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Polyketide natural products possess diverse architectures and
biological functions and share a subset of biosynthetic steps with
fatty acid synthesis. The final transformation catalyzed by both
polyketide synthases (PKSs) and fatty acid synthases is most often
carried out by a thioesterase (TE). The synthetic versatility of TE do-
mains in fungal nonreducing, iterative PKSs (NR-PKSs) has been
shown to extend to Claisen cyclase (CLC) chemistry by catalyzing
C–C ring closure reactions as opposed to thioester hydrolysis or
O–C/N–Cmacrocyclization observed in previously reported TE struc-
tures. Catalysis of C–C bond formation as a product releasemechan-
ism dramatically expands the synthetic potential of PKSs, but how
this activity was acquired has remained a mystery. We report the
biochemical and structural analyses of the TE/CLC domain in poly-
ketide synthase A, the multidomain PKS central to the biosynthesis
of aflatoxin B1, a potent environmental carcinogen. Mutagenesis
experiments confirm the predicted identity of the catalytic triad
and its role in catalyzing the final Claisen-type cyclization to theafla-
toxin precursor, norsolorinic acid anthrone. The 1.7 Å crystal struc-
turedisplaysanα/β-hydrolase fold in the catalytic closed formwitha
distinct hydrophobic substrate-binding chamber.Wepropose that a
key rotation of the substrate side chain coupled to a protein confor-
mational change from the open to closed form spatially governs
substrate positioning and C–C cyclization. The biochemical studies,
the 1.7 Å crystal structure of the TE/CLC domain, and intermediate
modeling afford the first mechanistic insights into this widely dis-
tributed C–C bond-forming class of TEs.
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Aflatoxin is a common contaminant of nuts and grains and is
found particularly in the staple diets of many developing

countries (1). The toxin is produced by fungal species (such as
Aspergillus flavus, Aspergillus parasiticus, and Aspergillus nomius)
that infect plants during growth, harvest, and storage. The toxin
can withstand food processing and is considered by the Food and
Drug Administration to be an unavoidable contaminant of foods.
Chronic ingestion of dietary aflatoxin B1 (3), especially when
combined with hepatitis B or C infections, leads to hepatocellular
carcinoma (liver tumors), which is the third most common cause
of cancer death globally (2). Aflatoxin biosynthesis presents
problems of fundamental interest in natural products chemistry,
and understanding its formation could afford means to control
the occurrence of this environmental carcinogen (3).

Aflatoxin biosynthesis is initiated by the multidomain enzyme,
polyketide synthase A (PksA), which combines a hexanoyl starter
unit and seven malonyl-CoA extender units to synthesize the
precursor norsolorinic acid anthrone (noranthrone, 1) in the
complex pathway to aflatoxin B1 (3, Fig. 1) (4–6). Identification
of interdomainal linker regions using the Udwary–Merski
Algorithm revealed six well-defined domains, but only four were
readily identified by their homology to ketosynthase (KS), mal-
onyl-CoA:ACP transacylase (MAT), acyl–carrier protein (ACP),
and thioesterase (TE) domains (7). The N-terminal domain was

shown to function as a starter unit:ACP transacylase (SAT),
which selects the hexanoyl starter unit from a pair of specialized
fungal fatty acid synthase (FAS) subunits (HexA/HexB) and
transfers it onto the PksA ACP to prime polyketide chain elonga-
tion (8). In contrast to the chemically unreactive hydrocarbon
chain generated in fatty acid biosynthesis, a poly-β-keto inter-
mediate 5 is thought to be created by the nonreducing polyketide
synthase (PKS) system. The second newly recognized domain,
coined the product template (PT) domain (7), was shown to
be critical in the biosynthetic process to control the correct cycli-
zation of this highly reactive intermediate (9). In PksA, the KS,
MAT, and ACP join with PT to extend the hexanoyl starter and
carry out selective cyclization/aromatization chemistry (inter-
mediate 6), which, either in the absence of TE, or with a nonfunc-
tional TE gives rise to the pyrone 4, whereas in the presence of
TE, a new C–C bond is formed to yield the Claisen product nor-
anthrone 1 (Fig. 1). That is, the bicyclic intermediate 6 partitions
either by C–C cyclization in the presence of TE/CLC to 1 or, in its
absence, by spontaneous O–C cyclization to give pyrone 4. The
Claisen cyclase (CLC) behavior for nonreducing fungal PKS TE
domains was first observed in the work of Ebizuka, Fujii, and Wa-
tanabe where a normal Claisen product was diverted to its iso-
meric pyrone when the TE/CLC domain was either truncated
(10) or inactivated by site-specific mutagenesis (11). How the
PksA TE conducts Claisen cyclization (C–C bond formation) in-
stead of hydrolysis or macrolactonization (O–C bond formation),
which is typically observed in FAS and PKS proteins, is not under-
stood. The lack of mechanistic knowledge about TE-catalyzed
C–C bond formation has hindered attempts to rationally control
the chain-terminating Claisen cyclization specificity in fungal PKSs.

