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Abstract

Search of the protein database with the aflatoxin pathway polyketide synthase (PKS) revealed putative PKSs in the pathogenic fungi
Coccidioides immitis and Coccidioides posadasii that could require partnerships with a pair of fatty acid synthase (FAS) subunits for the
biosynthesis of fatty acid—polyketide hybrid metabolites. A starter unit:acyl-carrier protein transacylase (SAT) domain was discovered in
the nonreducing PKS. This domain is thought to accept the fatty acid product from the FAS to initiate polyketide synthesis. We
expressed the C. immitis SAT domain in Escherichia coli and showed that this domain, unlike that from the aflatoxin pathway PKS,
transferred octanoyl-CoA four times faster than hexanoyl-CoA. The SAT domain also formed a covalent octanoyl intermediate and
transferred this group to a free-standing ACP domain. Our results suggest that C. immitis/posadasii, both human fungal pathogens, con-
tain a FAS/PKS cluster with functional similarity to the aflatoxin cluster found in Aspergillus species. Dissection of the PKS and deter-
mination of in vitro SAT domain specificity provides a tool to uncover the growing number of similar sequenced pathways in fungi, and

to guide elucidation of the fatty acid—polyketide hybrid metabolites that they produce.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Many apparent secondary metabolic gene clusters are
emerging from genome sequencing projects. Among these,
fungi have genes predicted to encode as many as 30 polyke-
tide synthases (PKSs) where only few have been correlated
to characterized natural products [1]. PKSs use chemistry
similar to fatty acid synthases (FASs); however, variable
starter unit specificity and differing extents of reduction
of the growing polyketide chain underlie the enormous bio-
synthetic diversity of their products [2]. In addition, PKSs
often associate with other PKSs, non-ribosomal peptide
synthetases (NRPSs), or FASs to further enhance the struc-
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tural complexity of products that can arise. FAS and PKS
enzymes harbor acyl-carrier proteins (ACPs) that bear the
elongating intermediates through the catalytic cycle main-
taining high effective substrate concentrations. In some
ascomycetes, specialized FASs are required for the produc-
tion of medium chain length fatty acids that initiate PKSs
in the biosynthesis of fatty acid—polyketide hybrid metabo-
lites such as the aflatoxins [3], sterigmatocystin [4], and
dothistromin [5]. A starter unit:ACP transacylase (SAT)
domain discovered in these accompanying PKSs was dem-
onstrated to selectively accept a Ce-fatty acyl group and
transfer it to the PKS ACP domain to initiate synthesis
of the aflatoxin precursor, norsolorinic acid (1) [6]
(Fig. 1). Subsequently, SAT domains were found to be
widespread based on examination of genome/protein dat-
abases. Most are predicted to have high selectivity for
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Fig. 1. Selected fungal polyketide metabolites. Structures include norsolorinic acid (1), naphthopyrone YWAL (2), acetyl-1,3,6,8-tetrahydroxynaphthalene
(3), cercosporin (4), and bikaverin (5). Hexanoyl or acetyl starter units are bolded.

acetyl-CoA when not associated with a FAS. This correla-
tion was demonstrated for PKSs involved in the biosynthe-
sis of naphthopyrone YWAL1 (2), acetyl-1,3,6,8-tetra-
hydroxynaphthalene (3), cercosporin (4), and bikaverin
(3) [7].

The clustering of genes involved in the production of
secondary metabolites in fungi and bacteria has allowed
the isolation of most, if not all, of the genes that encode
enzymes necessary for product formation, which has
helped accelerate the functional assignments of gene prod-
ucts. With many fungal genome projects completed and
many more underway, establishing the functions of the
increasing number of secondary metabolic pathways is a
growing need, and only part of the wider challenge in
chemistry and biology of associating function to newly dis-
covered gene products [8]. In this paper we describe an
approach applicable to fungal ‘“nonreducing” iterative
PKSs involving the dissection, expression, and in vitro
assay of substrate preference by SAT domains that initiate
individual PKS pathways. Such an analysis has allowed us
to predict the existence of a secondary metabolic FAS/PKS
pathway in the human pathogenic fungi Coccidioides imm-
itis and Coccidioides posadasii. That is, the SAT substrate
preference determined experimentally in vitro could pro-
vide a method to predict unknown or “cryptic” toxin-pro-
ducing polyketide biosynthetic pathways discovered in
sequence-based searches.

