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Supervisor’s Foreword

This thesis details outstanding work conducted by Matthew Jenner between 2010
and 2014 in the School of Chemistry, University of Nottingham under my supervi-
sion. It describes a mass spectrometric investigation of enzymatic domains from
trans-acyl transferase polyketide synthases (trans-AT PKSs). These megasyn-
thases are responsible for the biosynthesis of a wide variety of bioactive natural
products such as pederin, psymberin, bacillaene, and kirromycin.

Unlike the more familiar cis-AT PKSs, which display collinearity between the
domain architecture of the PKS and the structure of the polyketide product, trans-
AT PKSs exhibit aberrant architecture and often incorporate novel enzymatic
domains, resulting in poor biosynthetic assignments. An introduction to polyke-
tide biosynthesis and to the differences between cis- and trans-PKSs is provided in
Chap. 1 of the thesis.

Given that trans-AT systems constitute approximately 40 % of all bacterial
multimodular PKSs, they represent a major, but poorly characterised, enzyme
class that is of high relevance for drug discovery. Against this background,
Matthew set out to develop tools that could be used to help understand these
intriguing PKSs. Our starting point was a phylogenetic study by Nguyen et al.
(Nat. Biotechnol. 2008), which predicted that—based on sequence analysis—
ketosynthase domains from trans-AT PKSs should possess specificity for particu-
lar biosynthetic intermediate ‘types’ (e.g. acetyl starter units, f-hydroxy-, f-keto-,
and enoyl-chains). The first objective was to develop a simple functional assay to
confirm this proposed specificity. The initial KS acylation step of the enzyme’s
mechanism was selected as the first point to determine specificity, as this could
be easily monitored by measuring the associated mass increase of the isolated KS
domains. This work is described in the Chaps. 3 and 4: the first two results and
discussion chapters of the thesis. We chose a variety of KSs from the psymberin
and bacillaene PKSs, and a set of acyl N-acetylcysteamines (acyl SNACs) for use
as substrate mimics. Plasmid vectors for the former were kindly supplied by Jorn
Piel’s group (University of Bonn, then ETH Zurich), as were the SNAC thioesters.

Chapter 3 describes the successful development and application of a acyla-
tion assay to investigate the tolerance of KS domains for beta-methyl branched
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viii Supervisor’s Foreword

substrates. Selectivity for non-branched intermediates was seen in KSs that are
proposed to process linear acyl chains. Matthew rationalised this observation at
the amino acid level by use of homology models, and—in some very nice experi-
ments—employed site-directed mutagenesis to modulate this selectivity and allow
acceptance of branched substrates.

Chapter 4 goes on to describe the application of the acylation assay to a KS
domain located immediately downstream of the non-ribosomal peptide synthase
module within the PKS responsible for the biosynthesis of bacillaene. Here, selec-
tivity for amino-acid-derived SNAC thioesters was seen, as predicted based on the
knowledge of the expected substrate intermediate. Once again Matthew rational-
ised this result by homology modelling, and probed the role of key amino acid
residues within the KS. Very pleasingly, his prediction of the importance of an
asparagine residue in bonding to the amino-acid-derived substrates was recently
confirmed by the Keatinge-Clay group using X-ray crystallography.

Chapter 5 presents a simple method for making acyl-ACPs for use in PKS
enzyme assays. This allows the synthesis of more realistic substrate mimics,
where the full phosphopantetheine linker chain tethers the acyl chain to the ACP.
Matthew went on to use these products to probe the substrate specificity of the
acyl hydrolase from the pederin PKS, and demonstrate that its major housekeep-
ing role is probably in targeting unwanted acetyl-ACP, which may be derived from
acetyl-CoA during initial activation of the PKS by the promiscuous phospho-
pantetheine transferases.

In Chap. 6, the development of an assay to measure the selectivity of the KS
elongation step is described. This key process follows the initial acylation of the
KS active site, which was probed in Chaps. 3 and 4. Thus, with these two assays in
hand, Matthew was able to unpick the enzymology of KS domains by studying the
selectivity of each step of the KS-catalysed reaction. Interestingly, the elongation
step was found to be much more selective than the preceding acylation, and only
those substrates that closely mimicked the natural intermediate of the KS were
elongated.

