoA highlights the location of the active site relative to the location of bound CoA. Cys164 and CoA are shown as
ball-and-stick models with the N- and C-termini of each monomer indicated. (B) The four active site residues are shown in ball-and-stick
with the location of naringenin indicated by a stick drawing. (C) Sequence alignment of the active sites of CHS-related enzymes. The four
conserved active site residues are highlighted in red. Figure prepared using MOLSCRIPT (85) and rendered with POV-Ray (86).
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phate buffer (pH 7.0), 15µM p-coumaroyl-CoA, and 30µM
malonyl-CoA (50 000 cpm) in a 100µL reaction volume at
25 °C. Reactions were quenched with ethyl acetate. Extracts
were evaporated to dryness, redissolved in methanol, and
applied to Whatman LK6D silica TLC plates. Chromato-
grams were developed in chloroform:methanol:water (65:
25:4, v/v/v). The position of naringenin chalcone was
visualized by autoradiography and by comparison with an
authentic standard (Rf ) 0.70). Products were quantitated
by scraping sections of the TLC plate into Ecolume scintil-
lation fluid, detecting14C-radioactivity with a scintillation
counter, and converting the corrected cpm into nmoles of
product using the final specific radioactivity of [14C]malonyl-
CoA. Activity was defined by incorporation of onep-
coumaroyl-CoA into naringenin. Kinetic constants were
determined from initial velocity measurements, in which
product formation was linear over the time periods monitored
(up to 2 h for low activity mutants), using the standard assay
conditions with either 500µM malonyl-CoA (50 000 cpm)
and variedp-coumaroyl-CoA concentrations (0.5-180µM)
or 180 µM p-coumaroyl-CoA and varied malonyl-CoA
concentrations (2.2-500 µM; 10000-50000 cpm).

Chalcone Synthase Decarboxylation Assay.Measurement
of the decarboxylation activity of CHS used a radiometric
assay that monitored conversion of [14C]malonyl-CoA to
[14C]acetyl-CoA (34). Assays contained 100 mM potassium
phosphate buffer (pH 7.0) and 30µM malonyl-CoA (50 000
cpm) in a 50µL reaction volume at 25°C. Reactions were
quenched with acetic acid and applied to Whatman LK6D
TLC plates. The separation of [14C]malonyl-CoA (Rf ) 0.24)
and [14C]acetyl-CoA (Rf ) 0.62) was carried out in 2-pro-
panol:ammonium hydroxide:water (80:13:5, v/v/v) with

product quantitation as described above. Kinetic constants
for the decarboxylation of malonyl-CoA were determined
from initial velocity measurements, in which product forma-
tion was linear over the time periods monitored, using the
standard assay conditions with varied malonyl-CoA (2.2-
422 µM or 2.2-844 µM; 10000-50000 cpm).

Intrinsic Fluorescence Titration. Binding of CoA and
acetyl-CoA to CHS was measured by monitoring the change
of fluorescence in CHS upon ligand binding. Measurements
were made on a PTI-Alphascan (Photon Technologies
International) fluorimeter (excitationλmax ) 280 nm and
emissionλmax ) 330 nm). Titrations were performed at 25
°C by addition of CoA or acetyl-CoA to 0.5 mL of 100 mM
potassium phosphate (pH 7.0) and 1 mM EDTA containing
4 µg of protein (0.1µM protein) until the emission signal
did not undergo further change. Control titrations of CHS
with buffer alone did not change the intrinsic fluorescence
over the entire volume range used. Likewise, addition of
ligands to buffer alone did not produce any fluorescence
change. TheKd values for CoA and acetyl-CoA binding were
calculated by nonlinear least squares iterative curve fitting
using Kaleidagraph (Abelbeck Software). The data were fit
to a reversible two-state model of binding (eq 1 ), where

∆F is the change in fluorescence observed in the presence
of CoA or acetyl-CoA at a concentration, [L], and∆Fmax is
the maximal change in fluorescence (35). The data were also
plotted as a linear transform of the same equation in which
the slope yieldsKd (R versusR/[L]), whereR represents the
change in fluorescence when ligand is added.

Crystallography.Crystals of the C164A, H303Q, and
N336A CHS mutants were grown by vapor diffusion in
hanging drops of 1:1 mixture of protein and crystallization
buffer (2.2-2.4 M ammonium sulfate, 0.1 M bis-Tris-
propane, pH 6.5, and 2 mM DTT) at 4°C. Crystals of the
C164A and N336A mutants were isomorphous with those
obtained for wild-type CHS and grew in space groupP3221
with a single monomer in the asymmetric unit and unit cell
dimensions ofa ) b ) 97.36 Å andc ) 65.20 Å for the
C164A mutant anda ) b ) 97.40 Å andc ) 65.20 Å for
the N336A mutant. Crystals of the H303Q mutant were
isomorphous with those obtained for the previously described
C164S mutant and grew in space groupP3121 with unit cell
dimensions ofa ) b ) 97.86 Å andc ) 129.6 Å and two
monomers per asymmetric unit. Crystals of the N336A
mutant were stabilized in 40% (v/v) PEG400, 50 mM bis-
Tris-propane (pH 6.5), and 50 mM ammonium sulfate
containing 5 mM CoA. The same stabilizer minus CoA was
used for crystals of the other mutants. Diffraction data were
collected for each mutant from a single-crystal mounted in
a cryoloop and flash frozen in a nitrogen stream at 105 K
using a DIP2030 imaging plate system (Mac-Science Cor-
poration) and CuKR 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 and the reflections merged with
SCALEPACK (36). Data reduction was completed using
programs in CCP4 (37) (Table 2).