2. Materials and methods
2.1. Cloning of the C. immitis SAT domain

The three exon templates that constitute the SAT cod-
ing sequence were amplified in primary PCR reactions
using primers based upon the C. immitis sequence. The
highly similar C. posadasii NRRL C735 gDNA was
used as a template for PCR. Primer pairs included
SAT-immitis-5.1 (Ncol)/SAT-immitis-3.1, SAT-immitis-
5.2/SAT-immitis-3.2, and SAT-immitis-3.3 (NotI)/SAT-
immitis-5.3 (Table 1). The full-length ¢cDNA fragment
was amplified in a secondary PCR using the three primary

Table 1
Oligonucleotide cloning sequences

Sequence (5-3')

SAT-immitis-5.1
SAT-immitis-3.1
SAT-immitis-5.2
SAT-immitis-3.2
SAT-immitis-5.3
SAT-immitis-3.3

gaattaccatggctcaggacatgcaggtcttc
ctcctcataatgattaataaagcaggecagetgegte
ggcctgetttattaatcattatgaggagececggacgt
geacgggaccggegttacgctatcaaactctacaagageg
tttgatagegtaacgccggtecegtgeaagetac
gaattagcggeegetcecacgggtacggtgtcga

products and the end primers, SAT-immitis-5.1/SAT-
immitis-3.3. The full-length product was digested with
Ncol and Notl and inserted into the corresponding sites
in pET28a (Novagen, Madison, WI) creating the C-termi-
nal Hisgy-tag fusion plasmid, pECp-SAT. The plasmid
was sequenced and the resulting encoded protein for the
constructed SAT domain was identical to the available
C. immitis protein sequence.

2.2. SAT domain production

The Coccidioides SAT domain was expressed after IPTG
induction in Rosetta2 (DE3) Escherichia coli cells (Nova-
gen) harboring pECp-SAT. Cultures were initially grown
in 100 mL of 2x YT medium supplemented with 25 ug/
mL kanamycin and 25 pg/mL chloramphenicol at 30 °C.
When the ODygg reached 0.6, IPTG was added (1 mM),
and incubation was continued for approximately 16 h at
20 °C. Cells were harvested by centrifugation at 4080g for
20 min and resuspended in 5 mL of resuspension buffer
(50 mM potassium phosphate pH 7.6, 10% glycerol,
300 mM NaCl, 10 mM imidazole, and 1 mg/mL lysozyme).
After incubation on ice for 30 min, the resuspension was
disrupted by sonication, and cleared by centrifugation for
30 min at 27,000g. The Hisg,-tagged protein was bound
to 0.5 mL nickel-nitrilotriacetic acid resin (Qiagen, Valen-
cia, CA) and eluted with an imidazole step-gradient
according to the manufacturer’s instructions. The purified
protein was dialyzed against 100 mM potassium phosphate
pH 7.0, and enzyme concentrations were determined in
triplicate using the Bradford assay (Bio-RAD, Hercules,
CA) with bovine albumin as a standard.
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2.3. Chromatographic transacylase assay

The chain length specificity of the Coccidioides SAT
domain was determined using 1 mM acyl-CoAs (Sigma-—
Aldrich, St. Louis, MO) and 0.5 uM enzyme in 100 mM
potassium phosphate pH 7.0 as previously described [6].
For octanoyl-CoA the protein concentration was lowered
to 0.1 uM to reduce the extent of reaction. Time point sam-
ples were flash frozen in liquid nitrogen and reactants/
products were quantified using HPLC.

2.4. Synthesis of [1-"*C]-octanoyl-CoA

The CoA free-acid and the [1-'*CJ-octanoic acid sodium
salt (53 mCi/mmol) were purchased from Sigma-Aldrich.
Octanoyl-CoA was prepared using a described procedure
for the synthesis of acyl-CoA thioesters [9], and the product
was purified by HPLC.

2.5. Purification of ACPpygy

The holo-ACP monodomain from PksA in Aspergillus
parasiticus was expressed in BL21(DE3) (Novagen), purified
using Ni-NTA-Sepharose chromatography, and activated
with the promiscuous phosphopantetheinyltransferase,

Svp [10], from Streptomyces verticillus as previously
described [6].

