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Acyl-Carrier Protein—-Phosphopantetheinyltransferase Partnerships in

Fungal Fatty Acid Synthases

Jason M. Crawford,” Anna L. Vagstad,” Kenneth C. Ehrlich,” Daniel W. Udwary,™ and Craig A. Townsend*®

The synthesis of fatty acids is an essential primary metabolic
process for energy storage and cellular structural integrity. As-
sembly of saturated fatty acids is achieved by fatty acid syn-
thases (FASs) that combine acetyl- and malonyl-CoAs by repeti-
tive decarboxylative Claisen condensations with subsequent re-
duction and dehydration steps.”! In mammals seven catalytic
domains are encoded by a single gene, giving rise to an a,-ho-
modimeric protein. In fungi, however, eight catalytic domains
are divided between two subunits, and an architecturally dis-
tinct aef canonical complex releases the final product as a
CoA ester rather than as a free-acid, as occurs with animal
FASs.An acyl-carrier protein (ACP) that is post-translationally
modified with a CoA derived arm by a phosphopantetheinyl-
transferase (PPT), tethers the growing fatty acid via a thioester
linkage during these iterative catalytic cycles. Such attachment
to the holo-ACP arm fosters high effective substrate concentra-
tions during the synthesis.

Several examples are known in fungi where dedicated FASs
have evolved to interact with polyketide synthases (PKSs) in
secondary metabolic pathways.” For example, norsolorinic
acid synthase (NorS) is comprised of a pair of fatty acid sub-
units, HexA and HexB,” that synthesize a C-fatty acid starter
unit to prime the associated PKS, PksA, in the formation of the
aflatoxin (1) precursor, norsolorinic acid (2; shown). These sub-

units associate into an approximately 1.4 MDa species as esti-
mated by size exclusion chromatography, and they are
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thought to form an a,f3,y, complex that is quite distinct from
the FAS of primary fungal metabolism.”) Hexanoyl-CoA was
not detected as a free intermediate in in vitro assays, suggest-
ing, but not proving, that a direct transfer could take place be-
tween the FAS and PKS subunits. A starter unit, ACP transacy-
lase (SAT) domain in the accompanying PKS was identified that
exhibited Cg-chain length specificity and catalyzed transfer to
the PksA ACP to bridge fatty acid and polyketide synthesis.”
Such drastic differences in the protein organization of primary
and secondary metabolic FASs reflect different evolutionary
histories.

Major advances have been made recently in elucidating the
structures of FASs from primary fungal metabolism."® The
aePs complex harbors six distinct reaction compartments
where the ACPs lie inside each compartment and are posi-
tioned to deliver the elongating substrate to the deep-seated
active sites of the remaining catalytic domains, which are or-
ganized in an accessible circular fashion.”® The apo-ACPs must
be activated by a PPT to the holo-form containing the approxi-
mately 18 A 4'-phosphopantetheine arm derived from CoA to
extend the acyl intermediates down into these active sites. In
addition, the ACP domain itself has flexible upstream and
downstream linker sequences that allow effective substrate
transfer of the tethered intermediates among the catalytic do-
mains. The PPT domain, however, is external to the rigid, tight-
ly associated complex and is unable to contact its cognate
ACP for activation.” In agreement with biochemical studies
this quaternary organization necessitates activation prior to
complex association."” Consequently, the ACP and PPT reside
in the same a-subunit. Such organization would be expected
to facilitate efficient intramolecular activation (Figure 1). It is
not clear however, which ACP/PPT activation partnerships
occur in FAS/PKS hybrid complexes where multiple ACPs are
present, but only one PPT resides on the FAS.