Structures were determined by the difference Fourier
method (38, 39). Wild-type CHS minus the side-chain atoms

FIGURE 3: Expression and purification. (A) Sequence of the pHIS8
vector. Portions retained from pET-28a(+) are in regular type with
the newly constructed sequences shown in italics. The start of the
T7 promoter is at 370 bp in the pET-28a(+) vector. (B) SDS-
PAGE of CHS purification. Samples were stained for total protein
using Coomassie Blue. Lane 1, 50µg of sonicate; lane 2, 3µg of
Ni2+-NTA purified CHS (before thrombin digest); lane 3, 3µg of
gel filtration purified CHS (after thrombin digest); lane 4, molecular
mass markers (masses indicated on gel).

∆F ) (∆Fmax[L])/([L] + Kd) (1)
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corresponding to the mutated residue and all solvent atoms
comprised the starting model. The protein model was refined
using REFMAC (40) and ARP (41). During refinement,
structure factors obtained from intensity data were used to
generate|2Fo - Fc| and |Fo - Fc| electron density maps
with phases calculated from the structure of the in-progress
model. Inspection of the electron density maps and model
building were performed with O (42). After an initial round
of refinement, the difference density maps clearly showed
the introduced mutations and enabled the mutated side chains
to be incorporated into each structural model. At this stage,
density for CoA was apparent in the N336A mutant model
and the ligand was fit into the density. Water molecules
introduced by ARP were examined using|2Fo - Fc| and
|Fo - Fc| maps and were included in the final models if
their peak heights were greater than 2.0σ, if they were within
hydrogen-bonding distance of appropriate protein or solvent
atoms, and if they refined with thermalB-factors ofe60
Å2. Successive iterations of refinement using REFMAC/ARP
and model building in O were performed with refine-
ment converging to the finalR-factors shown in Table 2.
Model quality was checked with PROCHECK (43). Atomic
coordinates and structure factors for the CHS C164A,
H303Q, and N336A mutant structures have been deposited
in the Protein Data Bank as 1D6F, 1D6I, and 1D6H,
respectively.

RESULTS

Expression and Purification of Recombinant Wild-Type
and CHS Mutants.Single point mutants of Cys164, Phe215,
His303, and Asn336 were generated to evaluate the role of

each active-site residue in the reaction mechanism. Wild-
type and mutant CHSs were overexpressed inE. coli as His8-
tagged proteins and purified to homogeneity using Ni2+-
affinity and gel filtration chromatography (Figure 3B).
Purified wild-type CHS and the mutants had the same
mobility on SDS-PAGE (not shown) and migrated with a
monomer molecular weight of approximately 40 kDa.
Likewise, wild-type CHS and all the mutant proteins eluted
from the gel filtration column as an 80-85 kDa species
representing the physiological dimer. One liter cultures of
each CHS form typically yielded 10-20 mg of pure protein.

ActiVity Screen for Naringenin Formation and Malonyl-
CoA Decarboxylation.Wild-type CHS and the mutants were
assayed for naringenin formation (Figure 4). Only the H303Q
mutant retained a high level of activity compared to wild-
type CHS. Naringenin formation occurred in the F215S,
F215Y, F215W, N336A, N336D, and N336K mutants at
greatly reduced rates. Wild-type CHS and the mutant
enzymes also produced lesser quantities of compounds
corresponding to the addition of fewer than three acetate units
to coumaroyl-CoA. While these truncated products have not
been unequivocally identified, they likely include benzalac-
etone, dihydropyrone, and styrylpyrone (44, 45). In wild-
type CHS and the H303Q, N336D, and N336K mutants,
naringenin accounted for more than 95% of the observed
products. For the F215S, F215Y, F215W, and N336A
mutants, naringenin formation accounted for 28%, 65%,
35%, and 53% of the final products, respectively. The C164S,
C164A, C164D, H303A, H303N, H303D, H303T, N336Q,
and N336H mutants had no detectable activity in assays using
100 µg of protein for 2 h.

Table 1: Oligonucleotide Primers for Site-Directed Mutagenesisa

C164(A/S) 5′-dATGATGTACCAACAAGGG(G/T)CTTTTGCAGGTGGCACGGTG-3′
C164D 5′-dATGATGTACCAACAAGGGGATTTTGCAGGTGGCACGGTG-3′
F215(S/Y) 5′-dGTTGGACAAGCACTAT(A/C)TGGAGATGGAGCTGCTG-3′
F215W 5′-dGTTGGACAAGCACTATGGGGAGATGGAGCTGCTG-3′
H303(D/T/N/A) 5′-dCTCAATCTTTTGGATTGCA(G/A)(C/A)TCCTGGTGGACCTGCAATT-3′
H303Q 5′-dTCAATCTTTTGGATTGCACAGCCTGGTGGACCTGCAATTC-3′
N336(D/H/A) 5′-dGTGCTAAGTGAATATGGA(C/G)(C/A)TATGTCAAGTTCAGCA-3′
N336(Q/K) 5′-dGTGCTAAGTGAATATGGA(C/A)A(A/G)ATGTCAAGTTCAAGT-3′

a Codons encoding the mutations are underlined.