In summary, this outstanding thesis represents a significant contribution to
our understanding of KS specificity in this intriguing family of PKSs. The assays
developed will prove very useful to researchers in the PKS field, and the findings
will almost certainly find utility in future PKS engineering efforts.

I would like to thank Matthew for all the hard work he put into his Ph.D. pro-
ject, for his infectious enthusiasm, and for producing such an excellent thesis.

Nottingham, UK Prof. Neil Oldham
April 2016
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Abstract

Polyketides form a group of diverse and structurally complex bioactive natural
products. Their biosynthesis is directed by multi-domain polyketide megasyn-
thases (PKSs), which extend the acyl chain by a series of condensation and
optional reduction steps. Phylogenetic work has shown that, in a particular group
of type I systems known as trans-AT PKSs, the ketosynthase (KS) domains poten-
tially harbour specificity towards the nature of the first four carbons of the inter-
mediate substrate (e.g. beta-hydroxy, enoyl, methyl-branched). These results
suggest a close link between KS evolution and substrate specificity.

This thesis reports studies on the substrate specificity of crucial KS domains
from trans-AT PKSs. Using a combination of electrospray ionisation-mass spec-
trometry (ESI-MS) and simple N-acetyl cysteamine (SNAC) substrate mimics,
the substrate specificity of a range of KS domains from the bacillaene (BaeJ and
BaeL) and psymberin (PsyA and PsyD) PKSs, including a KS domain immedi-
ately downstream of a non-ribosomal peptide synthase (NRPS) module, have been
successfully studied with regard to the initial acylation step of KS-catalysis. In
addition, the ability to alter the substrate tolerance of KS domains by simple point
mutations in the active site has been successfully demonstrated. A novel method
for the synthesis of acyl-acyl carrier proteins (ACP) from SNAC thioesters is also
reported. A series of acyl-ACPs have been synthesised using this methodology and
successfully used to probe the substrate specificity of both KS domains and the
previously uncharacterised acyl hydrolase (AH) domain, PedC.

KS-catalysed chain elongation reactions have also been conducted and moni-
tored by ESI-MS/MS. All KS domains studied exhibited higher substrate speci-
ficity at the elongation step than in the preceding acylation. Furthermore, a
mechanism of reversible acylation is proposed using the PsyA ACP1-KS1 dido-
main. The findings reported in this thesis provide important insights into the
mechanism of KS specificity and show that mutagenesis can be used to expand the
repertoire of acceptable substrates for future PKS engineering efforts.
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Chapter 1
Introduction

1.1 Natural Products

The realm of natural products and their derivatives has provided the most successful
source of bioactive drug molecules for generations [1]. The medicinal use of natu-
ral products can be dated back to 2600 B.C. in Mesopotamia, where the earliest
records of natural products are documented on clay tablets, including simple oils
such as Commiphora myrrha (myrrh) to treat colds and inflammation [2]. Since
then, many bioactive compounds have been discovered including salicin (the pre-
cursor to aspirin (1), from Salix alba), morphine (2) (from Papaver somniferum)
and the anti-malarial quinine (3) (from Cinchona succirubra). However, arguably
the most notable natural product discovery is that of penicillin (4) from the fun-
gus Penicillium notatum, which was credited to Alexander Fleming in 1929, but
with major contributions from Howard Florey, Edward Penley Abraham, and Ernst
Chain. Since this breakthrough, the introduction of antibiotics such as tetracycline
(5) and kanamycin (6) has decreased the mortality rate from bacteria-induced dis-
eases drastically (Fig 1.1) [3].