2.6. Radiochemical transacylase assay

Twenty micromolar of enzyme(s) were reacted for either
5 or 10 min with 200 uM [1-'*CJ-octanoyl-CoA in 100 mM
potassium phosphate pH 7.0. Reactions included ACPpya,
SAT, and ACPpysa + SAT. The reactions were quenched
in 5x SDS buffer [11], and immediately separated over a
12% SDS-PAGE gel. The PAGE gel was dried between
Cellophane sheets and exposed to BioMax XAR film (East-
man Kodak, Rochester, NY).

3. Results and discussion

The fungal Type I FASs dedicated to secondary meta-
bolic pathways share higher sequence similarity to them-
selves than to FASs involved in primary metabolism,
resulting in phylogenetic clustering of each group and fur-
ther assistance in assigning their roles (data not shown).
The secondary metabolic FAS and PKS genes in aflatoxin-
producing strains are located in a 75 kb region [12], and
these three proteins form a complex [13]. Except for a few
known cases, such as dothistromin biosynthesis [5], the
FAS and PKS genes of secondary metabolism are in close
proximity, making it possible to predict that the starter unit
for polyketide initiation is a synthesized fatty acid rather
than acetate (acetyl-CoA), which is readily available in the
cell and needs no specialized synthetic apparatus. Of the
cases presently characterized, the encoded PKSs associated
with FASs are nonreducing and synthesize highly oxidized

polyketide metabolites. Most such PKSs include the follow-
ing domains: SAT, ketosynthase (KS), malonyl-CoA:ACP
transacylase (MAT), putative product template (PT,
hypothesized to facilitate cyclization chemistry of a hypo-
thetical poly-B-keto intermediate [14]), ACP, and thioester-
ase/Claisen cyclase (TE/CLC). Kroken et al. used alignment
of the KS domains from a large group of fungal PKSs to
chart their genealogy [15]. They proposed that these nonre-
ducing PKS genes evolved by gaining TE/CLC function
while losing reductive function (B-dehydrase, enoyl-reduc-
tase, and [-ketoreductase) from their “reducing” PKS
ancestors. During this evolutionary transformation, the
nonreducing family of PKS genes acquired the SAT domain,
which is intimately involved in chain length selection from
the associated FAS. For phylogenetic analysis, the
sequences of SAT domains, therefore, should be considered
in order to gain insight into FAS/PKS partnerships.

To estimate SAT domain evolution within the nonre-
ducing PKS family, the norsolorinic acid-producing PKS,
PksA, from A. parasiticus was used as the query sequence
in a Blastp search of the non-redundant protein sequence
database  (http://www.ncbi.nlm.nih.gov/).  Seventy-six
sequences (cut-off E-value =0.0) were aligned in Clustal
X. In addition to a full-length protein alignment, the first
350 amino acids (approximate size of SAT domains) were
separately aligned. Phylogenetic trees were built in PAUP
and rooted with the outgroup Neurospora crassa PKS
sequence (XP_960586) to demonstrate cladal organization
as well as to estimate possible ancestral origins. Forty-nine
of the protein seqeuences harbored the expected GXCXG
active-site motif in the SAT domain (Fig. 2). This active
site Cys tethers the starter unit during PKS chain initiation
[6]. Twelve sequences contained a GXSXG motif, which
presumably substitutes oxyester chemistry more akin to
that of the well-studied acyl transacylases known in fatty
acid and polyketide biosynthesis. Fourteen sequences had
a GXGXG motif. These SAT domains may be either inac-
tive, but have been maintained for structural reasons, or
have an alternative, as yet unknown function. Alterna-
tively, in such PKSs, the MAT domain could account for
both starter and extender unit loading [7,16]. Conse-
quently, evolutionary pressure to maintain an active SAT
domain would be lost. In the full-length alignment, a group
of sequences lack the TE/CLC domain and fall into one
clade (Fig. 3). These still contain the SAT domain with a
GXSXG or GXGXG rather than a GXCXG motif. One
of the PKSs in this clade (XP_382571) has been demon-
strated to be involved in zearalenone biosynthesis [17].
The presumed SAT domain (GXSXG) could be involved
in accepting a partially reduced polyketide starter unit
from an associated PKS for additional chain extension
leading to zearalenone [18].