Apart from the 3.1 Å x-ray structures of the primary metabolic
yeast and filamentous fungal FASs (12, 13), there are very few
high-resolution structures of fungal natural product biosynthetic
enzymes, particularly of the multidomain fungal PKSs whose
domain architectures are organized similarly to animal FASs
(14). Here, we report the crystal structure of a dissected TE/
CLC domain from the multidomain fungal PKS PksA solved
to 1.7 Å resolution. TEs bear the canonical TE catalytic triad
consisting of active site Ser-His-Asp (15) residues, which were
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tentatively identified in the PksATE/CLC domain by primary se-
quence comparisons and confirmed here in mutagenesis studies
and the crystal structure demonstrating their involvement in
Claisen cyclization. The structure shows that fungal CLCs belong
to the α/β-hydrolase family but harbor a deep, hydrophobic
substrate-binding chamber that is distinct from previously re-
ported TE structures from bacterial modular PKSs (16–18),
nonribosomal peptide synthetases (NRPSs) (19, 20) and human
FAS (21, 22). The structure-function studies presented herein
provide a picture that is likely general for C–C bond formation
in polyketide chain-terminating CLCs. Combined with the re-
cently published x-ray crystal structure of the PksA PT domain
(23), these studies provide a comprehensive view of the key poly-
ketide cyclization reactions characteristic of NR-PKSs.

Results and Discussion
CLC Catalytic Activity. The PksA ACP-TE/CLC didomain (holo-
form) was previously shown to promote the hydrolysis of benzoyl
N-acetylcysteamine thioester (benzoyl-SNAC; kcat0.84 s−1, Km
1.9 mM, and kcat∕Km0.44 s−1 mM−1) in vitro (7). While the
N-acetyl cysteamine (NAC) thioester mimics part of the ACP-
phosphopantetheine (PPT) moiety that carries biosynthetic inter-
mediates through the catalytic cycle, it is presumed that water
acts as the nucleophile in the PksA TE/CLC domain to release
the free acids in the absence of the native substrate. To examine
the TE/CLC hydrolytic reaction, a mutant (S1746A, “apo-
mutant”) was generated to remove the PPTattachment site from
the ACP domain and to isolate the TE/CLC reaction component
in the ACP-TE didomain. The apo-mutant showed a reduced abil-
ity to catalyze benzoyl-SNAC hydrolysis (kcat0.050� 0.004 s−1,
Km1.89� 0.49 mM, and kcat∕Km0.027� 0.007 s−1 mM−1) com-
pared to the “wild-type” construct, suggesting that the ACP post-
translational modification contributes to TE hydrolysis activity.
Subsequently, the TE/CLC catalytic triad residues were individu-
ally mutated (S1937A, H2088F, and D1964N) in the apo-mutant
to assess their involvement in TE-catalyzed hydrolysis. These
mutated constructs showed no detectable hydrolytic activity even
at elevated protein concentrations to the limits of the assay. As a

control, a conserved Asp not involved in the triad was mutated
(D2070N) and gave only a slightly reduced rate of hydrolysis
compared to the apo-mutant (SI Text). Therefore, the residues
of the proposed catalytic triad (S1937-H2088-D1964) are essen-
tial for hydrolytic activity. CD analyses of the apo-mutant and
each of the additional active and inactive mutants were highly
similar, indicating no gross structural differences (Fig. S1).