Table 2: Data Collection and Refinement Statistics for the CHS C164A, H303Q, and N336A Mutant Structures

C164A H303Q N336A

max. resolution (Å) 1.69 2.00 2.15
total reflections/unique reflections 88359/39526 168254/45654 49636/18202
completeness of data (highest shell) (%) 97.0 (83.2) 93.0 (87.8) 91.9 (90.5)
I/σ (highest shell) 18.8 (7.4) 6.3 (1.7) 9.1 (2.4)
Rsym (highest shell)a 0.026 (0.089) 0.068 (0.390) 0.056 (0.303)
R-factorb (%) 17.0 19.9 17.9
Rfree-factor

c (%) 20.1 26.7 25.7
no. of protein atoms 2994 5956 2979
no. of ligand atoms 24 (5 sulfate and 19 buffer) 10 (sulfate) 53 (5 sulfate and 48 CoA)
no. of water molecules 365 326 189
rms deviation from ideal bond lengths (Å) 0.009 0.015 0.015
rms deviation from ideal bond angles (deg) 2.1 3.1 3.0
averageB-factor, protein (Å2) 17.5 28.1 33.7
averageB-factor, sulfate/ligand (Å2) 27.4/32.4 39.4/- 53.7/44.7
averageB-factor, solvent (Å2) 26.3 30.2 38.3

a Rsym ) ∑|Ih - 〈Ih〉|/∑Ih, where〈Ih〉 is the average intensity over symmetry equivalent reflections.b R-factor ) ∑|Fobs - Fcalc|/∑Fobs, where
summation is over the data used for refinement.c Rfree-factor is the same definition as forR-factor, but includes only 5% of data excluded from
refinement (84).
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As expected, the mutants capable of forming naringenin
also decarboxylated [14C]malonyl-CoA to [14C]acetyl-CoA
(Figure 5). Decarboxylation activity was absent in the
C164D, H303A, H303N, H303D, H303T, N336Q, and
N336H mutants, even when assayed with 100µg of protein
for 2 h. Surprisingly, the C164S and C164A mutants retained
relatively high decarboxylation activity. This result suggests
that His303 and Asn336 catalyze the decarboxylation of
malonyl-CoA.

Finally, assays of wild-type and mutant CHS enzymes in
the presence of coumaroyl-CoA, but with [14C]acetyl-CoA
replacing [14C]malonyl-CoA, showed that product formation
did not occur (data not shown). This experiment confirmed
that the acetyl-CoA carbanion required for the condensation
reaction is derived from decarboxylation of malonyl-CoA
and that, unlike in thiolase (46), the CHS active site does
not contain a general base that can activate acetyl-CoA.

Steady-State Kinetic Parameters for Naringenin Forma-
tion. To examine the contribution of Cys164, Phe215,
His303, and Asn336 to naringenin formation, steady-state
kinetic parameters for wild-type CHS and the active mutants
were determined. The kinetic parameters of alfalfa CHS2
for p-coumaroyl-CoA and malonyl-CoA (Table 2) were sim-
ilar to those reported for CHS and STS from other sources
(5, 6, 47-49). The role of Cys164 as the nucleophile and

attachment site for the polyketide intermediate was confirmed
by the lack of activity in the C164S, C164A, and C164D
mutants.

Of the His303 mutants, only the H303Q mutant remained
active for naringenin formation with a modest 10-fold
decrease inkcat/Km for both coumaroyl-CoA and malonyl-
CoA that primarily results from a decreased turnover rate.
Significantly, this result indicates that His303 does not
function as a general base during formation of the Cys164
thiolate anion. Substitutions of Asn336 produced inactive
(N336Q and N336H) and impaired enzymes (N336A,
N336D, and N336K). The N336A mutant exhibited a 90-
fold decrease inkcat/Km for coumaroyl-CoA and a 4900-fold
decrease inkcat/Km for malonyl-CoA. Both the N336D and
N336K mutants possessed drastically reducedkcat/Km for
naringenin formation using both substrates. Each of the
Phe215 mutants exhibited 80-750-fold decreases inkcat/Km

for coumaroyl-CoA but 2500-8400-fold decreases inkcat/
Km for malonyl-CoA. It should be noted that the N336A,
F215S, F215Y, and F215W mutants are actually more
effective catalysts than the values in Table 3 indicate, since
these mutants generally make a higher percentage of
truncated reaction products than of naringenin, by way of
chalcone.

Steady-State Kinetic Parameters for Malonyl-CoA Decar-
boxylation.To further investigate the reaction mechanism
of CHS, the steady-state kinetic parameters for malonyl-CoA
decarboxylation in wild-type CHS and the mutants active
for this reaction were determined (Table 4). Generally, the
Km values for the decarboxylation reactions catalyzed by
wild-type CHS and the mutants are greater than theKm values
determined for naringenin formation. Likewise, thekcat values
for malonyl-CoA decarboxylation were slightly higher than
those for naringenin formation. Since malonyl-CoA binds a
different enzyme species in the decarboxylation assay than
in the naringenin formation assay, i.e., CHS with a polyketide
intermediate at Cys164, these differences were not unex-
pected. Similar rates to those of CHS for malonyl-CoA
decarboxylation have been reported for grapevine STS (6).