Despite the positive impact antibiotics have had on human health, their misuse
combined with global travel has allowed strains of pathogenic bacteria to acquire
resistance to these compounds, requiring the need for novel antibiotic agents [4].
Since the early 80’s natural products or their derivatives have comprised ~40 %
of new chemical entities, and represent 70 % of current antibiotic compounds
[5]. Despite this, in recent years pharmaceutical drug discovery programmes have
tended to focus upon combinatorial libraries of small fragment molecules. It is esti-
mated that <10 % of the worlds biodiversity has been investigated to date for poten-
tial biological activity, therefore a metaphorical chemical vault of natural products
remains undiscovered. Accessing this chemical diversity remains the current
challenge for researchers.
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Fig. 1.1 Aspirin (1), Morphine (2), Quinine (3), Penicillin G (4), Tetracycline (5), Kanamycin (6)

1.1.1 Polyketides and Non-ribosomal Peptides

Polyketides (PK), non-ribosomal polypeptides (NRP) and their hybrids (PK-NRP)
represent a diverse class of natural products that exhibit a wide range of pharmaceu-
tical activities (Fig. 1.2). Such biological activity includes: antibiotic (Erythromycin
A (7)), immunosuppressant (FK-506 (8)), antifungal (Amphotericin B (9)), anti-
tumour (Geldanmycin (10)) and hypolipidemic agents (Lovastatin (11)). With such
an extensive range of therapeutic biological activities, natural product research is
constantly working to discover novel polyketide structures capable of enhancing
human health.

Although many of these highly sought-after natural products are, in principle,
available from sources in nature, obtaining sufficient quantities to characterise
their potential therapeutic activity is often difficult [6]. Moreover, efficient chemi-
cal synthesis of these complex compounds is extremely challenging. Investigating
the biosynthetic mechanisms responsible for such attractive compounds has
allowed the chemistry of polyketide-producing enzymes to be harnessed for the
production of novel, biochemically bioactive natural products [7, 8].
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Fig. 1.2 Erythromycin A (7), FK-506 (8), Amphotericin B (9), Geldanmycin (10), Lovastatin (11)

This thesis reports efforts to better understand the enzymology of key proteins
involved in polyketide biosynthesis, and how understanding the specificity of these
enzymes can assist the discovery of novel natural products.

1.2 Polyketide Synthases

Polyketide synthases (PKSs) are large protein complexes responsible for the bio-
synthesis of an array of complex, biologically active compounds, many of which
are employed in medicine. Several classes of PKSs exist, each with an architec-
tural variation on a common mechanistic theme.
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Scheme 1.1 Post-translational attachment of phosphopantetheine from co-enzyme A to a con-
served serine residue on an apo-ACP, catalysed by a PPTase

1.2.1 Polyketide Biosynthesis

Despite the structural diversity of polyketides, the building blocks of these com-
pounds are simple acyl-CoAs, and the biosynthetic logic is closely associated
with that of fatty acid synthases (FASs) [9, 10]. In both polyketide and fatty acid
biosynthesis, the growing chain is covalently tethered to an acyl carrier protein
(ACP) via a phosphopantetheine (PPant) moiety. The PPant chain, derived from
CoA, is attached post-translationally to a conserved serine residue on the apo-ACP
by a phosphopantetheinyl transferase (PPTase), yielding the mature holo-ACP
(Scheme 1.1) [11, 12].

The holo-ACP, in conjunction with an acyltransferase (AT) and a ketosynthase
(KS), forms the minimal set of enzymatic domains required for a single chain
elongation reaction. This set of enzymatic domains is often termed a module.
Polyketide biosynthesis is initiated by the loading of a starter unit, derived from
an acyl-CoA, onto the PPant arm of the ACP [12, 13]. In fatty acid biosynthesis
the starter unit is typically limited to acetyl, whereas PKSs can utilise a variety
of primer units including acetyl-, propionyl-, butyryl and other variants [10]. The
role of the AT domain is to catalyse the transfer of a malonyl-derived extender
unit from a CoA-thioester onto the thiol of the ACP phophopantetheinyl moiety
(Fig. 1.3).

The elongating carbon-carbon bond formation is then achieved by Claisen con-
densation chemistry catalysed by the KS domain. Further optional modification at
the pB-keto position is directed by the presence of ketoreductase (KR), dehydratase
(DH) and enoylreductase (ER) domains, generating f-hydroxyl, olefinic and fully
saturated intermediates respectively (Fig. 1.4) [12, 14, 15].