The PKS involved in melanin production, PKSI1
(BAA18956/AAD38786 [19]), is closest to that of the
ancestral outgroup Neurospora sequence, supporting the
contention that genes coding for other PKSs evolved from
gene duplication events of pks/ ancestors. Moreover, SAT
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Fig. 2. Phylogenetic divergence of SAT domains. Sequences are listed by their GenBank accession numbers and fungal hosts. PKSs giving rise to known
compounds are indicated, and the known hexanoyl acceptors cluster separately from the known acetyl acceptors. Closely-grouping sequences could have
the same starter unit specificity. Putative active site motifs are color-coded: Red, GXCXG; green, GXSXG; and blue, GXGXG. * indicates a revision in

the PKS4 sequence [7].

domains from species with PKSs that are known hexanoyl
acceptors (involved in aflatoxin, sterigmatocystin, and
dothistromin biosynthesis) cluster separately from the
known acetyl acceptors (involved in naphthopyrone
YWAL, 1,3,6,8-tetrahydroxynaphthalene (likely via
acetyl-1,3,6,8-tetrahydroxynaphthalene [7]), cercosporin,
and bikaverin biosynthesis) further supporting the predic-
tion that such PKSs form complexes with secondary meta-
bolic FASs. Phylogenetic analysis, therefore, is a first step
in predicting the initial functionality of some of the myriad
PKSs discovered in genomes of ascomycete fungi.
Phylogenetic analysis of SAT domains provides insight
into starter unit selection among unknown and cryptic
pathways. Among these overall sequence differences, sev-

eral distinct variations arise when aligning the known hexa-
noyl acceptors versus the known acetyl acceptors (data not
shown). One difference stands out among these. It was pro-
posed that the Phe residue directly adjacent (upstream) to
the active site His in the Streptomyces coelicolor MAT cat-
alytic diad was a “‘selectivity filter” [20]. All of the known
hexanoyl acceptors listed in Fig. 2 contain a conserved
Ala in this position. The known acetyl acceptors [7], how-
ever, have either a bulky Phe or Tyr. Consequently, SAT
domains might also use a similar steric approach to “select-
ing” the appropriate acyl chain length. If this analysis is
correct, this observed amino acid pattern can be used to
assist in predicting the polyketide starter unit, as well as
to assess evolutionary relationships among PKS families.
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Fig. 3. Phylogenetic divergence of full-length nonreducing PKSs. The tetrahydroxynaphthalene PKSs, PKS1 orthologs, are found closest to the ancestral
outgroup Neurospora crassa sequence (XP_960586). Many of the PKSs with SAT sequences containing a GXSXG or GXGXG motif lack the C-terminal
TE/CLC domain. The domain organization of nonreducing PKSs is shown. (x) = 1, 2, or 3 ACP domains. The Coccidioides immitis PKS (XP_001241406)

contains two ACPs.

To analyze FAS/PKS partnerships in this manner, a
predicted PKS in C. immitis/posadasii was examined. The
primary pathogenic fungi C. immitis and C. posadasii are
the causative agents of coccidioidomycosis in humans
[21]. Although polyketide products such as melanin and
pigments have a role in fungal pathogenesis and virulence
[22], a specific polyketide metabolite associated with toxic-
ity and virulence in Coccidioides species has not been iden-
tified to date. Of the predicted twelve PKSs in the C.
immitis genome (Coccidioides immitis Sequencing Project.
Broad Institute of Harvard and MIT, http://www.broad.
mit.edu) one (XP_001241406) is in the same clade as the
norsolorinic acid synthase PKS, PksA (48.7/63.9/9.9% id/
sim/gap, global alignment), in the phylogenetic trees (Figs.