FIGURE 4: TLC of reaction product formation by wild-type and
mutant CHSs. Using the conditions for the standard CHS assay,
50 µg of each protein was incubated for 30 min with coumaroyl-
and [14C]malonyl-CoA to obtain a profile of the reaction products
for each mutant. The position of authentic naringenin standard is
indicated.

FIGURE 5: TLC of the decarboxylation of [14C]malonyl-CoA to
[14C]acetyl-CoA by wild-type and mutant CHSs. Assay conditions
were as described in the Experimental Procedures. A total of 50
µg of each protein was incubated for 30 min at room temperature
with [14C]malonyl-CoA. The positions of authentic [14C]malonyl-
CoA and [14C]acetyl-CoA are as indicated.

Table 3: CHS Steady-State Kinetic Parametersa

kcat

(×10-3 min-1)
Km

(µM)
kcat/Km

(s-1 M-1)

p-Coumaroyl-CoA
WT 2210( 108 4.5( 0.7 8190
F215S 24.1( 2.8 3.8( 0.8 106
F215Y 38.8( 3.7 18.3( 3.3 35.3
F215W 20.4( 0.8 30.4( 3.5 11.1
H303Q 289( 19 7.6( 1.7 634
N336A 31.7( 2.3 5.8( 0.7 91.0
N336D 1.3( 0.1 18.3( 1.7 1.2
N336K 0.7( 0.1 28.1( 4.2 0.4

Malonyl-CoA
WT 3710( 210 4.1( 1.0 15 080
F215S 37.5( 2.9 104( 21 6.0
F215Y 20.1( 2.5 184( 28 1.8
F215W 13.5( 0.4 107( 9 2.1
H303Q 556( 20 8.2( 1.1 1130
N336A 7.9( 0.6 41.9( 3.7 3.1
N336D 0.7( 0.1 33.2( 5.2 0.3
N336K 2.6( 0.3 127( 36 0.3
a All reactions were performed using the radiometric assay in

potassium phosphate buffer (pH 7.0) as described in the Experimental
Procedures. Allkcat andKm values were determined using Kaleidagraph
and are expressed as a mean( SE for ann ) 3.
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In CHS, mutation of Cys164 to serine or alanaine yielded
10-fold reductions inkcat for malonyl-CoA decarboxylation.
Importantly, the C164A and C164S mutants demonstrate that
Cys164 is not essential for the decarboxylation reaction. The
C164D mutant eliminated the ability to decarboxylate
malonyl-CoA, presumably because the presence of a car-
boxylate at the active site compromises the stability of the
acetyl-CoA carbanion intermediate. The effects of mutations
of both His303 and Asn336 indicate that these residues
catalyze the decarboxylation of malonyl-CoA. The N336Q
and N336H mutant proteins, as well as all the substitutions
of His303, except for the H303Q mutation, abolished
decarboxylation activity. The H303Q mutant exhibited only
an 8-fold reduction inkcat/Km, while the N336A, N336D,
and N336K mutants exhibited 500-5100-fold reductions in
the kcat/Km for malonyl-CoA decarboxylation. Finally, the
Phe215 mutants retained decarboxylase activity with 80-
450-fold reductions inkcat/Km for the decarboxylation reac-
tion.

CoA and Acetyl-CoA Fluorescence Titrations.To deter-
mine if the inactive mutants possessed impaired CoA and
acetyl-CoA binding activity, titration of the intrinsic protein
fluorescence was employed to measure the affinity of the
16 CHS mutants for these ligands. Since acetyl-CoA is not
a viable starter molecule for CHS (38), it provides a mimic
for portions of the CoA substrates. Panels A and B of Figure
6 illustrate titration curves for wild-type CHS with increasing
concentrations of CoA and acetyl-CoA, respectively. TheKd

values determined from these curves for ligand binding to
wild-type CHS were 82 nM for CoA and 70 nM for acetyl-
CoA. Table 5 summarizes the sameKd values measured for

the CHS mutants. Most of the mutants bound CoA with
roughly the sameKd value as wild-type CHS, except for the
F215W and N336K mutants. The increasedKd values for
CoA and acetyl-CoA binding in these two mutants likely
results from steric interference in the CoA binding tunnel,
since the amino acid substitutions at positions 215 and 336
introduce significantly larger side chains at these positions.
For acetyl-CoA binding, the Cys164 and His303 mutations
did not dramatically affect theKd values, indicating that these
residues do not contribute to binding of CoA or acetyl-CoA.
Likewise, the F215S and F215Y mutants also bound acetyl-
CoA with only a small variation in theKd as compared to
wild-type CHS. However, all of the mutations of Asn336,
except the N336H mutant, exhibitedKd values for binding
acetyl-CoA that were 15-40-fold higher than wild-type CHS,
suggesting that this residue contributes to substrate binding.

Table 4: Malonyl-CoA Decarboxylation Steady-State Kinetic
Parametersa

kcat

(×10-3 min-1)
Km

(µM)
kcat/Km

(s-1 M-1)

WT 4090( 162 19.1( 2.7 3570
C164A 415( 14 18.5( 2.2 374
C164S 403( 14 23.0( 2.6 292
F215S 74.8( 2.4 54.6( 6.4 22.8
F215Y 171( 9 63.6( 9.2 44.8
F215W 49.3( 2.7 124( 14 7.9
H303Q 658( 20 25.2( 2.5 435
N336A 28.9( 1.6 67.8( 6.3 7.1
N336D 13.9( 0.8 159( 19 1.5
N336K 13.5( 1.7 339( 37 0.7
a All reactions were performed using the radiometric assay in

potassium phosphate buffer (pH 7.0) as described in the Experimental
Procedures. Allkcat andKm values were determined using Kaleidagraph
and are expressed as a mean( SE for ann ) 3.