To determine if the same catalytic triad residues are involved in
TE-catalyzed Claisen cyclization in the context of a fully reconsti-
tuted PksA, the holo-form didomain constructs (ACP-TE/CLC)
containing the catalytic triad mutations (denoted with * below )
also were generated. PksA activity was reconstituted using a
3-part multidomain combination strategy (SAT-KS-MATþ PTþ
holo-ACP-TE∕CLC�). CD measurements again verified that the
wild-type holo-ACP-TE/CLC and each of the catalytic triad mu-
tants were similarly folded. Products of the enzymatic reactions
were quantified by HPLC. The catalytic triad mutations in the
PksA TE/CLC domain led predominantly to the production of
pyrone 4 via O–C cyclization and product release (Fig. 1B). In
comparison, the wild-type construct facilitates the correct C–C
cyclization event to release noranthrone 1 (observed as its spon-
taneous oxidation product norsolorinic acid 2, Fig. 1A), confirm-
ing that S1937, H2088, and D1964 are critical in catalyzing the
final Claisen (Dieckmann) cyclization (Fig. 2). As a control, the
TE/CLC domain was incubated with increasing concentrations
(1–500 μM) of the synthetic pyrone standard 4 to determine if
the O–C cyclized pyrone could be converted to norsolorinic acid
(Fig. 1C). The reactions were extracted and analyzed as above for
direct comparison. Conversion to norsolorinic acid was not de-
tected, implying that theTE/CLCdomainmust accept the partially
cyclized,ACP-bound intermediate (the bicyclic 6) to drive the final
cyclization reaction and to release noranthrone 1 (Fig. 1A).

Overall Structure: Conserved α/β Hydrolase Fold as a Monomer. The
PksA TE/CLC adopts an α/β-hydrolase fold that consists of a
central β-sheet with the second strand (β2) antiparallel to the
remaining strands (Fig. 3 A and B). Similar to other reported
TE structures in NRPS, PKS, and mammalian FAS, the β1 strand

Fig. 1. PksA-catalyzed biosynthesis of norsolorinic acid anthrone (noranthrone, 1), the polyketide precursor of aflatoxin B1 (3). The domain architecture for
PksA is shown, which includes SAT, β-ketoacyl synthase, MAT, PT, ACP, and TE/CLC domains. (A) The SAT domain receives a C6-fatty acid starter unit from an
associated fungal FAS (HexA/HexB, not shown) and transfers it onto the ACP for chain elongation. The KS accepts the hexanoyl-ACP unit and subsequent
malonate extender units are loaded onto the ACP from the MAT domain for chain extension to generate the linear poly-β-keto ACP-bound intermediate
5. The linear intermediate is then cyclized and aromatized in the PT domain. The resulting bicyclic intermediate is ultimately transferred from the ACP
to the TE/CLC domain (intermediate 6) and undergoes Claisen-type C–C bond cyclization to release the product norsolorinic acid anthrone (noranthrone,
1), which spontaneously oxidizes in vitro to norsolorinic acid (2). (B) Three-part multidomain combination strategy. Product derailment (O–C cyclization,
4) primarily occurs without a competent TE/CLC domain (catalytic triad mutations S1937A, H2088F, and D1964N). (C) TE/CLC must accept a bicyclic ACP-bound
intermediate to yield 6. The norpyrone product 4 is not a substrate for the TE/CLC domain.
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typical of the α/β-fold is not present in PksA TE/CLC. There are
two possible reasons for its absence: (i) this is a conserved struc-
tural feature of fungal PKS TE/CLC domains, or (ii) the PksA
TE/CLC was proteolytically cleaved to lose β1. The latter
explanation is less likely because the first eight residues of the
N-terminus are present as a loop region that extends along the pro-
tein exterior around α1 with the semiconservedArg1850 forming a
salt bridge with conserved Asp1903 and stabilizing the protein
structure (Fig. S2, Protein Sequence Alignment). In contrast,
N-terminal helices have been reported to be important for TE
dimer formation in DEBS and PICS TEs (17). The absence of
these helices in PksA TE/CLC supports the observation that the
PksATE/CLC is a monomer, as observed in the crystal structure,
as well as in solution by gel filtration and native PAGE mobility
experiments. Sequence alignment further reveals that the lack
of N-terminal β1 and N-terminal helices is a conserved structural
feature among iterative fungal PKS TE/CLCs.