The structures of the 2.6 MDa a4f¢ fungal primary metabolic
FASs have yielded deeper understanding of the mechanism of
fungal fatty acid biosynthesis. The N terminus of the fatty acid
o subunit (HexA homologue, 56.7% global similarity) comple-
ments the malonyl/palmitoyl transacylase (MPT) catalytic
domain and acts as the upstream ACP anchor.”#® In the current
description of the HexA protein sequence, such a domain is
not present, raising concern that the HexA encoding sequen-
ces as currently described are incorrect. Alignment of the pri-
mary metabolic f-subunit and HexB revealed that the latter
described sequence lacks the N-terminal trimerization helix.
This helix forms extensive 3; interactions in the primary meta-
bolic FAS likely essential for afs dodecamer formation.” Con-
trary to the HexA encoded sequence, loss of this structural ele-
ment in HexB plausibly contributes to the marked difference in
structural organization between primary and secondary meta-
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Figure 1. Domain organization of FAS a- and -subunits. Domains include:
acyl-carrier protein (ACP), ketoreductase (KR), ketosynthase (KS), phospho-
pantetheinyltransferase (PPT), acetyl transacylase (AT), enoyl reductase (ER),
dehydrase (DH), and malonyl-palmitoyl transacylase (MPT). (*) indicates clon-
ing sites used within the flexible linker regions surrounding the catalytic do-
mains. (@) indicates the old predicted start site for HexA, which resulted in a
truncated gene product. (A) indicates the predicted HexB start site down-
stream of the N-terminal structural helix involved in -subunit trimerization
in the primary metabolism FAS. The Aspergillus parasiticus HexA (revised)
and HexB proteins (GenBank accession # AY371490) share significant se-
quence homology to the recently determined crystal structure of similar
subunits from Thermomyces lanuginosus (a-subunit, 2V9A, 39.4/56.7/11.5 %
id/sim/gap, global alignment, http://www.ebi.ac.uk/emboss/align/, and f3-
subunit, 2UVA_G, 38.1/54.2/11.5, respectively). For a detailed view of domain
organization including sequence expansion segments see the T. lanuginosus
crystal structure reference.”

bolic FASs. Inspection of the small intergenic region between
HexA and HexB revealed that two very small exons could po-
tentially code for the additional region in HexA. Previously, a
5'-RACE experiment carried out on RNA isolated at 48 h sup-
ported the presence of only the truncated version of HexA
that is missing these exons.”! Other descriptions of HexA or-
thologues annotated in GenBank similarly lack these N-termi-
nal coding sequences. Early genes in aflatoxin production are
known to be turned on during early growth phase, " so an
earlier 24-hour RNA time point was selected for mRNA analysis
in the present study. Reverse transcription near the 5-end of
HexA from A. flavus and A. parasiticus was carried out, and the
results revealed that splicing different from that previously
described, is indeed occurring (Figure 2). 5-RACE analysis on
HexA in A. parasiticus further demonstrated that the 24-hour
RNA has a transcriptional start point 58 bp upstream to the
new predicted translational start point. By homology to the
primary FASs, this region encodes the complementary part of
the MPT domain and the ACP anchor sequence. However, the
48-hour RNA time point did not yield any PCR product in this
study, suggesting that mRNA is either not made at the later
time or, if made, is in insufficient amount to be detected by
the rather sensitive RACE PCR techniques that were used. By
sequence comparison, it is probable that other HexA homo-
logues in other organisms that produce products related to
aflatoxin biosynthetic precursors, for example, A. nidulans and
A. nomius, share this transcription pattern.

RACE analysis on HexB in A. parasiticus corroborated earlier
assignments, which lack the trimerization helix. Furthermore,
clones of the N-terminal acetyl-transacylase (AT) domain in
HexB utilizing the currently described translational start point
yielded a soluble, competent monodomain that exhibited spe-
cificity for acetyl-CoA, but not malonyl-CoA (unpublished re-
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sults). In addition to the role of AT domains to introduce acetyl
starter units, as in primary metabolic FASs, proper protein fold-
ing of this N-terminal domain supports the currently described
translational start point for HexB.

The high degree of homology among secondary metabolic
FAS a-subunits and the incorporation of this revised N-terminal
coding sequence implies that this sequence is required for FAS
function. During the release of palmitoyl-CoA in primary meta-
bolic FASs, the MPT domain is occupied by the palmitoyl
chain, blocking malonyl binding.”’ This allows the AT to bind
the acetyl starter unit to initiate another cycle of synthesis.
Averufin, an intermediate in the aflatoxin biosynthetic path-
way, was determined to exhibit the acetyl starter unit effect in
3C-labeling studies.>'® This, combined with the AT specificity
as described above, suggests that a similar level of co-operativ-
ity likely occurs in secondary metabolic FAS subunits as well.
The similar MPT-like domain in the secondary metabolic FAS
subunits could be restricted to malonyl transfer for chain ex-
tension and a direct transfer of the C,-ACP starter unit to the
PksA SAT domain could occur. Or, this domain could have dual
functionality, like the primary metabolic FASs, and act as a
malonyl-hexanoy! transacylase (MHT), shuttling hexanoyl-CoA
as a substrate for the PKS SAT domain.”