Table 5: CoA and Acetyl-CoA Binding Constants

CoA Kd

(nM)a
acetyl-CoAKd

(nM)
CoA Kd

(nM)a
acetyl-CoAKd

(nM)

WT 82 ( 16 70( 14 H303Q 112( 35 68( 20
C164A 57( 12 187( 47 H303D 60( 7 131( 17
C164S 73( 13 95( 17 H303T 135( 17 154( 25
C164D 88( 16 108( 19 N336A 128( 24 983( 112
F215S 69( 15 158( 33 N336D 65( 6 1100( 390
F215Y 60( 8 79( 12 N336Q 82( 14 2770( 240
F215W 50 900( 11 700 8080( 2350 N336H 47( 8 141( 26
H303A 160( 48 174( 35 N336K 22 800( 5200 10 100( 1100
H303N 71( 18 57( 9

a Kd values were determined as described under the Experimental Procedures and are expressed as a mean( SE for ann ) 3.

FIGURE 6: Measurement of the binding of CoA and acetyl-CoA to
wild-type CHS. Binding of CoA (A) and acetyl-CoA (B) to CHS
was determined by measuring the decrease in protein fluorescence
emission at 330 nm (excitation at 280 nm) upon addition of ligand
(0-2.1 µM) under conditions described in the Experimental
Procedures. Only titration data from 0 to 1µM is shown. Data are
plotted as percentage of fluorescence change versus ligand con-
centration withKd values determined as described. The inset graph
shows a linear transformation of titration data (0-2.1 µM) where
R is the change in fluorescence upon ligand addition.
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FIGURE 7: Structural comparison of wild-type CHS and mutants. (A) Superimposition of the active-site residues and two water molecules
(WR and Wâ) of wild-type CHS (gold) and the C164A mutant (blue). Carbon, nitrogen, oxygen, and phosphorus atoms of the side chains
and CoA are shown in black, blue, red, and pink, respectively. The bis-Tris propane molecule bound in the CoA tunnel of the C164A
mutant is not shown for clarity. (B) Superimposition of the wild-type (gold) and H303Q mutant (cyan) active sites. (C) Superimposition of
the wild-type (gold) and N336A mutant (purple) active sites, including the terminal portion of bound CoA. The relative locations of the
cyclization pocket and the CoA binding tunnel are indicated in panels A-C, and the view is oriented as in Figure 2, panels A and B. (D)
Comparison of the CoA binding sites in the wild-type (gold) and N336A mutant (purple). Figure prepared using MOLSCRIPT (85) and
rendered with POV-Ray (86).
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The difference inKd for CoA versus acetyl-CoA observed
in the Asn336 mutants indicates a preference for ligands with
a thioester carbonyl.

Structures of the CHS Mutants.The overall structures of
the C164A, H303Q, and N336A mutants were nearly
unchanged compared to wild-type CHS with rms deviations
of the backbone atoms of 0.15, 0.21, and 0.18 Å, respectively.
The overall fold of the N336A mutant complexed with CoA
is shown in Figure 2A. The final models included residues
Met1-Ile389 in the C164A mutant, Val2-Ile389 in the
H303Q mutant, and Ser3-Ile389 in the N336A mutant.
Electron density for CoA was apparent in the N336A mutant.
In addition, a sulfate molecule was modeled near the side-
chain hydroxyl group of Ser5 and the backbone nitrogens
of Val4 and Ser5 in each structure, and a bis-Tris-propane
molecule was modeled in the CoA-binding tunnel of the
C164A mutant.

The structure of the C164A mutant shows that minimal
changes were introduced at the active site (Figure 7a). His303
and Asn336 maintain their positions in the active site because
of a network of hydrogen bond interactions that is nearly
identical to that observed in the wild-type enzyme (Figure
8). This network includes two water molecules found on the
side of His303 distal to the active site. The structure of the
H303Q mutant revealed that substitution of glutamine for
His303 resulted in only slight perturbations at the active site
(Figure 7B). This structure demonstrates that the hydrogen-
bonding ability of the Nε of His303 is retained by the amide
nitrogen of Gln303, as suggested by kinetic analysis of this
mutant. Likewise, comparison of the N336A mutant and
wild-type CHS structures shows that replacement of Asn336
with an alanine introduced few changes at the active site
(Figure 7C). The only major difference is that the methyl
group of Ala336 allows an additional water molecule into
the active site; this water interacts with the Nε of His303
(2.9 Å) and the Sγ of Cys164 (3.4 Å).

The N336A structure revealed that CoA binds to the
mutant enzyme in a conformation analogous to that observed
in the wild-type CHS‚CoA complex (Figure 7D). Although
van der Waals contacts dominate the protein-ligand interac-
tions, Lys55 and Arg58 interact with the phosphate on the
ribose group and Lys62 hydrogen bonds with the phosphate
nearest the ribose on the diphosphate bridge to the pante-

theine arm. Interaction between the backbone amide of
Ala308 and the carbonyl oxygen of the pantetheine arm
forms the final hydrogen bond between CHS and CoA.