PksA TE/CLC also lacks the characteristic αD helix of the
α/β-hydrolase family, instead having an inserted “lid” region con-
sisting of helices αL1 and αL2. Such a lid is also seen in the DEBS
(17), PICS (18), surfactin synthetase (SrfA-C) (19), fengycin
synthetase (FenB) (20), and enterobactin (EntF) (24) TE struc-
tures, although there is considerable variability among these in-
dividual lid regions. A second small region of structural variability
between these enzymes and PksATE is found in the loop between
β7 and the vestigial αE. This loop region in PksA TE/CLC has a
short extra inserted helix (residues 2045–2048, Fig. 3B).

The Catalytic Triad and Hydrophobic Substrate-Binding Chamber.
PksATE/CLC residues Ser1937, His2088, andAsp1964 constitute
a catalytic triad conserved in the α/β-hydrolase family. The nucleo-
philic Ser1937 is canonically located on a loop between β5 and αC
within the motif GXSXG, with its side-chain oxygen within hydro-
gen bonding distance of Nε2 of His2088, which canonically resides
on loop β8-αF. The carboxylate residue of the α/β-hydrolase
catalytic triad is typically found on loop β7-αE. However, in the
modular PKS and NRPS TEs it has moved to the C-terminal
end of β6. Asp1964 in PksA is likewise found at this noncanonical
position (Fig. 4B).

Two groups independently reported crystal structures of TE
domains containing a covalently linked substrate analog mimick-
ing the tetrahedral intermediate of the transesterification
reaction. Giraldes et al. cocrystallized a series of phosphonate
affinity labels with modular PKS domain PICS-TE (16), while
Samel et al. obtained crystals with the general serine protease
inhibitor phenylmethylsulfonyl fluoride covalently attached to
NRPS domain FenTE (20). Both structures identified a probable

oxyanion hole in which the backbone amide N-H that is one re-
sidue downstream of the catalytic serine forms a hydrogen bond
with what would be the oxyanion in the actual transesterification.
In PksATE/CLC, this N-H corresponds to the amide of Ser1938.
This residue is generally regarded as one component of the oxy-
anion hole for the entire α/β hydrolase superfamily (25). Further-
more, in the FenTE structure a second amide-to-oxyanion

Fig. 2. TE/CLC activity and mutagenesis. The ratio (%) of pyrone 4 (Gray
Checkered, O–C cyclization) vs. anthraquinone 2 (Gray Solid, C–C cyclization)
is plotted for each individual experiment. The PksA ACP-TE/CLC* component
was varied in 3-part (SAT-KS-MATþ PTþ ACP-TE∕CLC�) multidomain
combinations. The mutations (*) are listed on the x-axis.

Fig. 3. Overall structure of the PksA TE domain. (A) Ribbon diagram of the
TE α/β-hydrolase fold with the core domain shown in blue and the unique lid
in yellow. The location of the S1937-H2088-D1964 catalytic triad and the
oxyanion site residue G1874 is shown in balls-and-sticks and labeled green.
The position of the lid-loop, which presumably opens upon presentation of
substrate by ACP, is closed. (B) Topology diagram of PksA TE showing the
location of the catalytic triad residues along with G1874 (Black Dots), which
is thought to act as the oxyanion hole for the reaction, and the lid region
(Yellow) as an insertion between β6 and β7, a common feature of FAS,
PKS and NRPS TE domains. The core sheets and helices are colored blue
and green, respectively, and are numbered as the canonical α/β-hydrolase
fold showing that PksA TE lacks the first N-terminal sheet necessary for
dimerization. (C) Comparison of open and closed lid conformations found
in TE crystal structures.
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hydrogen bond could be observed from Ile1069 on loop β3-αA,
which is also implicated for the majority of the enzymes in the
family (in the PICS-TE structure, however, this residue is re-
placed by a crystallographic water molecule tethered to
Thr1125 on the same loop) (16, 20). The corresponding residue
in PksA TE/CLC is Gly1874 (Fig. 3B, Fig. 4B), which can plau-
sibly complete the oxyanion hole in the TE/CLC.