In aflatoxin-producing species the genes involved in biosyn-
thesis predominantly reside in a 75 kb cluster."” Association of
HexA, HexB, and PksA in the NorS complex led us to investi-
gate in more detail the ACP/PPT partnerships required for ini-
tiation of aflatoxin biosynthesis. From the revised hexA cDNA
sequence as described above, the ACP,,, and PPT., mono-
domains were cloned, expressed in E. coli, and purified using
Ni NTA-Sepharose chromatography for in vitro activation stud-
ies. Cloning sites were selected based on application of the
Udwary-Merski algorithm (UMA) to the revised HexA homo-
logues in conjunction with the primary metabolic FAS a-sub-
units. UMA combines primary sequence similarity, local hydro-
phobicity, and structural similarity to assess probable linker re-
gions that occur between domains. Sequence expansion seg-
ments fused to fungal FAS catalytic domains, revealed in the
recently determined crystal structures, complicated analysis to
parse apart the linkers between all of the domains in the pri-
mary FASs. Selection of truncation sites for the HexA ACP and
PPT, however, were in good agreement with the structures,
and fall directly within the flexible linker regions found in the
similar primary metabolic FASs. Notably, the upstream ACP
linker occurred just downstream of the predicted ACP anchor-
ing attachment point in the revised HexA sequence. The
ACP,» Was purified as a mixture of two inactive apo-species
as determined by MALDI-TOF mass spectrometry (Table 1).
Both species lacked the starter fMet, although partial modifica-
tion by a-N-6-phosphogluconoylation occurred, which often
accompanies N-terminally Hisq-tagged proteins in E. colil'®
The dephosphorylated a-N-p-gluconoyl-group shows an addi-
tional mass of 178 Da. The purified ACP, species could not
be activated by the promiscuous bacterial PPT Svp isolated
from the bleomycin gene cluster in Streptomyces verticillus."”
The PPT,sx monodomain, however, was able to transfer the
4'-phosphopantetheine moiety (340 Da) onto its cognate apo-
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ATTCCTATCTTATTCCAGCGGCGGATCGCGCAGCTCGTGTCTAAAACGGAGTATCGAT

o : T | T T
A. parasiticus gDNA -AGACCIGMGCC-T-ATAT-AClT cl_a-'r .c-:lc-ccl-r GEEEEATAAC
A. parasiticus cDNA BE@AGACCEGAAGCCHTEER T BRIEH AT AT RIREE ACET cEABTE T8 cHCEREEH ccHrcE---—-----
A. flavus gDNA BEEGGACCEGAAGCCRICEA T EATEE AT AT BINEE 2T cEASRATECHCEREEE ccliT cEEIEATAAC

A. flavus cDNA BEBcGACCEGAAGCCEHIGEE T BARGH A1 AT HIIGEE ACEAT CHABIAT Il cEBREEE cclTcB-----—--

A. nomius gDNA BEBcceeclcaceccliEEE T BRTEE AT AT EEREE A CHT CEAGTAT B8 cHcEBRESH cCliT cEEIEATCAC

A. nomius cDNA BEECGGCCACAGGCCRIEEAT BANEHE AT AT BRIGEACET CEAABNAT Gl cERGETRCCRTGE--------

A. nidulans gDNA BEEGCGATHCGAAACETIEEAA - - - BlcACARIRGEE cTRCCRCEIRCHE AT BREEH T 1 AT BEEECGTTT
A. nidulans cDNA BEEGCGATACGAAACETEER - - BRcAcARIRGECcTRcclcEIACEG Al TBAEEE T THATE-——————-
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A. parasiticus gDNAA.C-T.CIGC-GAIAITClGATA.ACTCCAT.A.'I‘G-G-C. lTG-AClTAT.
A. parasiticus cDNA ARSI CEETEECEGCHE
A. flavus gDNA ABHCEETEE cBcciE8icABABTcllcaTABBACT AT ERAR T GEEE cEf R CETcEREEACRTATH
A. flavus cDNA AEcEETEECE