2 and 3). The protein also contains a similarly small Ser res-
idue in the potential SAT “‘selectivity filter” position. This
Coccidioides PKS is located in the genome next to homo-
logs of the norsolorinic acid hexanoyl synthase subunits
HexA (XP_001241401, 41.0/57.3/13.0% id/sim/gap) and
HexB (XP_001241402, 39.6/55.9/9.7) from A. parasiticus
supporting the notion that a similar fatty acid starter unit
is used to initiate polyketide biosynthesis. Homologs to
the zinc cluster binuclear transcription factor AflR
(XP_001241399 [23]) and the protein that regularly accom-
panies AfIR, AflS (Broad: between sequence 08562 and
08563), are also present. Both positively regulate aflatoxin
biosynthesis in aflatoxin-producing species [24]. Their pres-
ence in this cluster, hints that the cluster is active. Addi-
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tionally, an efflux pump (XP_001241400) similar to AfiT
found in the aflatoxin pathway for possible toxin transport
is located within the cluster. This gene in C. posadasii was
shown to be upregulated during the early parasitic growth
phase compared to that of the latent parasitic growth
phase, suggesting that the metabolite produced and
secreted could play a role in establishing infection [25].
Identifiable transposable elements are suggestive of the
cluster’s nomadic origin. In sum, the sequence information
support the view that a FAS pair is encoded to synthesize a
medium chain fatty acid, as in the case of NorS, and the
PKS SAT domain would accept this medium chain prod-
uct. To test this proposal, exons 1, 2, and 3 coding for
the C. immitis SAT domain (XP_001241406) were ampli-
fied in a 3-part overlap extension PCR and inserted into
pET28a for production of the C-terminal Hisg-tag fusion
protein in Rosetta2 (DE3) E. coli cells to determine starter
unit specificity for this unknown PKS pathway. The pro-
tein was purified using Ni-NTA-Sepharose chromatogra-
phy for in vitro specificity studies. Our results confirmed
that the C. immitis/posadasii PKS SAT domain is able to

accept a fatty acid product, and interestingly, this SAT
domain preferentially accepted octanoyl-CoA as the starter
unit with a 4-fold preference to hexanoyl-CoA (Fig. 4A).
The dissected domain also was able to covalently accept
and transfer a radioactive octanoyl-group from [1-'*C}-
octanoyl-CoA to the PksA /olo-ACP monodomain further
demonstrating its role in starter unit initiation (Fig. 4B).
Importantly, the ability to interact with a non-cognate
ACP suggests domain flexibility in carrier protein recogni-
tion, but would likely have an even higher affinity for one
or both of the two cognate ACPs found in the Coccidioides
PKS. This flexibility reduces the barrier for evolutionary
SAT domain acquisition and poses a possible route for
engineering metabolites with alternative starter units.

4. Conclusion

The Coccidioides FAS/PKS cluster clearly encodes
enzymes that make an as yet uncharacterized metabolite(s),
likely with an octanoyl starter unit. Identification of starter
unit specificity in SAT domains can guide radiotracer
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Fig. 4. (A) Coccidioides immitis SAT domain specificity. Rates are reported in pumol transfer/min/umol SAT: malonyl, 0.8 & 0.9; acetyl, 7.0 & 2.5;
butanoyl, 18.2 + 0.7; hexanoyl, 23.9 & 2.9; octanoyl, 98.8 £ 5.2; decanoyl, 1.3 £ 0.7; and palmitoyl, 0.3 £ 0.7. (B) Radiochemical transacylase assay. The
Coccidioides SAT monodomain covalently accepts a "*C-labelled octanoyl-group and transfers it to the holo-ACP monodomain from PksA.
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experiments to direct the isolation of unknown fungal aro-
matic polyketides. For example, the N-acetyl cysteamine
thioester of hexanoic acid strongly incorporated into afla-
toxin intermediates in whole-cell feeding experiments [26].
Elucidation of the metabolite(s) produced by this probable
gene cluster could assist in determining the virulence and
toxicity of this infectious fungus. The Coccidioides cluster
exemplified here is one of many gene clusters of unknown
biosynthetic function now emerging in sequence-based
searches. In addition to phylogenetic clustering of the fun-
gal FAS subunits, analogous clustering of the accompany-
ing PKS or, more specifically, the SAT domain
corroborates the pivotal role of this catalytic domain in
the selection of medium chain fatty acids rather than sim-
ple acetate starters. The convergence of FAS and PKS
sequence analyses coupled with in vitro specificity studies
provides an initial predictive approach to uncovering the
structures of unknown FAS/PKS hybrid metabolites in
fungi to close the gap between sequence and function.
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