Similar to the TE domains from FASs, modular PKSs, and
NRPSs, the substrate-binding region of PksA TE/CLC is formed
between the α/β hydrolase core and the lid region inserted
between β6 and β7. In the modular DEBS and PICS-TE domains,
the substrate-binding region is a long, open, predominantly
hydrophilic channel that passes through the full length of the
enzyme with the catalytic triad that carries out macrolactonization
of a hydrophilic polyketide substrate located at the center (16–18).
In contrast the NRPS TE structures show a channel that is closed
off at both ends and instead opens from the side to reveal a bowl
or crevice where the macrocyclization reaction occurs (19, 20).
Crystal structures of the monomeric SrfTE fortuitously capture
both “open” and “closed” forms in which a flexible lid covers a hy-
drophobic binding pocket for the surfactin substrate (19). In the
open form, the crevice and the catalytic triad are exposed to sol-
vent, while in the closed form, a region between strand β6 and helix
αL1 moves to conceal the active site to all but small molecules.

The substrate-binding pocket of PksATE/CLC resembles that
of the NRPS TE structures more than the modular PKS TE struc-
tures in that no channel traverses the length of the protein. In
fact, there does not appear to be any solvent access to the central
chamber, because the lid region has sealed off the enzyme in the
observed closed conformation where cyclization would occur

(Fig. 4A). Presumably, docking of the ACP initiates a conforma-
tional change that exposes the chamber for substrate delivery.
The reaction chamber is highly hydrophobic and is lined with
the side chains of well-conserved residues Gly1875, Trp1936,
Ala1941, Phe1942, Ala1965, Met1971, Phe2010, Val2013,
Val2014, Met2017, His2055, Phe2056, and Phe2089, in addition
to the catalytic residues. The high conservation of these chamber-
forming residues implies that the hydrophobic and highly
aromatic substrate chamber is a feature maintained in TE/CLC
domains (Fig. S2).

Analysis of the B factors for each residue in the PksATE/CLC
structure reveals a region of high disorder in the loop between lid
helices αL1 and αL2, suggesting that this could be the flexible
entrance to the substrate chamber (Fig. 4 A and C). This flexible
region is also conserved among the other nonreducing, iterative
PKS TE domains, underscoring its structural and catalytic impor-
tance. Indeed, NMR titration experiments implicate this helix-
turn-helix region with connecting loops to be important for
acyl-thiolation substrate specificity in the assembly line TE1 in-
volved in enterobactin biosynthesis (24, 26). It should benoted that
whileTEs adopt open and closed forms, SrfTE, for example, opens
from the side of the lid (N-terminal to αL1), whereas we propose
PksA TE opens from the tip of the lid (loop αL1-αL2, Fig. 4C).

Covalent Intermediate Minimization and Proposed Mechanism. In the
two PICS-TE structures with covalently bound phosphonate
affinity labels, what would be one of the sulfur lone pairs from
the phosphopantetheine moiety points directly toward the key ni-
trogen atom of the catalytic histidine (16). In the PksA TE we
suggest that the histidine involved in the CLC reaction not only
serves to deprotonate the serine for initial nucleophilic attack on
the incoming thioester, but also acts to protonate the outgoing
thiolate leaving group as the tetrahedral intermediate collapses.
In simple TE-catalyzed hydrolytic reactions a water molecule,
most likely deprotonated by the now neutral histidine, acts as
the second nucleophile, and the histidinium reprotonates the ser-
yl oxygen as the elimination step proceeds. In PksA TE/CLC,
however, the nucleophile must be the substrate C-14 instead of
a water molecule, suggesting also that the lid has closed to pre-
clude water and the ACP-bound phosphopeantetheine arm has
departed the active site. With these considerations in mind, an
in silico model was generated for the proposed tetrahedral inter-
mediate/transition state of the reaction of C-14 that attacks on the
covalently bound intermediate. The model was minimized using
CHARMm with constraints to place the C-1 oxygen atom within
hydrogen bonding distance of the oxyanion hole comprised of
Ser1938 and Gly1874 (Fig. 4D).