The structures of these mutants demonstrate the flexibility
of Phe215 and Ph265. In both the C164A and N336A mutant
structures, Phe215's benzyl moiety rotates about theø2 angle
from the conformation seen in the wild-type and H303Q
mutant structures and Phe265's benzyl group rotates into the
cyclization pocket in both of these mutants. This rearrange-
ment of Phe265 may depend on occupancy of the CoA-
binding site, since a bis-Tris propane molecule is bound in
the C164A mutant and a CoA molecule in the N336A
mutant. Comparison of the structure of CHS complexed with
CoA and the N336A mutant (Figure 7D) suggests that the
position of the CoA's terminal thiol may influence the
conformations of Phe215 and Phe265.

DISCUSSION

Cys164 SerVes as the Nucleophile for Polyketide Forma-
tion and Is Not Essential for Malonyl-CoA Decarboxylation.
Our results confirm the role of Cys164 as the nucleophile
that initiates the reaction and as the attachment site for the
enzyme-bound polyketide intermediates required for chalcone
formation (6, 19). Although replacement of Cys164 with an
alanine eliminates the nucleophile required for covalent
attachment of polyketide reaction intermediates to CHS (7,
19), the C164A mutant still catalyzes malonyl-CoA decar-
boxylation. Supporting our finding that Cys164 is not
essential for the decarboxylation reaction, previous studies
of parsley CHS demonstrated that the thiol-specific com-
pounds iodoacetate and iodoacetamide did not inhibit ma-
lonyl-CoA decarboxylation (20). Thus, the active-site resi-
dues responsible for the decarboxylation reaction reside
elsewhere in the CHS active site and likely include His303
and Asn336, as discussed below.

A number of fatty acid synthases catalyze decarboxylation
reactions without the active-site thiol being occupied by an
enzyme-bound intermediate but at less than 25% of the
product formation rate (50-52). In addition, substitutions
of the active-site cysteine in the structurally homologous
KAS II eliminate the condensation reaction but conserve
decarboxylase activity (53). Unlike these examples, CHS

FIGURE 8: Schematic of the hydrogen bond network observed at the CHS active site. The first number is the distance in angstroms observed
in the wild-type CHS structure and the second number the distance observed in the C164A mutant structure. Similar distances are maintained
in the H303Q and N336A mutant structures.
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catalyzes the decarboxylation of malonyl-CoA with a rate
similar to that of chalcone formation. It is possible that the
true decarboxylation rate of CHS is different from that
determined here, since the enzyme state in the measured
malonyl-CoA decarboxylation reaction (free Cys164) does
not resemble that normally occurring during chalcone forma-
tion, i.e., a polyketide intermediate covalently attached at
Cys164. Indeed, suitable mimics of each of the four
structurally distinct enzyme-ketide intermediates would be
necessary to unravel the decarboxylation rates during each
of the malonyl-CoA decarboxylation steps.

Role of His303 in Chalcone Formation and Malonyl-CoA
Decarboxylation.In the structure of CHS, His303 is within
hydrogen-bonding distance of Cys164 (22). This interaction
initially suggested that the histidine could abstract a proton
from Cys164 to form the reactive thiolate necessary for
initiation and polyketide elongation. Our results demonstrate
that the H303Q mutant retains nearly all wild-type activity
with only a 10-fold reduction in the turnover rate for chalcone
formation. This decrease is inconsistent with the 100-1000-
fold reduction in turnover rate usually associated with the
loss of a general base in an enzymatic mechanism (54, 55).
However, the loss of a stable thiolate-imidazolium ion pair
at the CHS active site resembling that of the cysteine
proteases could explain the small changes in turnover rate
(56).

The substitution of His303 with a glutamine residue is a
structurally isosteric substitution as the amide nitrogen of
the Gln303 side chain still forms a hydrogen bond with
Cys164. This interaction may sufficiently perturb the pKa

of the cysteine to allow generation of the thiolate required
for initiating chalcone formation with the reduced turnover
rate reflecting the energetic loss of going from a charge-
charge (imidazole-thiolate) pair to a neutral-charge (amide-
thiolate) pair at the active site. Alternatively, the greater
degrees of freedom accessible to glutamine versus histidine
at position 303 may result in a slightly diminished turnover
rate. Further experiments, including assignment of micro-
scopic pKa values to determine if an imidazolium-thiolate
ion pair is present at the CHS active site, must be performed.

Our results also indicate that His303 plays a key role in
the decarboxylation of malonyl-CoA. First, of the His303
mutants examined, only the H303Q mutant remains active
during malonyl-CoA decarboxylation with a modest reduc-
tion in turnover rate for malonyl-CoA decarboxylation.
Second, in the three-dimensional structures of the C164A
mutant and the previously described C164S mutant (22)
His303 remains in the same position as in wild-type CHS.
Together with the crystal structure of the H303Q mutant, it
is clear that each of these mutants retains the capacity for
hydrogen bonding with the thioester carbonyl of malonyl-
CoA. This interaction likely promotes formation of an
oxyanion hole near the carbonyl oxygen of the acetyl anion
during the decarboxylation reaction.