8
A, nomius cDNA AlNCElTIclccl------------—--—-—-——— ==
A. nidulans gDNA GEETEECEECEAATEEH AcBTE A AcCCEBTcccAT ABRCEACHR-----——--——--——- EcrBcccl

A. nidulans cDNA GIITIRCEMGRAANIR--—------—-—=————— ===

220 . 240 . 250 . 260 ., 270 , 280
A. parasiticus gDNA A-CAIAIMTCGAIT_G.C-C-GG-CAIT.AIC-CAAIAGAITG-M-'I'A
A. parasiticus cDNA ———=——=——————————— Bl cBACRSEEE Rl C AR Tl AR CEEEcArBAcAlT GEREERE A nBEE T A
A. flavus gDNA ABBCABARAATCGARTENEE G CEH CREEEH Rl C AR Tl A0 BB cAABAGAR T CENEINE A A BE8 T A
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A. nomius CDNA === === - e e e e e e EclcEBACEEEER AR Al T EECHTESE coclacAlT cEIEHIE A BEET A
A. nidulans gDNA GEBGCEGETTCGCCHARNEE AN ABEARCEOH A BRcCRAMATE--—--- GlcAGHCAR---EBGTEEECT
A nidulans cDNA ===========————— e EARAEEARCEEHCARAGCEATATE--—--- GEGAGHECAR---EEGTEGECT

#2
290 . 300 . 310 . 320 . 330 , 340 , 350

A parasitiass sDNA SEERGCH GBS o S8 C ™ O A C Gl ACHS cEEERI o ol oSS o AT BENEINEE Al
A parasiticus cDNA BEHEEHC ESHEE T B0H :C i B GACEAC IS CEEBRANA A o .l CBEARC T BETCATES A
A. flavus gDNA BSIGEA 1 CESHEE o B8R i CBl ccCCEACHEE CEBEMRANA -8 oGl CBBAGGCAT SEIBATEE Al
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A. riomius SDNA [SSHGEA :CH EEHEE S8R cC CB AT GG CBBGRRAN . of CBEAE AT EEICANGE A5

A nomius cDNA [BEGEH < CESBEE G0N AT CEl AT G GC NS CESBRARA A i l CBBAGGC AT BENGATEE AR

A. nidulans gDNA SR A8 7 BEHGE A S8R oAl CClEl 7 AT AN A BESRARA 8 7 A1 A8 - - ACCABE - HEECH
4. nidulans cDNA BSHSERAA ] SENEE A CEEAAGHCCEET AT T CA RS ABSGRRAN cART AAR- - - AGCABE---BOECH

Figure 2. Splicing pattern for HexA. A) Revised transcript pattern B) 5'-transcript end. The 5'-transcript sequence 58 bp upstream of the new predicted transla-
tional start site for A. parasiticus is shown. (#1)=the transcriptional start point as determined by RACE analysis in this study. C) Splicing pattern for the first
three exons. A. parasiticus and A. flavus transcript splicing were determined in this study. The first ATG downstream from the revised transcriptional start point
begins the sequence listed. A. nomius and A. nidulans were inferred by sequence comparison. (#2) =former transcriptional start point (truncated).
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Table 1. ACPy.., MALDI-TOF results.

Species Calculated m/z
(—)Met apo-ACP 25024 25022
(—)Met apo-ACP modified 25202 25202
(—)fMet holo-ACP 25364 25368
(—)fMet holo-ACP modified 22542 22543

ACP,x monodomains to generate the active holo-ACP, .
forms. The dissected fragments were not subject to any re-
stricted motions that could occur in the associated NorS com-
plex, and, thus, were freely able to carry out activation. Earlier
attempts to analyze ACP activation of dissected domains from
the primary metabolic yeast FAS were made to no avail."® Be-
cause of the sequence similarity between primary and secon-
dary FASs, this was likely due to the selection of alternative
truncation sites.