Based on the PksA TE/CLC crystal structure, associated
modeling studies and mutational analyses, the following overall
mechanism is proposed for PksATE/CLC-catalyzed noranthrone
(1) formation and termination of fungal aromatic polyketide
biosynthesis (Fig. 5). Transfer of the penultimate bicyclic inter-
mediate 6 from the PT domain to the TE/CLC domain and its
final cyclization is facilitated by the direct tethering (27) of the
ACP and TE/CLC domains. The PPT-ACP phosphodiester link-
age then mediates docking of the substrate-bound ACP domain
to the TE/CLC active site. Substrate and/or ACP binding likely
triggers a conformational change in the lid region of the TE from
closed to open, thus allowing the delivery of the bicyclic thioester
substrate. The polyketide intermediate 6 then undergoes transes-
terification from the PPT arm of the ACP to the nucleophilic
active site Ser1937, which is deprotonated by His2088 with the
assistance of Asp1964. The backbone nitrogens of Gly1874
and Ser1938 act as the oxyanion hole to stabilize the transacyla-
tion reaction (Fig. 4D and Fig. 5). As the tetrahedral intermediate
collapses, the leaving thiolate is in position to abstract the
histidinium (His2088) proton as it exits the PPT-ACP channel.
When the PPT group leaves the active site, C-14 of the substrate

Fig. 4. The TE active site chamber. (A) Surface representation of the PksA TE
substrate chamber in green, and the active site in red. The lid in yellow
completely closes off the entrance to the substrate-binding chamber.
(B) Representative electron density from the 1.7 Å PksA TE structure, con-
toured to 1.5 Å, calculated from the 2Fo-Fc map and displayed around
S1937, D1964, and H2088. (C) PksA TE displayed by B-factor putty (Red: high
B-factor to Blue: low B-factor). The lid loop region (Red Arrow) has the high-
est B-factor suggesting this flexible region opens to allow access to the active
site. (D) The docked model (Sticks) of the second tetrahedral intermediate of
the TE/CLC reaction generated by CHARMm minimization. C1 is covalently
attached to S1937 (Orange). Hydrogen bonds between the oxyanion and
G1874 and S1938 are shown with black dashed lines. The internal chamber
volume is shown as a transparent cloud. Active site residues (except for
S1937) are shown as white sticks and intermediate carbon atoms in gray.
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side chain can rotate to occupy the now empty space left by the
departing PPT sulfur atom, and the lid can reclose once the
substrate diketo side chain swings into this channel. The hexyl
portion of the substrate is now enveloped by residues Gly1875,
Trp1936, Gln1991, and Phe2010. The conformational change
of the hexyl group locks C-14 close to catalytic His2088 and con-
trols substrate positioning for enolate formation and subsequent
C–C (Claisen/Dieckmann) cyclization through a second, virtually
identical tetrahedral intermediate. Upon its collapse, the seryl
oxygen is displaced and reprotonated by His2088, ending the
catalytic cycle and restoring the resting state of PksA TE/CLC.

Conclusions
We report the first crystal structure of a TE/CLC that catalyzes a
C–Ccyclization (Claisen cyclization) reaction, andwe find that the
TE/CLC imposes strict conformational control on the enzyme-
bound intermediate to drive C–C cyclization and to prevent spon-
taneous O–C cyclization, which occurs with a defective or absent
TE/CLC. The inherent hydrolytic activity of the TE/CLC domain
supports anediting function in the absenceof the correct substrate.
Although primary sequence similarity is low compared to other
TEs, the tertiary structure of this C–C bond-forming enzyme is
similar to known enzymes that promote O–C or N–C forming
reactions—hydrolysis, macrolactonization, and macrolactamiza-
tion. The mutagenesis, structural studies and in silico models
provide a picture of the catalytic cycle that is likely general for
the CLC-type TEs that are widespread in filamentous fungi.
The characteristic polyketide cyclization reactions exemplified
byNR-PKSs are known to be carried out in the PTandTEdomains
(9). Themechanistic insights afforded by the structure of the PksA
TE reported here can be combinedwith those of its companion PT
domain (23) for a complete structural description of the fungal
polyketide cyclization reactions. These new findings build a foun-
dation for developing inhibitors of aflatoxin production that target
polyketide assembly, ring closure and the unique aspects of fungal
TE-catalyzed chain release as well as for engineering aromatic
polyketide biosynthesis in the prolific secondary metabolite-
producing fungi to produce alternative bioactive products.