In a number of enzymatic and nonenzymatic systems, a
positive charge is used to stabilize an enolate produced during
a decarboxylation reaction (57-65). In CHS, an imidazolium
ion at position 303 would be mechanistically useful, since a
positive charge on His303 could stabilize the developing
negative charge on the thioester carbonyl of malonyl-CoA
and lower the energy barrier during the transition state for
the decarboxylation reaction. A similar role has been

proposed for a lysine residue in fatty acid synthase in which
a positive charge acts as an electron sink to stabilize
formation of the acetyl-carbanion required for the condensa-
tion reaction by a non-Schiff base mechanism (66, 67).
Nevertheless, the kinetic results obtained for the H303Q
mutant clearly demonstrate that the loss of a potential positive
charge at position 303 results in only a modest reduction in
both decarboxylation activity and the rate of chalcone forma-
tion. Therefore, hydrogen bonding to the thioester carbonyl
oxygen is a key interaction necessary for both activities in
CHS.

Asn336 as the Second Component of the Decarboxylation
Machinery. Characterization of the Asn336 mutants suggests
that this residue interacts with substrates during the formation
of chalcone and potentially stabilizes the transition state dur-
ing malonyl-CoA decarboxylation. First, theKd values for
CoA and acetyl-CoA binding of the Asn336 mutants indi-
cates that the amide side chain may interact with the carbonyl
of acetyl-CoA. Second, thekcat/Km values for malonyl-CoA
versus coumaroyl-CoA in naringenin formation suggest that
mutation of Asn336 impacts mainly upon the malonyl-CoA
portion of the reaction. Third, a hydrogen bond was observed
between Asn336’s side-chain amide and the thioester carbon-
yl of bound hexanoyl-CoA in a previously described C164S
mutant structure (22). It is likely that an analogous inter-
action occurs upon binding of coumaroyl- and malonyl-CoA.

The Asn336 mutants demonstrate that substrate binding
is not sufficient for catalysis in CHS. For example, the
N336Q and N336H mutants bind acetyl-CoA with 40- and
2-fold increases in theKd value over wild-type CHS,
respectively, but neither catalyzes malonyl-CoA decarboxy-
lation, while the N336A and N336D mutants exhibit similar
differences of theKd values for acetyl-CoA binding and both
catalyze the decarboxylation reaction. Together these results
suggest that binding of malonyl-CoA (and potentially cou-
maroyl-CoA) in a catalytically optimal conformation requires
hydrogen bonding between the thioester carbonyl of sub-
strates and the side-chain amide of Asn336.

The participation of Asn336 in orienting malonyl-CoA at
the active site would provide an interaction that facilitates
the decarboxylation reaction. However, the N336A, N336D,
and N336K mutants compromise this interaction, as these
enzymes catalyze the decarboxylation reaction with substan-
tial decreases in catalytic efficiency. As determined crystal-
lographically, the N336A mutant eliminates any potential
interaction between position 336 and the substrate or reaction
intermediates without disturbing the positions of Cys164 and
His303. Our results also suggest that without the guiding
interaction of Asn336, malonyl-CoA may sample a range
of conformations at the CHS active site, only some of which
allow interaction with His303 and the decarboxylation
reaction to proceed. This is based on the drastic differences
in the catalytic efficiencies for coumaroyl-CoA and malonyl-
CoA exhibited by the Asn336 mutants. The use of binding
interactions for orienting substrates at an enzyme active site
is documented in a number of systems, in which the proper
position of substrates at the active site permits “catalytic”
residues to exert their maximal effect, thereby linking the
contribution of binding interactions to catalysis (68-79).
Therefore, we conclude that the hydrogen bond between
Asn336 and the thioester carbonyl of malonyl-CoA ensures
the proper conformation for decarboxylation and for subse-
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quent condensation of the acetyl carbanion to the enzyme-
bound polyketide intermediate.

Proposed Role for Phe215.On the basis of the crystal
structure of CHS (22), Phe215 was proposed to interact with
acyl-CoA substrates through van der Waals contacts. Neither
the F215S mutant nor the F215Y mutant significantly alters
theKd for CoA or acetyl-CoA binding, but each dramatically
alters the turnover rates for malonyl-CoA decarboxylation
and chalcone formation. During the decarboxylation reaction,
Phe215 may orient the terminal carboxylate of malonyl-CoA
through van der Waals interactions. Additionally, as conver-
sion of a carboxylate group, which is polar and charged, into
carbon dioxide, which is nonpolar and uncharged, is sensitive
to environment (57), Phe215 could provide a nonpolar
environment that favors the decarboxylation of malonyl-CoA.
Furthermore, the increased proportion of truncated reaction
products observed in reactions catalyzed by the Phe215
mutants indicates that the substitutions at position 215 may
interfere with elongation of the polyketide intermediate.