The PPTy.,, Was not able to transfer the 4’-phosphopante-
theine moiety onto the partner PKS ACP;,. Although, the FAS
and PKS proteins form a complex, the PKS must be activated
by an alternative PPT. Deletion of a discretely expressed PPT
(npgA) in A. nidulans, which produces sterigmatocystin, an ad-
vanced intermediate in aflatoxin biosynthesis, destroys sterig-
matocystin production." This led us to seek the native npgA
homologue in A. parasiticus. A single PPT, npgA, in Aspergillus
nidulans was shown to be responsible for ACP activation of
both primary and secondary metabolic pathways including
pigment, lysine,”” siderophore,”” and penicillin,?? in addition
to sterigmatocystin biosynthesis. The discretely expressed, pro-
miscuous enzyme has been proposed to be the sole PPT re-
quired for all PKS and nonribosomal peptide synthetase (NRPS)
metabolism, and, consequently, controls asexual development
in A. nidulans.”® The A. parasiticus homologue of A. nidulans
npgA was cloned, expressed, and purified to determine if it
has a role in ACP activation in the aflatoxin biosynthetic path-
way. While we were searching for the A. parasiticus npgA gene,
the genome sequence of the similar fungus A.oryzae was
released. Consequently, the full-length A. parasiticus npgA was
amplified based on this genome sequence information.?¥ The
one exon coding sequence was inserted into pET24a to create
the C-terminal Hisg-tag fusion construct, pET-npgA. The full-
length npgA was expressed in BL21(DE3) E. coli cells and puri-
fied by Ni NTA-Sepharose chromatography to examine its role
in ACP activation.

In order to easily analyze all ACP/PPT combinations, a biotin-
CoA conjugate™? was used to visualize the reactions in a far-
Western blot with a streptavidin-horseradish peroxidase conju-
gate (Figure 3). The promiscuous bacterial PPT, Svp, was only
able to activate the PKS apo-ACP,,, a finding that had been
demonstrated previously.”! The universal fungal PPT, npgA,
was more broadly active and could activate both the PKS apo-
ACPya and the FAS apo-ACP,,. The FAS PPT,.. however,
could only activate its cognate ACP,,, supporting the MALDI-
TOF results described above. This result suggests that specific
ACP/PPT interactions are required in the secondary metabolic
fungal FASs, and the promiscuity of npgA is not limited to PKS
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Figure 3. Western blot showing ACP/PPT activation partnerships. A) PksA
ACP activation. Lane 1: molecular mass references; lane 2: Svp; lane 3:
PPThexas lane 4: npgA; lane 5: apo-ACPp; lane 6: apo-ACPy/Svp; lane 7:
apo-ACPpn/PPT e lane 8: apo-ACPp/nNpgA. B) HexA ACP activation.
Lane 1: molecular mass references; lane 2: Svp; lane 3: PPT,,q4; lane 4:
npgA; lane 5: apo-ACP.; lane 6: apo-ACP.,/Svp; lane 7: apo-ACP e/
PPTicxa; lane 8: apo-ACP,o/NpgA. The blot was treated with streptavidin-
horseradish peroxidase conjugate to detect biotinylated-ACPs due to PPT
activation.

and NRPS enzymes in vitro. Mutagenesis of the C-terminal PPT
domain in the similar yeast FAS a-subunit led to undetectable
incorporation of the CoA derived arm in the N-terminal apo-
ACP domain."” By analogy, npgA activation of the FAS ACPs is
likely not the primary activation pathway in vivo.

Fatty acid biosyntheses are critical cellular processes both
for cell survival, and the production of intermediates dedicated
to secondary metabolic pathways. Determination of the tran-
scription pattern for HexA revealed that an alternative translat-
ed protein sequence was produced to afford an N terminus
similar to that of the primary metabolic FASs, which is necessa-
ry for protein function and ACP anchoring. Bioinformatics anal-
ysis of the revised sequences led to the production and isola-
tion of individual dissected ACP,,, and PPT,,, monodomains.
The discretely expressed PPT npgA was found to be capable of
activating both the FAS and the PKS ACP domains in vitro, fur-
ther expanding its known roles in carrier protein activation.
The universal activity of npgA provides a route for PksA ACP
activation in the biosynthesis of aflatoxin (1). The FAS PPT
domain, however, exhibited specificity only for its cognate ACP
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domain. This specific activation partnership demonstrates that
fungal FASs evolved to self-pantetheinylate to ensure proper
ACP activation in both primary and secondary metabolic path-
ways.
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