Materials and Methods
Protein Production and Purification. Recombinant PksA TE monodomain and
PksA ACP-TE didomain constructs containing N-terminal His6-tags were pro-

duced and purified as previously described (7, 9). The proteins were dialyzed
against 50 mM Tris-HCl pH 7.5, and the polyhistidine tag was cleaved with
bovine thrombin (10 unit per 1 mg sample). The protein mixture was adjusted
to 300 mM NaCl, and the polyhistidine tag was removed with Ni resin
(Qiagen). The flow-through containing the cleaved protein was dialyzed
against 50 mM Tris-HCl pH 7.5 and further purified by Q-Sepharose anion
exchange chromatography using a 10–500 mM KCl gradient (Fig. S3). The
purified protein was exchanged into 20 mM Tris-HCl pH 7.5 containing
5% glycerol and 2 mM DTT, concentrated to 5 mg∕mL, and frozen in liquid
nitrogen for crystallographic studies. Selenomethionine labeled PksA TE was
produced in Escherichia colimethionine auxotroph B834(DE3) (Novagen) and
was purified as above for phase determination.

Enzyme Assays. The hydrolytic activity of the TE/CLC was determined as pre-
viously described (7). Briefly, the purified protein was exchanged into 50 mM
potassium phosphate buffer (pH 7.5) using an EconoPac-10 desalting column
(BioRad), and concentrations were determined using the Bradford assay with
bovine albumin as a standard. Benzoyl-SNAC (250 mM) was dissolved in
DMSO for substrate addition. The hydrolysis of a series of concentrations
of benzoyl-SNAC was monitored in triplicate after the addition of enzyme
(2 μM final), and 50 μl aliquots of the reaction were quenched in 50 μl aliquots
of 8 M urea at 2, 5, 10, and 15 min. The resulting free thiols produced were
reacted with 5; 50-dithiobis-2-nitrobenzoate (8 mg∕mL in ethanol, 4 μl) for
15 min at 25 °C and quantified by UV-visible spectrophotometry at
412 nm. The catalytic triad mutants exhibited no detectable activity even
at 10 mM substrate concentration.

Reconstitution of PksA activity utilizing a 3-part multidomain combina-
tion strategy and quantification of the resulting products were carried
out as previously described (9). The SAT-KS-MAT, PT, and ACP-TE∕CLC� com-
ponents (10 μM each) were incubated with 0.5 mM hexanoyl-CoA and 2 mM
malonyl-CoA in 100 mM potassium phosphate buffer (pH 7.4) for 14 h, and
the extracted organic products were analyzed by HPLC. The holo-ACP-TE/CLC
mutants (*) were monitored for their ability to carry out Claisen chemistry.

The PksA TE/CLC monodomain (10 μM) was treated with a series of
substrate concentrations (1, 10, 50, 100, 250, and 500 μM pyrone) for 1 h
in 100 mM potassium phosphate buffer pH 7.4 at 25 °C. The products were
extracted and analyzed as above by HPLC to determine if pyrone 4 could be
converted to noranthrone 1.

Mutagenesis. The ACP-TE expression construct (pETA1) (7), generated by am-
plifying the pksA cDNA with oligonucleotides APACP5.1 (50-GAATTCCCTTA-
TAAACCAGCTAAT-30) and APTE3.1 (50-AAGCTTCTAAGCCATGACCCGGTC-30)
and inserting the amplified product into the EcoRI/HindIII sites in pET28a (No-
vagen) to create an N-terminal His6-tag fusion, was selected for mutagenesis
studies. The catalytic triadmutations (S1937A, H2088F, and D1964N) were cre-

Fig. 5. Proposed mechanism of TE/CLC-catalyzed chain-termination of fungal aromatic polyketide biosynthesis. The ACP of the ACP-bound substrate is dis-
placed upon TE-catalyzed transesterification (Upper). The catalytic triad and oxyanion site residues are shown. Rotation of the substrate side chain can occur
once the ACP leaves the pocket, and the TE can then close. TE conformational constraints as observed in the closed-form crystal structure guide Claisen-type
cyclization to release noranthrone 1 (Lower).
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ated in both the “holo-construct” that were activated by the promiscuous
phosphopantetheinyltransferase, Svp (28), and the apo-construct lacking the
phosphopantetheine attachment site (S1746A) by overlap extension PCR (29).