Reaction Sequence for CHS.We now present a modified
reaction mechanism for chalcone formation catalyzed by
CHS. Binding ofp-coumaroyl-CoA initiates the reaction. The
thiolate of Cys164 attacks the thioester carbonyl, resulting
in transfer of the coumaroyl moiety to the cysteine side chain
(Figure 9a, R) coumaroyl). Asn336 hydrogen bonds with
the thioester carbonyl, further stabilizing formation of the
tetrahedral reaction intermediate. CoA then dissociates from
the enzyme, leaving a coumaroyl-thioester at Cys164.
Malonyl-CoA binds and positions the bridging carbon of the
malonyl moiety near the carbonyl of the enzyme-bound
coumaroyl thioester. Asn336 orients the thioester carbonyl
of malonyl-CoA near His303 with Phe215, providing a
nonpolar environment for the terminal carboxylate that
facilitates decarboxylation. His303 and Asn336 interact with
the substrate’s thioester carbonyl, creating an efficient
electron sink or oxyanion hole that stabilizes the developing
negative charge during the decarboxylation step through
stabilization of the enol tautomer of the acetyl anion (Figure
9B). Moreover, the presence of a stabilized anion also
reduces its reactivity toward CO2, thereby driving the reaction
forward. Attack of the carbanion on the carbonyl of the
enzyme-bound coumaroyl thioester releases the thiolate anion
of Cys164 and transfers the coumaroyl group to the acetyl
moiety of the CoA thioester (Figure 9C). Hydrogen bonds
from His303 and Asn336 would stabilize the tetrahedral
transition state of this reaction. Recapture of the elongated
coumaroyl-acetyl-diketide-CoA by Cys164 and release of
CoA set the stage for two additional rounds of elongation,
resulting in formation of the final tetraketide reaction
intermediate.

It is unclear whether generation of the carbanion and
formation of the elongated ketide intermediates occur as
distinct or concerted reactions. The apparent lack of enzyme-
catalyzed proton exchange with solvent for thiolase and the
E. coli condensing enzymes may support a concerted reaction
(80, 81). However, similar observations were made for malate
synthase, but its reaction occurs in two steps using a formal
carbanion intermediate (82). Likewise, modeling of the
decarboxylation and condensation reactions of fatty acid
synthase suggests that decarboxylation of the malonyl group
occurs before condensation of the resulting anion without
protonation of the reaction intermediate (66).

The final step in chalcone formation involves an intramo-
lecular Claisen condensation encompassing the three acetate
units derived from three malonyl-CoAs. During cyclization,
the nucleophilic methylene group nearest the coumaroyl
moiety attacks the carbonyl carbon of the thioester linked
to Cys164. Ring closure is proposed to proceed through an
internal proton transfer from the nucleophilic carbon to the
carbonyl oxygen. Breakdown of this tetrahedral intermediate
expels the newly cyclized ring system from Cys164. Sub-
sequent aromatization of the trione ring through a second
series of facile internal proton transfers yields chalcone.

Relationship of the CHS Mechanism to That ofâ-Ketoacyl
Synthase (KAS) II.The roles of Cys164, His303, and Asn336
in catalysis may be similar in other KAS modules of the
more complex polyketide and fatty acid synthases. Structur-
ally, these three residues in CHS are analogous to Cys163,
His303, and His340 of KAS II fromE. coli (23), which
catalyzes the addition of acetate to palmoleitic acid. Unlike
CHS, this enzyme uses an acyl carrier protein instead of a
CoA thioester to shuttle substrates to the active site. Recent
work has demonstrated that the active-site cysteine of KAS
II is not required for decarboxylase activity (53). Huang et

FIGURE 9: Reaction mechanism of decarboxylation and chalcone
formation catalyzed by CHS. (A) Transfer of the starter coumaroyl
(R) from CoA to Cys164. (B) Decarboxylation of malonyl-CoA is
catalyzed by His303 and Asn336. The proposed role of Phe215 in
orienting the terminal carboxylate of malonyl-CoA is diagrammed
schematically. R for this step ranges from coumaroyl- to the pen-
ultimate triketide intermediate. (C) Resonance of the enolate ion
to the keto form allows for condensation of the acetyl carbanion
with the enzyme-bound polyketide intermediate.
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al. (23) proposed roles for the two histidines of KAS II that
are the opposite from those suggested for the active-site
histidine and asparagine of CHS. In the KAS II crystal
structure, His340 is closer to the Sγ atom of the active-site
cysteine than is His303. In CHS, His303 is closer to the
active-site cysteine than is Asn336. On the basis of these
observations, His340 in KAS II may stabilize the nucleophilic
thiolate with His303 of KAS II aiding in binding the second
substrate at the active site by guiding the C2 carbon of the
acetyl-acyl carrier protein into position for the condensation
step. In addition, both the histidines of the KAS II active
site could stabilize the transition state of the decarboxylation
reaction. These differences at the active site of KAS II may
also reflect the need to accommodate a slightly different
position of the malonyl substrate that results from using an
acyl-carrier protein instead of a CoA thioester.

Conclusions.All polyketide and fatty acid synthases
catalyze a common condensation reaction in which an acyl-
enzyme intermediate undergoes nucleophilic attack by a
carbanion derived from a decarboxylation reaction. CHS and
the related polyketide synthases, including STS, BBS, ACS,
and 2-PS, use a single active site containing four conserved
amino acids to perform a series of decarboxylation, conden-
sation, cyclization, and aromatization reactions (6). The
results of this study, and the structural similarity of CHS to
KAS II, suggest that a common set of active-site features
exists across the family of polyketide and fatty acid syn-
thases, implying evolutionarily conserved mechanistic fea-
tures (83). Further studies focused on how polyketide
synthases, like CHS, control the choice of starter molecule,
the number of acetate additions, and the stereochemistry of
the cyclization reaction will shed further light on the
mechanism of these enzymes.
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