Crystallization of PksA TE. Crystals of the selenomethionine derivative of PksA
TE were grown as sitting drops at 25 °C by vapor diffusion. The well buffer
contained 0.2 M ammonium acetate, 0.1 M sodium citrate pH 5.6, and 30%
PEG 4K. Protein concentration was 5 mg∕mL. Drops were generated by mix-
ing 2 μL of purified protein with 2 μL of well solution. The twinned, orthor-
hombic crystals grew within 2 wk. Crystals of the PksA ACP-TE didomain
construct grew in the same condition, although analysis of the PksA ACP-
TE crystals by SDS-PAGE showed that the TE alone crystallized as a protein
degradation product.

Data Collection. The crystals were transferred to a well solution containing
85% of the above crystallization buffer plus 15% glycerol, and flash frozen
in liquid nitrogen. Multiwavelength anomalous dispersion (MAD) data from
the selenomethionine derivative was collected to 3.5 Å on aMarUSAMarMo-
saic -325 charge coupled detector at beamline 9-2 of the Stanford Synchro-
tron Radiation Laboratory. Native data were collected to 1.7 Å on an ADSQ
Q210 charge coupled detector at beamline 5.0.2 of the Advanced Light
Source. The space group for both native and derivative crystals was
P212121 with isomorphous cell dimensions of a ¼ 66.934 Å, b ¼ 66.941 Å,
c ¼ 67.924 Å, α ¼ β ¼ γ ¼ 90.000° (onemonomer per asymmetric unit). Inten-
sities were indexed and scaled with DENZO and SCALEPACK using the
HKL2000 package. Scaled data from the Selenomethionine derivative was
unmerged. A summary of the crystallographic statistics is shown in Table S1.

MAD Phasing, Model Building, and Refinement. Initial phases were calculated
by the MAD method. Using the program SOLVE (30), 12 initial Se sites were
found, and initial electron density maps were generated using RESOLVE
(30). The phases based on the Se sites from the MAD dataset were then used
to calculate electron density maps that were improved using “solvent flip-
ping” in CNS. The solvent boundary and protein regions in the initial electron
density map were well defined, and >80% of the protein backbone and side-
chains were built into the initial map using QUANTA and COOT (31). This par-
tial model was then used as a starting point for molecular replacement in CNS

using the native data to 1.7 Å. One round of rigid-body refinement followed
by simulated annealing, energy minimization, and B-factor refinement gave
initial R and Rfree values of 30% and 35%, respectively, over the resolution
range 50 − 1.7 Å. The remaining model was then rebuilt and problem areas
were refined via iterative rounds ofmodel building and refinement, although
the R and Rfree values did not decrease below 27% and 30%. At this time the
data were passed through the twinning server at University of California Los
Angeles, which suggested that the native dataset is moderately twinned with
a twinning factor of 0.42. Application of the twinning operator k, h, -l to cor-
rect for the crystal twinning lowered the R and Rfree to 22%and 25%, atwhich
point waters were added using COOT. A final round of energy minimization
and B-factor refinement gave final R and Rfree values of 18% and 20%.

CHARMm Minimization. All steps were performed with the Discovery Studio
(DS) 2.1 software suite. The transition state intermediate (Fig. 5D) was gen-
erated with the structure drawing functionality of DS 2.1, manually docked in
the active site of PksA TE/CLC, and attached to Ser1937 by a sigma bond. The
entire system was typed with the CHARMm forcefield (32) and minimized
using an adopted basis NR algorithmwith a generalized Born implicit solvent
model with molecular volume. The oxyanion was constrained between 2.5
and 3.5 Å each of the amide nitrogens of Gly1874 and Ser1938. The algorithm
exited after achieving an rms gradient of <0.1 kcal∕ðmolÅÞ. All other settings
were default.
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